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Summary 

 Energy harvesting directly from sunlight has attracted tremendous attention 

owing to its great potential for low-cost and clean hydrogen production. However, the 

current photoconversion efficiency from nanostructured metal oxides remains low due 

to a number of factors, such as low surface area, limited light absorption, poor electron 

mobility and high electron-hole recombination. In this research, a number of approaches 

have been carried out to overcome these difficulties.  

 Firstly, changing the morphology of nanomaterials will help to increase the 

effective surface area of the photoanodes. ZnO nanotubes were prepared and the 

photoelectrochemical measurements revealed an efficiency of 3 times higher than their 

nanorod counterparts. In addition, the combination of ZnO nanorods with a 3D metal 

substrate, stainless steel mesh, showed a further enhancement in the water splitting 

efficiency by two-fold when compared with that on a planar substrate. 

 Secondly, the hybridisation of two different metal oxides was studied by 

creating a heterojunction to improve the charge separation, extending the light 

absorption and increasing the total surface area of the electrode. In this work, both 
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urchin-like ZnO nanorod arrays on TiO2 hollow hemispheres and 1D BiVO4/ZnO 

nanorod films displayed synergistic enhancement in photoelectrochemical water 

splitting efficiency. 

 Thirdly, doped ZnO nanostructures with different optical and/or electrical 

properties were tailored for photoelectrochemical water splitting and gas ionisation 

sensing applications. The photoelectrochemical water splitting performances of the 

doped ZnO nanostructures was improved by at least 27% due to increased light 

absorption. Conductive Y-doped ZnO nanorods were prepared and applied in gas 

ionisation sensor application. The measurements revealed that both the selectivity and 

sensitivity of Y-doped ZnO nanorods were enhanced with respect to undoped ZnO 

nanorods. Furthermore, the effect of UV illumination on gas sensitivity was also 

investigated. 

 In summary, different approaches and namomaterials have been adapted and 

demonstrated in this thesis, for the design of specific photoanodes/electrodes for 

specific applications. 
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Chapter 1 Introduction 

 

1.1 Metal Oxide Semiconductors 

 Metal oxides have received great attention from researchers over the past few 

decades and have played an important role in many areas of chemistry, physics and 

materials science.1-4 Due to the difference in the electronic structure, metal oxides can 

be either a conductor, a semiconductor or an insulator. For a conductor, the valence 

band is filled and the conduction band is partially filled by electrons; these electrons are 

free to conduct. A material is categorised as a semiconductor when its band gap can be 

surpassed by thermal and/or optical excitations to create electron-hole pairs in the 

conduction and valence bands. For a material with band gap energy larger than 4 eV, it 

is classified as an insulator since it cannot be easily overcome to generate charge 

carriers. 

The electronic structure of a metal oxide can be described by the formation of 

molecular orbitals through the linear combination of multiple periodically arranged 

atomic orbitals. When a large number of orbitals overlap, they form primarily 

continuous bands with s, p and d orbital character. The valence band is formed through 

the overlapping of the highest occupied molecular orbitals (HOMOs) whilst the higher 

energy conduction band is created through the overlapping of the lowest unoccupied 

molecular orbitals (LUMOs). The separation between these two bands is associated 

with the band gap, which defines as the minimum energy required for an electronic 

transition in the material. 

In general, metal oxide semiconductors can be categorised into two different 

groups which are n-type and p-type semiconductors. For an n-type semiconductor, 
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electrons are the majority charge carriers and conversely, holes are the majority charge 

carriers for a p-type semiconductor. In addition, the nature of semiconductor can be 

altered by introducing different types of dopants. In case of an intrinsic semiconductor, 

the Fermi level is approximately midway between the minimum energy of its 

conduction band and the maximum energy of its valence band. For n-type doping, the 

Fermi level shifts towards the conduction band, whereas for p-type doping, the Fermi 

level shifts towards the valence band.5, 6 

 Since the first discovery of carbon nanotubes (CNTs) by Iijima S. in 1991,7 the 

exploitation of nanostructured inorganic materials has received great interest.8-10 Metal 

oxide nanomaterials have stimulated great interest due to their importance in basic 

scientific research and have possessed many unique properties linked to the nanometre 

dimensions.11-13 Nanomaterials are generally classified as having three different 

morphologies or nanostructures: 0D, 1D and 2D nanostructures. 0D nanostructures are 

usually named as nanoparticles (NPs) with the possible morphology of dots and spheres. 

Meanwhile, 1D nanostructures have been called by a variety of names including 

nanorods (NRs), nanotubes (NTs), nanowires (NWs), nanowhiskers and nanofibres. For 

2D nanostructures, they are usually thin films and some nanoplatelets.14 

The dimensions of nanomaterials are ranging from several nanometres to several 

hundred nanometres. It is important to note that the change of the size and 

dimensionality of the nanomaterials will result in a change in the structural 

characteristics and electronic structures of the materials.1 These properties of 

nanostructured metal oxides lead to the wide applications as energy storage, harvesting 

devices, optoelectronic devices and photocatalysts for environmental treatment, such as 

lithium ion batteries,15 fuel cells,16 solar cells,17 light emitting devices (LEDs),18 water 
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and air purification,19 hydrogen production by water photolysis,1 photodetectors20 and 

sensors.21 

 Metal oxide based nanostructures such as ZnO, TiO2 and their derivatives are 

the focus of current research efforts in nanotechnology due to their availability since Zn 

and Ti are the most common minerals on the Earth and have tremendous potential 

applications.11 In addition, these metal oxide nanomaterials are biocompatible and can 

be synthesised into various nanostructures with different chemical and physical 

properties. In this thesis, ZnO, TiO2 and BiVO4 are the three main metal oxides being 

explored. Therefore, in the following sections, the properties of each material, methods 

of synthesis and their potential applications will be discussed in details. 

 

1.2 Zinc Oxide (ZnO) 

1.2.1 ZnO Properties 

 ZnO is one of the metal oxide materials that have received broad attention owing 

to its notable performance in electronics, optics and photonics. ZnO is an II-VI wide 

band gap semiconductor. The crystal structures of ZnO are mainly in either zincblende 

or wurtzite structure, as schematically shown in Figure 1.1B and 1.1C. Rocksalt ZnO 

(Figure 1.1A) can be synthesised under high pressure but it is not stable under ambient 

conditions. Both zincblende and wurtzite ZnO structures have the zinc cation 

surrounded by four oxygen anions at the corners of a tetrahedron, and vice versa.22 

Wurtzite ZnO has a hexagonal structure (space group P63mc) with lattice parameters a 

= b = 3.250 Å and c = 5.207 Å (JCPDS # 36-1451). Meanwhile, zincblende ZnO has a 

cubic structure (space group F4̅3m) with lattice parameters a = b = c = 4.580 Å (JCPDS 

# 65-2880). 
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Figure 1.1 Schematic diagrams of ZnO unit cell in (A) rocksalt, (B) zincblende and (C) 

wurtzite crystal structures. Zinc and oxygen are grey and orange, respectively. 

 

At normal temperature and pressure, ZnO exhibits wurtzite crystal structure 

since it is thermodynamically more stable than zincblende.23 The zincblende ZnO 

structure can be stabilised only by growth on a cubic substrate. Wurtzite ZnO has a 

direct optical band gap of 3.37 eV.24 The lack of the centre of symmetry in wurtzite 

ZnO (Figure 1.1C) results in strong piezoelectric and pyroelectric properties.25 Another 

important characteristic of ZnO is the polar surfaces. The alternating stacking of the 

oppositely charged ions, Zn2+ and O2- leads to the formation of positively charged Zn-

terminated (0001) and negatively charged O-terminated (0001̅) surfaces, resulting in 

spontaneous polarisation along the c-axis and difference in surface energy.26 Due to the 

high surface energy of the Zn-terminated (0001) plane, the anions are favourably 

absorbed on this polar surface. Hence, it causes a fast growth along the [0001] direction 

and results in the formation of 1D ZnO nanostructures such as NRs, NWs or nanobelts 

(Figure 1.2). In addition, different crystal planes have different kinetic parameters, 

therefore the growth direction of ZnO can be tuned by varying the growth conditions in 

order to obtain the desired nanostructures such as polar ZnO nanobelt (Figure 1.2C).27 
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Figure 1.2 Typical growth morphologies of 1D ZnO nanostructures and the 

corresponding facets, (A) NR or NW, (B) nanobelt and (C) polar nanobelt. 

 

ZnO has a large exciton binding energy of 60 meV which offers higher exciton 

populations under stimulation. This makes it useful for room temperature optoelectronic 

devices such as laser diodes and LEDs.28 In addition, ZnO has high electron mobility 

and high thermal conductivity. Crystalline ZnO has a long hole diffusion length (also 

known as minority carrier diffusion length) of 125 nm which reduces the recombination 

rate of the electron-hole pairs.29 Without contact with acid, ZnO is generally chemically 

stable with a high melting point of 1975°C.30 It resists radiation damage, including 

irradiation by high energy electrons and heavy ions.31, 32 Additionally, ZnO is nontoxic 

and completely biocompatible which make it suitable to be used in biomedical 

applications.33 

 

1.2.2 Synthesis of ZnO Nanostructures 

 Various physical and chemical routes have been proposed to synthesise ZnO 

nanostructures. By controlling the experimental conditions, different forms of ZnO 

nanostructures, such as NPs, NRs, NTs, NWs, nanobelts, nanorings, nanoflowers, 

nanocombs, nanohelices, nanocups, nanocages, nanospirals and nanopencils can be 
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prepared.25, 34-36 Here, the advantages and disadvantages of different synthesis methods 

and their specific applications will be discussed in details. 

 

1.2.2.1 Chemical Vapour Deposition 

 Chemical vapour deposition (CVD) of ZnO is a chemical process that involves 

condensation of thermally vaporised zinc onto a pre-seeded substrate in a controlled 

oxygen environment to produce high purity, crystallised thin films.37 This can be 

achieved by either vapour liquid solid (VLS) or vapour solid (VS) mechanisms. The 

difference between VS and VLS is that VS growth does not involve a liquid catalyst. 

Both pathways take place in a tube furnace at high temperature. In a typical CVD 

process, zinc precursor is vaporised in a crucible near the closed end of a tube furnace. 

Usually two different types of zinc precursors are being used which are either zinc 

powder (VS) or a mixture of ZnO and graphite powder (VLS). Upon heating, zinc 

vapours will be produced and a carrier gas (e.g. oxygen or argon) is flowed through the 

reaction chamber. This carrier gas will transport the zinc vapour to the substrate which 

is at relative lower temperature to form ZnO nanostructures. Figure 1.3 is a schematic 

diagram illustrates the CVD process. 

 

 

Figure 1.3 A schematic diagram of the CVD process. 
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 For VS and VLS growth, the ZnO solidifies and grows preferentially along the 

[0001] direction to form 1D nanostructures. This is due to the oppositely charged ions 

(Zn2+ and O2-) leading to the formation of the positively charged (0001) and negatively 

charged (0001̅) surfaces, which results in a large surface energy for these polar surfaces. 

During the CVD reaction, the incoming vapours favourably adsorb on the polar surface 

and therefore 1D ZnO nanostructures, rather than thin films, are created. There are 

number of reports for the synthesis of ZnO nanostructures by the CVD method.37-40 One 

of the parameters that can cause a change in the morphology of ZnO is the distance 

between zinc precursor and substrate. Yao B. D. et al. have reported that needle-like, 

ribbon-like and wire-like ZnO nanostructures can be obtained in a CVD process 

depending on the temperature of the substrate. This is because different substrate 

temperatures will lead to different nucleation and different growth kinetics.41 

 The ZnO nanostructures created through CVD method are usually highly 

crystalline and densely packed. However high operating temperatures (> 650°C) are 

required and this restricts the choice of substrate. In addition, CVD method has a 

difficulty of introducing dopant with well controlled stoichiometry using multiple 

element precursors, since the rates of evaporation of different precursors are different.42 

 

1.2.2.2 Spray Pyrolysis Deposition 

 Spray pyrolysis deposition is one of the techniques widely used to prepare 

ceramic films. It is a simple and cost effective way to create large size thin films of any 

composition. A typical spray pyrolysis setup consists of a spray nozzle, precursor 

solution, atomiser, substrate heater and temperature controller. The process involves 

three steps which are; (i) atomisation of precursor solution, (ii) aerosol transport of 
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droplets and (iii) decomposition of the precursor to initiate film growth.43 Figure 1.4 is a 

schematic diagram for spray pyrolysis deposition process. 

 

 

Figure 1.4 A schematic diagram of the spray pyrolysis deposition process. 

 

 The atomiser will generate droplets from a precursor solution and send them 

toward the substrate surface by the compressed carrier gas. When the droplets reach the 

surface of the heated substrate, they will be decomposed and deposited onto the 

substrate forming a film. The final morphology of thin films by spray pyrolysis method 

is defined by a few key parameters such as the deposition temperature, type of atomiser 

and properties of precursor solution (e.g. pH and solvent). This method can produce 

relatively uniform and high quality metal oxide films with the possibility of doping. 

Although the delivery of the metal precursors in spray pyrolysis is different from 

CVD method, the growth mechanism is actually very similar. Vertically aligned ZnO 

NRs were created on glass substrate through spray pyrolysis method using zinc 

precursors by Shinde S. D. et al.44 They used a mixture of 10 ml of methanol, 5 ml DI 

water and a 0.1 M zinc acetate aqueous solution as zinc precursor. A spray rate of 

5 ml min-1 was used, driven by the compressed air as a carrier gas. The substrate was 

held at 350°C for the deposition of ZnO nanostructured film. The substrate temperature 
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determines the pyrolysis rate which should be matched with the spray rate aiming for a 

high quality of ZnO NRs. A high sprayer rate with low substrate temperature could 

result a featureless thin film. The influence of precursor pH and substrate temperature 

on the growth and morphology of ZnO films have been reported by Quintana et al.45 

The change of precursor pH from 2 to 5 causes a change in the shape of the particles 

from planar to spherical. Meanwhile, increasing the deposition temperature leads to an 

increase in the particles size. 

 

1.2.2.3 Chemical Bath Deposition 

 ZnO nanostructures are commonly prepared using solution methods. One of the 

solution synthesis methods which has garnered great interest for the synthesis of ZnO 

nanostructures is chemical bath deposition (CBD). This method was first developed by 

Vayssieres L. in 2003 for the solution growth of arrayed NRs and NWs of ZnO.46 The 

aqueous solution of zinc nitrate hexahydrate, zinc acetate or zinc chloride was used as 

zinc precursor. Hexamethylenetetramine (HMT) or ethylenediamine was used as the 

hydroxide anion source. CBD process is operated at a mild temperature of 85°C. Upon 

heating, HMT or ethylenediamine will decompose to yield OH− which will then react 

with Zn2+  to precipitate ZnO. For the growth of vertically aligned array ZnO 

nanostructures, a layer of ZnO seeding particles should be used to initiate the growth of 

ZnO NRs. The details of the growth mechanism is proposed in section 3.4.2. 

 Different morphologies of ZnO nanostructures can be obtained by changing the 

experimental parameters, including the concentration of zinc and hydroxide anion 

precursors, duration of reactions and the additional of surfactant. Xu S. et al. have 

studied the effect of growth temperature, concentration of zinc precursor and duration of 

reaction on the morphology of ZnO nanostructures by seedless CBD.47 The results 
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showed that an increase in the duration of reaction and concentration of the zinc 

precursor caused the formation of longer and larger ZnO NRs, respectively. Meanwhile, 

increase in the growth temperature caused a change in the NR morphology from 

hexagonal to tapered-like. This indicates that the growth rate can be significantly 

affected by the growth temperature through the rate of the decomposition of amines. 

Alternatively, CBD growth can also use the strong oscillation energy generated 

in an ultrasonic bath, which is known as the sonochemical method. The synthesis 

nutrient solution is similar to the one used in thermal CBD, however the solution is 

being placed in an ultrasonochemical apparatus. During the ultrasonication, a large 

amount of energy, temperatures and pressures are released from the collapse of 

microbubbles. The generated energy will overcome the energy barriers that are needed 

for the growth of various ZnO nanocrystals. The power of ultrasonic wave and duration 

of ultrasonic treatments can change the size, shape and morphology of ZnO 

nanostructures, such as NRs, nanoflowers, nanocups, nanodiscs and various 

nanoarchitectures.48 

 The advantages of CBD method are that it operates at mild conditions (< 100°C 

and normal pressure) and can be used for a large area deposition on variety of 

substrates. It is a cost effective and environmental friendly technique which requires no 

organometallic or hazardous components and no special equipment and apparatus other 

than a heating source. 

 

1.2.2.4 Hydrothermal Method 

 Hydrothermal is another solution method which has been widely used for the 

synthesis of ZnO nanostructures with aqueous zinc solution as a precursor. A Teflon 

lined stainless steel (SS) autoclave is used as the thermal reactor, as shown in Figure 
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1.5. Since the reaction chamber is sealed and heated, a high pressure will be created in 

the chamber and thus results in the formation of high crystalline ZnO nanostructures.49 

The growth mechanism of ZnO nanostructures through hydrothermal synthesis is 

similar to that of aqueous CBD growth. 

 

 

Figure 1.5 A photograph of Teflon lined stainless steel chamber for the hydrothermal 

reaction. 

 

 The concentration of zinc precursor, solvent used, concentration of surfactant 

and pH of the reaction mixture are some of the key parameters to control the size, shape, 

morphology and crystallinity of the as-synthesised ZnO nanostructures through 

hydrothermal route. In addition, the morphology of ZnO nanostructures can also be 

tuned by changing the operating temperature and duration of hydrothermal reaction. Liu 

B. and Zeng H. C. have reported the growth of ZnO NRs in the diameter regime of 

50 nm through hydrothermal synthesis.50 Tong Y. et al. have studied the influence of 

seeding and growth duration on the morphology of ZnO nanostructures.51 The results 

revealed that a variety of ZnO nanostructures, including nanotowers, nanovolcanoes, 

NRs, NTs and nanoflowers, could be achieved by controlling the reaction time and the 

seeding conditions. 
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 The aspect ratio of ZnO NRs can be tuned by adding potassium chloride in the 

growth solution.52 This is because either the (100) or (002) planes of ZnO are passivated 

by the chloride ions, depending on the concentration of the potassium chloride, resulting 

in the formation of NWs or nanoplatelets. Flower-like ZnO nanostructures were also 

created through hydrothermal method with the presence of polyethylene glycol (PEG).53 

The formation of flower-like ZnO structures was due to the PEG adsorbed the primary 

ZnO nuclei causing the oriented growth of ZnO nanosheets. The difference in the 

surface energy causes the ZnO nanosheets to rearrange and results in the formation of 

ZnO microflowers. 

 

1.2.3 Applications of ZnO Nanostructures 

1.2.3.1 Optics and Electronics 

 ZnO nanostructured semiconductor has shown some interesting optoelectrical 

properties. Optically and electron stimulated emission and lasing of ZnO 

nanostructures, including NRs, NWs as well as epitaxial layers have been previously 

reported.54-56 It has been demonstrated the potential as a laser material to produce 

intense, monochromatic and coherent light sources since it has a much higher exciton 

binding energy at room temperature (60 meV)11 as compared to other wide band gap 

semiconductor (e.g. GaN; 25 meV).57 Compared to bulk semiconductor, the 

nanostructured semiconductor has the additional benefit for more efficient in stimulated 

emission and lasing. Meanwhile, the threshold potential for lasing will also decrease 

with decrease in the dimension of the materials. Therefore, ZnO nanostructures become 

an ideal candidate for the development of semiconductor lasers. 

 Recently, ZnO nanomaterials have also been developed into new generation 

phosphorfree high efficiency LEDs with interesting spectral coverage from blue to the 
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deep UV.25 The quantum efficiency could approach as high as 90%.25 Compared to 

GaN based LEDs, there are two main advantages of ZnO based LEDs as follows: 

(i) ZnO has a superior material quality. It has been demonstrated that by growth 

of high purity of ZnO with defect densities below 105 cm-3.58 

(ii) The performance of ZnO based LEDs can be improved by doping to reduce 

the activation energy. ZnO film doped with arsenic, a p-type dopant, has an 

activation energy of 120 meV,5 which is much less than that of 209 meV for 

p-type GaN doped with magnesium.59 

 For ZnO nanostructures, NRs or NWs, it can be grown easily on different types 

of substrates such as glass, polymers, plastics, and metal oxide dielectric substrates. For 

optical applications, ZnO nanostructures are usually grown on a transparent conductive 

substrate, such as indium or fluorine doped tin oxide (ITO or FTO) coated glass. 

 

1.2.3.2 Sensors 

 ZnO nanomaterials have also been widely used as active layers for gas sensors.60 

The conductance, optical response and surface vibrational properties of ZnO can be 

strongly affected by the environmental conditions or the presence of adsorbed 

molecules. Nanomaterials with larger surface area offers additional advantage of high 

sensitivity as more molecules can be adsorbed.  

 Many types of ZnO nanomaterials based sensors have been reported, including 

gas,60 temperature,61 pressure,62 humidity,63 and chemical sensors.44 The mechanisms of 

these gas sensors are based on the conductivity change upon gas exposure, measured by 

an electrical current passing through the ZnO nanostructures. The adsorbed molecules 

will affect the oxidation or reduction state of the ZnO which in turn decreases or 

increases its conductivity. ZnO nanomaterials have also been applied as biological 
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sensors to detect urea and glucose as well as the sequence of bases in DNA.64-67 A 

highly sensitive pressure sensor can also be created using the piezoelectric effects which 

can measure the forces in the range of nano to pico Newtons. This phenomenon is used 

to fabricate micro pressure sensors for monitoring blood flow rate and pressure 

generated in the veins.68 

 Recently, ZnO NRs or NWs have been applied in the field ionisation gas 

sensors.69-71 In such devices, the gas electrical breakdown voltage and current are used 

to identify the gas species and to measure its concentration. The first nanomaterials 

based gas ionisation sensor (GIS) were CNTs, however it has a poor stability due to 

CNTs oxidised in oxygen environment and degraded at high current.69, 72 ZnO 

nanostructures have been proved to have an outstanding stability as GIS owing to its 

high melting point (1975°C) and chemical resistance towards oxidation.69 However, in 

comparison with CNTs, the pristine ZnO based GISs still require a much higher voltage 

to breakdown the targeted gas species. This is due to the limited conductivity of ZnO 

which can be overcome with doped ZnO as discussed in Chapter 7 comprehensively. 

 

1.2.3.3 Photovoltaic and Photoelectrochemical Cells 

 Metal oxide semiconductors with controllable band gaps can be used as efficient 

photocatalysts. Applications, such as dye sensitised solar cells (DSSCs) and 

photoelectrochemical (PEC) water splitting, have been developed for new generation of 

renewable energy sources. For DSSCs, metal oxide films or nanostructures prepared on 

ITO or FTO glass substrate with adsorbed dyes are used as the photoanode, a platinum 

coated glass serves as a counter electrode, and a liquid electrolyte is used to electrically 

connect the two electrodes. The commonly used electrolyte is the mixture of iodine and 

iodide solution.26 An example of the DSSC process is presented in Figure 1.6. 
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Figure 1.6 A schematic diagram illustrating the DSSC process. 

 

 As demonstrated in Figure 1.6, a monolayer of dye molecule absorbs on the 

surface of ZnO NRs will create excited electrons and holes upon illumination. The 

photogenerated electrons are injected into the conduction band of ZnO, while the holes 

are released by redox couples in the electrolyte. 1D ZnO nanostructures are one of the 

promising materials for an efficient solar cell since it not only possesses a large surface 

area, high carrier mobility and good crystallinity but also provides a good geometry for 

light absorption and electrolyte transportation.1 The large surface area of the ZnO will 

also benefit for the loading of dye molecules which will improve the effective light 

absorption leading to high photoconversion efficiency. Naturally, DSSCs based on 

various ZnO nanostructures such as ordered and disordered NRs, nanotetrapods, NWs, 

nanoflowers, NPs and other nanostructures will have different light conversion 

efficiencies.73 

 As a photocatalyst, nanostructured ZnO has also been widely explored for its 

potential in electrochemical photolysis of water for hydrogen generation. Hydrogen is 

an efficient source of clean and renewable energy where it has the potential to replace 

fossil fuels. There are number of reports for the use of ZnO nanostructures, including 
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thin films, NRs, NWs, NPs and nanopencils as photoanodes for photoelectrolysis water 

splitting application.34, 74-79 However, the solar-to-hydrogen conversion efficiency 

achieved by ZnO nanostructures is still very low due to its wide band gap which only 

absorbs the UV light. To overcome this drawback, dopants can be used to reduce the 

band gap energy of ZnO and increase the photoconversion efficiency, which will be 

discussed in detail in Chapter 5. 

To utilise hydrogen as an energy source, the challenge for storage and 

transportation of high pressure explosive gas has to be addressed. Recent studies 

revealed that ZnO nanostructures were able to reversibly absorb and desorb hydrogen at 

ambient temperature.80, 81 Wan Q. et al. have first reported that ZnO NWs absorb 0.83 

wt% of hydrogen at room temperature and ~30 atm hydrogen pressure, however only 

~0.6 wt% of the stored hydrogen has been released during the desorption.81 Pan H. et al. 

have reported that the hydrogen storage characteristic of ZnO can be improved with the 

introduction of magnesium.80 Their experimental results revealed that magnesium 

doped ZnO samples show a faster hydrogen uptake and release kinetics than pristine 

ZnO. 

 

1.3 Titanium Dioxide (TiO2) 

1.3.1 TiO2 Properties 

 Titanium dioxide, TiO2, or commonly known as titania, has also attracted 

tremendous attention due to its low cost, harmless, good chemical stability and more 

importantly its excellent photocatalytic activity.3, 9, 82 Three main types of TiO2 

structures can be formed, namely tetragonal rutile, tetragonal anatase and orthorhombic 

brookite, as shown in Figure 1.7. These three crystal structures are made up of distorted 

octahedral in which titanium cation is at the centre with oxygen anions positioned at the 
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corners. Brookite is obtained as mineral but it cannot be formed under normal 

laboratory conditions. For anatase and rutile, the unit cell vectors (a, b and c) and the 

symmetry of the crystal determine the spacing of individual crystal planes. For 

tetragonal anatase TiO2, the TiO6 octahedron is slightly more distorted than that of rutile 

TiO2, where the lattice parameter dimensions of anatase are a = b = 3.785 Å and c = 

9.514 Å (JCPDS # 21-1272). Meanwhile, tetragonal rutile TiO2 has the lattice 

parameters of a = b =4.593 Å and c = 2.959 Å (JCPDS # 21-1276). 

 

 

Figure 1.7 Crystal structures of TiO2, (A) rutile, (B) anatase and (C) brookite. Titanium 

and oxygen are white and red, respectively. 

 

 When the amorphous TiO2 is annealed at 280°C, anatase phase of TiO2 is 

formed first. The rutile phase is formed at 650°C and above. The size dependence of the 

stability of various TiO2 phases has been reported.83 For NPs larger than 35 nm, rutile 

phase of TiO2 is the most stable phase while for the NPs less than 11 nm, anatase is the 

most stable phase.84 TiO2 is a wide band gap semiconductor where the anatase and rutile 

phase of TiO2 have band gap energies of 3.2 eV and 3.0 eV, respectively.85 In addition, 

TiO2 is stable in both acidic and basic conditions, except in hydrofluoric solutions, and 

is resistance to the corrosion by common gas. 
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1.3.2 Synthesis of TiO2 Nanostructures 

 Different morphologies of TiO2 nanostructures such as NPs, NTs, NRs, NWs, 

nanofibres, nanobelt and nanosheets can be prepared in the form of powders, thin films 

and crystals.86-89 There are many methods have been proposed for the fabrication of 

TiO2 nanostructures, either by chemical or physical routes. Here I will discuss the 

principle of a variety techniques and analyse their advantages and disadvantages. 

 

1.3.2.1 Hydrothermal Method 

 One of the widely used techniques for the preparation of TiO2 nanostructures is 

hydrothermal method.89 Hydrothermal synthesis of TiO2 nanostructures is normally 

conducted in autoclaves with Teflon liners under controlled temperature and pressure 

with the reaction in aqueous solutions. The reaction temperature can be elevated above 

the boiling point of water, reaching high pressure of vapour saturation. The amount of 

internal pressure of the autoclave is strongly affected by the operating temperature and 

the amount of solution added. This method is also commonly used in the ceramics 

industry for the production of small particles. 

 Many groups have reported the creation of TiO2 NPs using hydrothermal route 

using titanium alkoxide in an acidic ethanol-water solution.90, 91 TiO2 NTs can also be 

prepared through hydrothermal method. Kasuga et al. were the first group reported the 

synthesis of anatase TiO2 NTs with an outer diameter of 8 nm (wall thickness of 

2~3 nm) and a specific surface area of 400 m2 g-1 via the hydrothermal method.92 A sol-

gel solution was first prepared by mixing titanium tetraisopropoxide and tetraethyl 

orthosilicate in a molar ratio of 8:2. The gel was then calcined at 600°C for 2 hours 

followed by a hydrothermal reaction in 10 M NaOH solution at 110°C for 20 hours. 

TiO2 NTs were obtained by removing the amorphous SiO2 in 0.1 M HCl solution. Other 
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than that, TiO2 nanocrystals and NRs can also been synthesised through hydrothermal 

synthesis with the presence of zinc powder in titanium trichloride aqueous solution.93, 94 

The functions of zinc powder in the solution were to prevent the oxidation of Ti3+ and to 

tune the oxygen vacancy and the crystalline phase. When the amount of zinc powder is 

lower than 0.5 mmol, mainly anatase phase of TiO2 nanocrystals in truncated 

octahedron structure were formed. As increased the amount of zinc powder to 1.5 mmol 

and above, rutile TiO2 NRs were created. 

 

1.3.2.2 Sol-gel Method 

 TiO2 powders, membranes and thin films can be synthesised using sol-gel 

method. In a typical sol-gel process, a colloidal suspension or a sol, is formed from the 

hydrolysis and polymerisation reactions of the titanium precursors. The precursors are 

mainly made up of inorganic metal salts or metal organic compounds such as metal 

alkoxides. The liquid sol will transform into solid gel phase after the completion of 

polymerisation and loss of solvent. 

 Sol-gel method is mainly divided into two different routes which are alkoxide 

and non-alkoxide methods. For non-alkoxide method, inorganic salts such as nitrates, 

chlorides, acetates, carbonates and acetylacetonates are used in the solution.95 This 

method requires an additional step to remove the inorganic anions. Meanwhile, the 

alkoxide route uses metal alkoxides as the starting material where metal oxide 

nanostructures are obtained by hydrolysis and condensation of the metal alkoxides.96 In 

general, a thin film of TiO2 nanostructures are prepared through either spin coating or 

dip coating. The solution was used to perform a coating on the surface of substrate, and 

the wet gel is converted into a solid film either by drying or thermal treatment. 
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 The sol-gel method has many advantages. Firstly, it is an easy method to 

produce TiO2 thin films with high purity. Secondly, sol-gel method offers a flexibility in 

introducing dopants in high concentrations or stoichiometry control over the desired 

composition. Thirdly, when compared to other synthesis techniques, sol-gel method has 

the advantage in producing large and complex area coating. 

 

1.3.2.3 Electrochemical Anodisation 

 One of the promising ways to obtain organised and well-aligned TiO2 NTs is 

through electrochemical anodisation. Anodic oxidation of titanium foil for the creation 

of TiO2 NTs was first reported by Dong G. et al. in 2001.97 By controlling the 

anodisation parameters, it is possible to control the shape, wall thickness, length as well 

as the outer and inner diameters of the NTs. For an electrochemical anodisation setup, it 

consists of two electrodes, where two clean titanium plates are used as anode and 

cathode. Both of the electrodes were immersed in a fluoride containing electrolyte at a 

fixed separation. A power supply was used to apply a constant voltage or a constant 

current during the anodisation process. Figure 1.8 is a schematic diagram illustrates the 

electrochemical anodisation setup. 

 

 

Figure 1.8 Electrochemical anodisation unit with a two-electrode cell. 
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 The electrolyte composition of electrochemical anodisation plays a critical role 

in determining the resultant NT morphology. The pH and the composition of the 

electrolyte determine both the rate of formation of NT arrays and also the rate at which 

the resultant oxide is dissolved. For the formation of TiO2 NTs, a fluoride ion 

containing electrolyte is needed. The general understanding for the anodisation of 

titanium in fluoride electrolyte is that titanium is oxidised forming an oxide barrier layer 

on the anode surface. As the oxide layer gets thicker, it decreases the oxidation 

electrical field, reducing the oxidation rate. In the presence of fluoride ion, a field 

directed dissolution of TiO2 causes thinning the oxide barrier layer, resulting in an 

immediate formation of etching pits, which are then developed deeper into NTs.98, 99 

The chemical processes of oxidation and dissolution reactions are described below: 

 

𝑇𝑖(𝑠)  + 2𝐻2𝑂(𝑙) → 𝑇𝑖𝑂2(𝑠)
+ 2𝐻2(𝑔)

 (Equation 1.1) 

𝑇𝑖𝑂2(𝑠)
 + 6𝐹−

(𝑎𝑞) + 4𝐻+
(𝑎𝑞) → 𝑇𝑖𝐹6

2−
(𝑎𝑞)

+ 2𝐻2𝑂(𝑙) (Equation 1.2) 

 

 The oxidation is facilitated by the water in the electrolyte (Equation 1.1). The 

formation of soluble fluoro-complexes (𝑇𝑖𝐹6
2−) in the electrolyte is aided by the electric 

field, which moves fluoride anions toward the anode and release 𝑇𝑖𝐹6
2−  into the 

electrolyte (Equation 1.2). The dissolution of the barrier oxide layer at the bottom of the 

NTs maintains the oxidation process active. Consequently, optimal TiO2 NTs growth 

rate is achieved when the oxidation rate at the interface of the metal and oxide is 

balanced to the dissolution rate. 

 There are a number of factors which can affect the formation of TiO2 NTs, 

including the applied voltage, electrolyte concentration and anodisation temperature.91, 

97 Larger applied voltage and higher operating temperature will result a faster growth 
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and larger diameter of the NTs.100 The oxidation and dissolution rates of the anodisation 

process are determined by the concentration of water and fluoride ions, respectively. 

Therefore, for the creation of highly ordered TiO2 NTs, the precise control of the 

anodisation parameters is essential. 

 

1.3.2.4 Electrospinning Method 

 Electrospinning method was first studied by Zeleny J. in 1914.101 It is a 

technique commonly carried out for the creation of ultrafine fibres with outer diameters 

in micrometre to nanometre range. In a typical electrospinning process, an external 

electrical field is applied in between the tip of a spinneret and a drop of polymeric fluid. 

When the strength of electric field increases, the hemispherical surface of the solution at 

the tip elongates to form a convex meniscus, also known as the Taylor cone.102, 103 The 

repulsive electrical forces will overcome the surface tension of the drop when the 

applied electric field reaches a critical value. A charged jet of solution is then ejected 

from the tip of the Taylor cone and a rapid and unstable whipping of the jet occurs 

between the tip and drum collector. This leads to the evaporation of the solvent and 

results in the formation of ultrafine fibres on the drum collector. There are three main 

components in an electrospinning setup, which are a high voltage power supply (kV), a 

spinneret (a syringe or pipette tip) and a grounded collector (a metal plate or a rotating 

metal drum), as shown in Figure 1.9. 
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Figure 1.9 Scheme of a typical setup for electrospinning process. 

 

 Electrospinning method has attracted renewed attention due to its potential for 

the creation of metal oxide nanomaterials, such as nanofibres, which possess high 

surface to volume aspect ratios, leading to low density and high pore volume, and 

excellent mechanical strength.103 The morphology of the created nanostructures is 

strongly dependent on the solution parameters, including the concentration, viscosity, 

solvent used, molecular weight of polymer, surface tension, and processing parameters 

such as diameter of pipette orifice, applied voltage, feed rate and distance between the 

nozzle and the drum collector.104 Various morphologies of TiO2 nanostructures can be 

produced through the electrospinning method with the titanium precursors dissolved in 

polymer solutions followed by calcination, for instance, nonwoven, aligned or patterned 

nanofibres, nanoribbons, nanospheres, nanocups, NRs and nanocrystals.103-105 

 There a number of advantages of using electrospinning method to create metal 

oxide nanostructures. Firstly, it is a simple and robust technique to produce large 

quantities of metal oxide nanomaterials. Secondly, it is cost effective and has high 

degree of reproducibility for the obtained materials. Thirdly, electrospinning method 
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can be used for a large area deposition and it has the ability to manipulate nanomaterial 

composition in order to get desired properties and functions. 

 

1.3.3 Applications of TiO2 Nanostructures 

1.3.3.1 Photoelectrochemical Cells and Photovoltaic 

 Similar to ZnO nanostructures, TiO2 nanomaterials have been used for 

photovoltaics and hydrogen generation through photocatalytic electrochemical 

photolysis of water. In 1972, Fujishima A. and Honda K. have demonstrated 

photocatalytic of water by an n-type TiO2 single crystal thin film for solar energy 

conversion and storage in the form of hydrogen.106 In order to increase the 

photoconversion efficiency of TiO2, one of the approaches is to increase the effective 

surface area of the photoanode by fabricating various nano morphologies of TiO2, 

including NRs, NTs, NWs, nanofibres, hollow spheres and NPs.9, 89, 94, 107, 108 The details 

of the photocatalytic water splitting mechanism and experimental setup will be 

discussed in section 1.5.1 and 2.6, respectively. 

 Similar to ZnO photoanode, the solar conversion efficiency of TiO2 photoanode 

is also limited due to its large band gap (3.03.2 eV) which only allows it to absorb UV 

part of the solar emission. Numerous attempts have been carried out to improve the 

conversion efficiencies of the PEC cells such as extending the absorption spectrum of 

TiO2 to the visible range by dye sensitisation or doping with species that introduce 

additional dopant state within the band gap of TiO2. A number of dopants, such as 

nitrogen, carbon, sulphur, tin and the oxygen vacancy have been used to reduce the 

band gap of TiO2 which lead to the increase of the PEC water splitting efficiencies.3, 89, 

109, 110 Xu M. et al. have reported that the introduction of tin into TiO2 lattice caused a 
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reduction in the band gap energy and resulting in a two-fold enhancement in the solar-

to-photon conversion efficiency when compared to the pristine TiO2 photoanode.110 

 In 1991, Gratzel M. et al. reported a DSSC where a monolayer of charge transfer 

dyes has been deposited on the surface of TiO2 crystals to increase the light harvesting 

and increase the solar conversion efficiency.111 Other than organic dyes, quantum dots 

(e.g. CdSe and CdS) have also been introduced onto the surface of TiO2 nanostructures 

to increase the solar conversion efficiency.112 

 

1.3.3.2 Water and Air Purification 

 TiO2 is the most commonly used photocatalysts for environmental applications. 

TiO2 Degussa P-25 powder, consisting of 80% anatase and 20% of rutile with an 

average particle size of 30 nm, is widely used in the treatment of contaminated 

wastewater. Upon UV illumination, TiO2 photocatalysts are able to generate superoxide 

radicals and hydroxide radicals which can oxidise most of the organic pollutants. Water 

purification processes are usually carried out in a photocatalytic reactor consisting a 

quartz tube, with an inlet tube for oxygen purging during photocatalysis and another 

outlet for the collection of samples from the reactor at different time intervals. A known 

amount of photocatalyst and a known concentration of pollutant(s) are mixed with DI 

water and poured into the photoreactor. During the reaction under light illumination, the 

concentration of the pollutant(s) is monitored as a function of time. Figure 1.10 is a 

schematic diagram of a typical photocatalytic reactor. 
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Figure 1.10 A schematic diagram of photocatalytic reactor. 

 

 Most of the organic pollutants in water can be completely degraded and 

mineralised at the surface of UV-excited TiO2 photocatalysts, including alkanes, 

haloalkanes, aliphatic alcohols, carboxylic acids, alkenes, aromatics, haloaromatics, 

polymers, surfactants, herbicides, pesticides, and dyes.86 Other than water pollutants, 

TiO2 nanomaterials have also been used in degrading gaseous pollutants. One of the 

major air pollutants is volatile organic compounds (VOCs), which is originating mainly 

from industrial processes. It has been reported that the use of illuminated TiO2 can not 

only effectively decompose VOCs, but also convert nitrogen oxides and sulphur oxides 

in the air.113 Upon UV illumination, TiO2 photocatalysts are able to oxidise and 

decompose the gaseous pollutants into carbon dioxide, water vapour and mineral 

acids.86 

 

1.3.3.3 Biomedical Treatment 

 TiO2 has also been widely used for medical purposes since it is nontoxic, 

biocompatible and chemically stable with excellent mechanical properties.114 Porous 

TiO2 nanostructures have been used for drug eluting coating for orthopaedic implants, 
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stimuli-responsive therapeutic systems, dental implants and vascular (coronary) 

stents.114 Drug therapy is required for most of the medical procedures such as hip 

replacements, dental implants or vascular stents, in order to prevent infection, control 

clotting or decrease inflammation.115 Delivery of drugs locally from an implant surface 

rather than systemically can reduce side effects. One of the commonly used strategies 

for drug elution is through a drug-loaded polymer coating for slow release. However, 

polymer degradation may induce in inflammatory response, activating phagocytes and 

increasing vascular smooth muscle proliferation, which can lead to implant failure.114 

Therefore, non-polymer based drug delivery implant platforms, such as nanoporous 

aluminium oxide and nanotubular TiO2 are the focus in the newest development in drug 

eluting.116  

TiO2 NTs have an open end which can be used to carry drugs as a capsule for 

drug delivery. These tubes can be coated with proteins that can recognise viruses or 

cells which results in self-guided drug delivery. The drug release can also be controlled 

by UV light or X-ray radiation for in vivo treatments through living tissue.117 Song Y.Y. 

et al. have proposed the use of amphiphilic tube layers in a payload filling and release 

mechanism.118 These NTs have been loaded with hydrophilic drugs and are protected by 

a hydrophobic cap. The hydrophobic cap can be removed by photocatalytic oxidation, 

allowing aqueous body fluids to enter the tubes and flush out the desired drugs. 

 TiO2 has also been used in cancer treatment. In 1986, Fujishima A. et al. 

demonstrated the use of strong oxidising power of illuminated TiO2 to kill tumour 

cells.119 Animal experiments implanting cancer cells under the skin of mice to cause the 

formation of tumour cells were conducted by Cai R. et al.120 The experimental results 

showed that TiO2 particles significantly supressed the growth of HeLa cells implanted 

in nude mice, however this technique was not effective in stopping a cancer that had 
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grown beyond a certain size. The experiments also showed that the photoactivity is 

effected by the illumination of the near UVA and UVB lights, with wavelengths in the 

range of 300400 nm, which did not cause mutation to the healthy cell. 

 

1.4 Bismuth Vanadate (BiVO4) 

1.4.1 Properties of BiVO4 

 In order to study the visible light excited photocatalysis, we are also interested in 

metal oxides with a narrow band gap. BiVO4 is an n-type semiconductor of bright 

yellow colour with band gap energies in the range of 2.9 to 2.4 eV, capable of absorbing 

green to blue light.121 It has been identified as one of the most promising photoanode 

materials for photocatalytic water splitting due to its appropriate band edges.121 There 

are three main types of BiVO4 crystal structures which are pucherite (orthorhombic), 

scheelite (monoclinic or tetragonal) and zircon (tetragonal),121 as shown in Figure 1.11. 

BiVO4 prepared in the laboratory are usually crystallised either in a scheelite or a zircon 

type structure. Pucherite is obtained as mineral but it cannot be formed under normal 

laboratory conditions. For a zircon structure, vanadium ion is stabilised by four oxygen 

atoms in a tetrahedral site and bismuth is coordinated by eight oxygen atoms from six 

VO4 units. For a scheelite structure, each vanadium ion is coordinated by four oxygen 

atoms in a tetrahedral site and each bismuth ion is coordinated by eight oxygen atoms 

from eight different VO4 tetrahedral units. The only difference between tetragonal and 

monoclinic scheelite structure is that the local environments of vanadium and bismuth 

ions of monoclinic structure are more significantly distorted.  
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Figure 1.11 Crystal structures of BiVO4, (A) pucherite, (B) scheelite and (C) zircon. 

Bismuth, vanadium and oxygen are purple, blue and red, respectively. 

 

 For tetragonal zircon-type BiVO4, it has the lattice parameters a = b = 7.303 Å 

and c = 6.584 Å. Meanwhile, a tetragonal scheelite BiVO4 has the lattice parameter 

dimensions a = b = 5.147 Å and c = 11.722 Å, whereby the monoclinic scheelite BiVO4 

has the lattice parameters a = 5.194 Å, b = 5.090 Å and c = 11.697 Å.121 Tetragonal 

zircon-type structure of BiVO4 is formed at low synthesis temperature, for instance, 

precipitation at room temperature. A phase transition from tetragonal zircon to 

monoclinic scheelite was reported to occur irreversibly at 400500°C.122 For scheelite 

structures, the phase transformation between the monoclinic and tetragonal structures 

was observed to occur reversibly at 255°C.121 Both the tetragonal zircon phase and 

monoclinic scheelite phase of BiVO4 were reported to have direct band gap energies of 

2.9 eV and 2.4 eV, respectively.122 

 

1.4.2 Synthesis of BiVO4 Nanostructures 

 There are a number of different synthesis methods have been proposed for the 

fabrication of BiVO4 nanostructures.123 Different morphologies of BiVO4 

nanostructures have been reported, for instance, NRs, NWs, NTs, nanosheets, 
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nanoellipsoids, hollow spheres, worm-like nanoporous films, nanoplates, buckhorn-like 

nanodots, butterfly-like microparticles and microtubes.123-127 In the following sections, 

the principle of synthesis techniques and the advantages and disadvantages will be 

studied. 

 

1.4.2.1 Electrochemical Deposition Method 

 One of the simple solution methods for the creation of BiVO4 nanostructures is 

electrochemical synthesis. In a typical electrochemical synthesis method, it consists of 

three electrodes which are a working electrode, a counter electrode and a reference 

electrode. These electrodes were immersed into a plating solution that contains ions and 

molecules that will participate in the electrochemical reactions, as shown in Figure 1.12. 

When an electrochemical potential is applied, a reduction (cathodic deposition) or 

oxidation reaction (anodic deposition) occurs on the working electrode. The species 

produced by the oxidation and reduction reactions trigger the deposition of desired 

materials onto the surface of working electrode. 

 

 

Figure 1.12 A schematic diagram of electrochemical deposition setup. 
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 The first electrochemical synthesis of BiVO4 was achieved by Myung N. et al. 

where the anodisation of a bismuth metal coated platinum electrode resulted in 

generation of Bi3+ ions, which reacted with V5+ in the solution and precipitated 

crystalline BiVO4 on the working electrode.128 Seabold et al. have reported the creation 

of BiVO4 thin films using a different electrolyte.129 In the experiment, a plating solution 

containing Bi3+ and V4+ ions was used. When the V4+ ions were oxidised to V5+ ions 

upon application of an appropriate voltage, the V5+ ions promptly reacted with Bi3+ ions 

to form an amorphous BiVO film with a Bi:V ratio of 2:3. The film was thermally 

converted to crystalline BiVO4 and V2O5. A pure BiVO4 film was obtained by removing 

the V2O5 phase with 1.0 M KOH solution. 

 

1.4.2.2 Metal Organic Decomposition Method 

 Metal organic decomposition (MOD) is the most commonly used technique for 

the preparation of BiVO4 electrodes.125, 130 In general, organometallic species containing 

Bi3+ and V3+ or V5+ ions are dissolved into a solution. The commonly used precursors 

are bismuth nitrate and vanadium acetylacetonate. The resulting solution is deposited 

onto a conducting substrate either by spin coating or spray pyrolysis, and crystalline 

BiVO4 film is formed by heat treatment at a moderately high temperature (350500°C) 

to decompose the organic precursors. 

 

 

Figure 1.13 A schematic diagram representing the spin coating process. 
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 MOD/spin coating method is the most widely employed technique for the 

fabrication of BiVO4 electrodes, which was first reported by Sayama K. et al. in 

2003.131 Figure 1.13 is a schematic diagram illustrates the spin coating process. One of 

the advantages of the MOD/spin coating method is the easy composition tuning. 

Different dopants can be introduced into BiVO4 films by adding dopant ions in the 

precursor solution. For example, Luo W. et al. have reported the creation of 

molybdenum doped BiVO4 by adding molybdenum acetylacetonate into the precursor 

solution.130 Similarly, Zhong D. K. et al. have reported the formation of tungsten doped 

BiVO4 by incorporating tungstic acid into the precursor solution.132 

 

1.4.2.3 Vacuum Deposition Method 

 BiVO4 electrodes can also be synthesised through gas phase route by vacuum 

deposition methods such as ballistic deposition and reactive ballistic deposition. In these 

processes, a high vacuum chamber equipped with two electron beam evaporators are 

required to deposit bismuth and vanadium atoms in a 1:1 ratio onto a substrate.133 The 

only difference between ballistic deposition and reactive ballistic deposition is that 

oxygen was introduced into the deposition chamber for reactive ballistic deposition as 

reactant gas.121 The crystalline BiVO4 electrodes were obtained by annealing the as-

deposited films at 500°C in air. Recently, Berglund S. P. et al. have reported the 

fabrication of tungsten and molybdenum doped BiVO4 electrodes through ballistic 

deposition where tungsten or molybdenum metal was co-evaporated with bismuth and 

vanadium metals.134  
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1.4.3 Applications of BiVO4 Nanostructures 

1.4.3.1 Photoelectrochemical Cells 

 As mentioned before (Section 1.4.1), BiVO4 exists in three different types of 

structures, however only the thermodynamically stable monoclinic scheelite BiVO4 

exhibits good photocatalytic behaviour.123 This is because monoclinic scheelite BiVO4 

owned a smaller band gap energy (2.4 eV) with a conduction band more negative than 

0 V and a valence band more positive than 1.23 V with respect to normal hydrogen 

electrode (NHE). In addition, it has been reported that the distortion in monoclinic 

scheelite BiVO4 could probably affect the charge separation and delocalisation of 

photogenerated electrons and holes, and thus improved the photocatalytic activity under 

visible light irradiation.135 

Various morphologies of monoclinic scheelite BiVO4 have been prepared and 

utilised as photoanodes for PEC water splitting application.126, 127, 132 The theoretical 

solar-to-hydrogen conversion efficiency of BiVO4 photoanode under AM1.5 G solar 

light has been calculated to be ~9.2% with a maximum photocurrent density of 

6.3 mA cm-2.136 To date, however, the actual conversion efficiency achieved by BiVO4 

photoanodes is far smaller than the theoretical maximum value. This is because BiVO4 

has slow charge transportation, which leads to approximately 60%80% of electron-

hole pairs recombination before they reach at interfaces.123 There are a number of 

approaches have been designed to overcome such problems. The incorporation of 

dopants with BiVO4 films have been reported to increase the photoconversion 

efficiency. Luo W. et al. have shown that molybdenum doped BiVO4 films exhibit a 

much higher PEC performance in water splitting than pristine BiVO4.
130 The significant 

enhancement in PEC water splitting efficiency by doped BiVO4 electrodes was due to 

the dopant increasing the carrier concentration and reducing the resistance. Another 
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effective way to address the poor electron mobility of BiVO4 is forming a composite 

structure or heterojunction, which will be discussed in details in Chapter 8. 

 

1.4.3.2 Water Purification 

 Other than photoelectrolysis of water, BiVO4 nanomaterials have also been used 

as photocatalysts for water decontamination processes. BiVO4 nanostructures have been 

used to decompose organic compounds such as methylene blue, rhodamine B and 4-n-

nonylphenol in water.137-139 Kohtani S. et al. compared the photocatalytic degradation of 

toxic surfactant 4-n-nonylphenol using BiVO4 and TiO2 (P-25) under simulated 

sunlight.139 The results revealed that, under excess oxygen environment, a faster 

degradation of 4-n-nonylphenol was observed for BiVO4, while similar activities to 

TiO2 were found in air saturated medium. However, in contrast with TiO2, there is no 

carbon dioxide evolution was observed with BiVO4. 

 In order to further improve the photocatalytic activity, chemical modification of 

BiVO4 with silver, platinum, palladium or copper oxide has also been tried.137 Kohtani 

S. et al. have demonstrated the photocatalytic degradation of various aqueous pollutants 

using silver loaded BiVO4.
140 The results showed that the silver loaded BiVO4 has a 

higher photocatalytic degradation performance than pure BiVO4, as well as a higher 

mineralisation degree. The enhancement was possibly due to either improved generation 

of superoxide radicals from silver or the improved charge separation from BiVO4. 
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1.5 Specific Applications Used in This Thesis 

1.5.1 Photoelectrochemical Water Splitting 

The use of solar energy to split water for the generation of hydrogen from a 

photoelectrochemical (PEC) cell is one of the promising developments to replace fossil 

fuels.141, 142 This is an ideal method to supply a clean and sustainable fuel since water is 

the only combustion product with high energy density (140 MJ kg-1).78 Metal oxide 

nanostructures have been widely explored and used as photoanodes for PEC water 

splitting due to their relative low cost, large surface area and scalability for production 

purposes.142, 143 

 The split of water into hydrogen and oxygen is an uphill reaction where a 

standard Gibbs free energy of 237 kJ mol-1 or 1.23 eV is required. To facilitate this 

reaction, the band gap of the photocatalyst should be larger than 1.23 eV.142, 144 More 

important, the reduction and oxidation potentials of water should lie in between the 

band edges of the photocatalyst. Thus, the conduction band of the photocatalyst has to 

be more negative than the reduction potential of H+/H2 (0 V versus NHE), whereas the 

valence band has to be more positive than oxidation potential of O2/H2O (1.23 VNHE). 

Other than having an appropriate band edge energy, there are some other critical criteria 

for an efficient water oxidation photocatalyst/photoanode, such as (i) high light 

absorption efficiency over a broad wavelength to make full use of the solar energy; (ii) 

effective charge carrier transfer and charge separation to suppress charge 

recombination; (iii) sufficient surface area to provide enough active sites; (iv) fast 

surface reaction kinetics for oxygen evolution; and (v) high chemical stability in 

electrolytes.123 

 Water photoelectrolysis using a PEC involves several processes within the 

photoelectrodes and at the photoelectrode/electrolyte interface.145 In general, the 
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processes in photocatalytic generation of hydrogen of photocatalysts consists of three 

steps, including: 

1. Upon illumination, photoexcited electrons and holes will be created at the 

conduction and valence bands, respectively.  

2. The photoexcited electrons will migrate to the surface of counter electrode, 

meanwhile the photogenerated holes will move to the surface of the 

photocatalysts. 

3. These separated electrons and holes will carry out redox reactions at the 

electrode surfaces with the chemical species (electron donors or acceptors) in the 

electrolyte to generate hydrogen and oxygen. 

For an n-type semiconductor photocatalyst, the holes at the valence band created by 

band gap excitation of the film will migrate to the electrode surface to oxidise water to 

oxygen (Equation 1.3). 

 

4h+ + H2O(aq) → O2(gas)
+ 4H+

(aq) (Equation 1.3) 

4H+
(aq) + 4e− → 2H2(gas)

 (Equation 1.4) 

 

Meanwhile, the conduction band electrons will travel through the underlying 

substrate to reach to the counter electrode, platinum foil, to reduce the water to 

hydrogen, as shown in Equation 1.4. On the contrary, for a p-type semiconductor 

photocatalyst, the opposite reaction will occur where oxygen and hydrogen will be 

evolved at the counter electrode and photocathode, respectively. 

 Currently, the photocatalytic water splitting research is focused on the low-cost 

and Earth-abundant elements that exhibit promising solar-to-hydrogen conversion 

efficiencies. To date, the highest photoconversion efficiency of 14% was achieved by 
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using a titanium dioxide-coated indium phosphide photocathode.146 Lately, Earth-

abundant transition metal based materials have also been widely studied as oxygen 

evolution catalysts (OECs). These catalysts can effectively overcome the oxygen 

evolution overpotentials of the photoanodes and thus improve the overall water splitting 

efficiency.10, 147, 148 For instance, Kim T. W. and Choi K.-S. have demonstrated the use 

of dual-layer OECs (FeOOH and NiOOH) on the nanoporous BiVO4 photoanode to 

achieve a photoconversion efficiency of 1.72%.10 Recently, Luo J. et al. have achieved a 

solar-to-hydrogen conversion efficiency of 12.3% driven by perovskite photovoltaics.147 

These recent studies show the potential towards commercial PEC water splitting 

devices. 

 

1.5.2 Gas Ionisation Sensor 

In the past decades, gas sensors based on the metal oxide semiconductors have 

been studied in diverse field for wide applications.70, 149 Various nanostructured metal 

oxides have been applied in gas sensor such as SnO2,
8 TiO2,

150 ZnO,151 WO3,
152 

Fe2O3
153 and In2O3.

154 There are two different types of gas sensors, which are chemical 

type and physical type of sensors. For a chemical type gas sensor, it is operated through 

the adsorption and desorption of gas molecules on the surface of the sensing materials, 

which affects the conductivity of the nanomaterials. Meanwhile, the physical type gas 

sensor detects gas through electric field ionisation. In general, there are a few basic 

criteria for a high quality and efficient gas sensing system: (i) high sensitivity and 

selectivity; (ii) fast response time and recovery time; (iii) low operating voltage and 

temperature and (iv) high stability in performance. 
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Figure 1.14 A schematic diagram of a chemical type gas sensor device. 

 

To date, most of the conventional gas sensors are chemical type and the active 

layer are usually made up of metal oxide nanostructures,69 porous silicon155 and CNT21, 

156. The sensing mechanism of this type of sensor is based on the changes in the 

electrical properties by the adsorption of gas molecules on the surface of the active 

layer, which causes a large variation in the electrical resistance.157, 158 Figure 1.14 is a 

schematic diagram illustrates the chemical type of gas sensor device. In this device, a 

heating element is used to elevate the sensor’s temperature in order to increase the 

responses and to reduce the recovery times. For the sensing layer, two different types of 

metal oxide nanostructures, n-type and p-type, are widely used.159-161 The electrical 

resistance of these types of metal oxide nanostructures decreases when the temperature 

increases due to their semiconducting properties and the increasing of the surface 

oxygen vacancies.60 There were however, some drawbacks for this type of gas sensors, 

where it suffers from selectivity issues. A high working temperature also restricts its 

applications.162, 163 In addition, chemical type sensors have difficulty in detecting gas 

with poor adsorption.70, 164 

 In this work, we focus on the physical type gas sensors, gas ionisation sensors 

(GISs), which operate at room temperature. Its principle is based on the fingerprint 

ionisation energy of different gases.162 When compared to chemical type gas sensors, 
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GISs are not restricted by the electrophilicity or adsorption energy of the gases. Since 

the first demonstration of miniaturised GISs using CNTs in 2003,72 much attention has 

been paid to metal oxide nanostructures, including CuO NWs,164 TiO2 NTs,165 Si 

NWs,166 ZnO NRs167 and NWs,168 as they are more stable towards oxidation in oxygen 

environment. For a high performance GIS, the electric field should be focused on the 

top surface of the nanomaterials and this can be achieved by using vertically aligned 

metal oxide NRs or NWs with sharp tips and with high conductivities.71 

 

1.6 Thesis Overviews 

 The thesis is devised of 10 chapters, the first 2 of which will provide the review 

of relevant metal oxide nanomaterials. Both the synthetic methods and their applications 

are discussed in Chapter 1. The characterisation techniques used in this work, including 

scanning electron microscopy (SEM), X-ray diffraction (XRD), UV-visible (UV-vis) 

spectroscopy and electrochemical impedance spectroscopy (EIS) will be discussed in 

Chapter 2. Additionally, the experimental setup of photocatalytic water splitting and gas 

ionisation sensing will also be explained in Chapter 2. 

 The experimental details for the preparation of ZnO NTs and NRs through CBD 

method will be described in Chapter 3. The purpose of growing ZnO NTs was to 

increase the effective surface area of ZnO NRs and thus enhanced the photocatalytic 

water splitting performance. In this experiment, the growth mechanism and optical 

properties of the created NRs and NTs were studied. The effect of the volume of growth 

solution on the morphology of NRs and NTs were explored. The performances of ZnO 

NRs and NTs as photoanodes in PEC water splitting were evaluated. 

 After the growth of ZnO NRs, a novel nanomaterial, urchin-like ZnO NR arrays 

on TiO2 hollow hemispheres (HHSs) were created through the combination of 
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electrospinning and CBD methods. The aim of employing two different metal oxides as 

the photoanode material was to create dipole at the interface for reducing the electron-

hole recombination which thus increased the photoconversion efficiency. In Chapter 4, 

the growth mechanism and a series of calcination studies for the urchin-like composite 

samples were studied. The effect of the calcination temperature on the PEC water 

splitting performance was investigated. 

 Although the urchin-like sample revealed a significant improvement in the 

photocatalytic water splitting activity, the large band gap energies of TiO2 and ZnO 

only allow them to absorb UV light. In order to improve the light absorption for 

photocatalytic water splitting, Chapter 5 concentrates on the synthesis of doped ZnO 

NRs using the CBD method. A number of dopants were used in this experiment and the 

effects of the dopants on the morphologies and optical properties of the doped samples 

were studied. The photocatalytic water splitting performances of the doped ZnO NRs 

were measured and compared with the pristine ZnO NRs. 

 In Chapter 6, a novel direct heating method for the growth of ZnO NRs onto a 

stainless steel (SS) mesh has been developed. The purpose of growing ZnO NRs on SS 

mesh was to overcome the problem of poor light absorption, small effective surface area 

and high electron-hole recombination rate by a planar photoanode. Here, the growth 

mechanism of the NRs using this novel method was proposed. A comparison of the 

PEC performances between ZnO NRs prepared on SS mesh and that prepared on SS 

plate was also carried out. In order to increase the light harvesting and thus increase the 

photoconversion efficiency, multilayers of ZnO NRs on SS meshes were used as a 

photoanode for photoelectrolysis of water. 

 In order to increase the gas sensitivity and selectivity of ZnO NRs based gas 

ionisation sensors, the effect of ZnO conductivity was studied by introducing yttrium 
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atoms into ZnO. Chapter 7 concentrates on the preparation of Y-doped ZnO NRs 

through the hydrothermal method and its application as gas ionisation sensor. The effect 

of Y concentration on the morphology, optical properties and electrical properties of the 

created nanomaterials were examined. The undoped and Y-doped ZnO NRs were used 

as anodes in gas ionisation sensing applications. The effect of UV illumination on the 

gas sensors was examined. 

 A highly ordered 1D BiVO4 nanoporous film coated on ZnO NRs was created 

through the combination of MOD/spin coating and CBD methods, as described in 

Chapter 8. The purpose of employing two different metal oxides as the photoanode 

material is to extend the light absorption of the sample to the visible region of solar 

spectrum. A comparison of the photocatalytic water splitting performances between the 

hybrid sample, bare ZnO NRs and BiVO4 nanoporous film was performed.  
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Chapter 2 Characterisation 

 

2.1 Abstract 

In this chapter, I will discuss the technical details of the instruments and 

methods used to characterise the structures and properties of the nanomaterials created 

in this project. The materials prepared in this thesis are novel in morphology and 

composition. Scanning electron microscope was used to quantitatively study the 

morphology of the nanostructures. Energy dispersive X-rays spectroscopy was used to 

evaluate the chemical compositions of the composite materials. The crystal structure 

and crystal orientation of the materials were characterised by powder X-ray diffraction. 

The optical properties of the materials were examined by UV-visible 

spectrophotometer. The intrinsic properties of the materials were determined by 

electrochemical impedance spectroscopy. Photoelectrochemical testing is an important 

characterisation technique to evaluate the efficiency of the created materials as 

photoanode in photocatalytic water splitting. Gas ionisation sensing is another crucial 

application for determining the selectivity and sensitivity of the created materials as 

anode of gas ionisation sensor. 

 

2.2 Scanning Electron Microscopy 

 Scanning electron microscope (SEM) is one of the commonly used instruments 

to analyse the morphology and to characterise the chemical composition of the as-

prepared materials.169 Electron microscopy is like optical microscopy but it gives a 

better resolution by using high energy and short wavelength electron beam. This 

interaction will generate signals which contain information about the sample’s surface 
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composition and topography. For our SEM, a high energy electron is generated from a 

tungsten filament through thermionic emission,170 accelerated at a typical energy in the 

range 1030 kV. This high energy electron beam is finely focused through several 

electrostatic and electromagnetic lenses before reaching onto the sample. 

In SEM, it is an inelastic scattering (secondary electrons) which provides 

morphological information on the specimen to be analysed. After the bombardment, 

both backscattered electrons and secondary electrons are released from atoms close to 

the surface of the sample to construct a SEM micrograph. In addition, X-ray can also be 

emitted by relaxation of electrons to the lower orbitals which give elemental 

information of the sample. 

 Secondary electron image is the most commonly used signal in SEM with high 

resolution. Secondary electrons are low energy electrons (typically 10300 eV) which 

are emitted a few nanometres from the sample surface (< 10 nm). This signal provides 

the topographic details on the surface. Secondary electrons are generated through the 

Auger process by a high energy electron beam scattering process. The incidence of the 

high energy electrons cause the ionisation by losing an electron at the core level. The 

upper level electron will relax into the core level causes the emission of another 

electron, which is called as Auger electron. The advantage of using secondary electrons 

to image the surface is that the low energy of the electron allows it to be separated from 

the primary electron (beam) in the background, achieving a good image contrast. 

 Backscattered electrons are high energy incident electrons which undergo elastic 

interactions with the sample surface. The backscattered electron detector (not installed 

in our SEM) is usually positioned very close to both the target surface and electron 

beam. Unlike secondary electrons, backscattered electrons are generated from the 

electrons penetrate a few microns depth from the sample surface. The intensity of the 
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backscattered electrons is related to the density and the atomic number of the sample. 

Therefore it gives additional contrast due to the difference in atomic species. 

 In addition to secondary electron and backscattered electron detections, SEM 

can also be used to identify the composition of the materials based on X-ray 

fluorescence by an X-ray detector. The energy dispersive X-ray (EDX) detector 

measures the X-ray energy created through the bombardment of the electrons striking 

the surface of sample. These X-rays are emitted after a core electron is emitted and an 

upper electron relaxes to the core level. The energy of the emitted X-rays is distinctive 

for each atom and can be used to determine the chemical composition. The intensity of 

the fluorescence is proportional to the amount of the element in the sample. 

 

2.3 X-ray Diffraction 

 Crystal structure and crystal orientation of nanomaterials can be identified using 

an X-ray diffractometer (XRD). The diffraction technique depends on the interference 

between waves reflected from the periodic arrangement of atoms within the crystals.171 

The X-rays strike on the surface of a crystal structure and are partially reflected by the 

atoms in the lattice. This will cause the occurrence of constructive or destructive 

interference of the diffracted waves at certain angles. The angle at which constructive 

interference occurs is defined by the spacing between the planes of the lattice and the 

wavelength of the X-ray; following the Bragg’s law:172 

 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃 (Equation 2.1) 

 



45 
 

where n is an integer, 𝜆 is the wavelength of the X-ray (CuKα = 1.54056Å), d is the 

spacing in between the planes in the atomic lattice and 𝜃 is the angle of incidence X-

ray. Figure 2.1 is a schematic diagram illustrates the reflective diffraction geometry. 

 

 

Figure 2.1 A schematic diagram illustrates Bragg’s law. 

 

In a powder diffraction, the crystal structure of the sample can be identified by 

the characteristic diffraction peaks. The position of the peaks are determined by the 

lattice spacing of the sample and this can be used to calculate the lattice constants of the 

nanostructures. In this work, ZnO is the main metal oxide being used and the structure 

of ZnO is hexagonal, thus the separation between crystal planes follows:173 

 

1

𝑑2
=

4

3
(

ℎ2 + ℎ𝑘 + 𝑘2

𝑎2
) +

𝑙2

𝑐2
 (Equation 2.2) 

 

where h, k and l are the Miller indices representative of a particular set of equivalent 

parallel planes, a and c are the lattice constants. Based on the calculated lattice constants 

‘a’ and ‘c’, the bond length of the sample can be evaluated using the following 

relationship:174 
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 (Equation 2.3) 

 

where the 𝑢 parameter depends on the structure of the materials. For ZnO, it is wurtzite 

structure and can be expressed as: 

 

𝑢 =
𝑎2

3𝑐2
+ 0.25 (Equation 2.4) 

 

In addition, the diffraction peaks also show a different line width, which is 

corresponding to the crystal grain size and is also affected by the density of defects. The 

peak width is inversely proportional to the averaged crystal size of the materials. The 

crystal domain of the nanostructures can be quantitatively described by Scherrer’s 

equation:175 

 

𝐷 =
𝐾𝜆

𝛽 𝑐𝑜𝑠𝜃
 (Equation 2.5) 

 

where 𝐷 is the crystalline diameter, K is the shape factor (0.89 in this work), 𝜆 is the 

wavelength of the X-ray source (Cu target, 𝜆 = 1.541 Å), θ is the Bragg angle of the 

diffraction peak (in degrees) and β is the linewidth of the diffraction peak corrected for 

instrument broadening (in radians), defined as: 

 

𝛽 = √𝐵𝑀
2 − 𝐵𝐼

2 (Equation 2.6) 
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where 𝐵𝑀  is the measured linewidth (FWHM in radians) and 𝐵𝐼  is the instrumental 

broadening (also in radians) which is determined by the linewidth (FWHM) from 

standard crystallised particles of size > 200 nm. 

For oriented nanostructures, for instance, ZnO NRs or NWs, the peak height will 

be intense at Bragg angle corresponding to the preferred orientation. Based on the 

normalised intensities of these diffraction peaks, the degree of orientation of the 

nanostructures can be determined by the relative texture coefficient. For ZnO 

nanostructures, [0001] is the most favoured growth direction, which is along the (002) 

plane, thus the equation is proposed below:176 

 

𝑇𝐶002 =

𝐼002

𝐼002
°⁄

𝐼002

𝐼002
°⁄ +

𝐼101

𝐼101
°⁄

 (Equation 2.7) 

 

where 𝑇𝐶002 is the relative texture coefficient of diffraction peaks (002) over (101), 𝐼002 

and 𝐼101 are the measured diffraction intensities of (002) and (101) planes, respectively. 

𝐼002
°  and 𝐼101

°  are the corresponding values of standard PDF measured from randomly 

oriented NR. The relative texture coefficient achieved by ZnO powder with random 

crystallographic orientation is 0.50. For a perfect vertically aligned NRs or NTs, the 

texture coefficient is 1.0. 

 

2.4 UV-Visible Spectrophotometry  

The optical properties of the metal oxide semiconductors are usually examined 

by UV-visible (UV-vis) spectrophotometer. The light absorption properties of the 

materials are of major interest in semiconductor nanomaterials since it can be used to 

calculate the optical band gap energy. Band gap determination of nanomaterials using 
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this spectroscopic technique may allow one to test and optimise the band gaps with the 

aim of harvesting a large solar spectrum when they are used as photoanodes in 

photovoltaic application. 

 

 

Figure 2.2 A schematic diagram of UV-vis spectrophotometer. 

 

The principle of a double beam UV-vis spectrophotometer is relatively straight 

forward, as presented in Figure 2.2. UV and/or visible light source generate a beam of 

light (red) and is focused onto a diffraction grating which spreads the incoming light 

into its component colours of different wavelengths as a function of exit angle. The 

monochromated beam is then split into two equal intensity beams (blue and orange) by 

a half mirror device. One of the beam will be used to study the absorption of sample, 

meanwhile the other beam will be used to determine the absorption of reference. The 

intensities of these light beams are then measured by detectors, and the resultant light 

intensities are named as Io for reference and Is for sample. After the sample absorbs part 
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of the light, the intensity of the beam detected, Is, will be less than Io and this difference 

will be plotted on a graph as a function of wavelength. The transmittance and 

absorbance of the sample is defined:177 

 

𝑇 =
𝐼𝑠

𝐼𝑜
 (Equation 2.8) 

𝐴 = − log10

𝐼𝑠

𝐼𝑜
 (Equation 2.9) 

 

where T and A are the transmittance and the absorbance of the sample. The absorbance 

of a sample will be proportional to its molar concentration and optical path length. 

Thus, a corrected absorption value, molar absorptivity, is used when comparing the 

spectra of different compounds and is defined as the Beer-Lambert Law:177 

 

𝛼 =
𝐴

𝑏𝑐
 (Equation 2.10) 

 

where 𝛼 is the molar absorptivity, b is the length of the beam in the absorbing medium 

and c is the concentration of the absorbing species. 

For metal oxide semiconductors, each material exhibits different absorption 

edge and this value corresponds to their band gap energy. The optical band gap of the 

samples can be related to the absorption coefficient and photon energy from the 

following Tauc expression:178, 179 

 

(𝛼ℎ𝜐)1/𝑛 = 𝐴𝑜(ℎ𝜐 − 𝐸𝑔) (Equation 2.11) 
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where 𝐸𝑔 is the band gap energy, α is the absorption coefficient, ℎ denotes the Planck’s 

constant, 𝜐 represents the frequency of the incident photon, 𝐴𝑜  is a constant that depends 

on the electron-hole mobility of the material and n depends on the nature of transitions 

of the semiconductor. n has the values of ½ and 2 for allowed direct and indirect 

transitions, respectively. For a thin film, the absorption coefficient can be defined as 

below:180 

 

𝛼 = (
1

𝑡
) 𝑙𝑛 (

1

𝑇
) (Equation 2.12) 

 

where t is the film thickness as measured from the cross-sectional SEM image, and T is 

the optical transmittance. The band gap energy of a direct band gap material can be 

estimated from the x-intercept of the tangent line in the plot of (αhv)2 versus hv.180 

 The Tauc plot method was initially derived and proposed by Tauc J. for 

calculating the band gap of amorphous semiconductors with an indirect transition.180 

There are many modern examples of such use to determine the band gaps of both 

amorphous and crystalline semiconductors, for instance, crystalline rutile TiO2,
181 

amorphous selenium-antimony thin films,182 and the effects of temperature on 

crystallinity of zinc-indium-tin oxide films.183 Earlier analysis by Tauc et al. in 1966 

found that the momentum is not conserved in a direct transition,184 however recently 

researchers proved that this type of plot can still be used for semiconductors with direct 

band gaps.181, 183 

Crystal defects or dopant ions in the lattice of semiconductors will cause the 

formation of band tailing in the band gap, resulting in an exponential tail at the edge of 

the optical absorption.185 This tail is defined as the Urbach tail corresponding to the 

width of the localised state available in the optical band gap that affects the optical band 
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gap structure and optical transitions. In the exponential edge region, Urbach rule is 

expressed as below:186 

 

𝛼 = 𝛼𝑜 exp (
ℎ𝜐

𝐸𝑢
) (Equation 2.13) 

 

where 𝛼𝑜 is a absorption constant of a defect free single crystal, 𝐸𝑢 is the Urbach energy 

which characterises the slope of the exponential edge. The Urbach plot and the 

following relation were used for the 𝐸𝑢 calculation of the samples: 

 

𝐸𝑢 = [
𝑑(ln 𝛼)

𝑑(ℎ𝜐)
]

−1

 (Equation 2.14) 

 

The value of the 𝐸𝑢  was obtained from the inverse of the slope of ln 𝛼 as a 

function of ℎ𝜐. A large 𝐸𝑢 value indicates the presence of structural disorder and defects 

in the film.187 The 𝐸𝑢 values can be reduced by increasing the crystal quality of the 

materials through annealing process.  

 

2.5 Electrochemical Impedance Spectroscopy 

 Electrochemical impedance spectroscopy (EIS) is an instrument which is carried 

out to assess the electrochemical behaviour of electrode and/or electrolyte materials.188 

In general, electrical stimulus (a known voltage or current) is applied to the electrode 

and the response is recorded (the resulting current or voltage). When the electrode/cell 

is electrically stimulated, there are a number of processes take place which include the 

transport of electrons through the electronic conductors, the transfer of electrons at the 
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interface of electron and electrolyte and the flow of charged atoms or atom 

agglomerates via defects in the electrolyte.189, 190 

 EIS can be used to study any intrinsic property that affects the conductivity of an 

electrode-materials system or an external stimulus. Usually two categories of 

parameters can be derived from EIS spectrum which are: (i) those related to the 

materials itself only, for instance, conductivity, dielectric constant, carrier mobility and 

bulk generation-recombination rates; and (ii) those pertinent to the interface of electrode 

and electrolyte/gas, such as rate constants of adsorption reactions, diffuse coefficient of 

neutral species in the electrode and capacitance of the interface region.189 For an EIS 

measurement, a small amplitude of sinusoidal alternating current (AC) voltage is added 

on a direct current (DC) bias V(t), and the amplitude and phase angle (𝜃; relative to the 

applied voltage) of the resulting current, I(t) is measured. Based on this, the impedance, 

Z(ω), can be determined by using Ohm’s law:191 

 

𝑉(𝑡) = 𝑉𝑜 + 𝑉𝑚sin (𝜔𝑡) (Equation 2.15) 

𝐼(𝑡) = 𝐼𝑜 + 𝐼𝑚sin (𝜔𝑡 + 𝜃) (Equation 2.16) 

𝑍(𝜔) =
𝑉(𝑡)

𝐼(𝑡)
 

(Equation 2.17) 

 

where 𝑉𝑜  and 𝐼𝑜  are the DC bias potential and the steady-state DC current flowing 

through the electrode, respectively, 𝑉𝑚  and 𝐼𝑚  are the amplitude of AC voltage and 

current. 𝜃 is the phase difference between applied AC voltage and the resultant current. 

The 𝑍(𝜔) can be simplified in terms of orthogonal system of axes rather than polar 

coordinates: 
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𝑍(𝜔) = 𝑍′ + 𝑗𝑍′′ (Equation 2.18) 

 

where the 𝑗 is the imaginary number (𝑗 = √−1), 𝑍′ is the real part of impedance and 

𝑍′′ is the imaginary part of impedance. This may be plotted in the plane with either 

rectangular or polar coordinates,189 as shown in Figure 2.3. 

 

 

Figure 2.3 The impedance, Z plotted as a planar vector using polar coordinates. 

 

Here, the real and imaginary parts of impedance can be expressed as follow: 

 

𝑍′ = |𝑍(𝜔)|cos (𝜃) (Equation 2.19) 

𝑍′′ = |𝑍(𝜔)|sin (𝜃) (Equation 2.20) 

 

with the phase angle, 𝜃 and the total impedance, |𝑍(𝜔)| can be defined as: 

 

𝜃 = tan−1
𝑍′′

𝑍′
 (Equation 2.21) 

|𝑍(𝜔)| = [(𝑍′)2 + (𝑍′′)2]1/2 (Equation 2.22) 
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In order to analyse the response of the charge mobility within the material, an 

AC signal with a range of frequencies, 𝜔, can be applied to generate an impedance 

spectrum. Generally, the range of the frequencies are from 10 kHz to 100 mHz and the 

amplitude of sinusoidal bias is set at 10 mV. The resulting real and imaginary 

impedance data is used to evaluate the kinetics of charge transfer properties of the 

materials at the interface of electrode and electrolyte. A curve of imaginary part of 

impedance (𝑍′′) versus real part of impedance (𝑍′) is plotted, named as Nyquist plot. 

The smaller the semicircle/arc radius of the EIS Nyquist plot indicates the larger the 

oxide layer capacitance which may lead to higher charge density at the interface of 

electrode and electrolyte.192 This will increase the interfacial charge transfer to the 

electron donor and/or electron acceptor, thus a slower rate of charge recombination.34, 

193 

Other than that, EIS is commonly used to measure the capacitance of materials 

in the electrolyte in the dark. The capacitances at the interface of semiconductor and 

electrolyte are calculated by an equivalent electrical circuit. Based on the measured 

capacitances, the flatband potential and the carrier density of the semiconductor material 

can be evaluated using MottSchottky (MS) equation:125 

 

1

(𝐶𝑆𝐶)2
=

2(𝑉𝐸 − 𝑉𝐹𝐵 − 𝑘𝑇
𝑒⁄ )

𝑒ɛɛ𝑜𝑁𝐷𝐴2
 (Equation 2.23) 

 

where 𝐶𝑆𝐶 is the capacitance between semiconductor and electrolyte, 𝑉𝐸 is the applied 

voltage, 𝑉𝐹𝐵 is the flatband potential, 𝑘 is the Boltzmann constant, 𝑇 is the temperature, 

𝑒  is the electron charge, ɛ  is the dielectric constant of the semiconductor, ɛ𝑜  is the 

permittivity of free space, 𝑁𝐷 is the number of donor density and 𝐴 is the area contacted 
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with electrolyte. A linear plot of 
1

(𝐶𝑆𝐶)2
 versus 𝑉𝐸 is generated, named as MS plot. The 

𝑉𝐹𝐵 can be determined from the intercept on the x-axis from the MS plot. 𝑉𝐹𝐵 is the 

potential that has to be imposed over the interface between the electrode and electrolyte 

to make the bands flat.192  

Additionally, the slope of the MS plot can be used to determine whether the 

material is an n-type or p-type semiconductor. For n-type semiconductors, positive MS 

slopes will be obtained and conversely, negative MS slopes will be attained by p-type 

semiconductors. The slope of the MS plot can also be used to calculate the charge 

carrier density of the material using the following equation:194 

 

𝑁𝐷 =
2

𝑒ɛɛ𝑜
[
𝑑 (1

𝐶2⁄ )

𝑑𝑉
]

−1

 (Equation 2.24) 

 

where 𝑒 is 1.6 × 10-19 C, ɛ𝑜 is 8.86 × 10-14 F cm-1 and ɛ is the dielectric constant of the 

material. The smaller the slope of the MS plot suggests the larger the carrier 

concentration. 

Once the 𝑉𝐹𝐵 and donor density of the samples are determined, the width of the 

space-charge layer (𝑊) at the interface of semiconductor and electrolyte can also be 

derived from MS plot relationship as:195 

 

𝑊 = [
2ɛɛ𝑜(𝑉 − 𝑉𝐹𝐵)

𝑒𝑜𝑁𝐷
]

1
2⁄

 (Equation 2.25) 
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The formation of space-charge layer is due to the electrolyte containing strong 

oxidising species, so electrons will pass through the interface between the electrode and 

electrolyte from the semiconductor into the solution until an equilibrium is achieved 

(Fermi level is equal to redox potentials). This electron transfer from semiconductor to 

electrolyte will cause the conduction or valence band to move relative to the Fermi 

level. Therefore, a band bending is formed, resulting in a “space charge region” or a 

depletion layer.196 

 

2.6 Photoelectrochemical Water Splitting 

 In this thesis, a standard three-electrode configuration photoelectrochemical 

(PEC) cell was used in the photocatalytic water splitting measurements, as illustrated in 

Figure 2.4. A semiconductor thin film was used as a photoanode and a platinum foil was 

used as a counter electrode. In this work, a KCl saturated Ag/AgCl electrode was used 

as a reference. There are several scales in which the potential can be referenced to, and 

the most common form is the reversible hydrogen electrode (RHE). 

 

 

Figure 2.4 A schematic diagram illustrating the principle of a PEC cell using a standard 

three-electrode configuration. 
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 The pH of electrolyte will cause a shift in the oxidation and reduction potentials 

of water with respect to the RHE according to the Nernst equation:197 

 

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059𝑝𝐻 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
°  (Equation 2.26) 

 

where 𝐸𝑅𝐻𝐸  is the potential versus RHE, 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙  is the measured potential versus 

Ag/AgCl reference electrode and 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
°  is 0.1976 V at 25°C. Different electrolytes 

were used in this work determined by the chemical stability of the metal oxide in 

different pH environments. Two different electrolyte solutions, 1.0 M KOH (pH 13.6) 

and 0.5 M Na2SO4 (pH 6.8), have been used in this work. The potentials of 1.23 VRHE 

for these electrolytes are equivalent to 0.23 VAg/AgCl and 0.63 VAg/AgCl, respectively. 

 The performance of the PEC cells is determined by calculating its 

photoconversion efficiency. The photon-to-hydrogen efficiency of the photoanode can 

be calculated from the following equation:78, 198 

 

𝜂 (%) =
𝐽𝑝(𝐸𝑟𝑒𝑣

° − 𝐸𝑎𝑝𝑝)

𝐼𝑜
× 100 (Equation 2.27) 

 

where 𝜂 is the conversion efficiency of the photoanode, 𝐽𝑝 is the photocurrent density 

(mA cm-2), 𝐸𝑟𝑒𝑣
°  = 1.23 V, 𝐸𝑎𝑝𝑝  = 𝐸𝑚𝑒𝑎𝑠 − 𝐸𝑜𝑐  where 𝐸𝑚𝑒𝑎𝑠  is the working electrode 

potential (versus Ag/AgCl) and 𝐸𝑜𝑐 is the working electrode potential (versus Ag/AgCl) 

under the open circuit condition (𝐽𝑝 = 0 mA cm-2) whilst illuminated, and 𝐼𝑜  is the 

incident light power intensity. In this work, the sunlight was simulated with a 300 W 

xenon arc lamp with an AM1.5 G filter. The output light power intensity was adjusted 
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to 100 mW cm-2. The optical power density was calibrated by a power meter (Newport 

1830-C) with a wide band sensor (Newport 818-UV attenuated). 

 

2.7 Gas Ionisation Sensor 

 The physical type sensor, gas ionisation sensor (GIS) device is made up of a 

counter electrode (usually Al or Cu), a sensing layer (metal oxide NRs) sandwiched 

between two conductive electrodes and an insulating spacer with a thickness between 

50~200 µm, as demonstrated in Figure 2.5. When a voltage is applied between two 

electrodes, individual metal oxide will create a high electric field near the tips, which 

will ionise gases flowing between two electrodes.35, 199, 200 

 

 

Figure 2.5 A schematic diagram of a metal oxide based GIS device. 

 

 The ionisation of the detected gas are caused by the collisions of the molecules 

with accelerated electrons.201 This induces the formation of a self-sustaining inter-

electrode discharge at breakdown voltage. The breakdown voltage of the gases is 

determined by the bonding energy of the gas molecules, which is unique for each type 

of gas molecule. The discharge current is dominated by the amount of gas molecules per 

unit volume and is related to the partial pressure of gas molecules.149 
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Chapter 3 Marangoni Ring-templated Growth of Vertically Aligned 

ZnO Nanotube Arrays with Enhanced Photocatalytic Hydrogen 

Production 

 

3.1 Abstract 

 We report the facile synthesis of vertically aligned hexagonal ZnO NT arrays 

and their use as photoanodes in the photoelectrochemical (PEC) generation of hydrogen 

from water splitting. A polymer based seeding solution was coated onto titanium 

substrates to form ring structures through the Marangoni mechanism, guiding the 

growth of ZnO NTs with aqueous chemical bath deposition (CBD). The correlation 

between the amount of the growth solution and the nanostructure morphologies was 

investigated. With increased amount of growth solution, the diameter, wall thickness 

and length of the NTs were increased linearly. The PEC measurements revealed that the 

ZnO NT anode (0.45%) was about three times more effective than the ZnO NR anode 

(0.15%) in the photoenergy conversion in water splitting. The results demonstrated that 

the tubular ZnO arrays have substantial potential for PEC generation of hydrogen 

applications. 

 

3.2 Introduction 

The large ion transport channels and good electrical contact with the substrates 

of the nanostructured tubular materials (micro-, and nano-tubes) have attracted 

extensive investigation for almost two decades.7, 143, 202-204 Since carbon nanotubes 

(CNTs) were first reported in 1991,7 a great number of metal oxide semiconductor 
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tubular microstructures and nanostructures have also been designed and synthesised, 

which lead to the development of wide potential applications.205-207 

Among the various inorganic tubular materials, microtubes and NTs of ZnO 

have received great attention.208-212 This is because ZnO semiconductor has many 

outstanding properties and has shown promising potential in various applications, due to 

the direct band gap of 3.37 eV, large exciton binding energy (60 meV) and its 

piezoelectric effect.213 Different approaches have been reported for the fabrication of 

ZnO tubular structures. The first one is a dissolution method which involves a two-step 

process.214 Solid forms of 1D crystallised ZnO NRs were formed followed by 

dissolution of the polar (002) plane of the rod structures.215, 216 In this method, a precise 

control of the dissolution kinetics and sufficient ion transportation were essential, which 

limits reproducible good quality NT morphology. The second strategy is to use metallic 

zinc NWs as a template where ZnO was formed on the surfaces of NWs. The metallic 

cores were then removed by thermal evaporation and subsequently the tubular structures 

of ZnO were formed.217, 218 Unfortunately, the hollow ZnO structures fabricated using 

this technique is likely to be polycrystalline,217-219 which could affect the charge 

mobility. The third technique used is vapour phase deposition with pulsed laser 

deposition220 or chemical vapour deposition (CVD).204, 221 The growth process normally 

involves expensive high vacuum systems and requires a high processing temperature 

(> 500ºC) which will restrict the choices of substrates.  

The study of novel methods such as direct growth of ZnO NTs in solution 

represents a new challenge in this field of research. Here we demonstrate a bottom-up 

direct synthesis of high quality crystallised ZnO NTs in a cost effective CBD process at 

mild temperature (< 100ºC). The initial circular ring structured templates were formed 

with Marangoni mechanism, which guided the formation of NTs. Using our approach, 
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the central vacant space of ZnO NTs was created through limited crystal growth instead 

of the reported dissolution processes. Such direct growth method leads to the formation 

of vertically aligned, crystallised ZnO NTs with uniform diameters and wall 

thicknesses. Compared with ZnO NR photoanode, the photoactivity measurements have 

revealed increased photoconversion efficiency in hydrogen generation from ZnO NT 

photoanode by a factor of three. 

 

3.3 Experimental Details 

3.3.1 Preparation for Growing ZnO Nanostructures 

All the chemicals used were analytical grade and purchased from Sigma-

Aldrich. The titanium plates/glass substrates (2 ×  2 cm2) were sonicated in an 

isopropanol (IPA) bath for 15 minutes and dried in air before they were used to form a 

seeding layer on the substrate surface by spin coating. Two different seeding solutions 

were prepared. The first solution (ZA) was formed by dissolving 2.195 g of zinc acetate 

in 10 ml of deionised (DI) water and magnetically stirred for 2 hours to form a 1.0 M 

seeding solution. The second solution (ZAP) has the same concentration of zinc acetate 

with addition of 0.6 g of polyvinyl alcohol (PVA, MW ~25,000, 88% hydrolysed) in 

10 ml solution with increased viscosity. In order to compensate the difference in 

viscosity, the coating of ZA solution was operated at lower spin speed (300 rpm), while 

the coating of ZAP solution was operated at 800 rpm. 

The coated sample was then annealed in air at a constant heating rate of 

10°C min-1 to 350°C. This temperature was held for an hour to remove PVA and to 

convert the zinc acetate into ZnO nanocrystal seeds. Vertically aligned ZnO NTs and 

NRs were grown via CBD method in a nutrient solution consisting of a 1:1 molar ratio 

of zinc nitrate hexahydrate and hexamethylenetetramine (HMT) in DI water. The final 
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concentration of Zn2+ in the growth solution was 10.0 mM. The seeded titanium plates 

were placed in glass beakers containing 40~100 ml of growth solution for 16 hours at 

85°C. The samples were allowed to cool to room temperature, rinsed three times with 

DI water and air dried. 

 

3.3.2 Characterisation 

 Step-wise temperature dependent attenuated total reflectance–Fourier transform 

infrared spectroscopy (ATR-FTIR, Perkin Elmer Spectrum One) measurements were 

carried out to monitor the PVA decomposition process of the seeding layer. The surface 

morphologies were studied by SEM (JSM 820M, Jeol). The crystallinity and structure 

orientation of the nanostructures were analysed by powder XRD (Siemens D500). The 

UV-vis absorption spectra were recorded using UV-vis spectrophotometer 

(Thermospectronic UV 300). The average diameters and average film thicknesses were 

measured from top- and side-view SEM images using Image J (National Institutes of 

Health, USA). The PEC water splitting was measured using a standard three-electrode 

configuration in a 1.0 M KOH electrolyte. A platinum foil was used as counter 

electrode and a KCl saturated Ag/AgCl electrode was used as a reference. A USB 

potentiostat (eDAQ) was used to control and record the photocurrent as a function of 

electrochemical potential. Sunlight was simulated with a 300W xenon arc lamp with an 

AM1.5 G filter and the output light power density was adjusted to 100 mW cm-2. 
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3.4 Results and Discussion 

3.4.1 Growth of ZnO NRs 

A clean substrate is required for spin coating in order to avoid any residual 

particles which will cause uneven spreading of the seeding solution. The annealing of 

the sample at 350°C after spin coating is to thermally degrading zinc precursor into ZnO 

nano seeds. An experiment was carried out for a non-annealed sample where no 

vertically aligned ZnO NRs or NTs were found; instead, some inhomogeneous 

precipitates, microcrystals and microrods were randomly formed. Hence, ZnO nano 

seeds are essential for CBD growth of homogenous ZnO nanostructures.  

 

 

Figure 3.1 (A) Top view SEM image of seeding layer from ZA solution annealed at 

350°C with a heating rate of 10°C min-1 and (B) size distributions of the ZnO nano 

seeds. 

 

Figure 3.1A is the SEM image of ZnO seeding layer on a polished titanium 

substrate with ZA solution. The formed seed crystals are having a cubic morphology, 

which corresponds to a typical cubic zincblende structure of ZnO. The average size and 

mean error of the seeds were evaluated from 100 measurements through their top view 

SEM images. The size distributions of the cubic seed is relative narrow with an average 

dimension of 186 nm and a full width half maximum (FWHM) of 22 nm (Figure 3.1B). 
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The high density seed crystals are well dispersed on the substrate surface with their 

(100) face parallel to the substrate. The cubic zincblende seeds are readily convert to the 

hexagonal wurtzite ZnO structure during the growth process since wurtzite is more 

thermodynamically stable. 

 

 

Figure 3.2 SEM images of ZnO NRs grown in 60 ml of growth solution, (A) top view 

(The inset is the corresponding higher resolution of SEM image) and (B) tilted view. 

(C) Diameter distributions of NRs. 

 

ZnO NRs, shown in Figure 3.2, were successfully grown through CBD method 

using ZA seeding and 60 ml of growth solution. It is clearly shown that the ZnO NRs 

are hexagonal in shape. The top hexagonal face corresponds to the reactive polar (002) 

surface. The vertical growth of the ZnO crystal is the direct result of the higher 

reactivity of the (002) face, which allows the 1D growth along the c-axis. The growth 

kinetics and rods morphology are controlled by the density of the ZnO seeds. At high 
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density, the growth rate is limited by the rate of hydrolysis of Zn2+. All seeds have the 

same steady growth rate thus a uniform height of the NRs were formed with an average 

length of 4.5 m, as shown in Figure 3.2B. Figure 3.2C demonstrates that the formed 

ZnO NRs are monodispersed in their diameter (157 nm) with a FWHM of 30 nm, 

corresponding to a ±9% dispersion (100 measurements through the top view SEM 

images). 

The crystal structure and crystal orientation of the as grown ZnO NRs were 

investigated by powder XRD. Since the as grown ZnO NRs is relatively thin, thus the 

sample is analysed by a small incidence angle in order to enhance the diffraction signal 

and minimise the contribution from the substrate. With normal incidence angle, the 

strong substrate signal could overshadow the signal from ZnO film. This reduced 

incident X-ray angle diffraction is called glancing angle XRD. In our experiment, the 

incidence angle was fixed at 3° (detector scan) from the surface and the diffraction 

spectrum is shown in Figure 3.3. The XRD pattern of ZnO NRs is analysed based on the 

standard XRD database (JCPDS #36-1451) for wurtzite hexagonal ZnO. All the XRD 

peaks are matched with the standard spectrum except for the three peaks located at 

38.56°, 40.32° and 53.24° (T), which can be assigned to metal substrate in the form of 

alpha-titanium (JCPDS #44-1294). The hexagonal wurtzite ZnO NRs give the 

diffraction peaks located at 2θ = 31.93°, 34.82°, 36.65°, 47.97° and 56.83°, 

corresponding to the (100), (002), (101), (102) and (110) crystal planes. The strongest 

diffraction intensity from (002) plane is consistent to the fact that [0001] is the most 

favoured growth direction for the 1D ZnO nanomaterials. This observation is in 

agreement with the hexagonal morphology of the ZnO NRs observed in SEM. 

 



66 
 

 

Figure 3.3 Glancing angle (3° incidence) XRD pattern of ZnO NRs on titanium plate. 

The miller indices of the crystal planes are labelled where Z and T are ZnO and 

titanium, respectively. 

 

The XRD spectrum also shows a different line width for different diffraction 

peaks of ZnO, which corresponding to the crystal nature of the well aligned rod 

morphology. The crystal domain of the sample was calculated using Scherrer equation 

(Equation 2.5, Section 2.3). From the diffraction spectrum shown in Figure 3.3, the 

(002) peak is the narrowest peak with a FWHM of 0.3419º, which corresponds to a 

crystal domain size of 26.4 nm. Most of the other peaks have a FWHM of 0.472º, which 

corresponds to a smaller crystal domain of 17.5 nm. This suggests that the crystal 

quality of the (002) plane is much better than other planes. Large crystal domain with 

less defects is essential for high charge mobility with less probability of charge 

recombination. 
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3.4.2 Growth Mechanism of ZnO NRs 

The growth mechanism of ZnO NRs by CBD method has been widely studied. It 

was suggested that the growth of ZnO NRs proceeded in the following steps:47 

 

(CH2)6N4 + 6H2O ⇌ 4NH3 + 6HCHO (Equation 3.1) 

NH3 + H2O ⇌ NH3 · H2O (Equation 3.2) 

NH3 · H2O ⇌ NH4
+ + OH− (Equation 3.3) 

Zn2+ + 2OH− ⇌ Zn(OH)2 (Equation 3.4) 

Zn(OH)2 ⇌ ZnO + H2O (Equation 3.5) 

 

In this process, the thermal reaction of HMT with water yields NH4
+ and OH−, 

which increase the solution pH (Equations 3.1 to 3.3). At higher pH, Zn2+ will be 

hydrolysed into Zn(OH)2 which will then be deposited onto the nucleation sites (seeds) 

as ZnO (Equations 3.4 and 3.5). The balance between the precipitation rate and the 

growth rate is the key for the formation of good quality ZnO crystal. Thus, the 

decomposition of HMT seems to play an important role for the growth of ZnO NRs. 

Previous work222 applied in-situ near edge X-ray absorption structure spectroscopy to 

investigate the deposition process of ZnO by CBD. The experiment confirmed that, 

during the heating process, HMT decomposed into formaldehyde and ammonia with a 

gradual release of OH−. Meanwhile, the formation of Zn(OH)2 and ZnO also helped to 

maintain the pH of the growth solution. A kinetic profile of the sequential growth 

process can be represented by the concentration evolution as a function of time, as 

shown in Figure 3.4. 
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Figure 3.4 A schematic kinetic profile of the CBD growth process. 

 

In such sequential kinetic process, the reaction rate law can be described as: 

 

HMT
𝑘1
→ OH−

𝑘2
→ Zn(OH)2 

(Equation 3.6) 

 

where 𝑘1 and 𝑘2 are the rate constants for the formation of OH− and Zn(OH)2 reactions, 

respectively. Normally, the rate of decomposition of HMT and formation of OH− are 

controlled by the CBD temperature (~85ºC). Under such condition, the overall reaction 

rate is limited by this step, since the subsequent formation of Zn(OH)2 is a kinetic 

favourable process. This suggests that 𝑘2 will always be larger than 𝑘1, which results in 

a stationary concentration of the intermediate species of OH−. The Zn2+ ions consume 

the OH− ions to form Zn(OH)2 which is constantly released by the decomposition of 

HMT. This condition is critical for the formation good quality of ZnO crystals and 

morphology as a stable growth condition (constant pH) is maintained at optimised 

growth temperature. At higher temperature, the rate of decomposition of HMT will be 

faster. This will cause the rapid increase of solution pH and the faster, unstable growth 

of ZnO crystals, which will affect the crystal quality. 
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3.4.3 Effect of Growth Solution Volume on the Morphology of ZnO NRs 

The diameter and the length of ZnO NRs determine the total surface area 

accessible for ions, which can in turn affect their reactivity. Here, we investigated the 

correlation between the morphology of ZnO NRs and the initial volume of nutrient 

solution in a CBD process. All other parameters, such as the seed densities and solution 

concentrations were maintained as constant. Initial growth solutions of 40 ml, 60 ml, 

80 ml and 100 ml were used. 

 

 

  

Figure 3.5 Top view SEM images of ZnO NRs formed at different volumes of growth 

solutions, (A) 40 ml, (B) 60 ml, (C) 80 ml and (D) 100 ml.  

 

It is noticeable that the diameter of ZnO NRs increases as the volume of growth 

solution increases (Figure 3.5). The water content of growth solution is reduced via 

evaporation throughout the reaction at 85°C and the concentrations of the reactants will 

increase gradually. Thus, for a higher volume of growth solution it is expected to have a 

higher concentration once part of the solvent is evaporated, resulting in a higher growth 

rate. In addition, for the higher volume of growth solution, the number of moles of Zn2+ 
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is relatively higher which will cause the increasing of the diameter and also the length 

of the ZnO NRs. 

 

 

Figure 3.6 Plot of average diameter with respect to the volume of growth solution and 

number of moles of Zn2+. 

 

The average diameters of the samples were quantified with the top view SEM 

images (100 measurements). The measurements confirm that the diameter of ZnO NRs 

increases as the volume of growth solution increases. The average diameters of the ZnO 

NRs that grew in 40 ml, 60 ml, 80 ml and 100 ml of growth solution were measured to 

be 129±36, 157±30, 185±32 and 252±28 nm, respectively. A graph of the ZnO NRs 

diameter versus the volume of growth solution is plotted in Figure 3.6. The plot shows a 

reliable linear relationship between the diameter of ZnO NRs and volume of growth 

solution. The linear curve can be extrapolated to pass the origin (0, 0) with a small 

offset, which suggests that linear relationship could be scaled in a wider volume range. 
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3.4.4 Growth of ZnO NTs 

The surface area of ZnO NRs can be further increased in the form of NTs. Here, 

we report the growth of vertically aligned ZnO NT arrays through CBD method with 

the addition of PVA in the seeding solution, ZAP. Without PVA, only cubic crystalline 

ZnO seeds were formed and consequently, ZnO NRs were formed, as we demonstrated 

above. This suggests that PVA plays an important role in the formation of tubular 

structure of ZnO. 

 

 

Figure 3.7 Top view SEM images of seeding layer by ZAP solution annealed at (A) 

350°C (10°C min-1), (C) 300°C (10°C min-1) and (D) 350°C (15°C min-1) for an hour. 

(B) Line profile of the marked ring (red) in Figure 3.7A. 

 

The structure of the ZAP seeded layer was investigated by SEM, as shown in 

Figure 3.7. The optimal experimental conditions for the formation of ZnO rings were 

with a heating rate of 10°C min-1 to 350°C, as shown in Figure 3.7A. In order to prove 
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that the formed structure is a ring, a line profile of the ring structure was plotted as 

shown in Figure 3.7B. There are two peaks for the line profile which confirms the 

structure formed is a ring with a vacancy. The rings were measured to have an average 

outer diameter of 380 nm. 

It is important to note that the ring formation is strongly dependent on both the 

annealing temperature and the heating rate. As shown in Figure 3.7C, with a lower 

annealing temperature of 300°C, only a small number of rings were formed. If the 

heating rate was too rapid (15°C min-1), webs, rather than the rings, were formed as 

shown in Figure 3.7D. This suggests that the PVA evaporation rate was faster than the 

inflow of the molten polymer. The ring formation may be explained by the Marangoni 

mechanism223 through the convective evaporation-decomposition process. During the 

annealing, the PVA film begins to melt and forms drops due to the dewetting on the 

polished titanium plate before decomposition. The dome profile of the droplet causes an 

increasing temperature gradient from the centre to the edge of the droplet. This results 

in the decomposition of the PVA at the pinned circular edge.223 The liquid removed 

from the edge is replenished by an outward flow of the molten PVA and zinc acetate, at 

a slowly increasing temperature.224 After the calcination, PVA is removed and ZnO 

seeds remain in a ring-like structure. Such ZnO ring structure acts as a template for the 

growth of ZnO NTs in CBD process, rather than ZnO NRs. 

An ATR-FTIR was used to monitor the decomposition of PVA content in the 

seeding layer on a glass substrate. Figure 3.8 represents the ATR-FTIR spectra of 

seeding layer at various temperatures of 25°C, 150°C, 250°C and 350°C. 
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Figure 3.8 ATR-FTIR spectra of ZAP seeding layer at various annealing temperatures. 

 

The broad peak at 35003000 cm-1 (a) is typical for the hydrogen bonding 

between the hydroxyl groups within the PVA polymer. The small peak at 2940 cm-1 (b) 

can be assigned to the CH stretching mode, which is also contributed from the PVA 

molecular chain. The intense peak at 1570 cm-1 (d) is normally absent for the PVA 

solution.225 Thus, we assigned it to CO stretching modes, originated from zinc acetate. 

Meanwhile, the weak peak at 1720 cm-1 (c) can be associated with the CO stretching 

from the polyvinyl acetate within the PVA due to the incomplete hydroxylation of the 

PVA polymer. The intense peak at 1410 cm-1 (e) is the in plane bending of the OH 

group from PVA polymer. The peak at 1342 cm-1 (f) is assigned to the coupling of the 

OH in plane bending mode with the CH wagging mode.226 The peak at 1260 cm-1 (g) 

is the stretching of the CO group from PVA polymer while the peak at 1023 cm-1 (h) is 

the stretching of the CO group by zinc acetate. The two broad and medium intense 

peaks at 888 cm-1 (i) and 747 cm-1 (j) are the peaks contributed from the glass substrate. 

The sharp peaks at 670 cm-1 (k) and 610 cm-1 (l) are corresponding to the OH out-of-

plane bending which is contributed from PVA polymer.226 
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When the annealing temperature is increased, the vibrational peak intensities 

from both the PVA and zinc acetate were reduced. At room temperature (25ºC), peaks 

at 1570 cm-1 (zinc acetate) and 1410 cm-1 (PVA) had similar intensity. At 150ºC, the 

zinc acetate peak intensity became stronger. This indicates that PVA polymer began to 

decompose at a relatively lower temperature. After annealing at 350ºC, most of the 

organic molecular peaks, associated with C and O disappeared. At this temperature, 

PVA was completely decomposed and zinc acetate has converted to ZnO nano seeds. 

The residual vibrational peaks were contributed from the glass substrate which became 

more intense as the polymer layer getting thinner. 

Although the boiling point of PVA is 228°C, there are still some hydrocarbon 

residue remaining after the sample plate is annealed to 250°C. This is evidenced from 

the temperature dependent FTIR spectra shown in Figure 3.8. Only after annealing to a 

temperature higher than 350°C, the PVA polymer was fully decomposed. Under this 

condition, the sample colour changed from clear to pale yellowish opaque. Therefore, 

all samples were annealed at 350°C for an hour with a heating rate of 10°C per minute 

after coating with ZAP seeding solution. Here, the high temperature thermal treatment 

is necessary for both removing the PVA content and oxidising the zinc acetate into 

crystallised ZnO nano seeds. 

Figure 3.9A displays ZnO NTs were successfully prepared using the ZAP 

seeding solution and 60 ml of nutrient solution. Similar to ZnO NRs, the high quality, 

close-packed, vertically aligned ZnO NTs were formed with hexagonal morphology. 

The average outer diameter and average wall thickness of the NTs were measured (100 

measurements through the top view SEM images) to be 159±24 nm and 41±12 nm, 

shown in Figure 3.9C and 3.9D, respectively. Figure 3.9B demonstrates that the length 
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of the ZnO NTs is about 5.0 m and the average inner diameter of the ZnO NTs was 

calculated to be 83 nm, about half of its outer diameter. 

 

 

Figure 3.9 SEM images of ZnO NTs grew in 60 ml of nutrient solution, (A) top view 

and (B) tilted view. (C) Diameter distributions and (D) wall thickness distributions of 

NTs.  

 

Powder XRD measurements were carried out to study the crystallinity and 

crystal orientation of the ZnO NT arrays. Similar to ZnO NRs, the thickness of as grown 

ZnO NT film was relatively thin (5 m), therefore, fixed small incident angle XRD 

configuration was used in order to increase its surface sensitivity. A typical diffraction 

spectrum with labelled miller indices is shown in Figure 3.10. 
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Figure 3.10 Surface XRD spectra of ZnO NTs and NRs on titanium plates with a film 

thickness of ~5 m in comparison with ZnO powder. The miller indices of the crystal 

planes are labelled where Z and T are ZnO and titanium, respectively. 

 

Similar to the XRD pattern of ZnO NRs, all the XRD peaks from ZnO NTs are 

matched for wurtzite hexagonal ZnO. The diffraction pattern from ZnO powder was 

also included as a reference. In comparison with the ZnO powder, the (002) peak is 

dominant for the NRs. This is contributed from the vertical orientation of NRs with their 

(002) planes parallel to the substrate. However, NTs display a much lower (002) peak 

intensity due to the reduced scattering from the (002) plane at the tube centre. 

Quantitative analysis of the diffraction intensities reveals that the intensity ratio of the 

ZnO powder is 1.0:0.7:1.5 for (100):(002):(101) planes. This ratio changes to 

1.0:1.0:1.2 for ZnO NTs. This analysis suggests that the NTs are possibly aligned 

perpendicular to the substrate. For ZnO NTs, the linewidth of the (100) and (101) peaks 

are narrower (FWHM of 0.351º and 0.272º) than the (002) peak (FWHM of 0.551º). 

Therefore, larger crystal sizes are formed for the (100) and (101) planes (26.4 nm and 

30.4 nm), while a smaller crystal domain of 21.2 nm is identified for the (002) plane. 
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This indicates that the crystal quality of the (100) and (101) planes are much better than 

the (002) plane. 

 

3.4.5 Effect of Growth Solution Volume on the Morphology of ZnO NTs 

The effect of the volume of growth solution on the morphology of ZnO NTs 

were also investigated. While maintaining other growth parameters, the relationship 

between the volume of growth solution and morphology of ZnO NTs is shown in Figure 

3.11. Similar to ZnO NRs, the average diameter of ZnO NTs is increased when the 

volume of growth solution is increased.  

 

 

Figure 3.11 Top view SEM images of ZnO NTs formed at different volumes of growth 

solutions, (A) 40 ml, (B) 60 ml, (C) 80 ml and (D) 100 ml. 

 

The average outer diameters and wall thicknesses of the samples were evaluated 

from 100 measurements through their top view and side view SEM images (Figure 
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3.11). The average outer diameters of the ZnO NTs for that grew at 40, 60, 80 and 

100 ml of growth solutions were measured to be 98 ± 38, 159 ± 36, 192 ± 40 and 

235±42 nm, respectively. As shown in Figure 3.11, increased in the volume of growth 

solution will also increase the wall thickness, as well as the inner diameter of NTs. It is 

worth noting that the ratio between the outer and inner diameters of the NTs was 

sustained at a factor of two and the density of the NTs maintained constant. Thus, for 

higher volume of growth solution, larger NTs will be formed with reduced the gap 

between the neighbouring NTs. In some cases, the adjacent tubes are even coalesced 

into double tubes, as shown in Figure 3.11D. Closely packed NTs will help to improve 

the overall alignment of ZnO NTs. On the contrary, at low initial solution volume, 

40 ml, randomly tilted NTs were formed (Figure 3.11A). 

 

3.4.6 Optical Properties of ZnO NRs and NTs 

The UV-vis absorption was used to measure the band gap of the ZnO 

nanostructures. For this experiment, both the ZnO NRs and NTs were prepared on glass 

substrates and the absorption spectra are presented in Figure 3.12A. 

 

 

Figure 3.12 (A) UV-vis absorption spectra and (B) Tauc plots of ZnO NTs and NRs. 
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Figure 3.12A reveals that the UV-vis absorption onset of the ZnO NTs is shifted 

to a longer wavelength (~404 nm) as compared to the ZnO NRs (~392 nm). The red 

shift of the ZnO NTs indicates that the optical band gap of the NTs is smaller than the 

NRs. The optical band gap of the samples can be related to the absorption coefficient 

and photon energy from the following Tauc expression (Equation 2.11, Section 2.4). 

The linear nature of the Tauc plots (Figure 3.12B) at the absorption edge confirms that 

the films are semiconductors with direct band gaps. The band gaps of ZnO NTs and 

NRs were estimated to be 3.13 and 3.21 eV, respectively. The smaller band gap can be 

attributed to the high density of crystal defects originated from the small crystal domain 

and thin wall thickness of NTs. This suggests that the NT films may be superior to the 

NR films for solar light absorption. 

 

3.4.7 Structural Morphology of ZnO NTs and NRs 

In order to assess the difference in structural morphology between the NT and 

NR arrays, we calculated and compared the surface porosity densities as well as the 

surface area to volume ratios for both structures. The aspect ratios (length/outer 

diameter)227 of achieved ZnO NTs and NRs grew in 60 ml of growth solution were 

almost identical with a value of about 30. For hexagonal NT arrays organised in 

hexagonal patterns, the surface porosity (𝑃) can be calculated by using equation 3.7. 

 

𝑃𝑁𝑇 = 1 −
3(𝑤2 + 𝑑𝑤)

𝑙2
 

(Equation 3.7) 

 

where w is the wall thickness, d is the inner diagonal length and l is the average distance 

between the centre of adjacent NTs. For vertically aligned hexagonal NRs, the surface 

porosity follows equation 3.8. 
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𝑃𝑁𝑅 = 1 −
3𝐷2

4𝑙2
 

(Equation 3.8) 

 

where l is the same parameter as in equation 3.7 and D is the diagonal width of the 

hexagonal rods. The structural parameters are indicated in Figure 3.13 and the average 

values of the parameters were evaluated from 100 measurements through their top view 

SEM images. Our measurements indicated the porosities of ZnO NT and ZnO NR 

arrays are 53% and 43%, respectively. The measurements reveal that the 𝑃𝑁𝑇 is ~23% 

larger than that of the 𝑃𝑁𝑅. The surface porosity indicates the percentage of open surface 

in the total top surface. This parameter determines the kinetics for the electrolyte 

transportation. The larger surface porosity of NTs results in a faster mass transportation. 

 

 

Figure 3.13 Schematic diagrams of NTs and NRs labelled with critical morphological 

parameters used in equations 3.7 to 3.10. 

 

The other critical morphological parameter is the surface area to volume ratio 

(SAVR), which determines the reaction kinetics for gas or liquid at porous solid surface. 

Porous nanomaterials with large SAVR offer a large number of surface reaction centres 

and lead to faster reactions. For the photocatalytic applications, a large SAVR results in 

more effective charge transfer from photoexcited semiconductor to the electrolyte. For 

vertically aligned hexagonal NT arrays, the SAVR follows equation 3.9. 
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𝑆𝐴𝑉𝑅𝑁𝑇 =
(4√3 + 3 𝑤 𝑇⁄ )(𝑑 + 𝑤)

𝑙2
 

(Equation 3.9) 

 

where the parameters w, d and l are the same as in equation 3.7, and T is the NT length. 

For hexagonal NRs, the SAVR follows a simpler formula: 

 

𝑆𝐴𝑉𝑅𝑁𝑅 =
𝐷 (2√3 +

3𝐷
4𝑇)

𝑙2
 

(Equation 3.10) 

 

where the parameters l, D and T are the same as in equations 3.7 and 3.8.  

Using equations 3.9 and 3.10, based on the measured morphological dimensions, 

the SAVR values were calculated as 0.027 nm-1 and 0.017 nm-1 for NT and NR arrays 

respectively. Thus, the SAVR of a NT array is about 59% higher than a NR array for the 

photocatalytic oxidation of water. The combination of large 𝑃  with higher SAVR is 

essential for optimisation of catalytic reactions kinetics involving gases and liquids on 

solid surfaces. 

 

3.5 PEC Water Splitting of ZnO NTs and NRs 

The water photoelectrolysis activity of ZnO NTs photoanode was evaluated by 

measuring the photocurrent in 1.0 M KOH aquatic electrolyte (pH 13.6) under the 

illumination of a 100 mW cm-2 solar simulator with an AM1.5 G filter. The 

photocatalytic activity was compared with that from vertically aligned ZnO NRs, grown 

under the same conditions (60 ml growth solution at 85ºC), without PVA in the seeding 

solution (ZA). The overall shape of both samples are very similar, apart from NTs are 

0.5 m longer than NRs. We chose growth with 60 ml 10 mM solution to avoid 

structural complications, such as the coalescence between adjacent NTs or NRs.  
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 Figure 3.14A shows the currentvoltage (IV) curves for ZnO NTs and NRs 

photoanodes in dark and under simulated sunlight in the potential range from 0.5 to 

1.0 VAg/AgCl. For an electrolyte of 1.0 M KOH with pH 13.6, the reversible oxygen 

standard potential is at 0.23 VAg/AgCl, marked with a vertical red line in Figure 3.14A. 

For both NTs and NRs, the dark current is negligible in the measurement potential range 

(0.01 mA cm-2 at 0.23 VAg/AgCl), as for typical for n-type semiconductors. 

 

 

Figure 3.14 (A) Photocurrent generated from ZnO NTs and ZnO NRs together with the 

dark current measured from ZnO NTs in 1.0 M KOH electrolyte (pH 13.6) under the 

illumination of a 100 mW cm-2 solar simulator with an AM1.5 G filter and (B) 

corresponding UV (UG11, Schott) and AM1.5 G efficiency. 

 

With light on, the photocurrent from both the ZnO NTs and NRs increases 

steeply at lower potential with onset potentials (open circuit potentials) at 0.36 VAg/AgCl 

for NTs and 0.38 VAg/AgCl for NRs. The small difference in the water oxidation onset 

potentials can be explained by the better crystal quality (i.e. with fewer crystal defects) 

of NRs, as indicated by the powder XRD data. However, the photocurrent density 

generated from the NTs increases much faster than the NRs at more positive potentials. 
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For measurements at 1.23 VRHE, ZnO NT electrode generated a photocurrent density of 

0.67 mA cm-2, but ZnO NRs photoanode generates only 0.24 mA cm-2. Amperometric 

studies were carried out for both the NT and NR photoanodes in 1.0 M KOH electrolyte 

(pH 13.6) at an applied voltage of 0.2 VAg/AgCl under light on-off cycles for 600 s, 

shown in Figure 3.15 There is no obvious decrease in the photocurrents, which confirms 

that both NT and NR photoanodes are stable under our experimental conditions. 

 

 

Figure 3.15 Amperometric currenttime (It) curves of ZnO NTs and NRs in 1.0 M 

KOH electrolyte (pH 13.6) at an applied voltage of 0.2 VAg/AgCl at 100 mW cm-2 for 

600 s with repeated light on-off cycles. 

 

A comparison of the PEC output powers of ZnO NR and NT photoanodes were 

carried out and is presented in Figure 3.14B. As ZnO NTs and NRs have band gaps 

larger than 3.1 eV (Figure 3.12B), only UV part of the light was absorbed. As such, we 

calculated the photoconversion efficiency against the energy densities from both the UV 

and the full solar spectrum (Equation 2.27, Section 2.6). Under AM1.5 G illumination, 

NTs anode achieves a higher conversion power than NRs anode, with a maximum 

output power of 0.45 mW cm-2, instead of 0.15 mW cm-2. These correspond to 
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AM1.5 G efficiencies of 0.45% (NTs) and 0.15% (NRs) and UV photoconversion 

efficiencies of 9% (NTs) and 3% (NRs). The photoconversion efficiency of our ZnO 

NTs electrode was compared with the ZnO NTs prepared by electrochemical method.228 

The efficiency of our NTs is three times higher for water splitting, which could be due 

to their limited tube length, poor orientation and poor crystal quality. 

The higher photoconversion efficiency of ZnO NTs, relative to ZnO NRs, can be 

explained in several ways. We believe that, under our controlled experimental 

conditions, the small difference in length between the NTs (5.0 µm) and NRs (4.5 µm) 

is not enough to account for the significant increase in the photoenergy conversion. The 

morphological difference between the NTs and NRs could, however, play a key role. 

First, the NT thin film offers a more porous structure with a void dimension of ~80 nm. 

This is associated with a larger P defined by equations 3.7 and 3.8, with a value of 53%, 

compared with 43% for the NRs. Thus, the NT structure offers additional nano-channels 

for the transport of electrolytes, allowing a deep penetration of electrolytes inside the 

film. This maximises the access of effective surface for the photocatalytic oxidation.  

Secondly, the vertically aligned NTs have 59% larger effective SAVR values 

than that of NRs. This could increase the number of available reaction centres for the 

oxidation of water at the solid-liquid-gas interface. Thirdly, our ZnO NTs have a wall 

thickness of 41 nm, while the NRs have a solid diameter of 157 nm. This difference can 

significantly affect the light absorption as well as the electron-hole recombination and 

therefore affect the photoconversion efficiency. The UV light normally can penetrate 

into the ZnO crystal about 50 nm (= 200000 cm-1 at 370 nm)229 and the hole diffusion 

length for crystalline ZnO is about 125 nm.29, 230 Thus, a full 3D UV illumination within 

the film is expected for ZnO NTs while this is restricted in the NRs. Therefore, the light 

absorption is expected to be higher for the thin wall NTs. The wall thickness of NT 
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(41 nm) is much smaller than the minority carrier diffusion length (125 nm), whereas 

the lateral dimension of the NRs (157 nm) is comparable to this critical parameter. 

Photogenerated holes have to travel to the surface to carry out water oxidation reactions. 

So electron-hole recombination is expected to be much lesser for the NTs than for the 

NRs and allowing effective transfer of photoexcited electrons towards the conductive 

substrate in the NTs. Most importantly, ZnO NTs benefit from a smaller band gap (due 

to defects), so that intense longer wavelength light can be absorbed.  

In summary, the combined effects of small band gap, large P, large SAVR, and 

small hole transfer pathway have contributed to the increase of PEC hydrogen 

generation efficiency of ZnO NTs by three-fold. 

 

3.6 Conclusions 

ZnO NRs and NTs were successfully prepared using CBD method. ZnO NTs 

were formed with the presence of PVA in the seeding solution, without PVA, only ZnO 

NRs were created. The morphology of ZnO NTs and NRs can be manipulated by simply 

varying the growth conditions. Increased in the volume of growth solution resulted in 

increased both the length and the outer (inner) diameter of the NRs (NTs). The UV-vis 

absorption measurements revealed that the band gap energy of ZnO NTs (3.13 eV) is 

0.08 eV smaller than that of ZnO NRs (3.21 eV), which can be attributed to the high 

density of crystal defects originated from small crystal domain size and thin wall 

thickness of NTs. The calculations demonstrated that, with the similar growth 

conditions, the P and SAVR of NT anodes are ~23% and ~59% larger than their NR 

counterparts, respectively. The photocatalytic water splitting measurements revealed 

that NTs anode was about three times more efficient than NRs anode with similar 

dimensions. Possible mechanisms for the high efficiency were also discussed.   
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Chapter 4 Enhanced Photoelectrochemical Water Splitting by 3D 

Uchin-like ZnO Nanorod Arrays on TiO2 Hollow Hemispheres 

 

4.1 Abstract 

Urchin-like hybrid metal oxide nanostructures were successfully synthesised 

from vertically aligned, crystallised ZnO NRs grown on the surface of TiO2 hollow 

hemisphere (HHS) nanostructures. A technique combining electrospinning and aqueous 

chemical bath deposition (CBD) was used. SEM and XRD confirmed the hybrid system 

contained a mixture of crystallised ZnO NRs, TiO2 HHSs and zinc titanate (Zn2TiO4) 

thin film by annealing the hybrid sample at 700ºC. Zn2TiO4 was formed at the interface 

between ZnO NRs and TiO2 HHSs which was verified through SEM, EDX and XRD 

characterisation, following the removal of the ZnO with acid. The PEC measurements 

revealed that, with the formation of a Zn2TiO4 interface layer (1.07%), the 

photoconversion efficiency was increased by 76% with respect to the hybrid urchin 

structures without Zn2TiO4 (0.61%). By analysing the interface band gap structures 

between ZnO, Zn2TiO4 and TiO2, Zn2TiO4 was proposed to act as a barrier layer to 

improve charge separation which results in an enhancement of the PEC water splitting 

efficiency. 

 

4.2 Introduction 

Hydrogen is an ideal clean fuel with high energy density values per mass of 

140 MJ/kg.78 In order to preserve the fossil fuel as a raw chemical resource for the 

future and limit carbon dioxide emission, hydrogen is an ideal candidate as a future 

energy source. Currently hydrogen is produced by steam reforming of natural gas, 
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which consumes fossil fuel and generates greenhouse gases.78 Therefore, there has been 

the motivation to develop efficient processes for hydrogen fuel production to replace 

currently used carbon emitting technologies. The field of nanotechnology has been 

rapidly growing, in an attempt to address this issue. 

Out of many techniques, PEC water splitting is one of the promising solutions to 

harvest and store solar energy into hydrogen fuels. Since TiO2 was first reported to have 

ability in photocatalysis of water splitting in 1972,106 a great number of 1D 

nanoarchitectures of metal oxide semiconductors, such as NRs,231 NTs93 and NWs,232 

have been designed and prepared for improving the solar to hydrogen conversion 

efficiency. Semiconductor nanostructures (e.g. ZnO,233 BiVO4,
130 WO3,

234 SnO2
235 and 

GaN236) possess large surface areas, excellent electron transportation and good electrical 

contact with the substrates have attracted extensive investigation for their potential 

applications in PEC water splitting.237-239 Among various semiconductors, ZnO and 

TiO2 have received great attention due to their wide direct band gap240, 241 and have been 

shown to have potential applications in photovoltaic17, 242 and PEC water splitting.241, 243 

For the creation of a highly efficient PEC cell, one of the important factors is the 

design of the nanostructured photoanode, which should have excellent light harvesting 

ability with high surface area. Although 1D nanostructures based electrodes offer direct 

and fast electron transportation path, their photoconversion efficiency is still lower than 

that of NP based PEC cells, due to their smaller effective surface area.244 Consequently, 

a number of strategies have been developed to optimise the effective surface area of the 

electrodes by creating 3D heterogeneous nanostructured electrodes to promote the 

photocatalytic performances.87, 245 

Herein, we report the creation of urchin shaped hybrid ZnO NRs grown on the 

TiO2 HHSs through a combination of electrospinning and aqueous CBD methods. The 
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calcination studies of the 3D urchin-like structure revealed the presence of a thin layer 

of zinc titanate (Zn2TiO4) at the interface by annealing the sample at 700°C. The PEC 

performance of the hybrid sample was ~60% higher than the sum of the output power of 

ZnO NRs and TiO2 HHSs. More important, with the presence of a Zn2TiO4 interface 

layer, the photoconversion efficiency was further increased by ~76% with respect to the 

hybrid urchin structures without Zn2TiO4. 

 

4.3 Experimental Details 

4.3.1 Preparation for TiO2 HHSs 

All the chemicals used were analytical grade and purchased from Sigma-

Aldrich. The HSS was synthesised and deposited onto a titanium substrate using 

electrospinning technique. The process was developed based on collaboration with my 

colleague, Yuanxing Fang. The titanium substrates (2 ×  2 cm2) were polished and 

sonicated in an IPA bath for 15 minutes, and dried in air before they were used. The 

averaged molecular weight of poly(methyl methacrylate) (PMMA) is 35,000 g mol-1, 

determined by gel permeation chromatography performed by the supplier. 

In the electrospinning process, the PMMA was first dissolved in nitromethane 

(NM) to form a 10 wt% solution. Then, 4 wt% of titanium tetraisopropoxide (TTIP) and 

1 wt% of acetylacetone were added to the PMMA solution. Here, acetylacetone was 

used to stabilise the TTIP in NM solution. The solution was magnetically stirred at 

room temperature for 24 hours under dark surrounding until the colour of the solution 

becomes a transparent light yellow. The mixture was loaded into a plastic syringe with a 

needle inner diameter of 0.270 mm for the electrospinning process at a constant flow 

rate of 2.0 ml hr-1, controlled by a syringe pump. A positive bias of 25 kV was applied 

at the metallic needle while the collector (polished titanium substrate) was grounded. 
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The distance between the tip of the needle and the titanium plate was maintained at 

12 cm. The duration of the electrospinning process was 4 hours, during which a white 

homogeneous thin film of HHSs was formed on the substrate. Then, the as-prepared 

HHSs were hydrolysed by dipping in DI water, followed by steam bath at 80ºC for an 

hour. The sample was then calcined at 400ºC for 18 hours, with a heating rate of 

1ºC min-1. During the calcination process, the thin film turned brown at 300ºC and then 

became white-yellow at 400ºC. 

 

4.3.2 Growth of ZnO NRs on TiO2 HHSs 

The method used for growing ZnO NRs on the surface of TiO2 HHSs is the 

aqueous CBD. The seeding solution was prepared by dissolving 0.219 g of zinc acetate 

in 10.0 ml of DI water and magnetically stirred for 2 hours to form a 0.10 M seeding 

solution. The annealed TiO2 HHSs were soaked in the seeding solution for an hour. The 

seeded samples were then annealed at 350°C for an hour to convert the zinc acetate into 

ZnO nano seeds, followed by the CBD growth process. The nutrient solution for CBD 

growth was composed of a 1:1 molar ratio of zinc nitrate hexahydrate and 

hexamethylenetetramine (HMT) in DI water. The Zn2+ final concentration of the 

solution was 10.0 mM. The as-prepared samples were vertically aligned in glass beakers 

containing 150 ml of growth solution at 85°C for 4, 15 and 24 hours. The samples were 

then rinsed three times with DI water, dried at room temperature, and annealed to 

400~800°C.  

 

4.3.3 Acid Treatment of Urchin-like ZnO/TiO2 Sample Annealed at 700°C 

 The urchin-like ZnO NRs on TiO2 HHSs annealed at 700°C (ZT 700) sample 

was subjected to hydrochloric acid (HCl) in order to reveal the structures underneath the 
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ZnO NRs by gradually dissolving the ZnO NRs. HCl with a pH value of 1.0 was used in 

this experiment. The ZT 700 sample was dipped in the HCl solution for 10 s followed 

by five rinses with DI water. This step was repeated until all the ZnO NRs were 

dissolved by HCl solution. 

 

4.3.4 Characterisation 

SEM (JSM 820M, Jeol) was used to examine the surface morphology and 

structure of the samples. Power XRD (Siemens D500) was carried out to analyse the 

crystallinity of the nanostructures. The elemental analysis of the samples was analysed 

by EDX. The diameters of the ZnO NRs and TiO2 HHSs were measured using Image J 

software (National Institutes of Health, USA). PEC water splitting was undertaken to 

identify the photocatalytic activity of the samples in a 1.0 M aqueous KOH electrolyte 

solution (pH 13.6). A KCl saturated Ag/AgCl electrode was used as the reference and a 

platinum foil was used as the counter electrode. Sunlight was simulated with a 300W 

xenon arc lamp with an AM1.5 G filter and the output light power density was adjusted 

to 100 mW cm-2. The cyclic voltammetry measurements were taken by USB 

potentiostat using eDAQ software. 

 

4.4 Results and Discussion 

4.4.1 Preparation for Electrospinning and CBD 

A polished and cleaned substrate is required for electrospinning process in order 

to ensure the conductivity of the titanium plate. ZnO seeding was introduced to the 

surface of TiO2 HHSs by soaking in the zinc acetate solution for an hour followed by 

annealing the sample at 350°C to thermally degrading zinc precursor into ZnO nano 

seeds. 
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4.4.2 Electrospinning of TiO2 HHSs 

Mesoporous TiO2 HHSs, as shown in Figure 4.1, were successfully formed 

through the electrospinning method previously developed within the group. Based on 

these investigations, the diameters of TiO2 HHSs are controllable and optimised by 

tuning the experimental parameters. 

 

 

Figure 4.1 SEM images of TiO2 HHSs annealed at 400ºC for 18 hours with an initial 

heating rate of 1ºC min-1, (A) top view and (B) high magnification. (C) Diameter 

distributions of TiO2 HHSs. 

 

For the formation of nanopores on the surface of TiO2 HHSs, the as-prepared 

sample needs to undergo hydrolysis-precipitation (HP) treatment by dipping the sample 

in DI water, followed by a steam bath reaction for an hour, which converts the TTIP to 

titanium hydroxide crystals. The HP treated sample was then annealed at 400ºC for 

18 hours, with an initial heating rate of 1ºC min-1 in order to retain the structure of the 
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sample after calcination. TTIP has a boiling point of 232ºC, which is similar to the 

decomposition temperature of PMMA (between 200300ºC). Rapidly increasing the 

annealing temperature would cause considerable evaporation of TTIP, resulting in 

deformation of TiO2 HHS and significant aggregation.  

It is noticeable that TiO2 HHSs were homogenously electrospun onto a titanium 

substrate, as shown in Figure 4.1A. Figure 4.1B reveals the created TiO2 HHSs are 

having nanopores on the surface. The average diameters and mean errors of the TiO2 

HHSs and nanopores were evaluated from 100 measurements through their top view 

SEM images, which were measured to be 300±35 and 70±20 nm, respectively. Figure 

4.3C shows the as-spun TiO2 HHSs are monodispersed in the diameter (2500 nm) with 

a FWHM value of 300 nm, corresponding to a ±6% dispersion. 

 

 

Figure 4.2 XRD pattern of TiO2 HHSs annealed at 400°C for 18 hours with an initial 

heating rate of 1ºC min-1. The miller indices of the crystal planes are labelled. 

 

Powder XRD was used to confirm the crystal structure of the annealed TiO2 

HHSs. The XRD pattern of TiO2 HHSs is analysed based on the standard XRD database 

for the anatase phase of TiO2 (JCPDS # 21-1272). All of the peaks can be assigned to 

the anatase phase of TiO2. The TiO2 HHSs give the diffraction peaks located at 2θ = 
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25.27°, 37.70°, 47.98°, 54.76°, 55.69° and 62.95°, corresponding to (101), (004), (200), 

(105), (211) and (204) crystal planes. Figure 4.2 demonstrates (101) is the most intense 

diffraction peak with a FWHM value of 0.7085º, which gives a crystal domain size of 

11.2 nm. 

 

4.4.3 Effect of Growth Duration on the Morphology of ZnO NRs 

A duration dependent experiment was conducted to determine the optimal 

duration for the growth of ZnO NRs on the surface of TiO2 HHSs to form the urchin-

like structures. All the other experiment parameters were held constant, while the 

duration of reaction is varied from 4, 15 to 24 hours. Figure 4.3 shows the top view 

SEM images of the samples grown at different durations. 

Urchin shaped hybrid ZnO NRs on TiO2 HHSs were successfully created 

through the combination of electrospinning and CBD methods. Figure 4.3A shows the 

ZnO NRs formed after 4 hours of growth are randomly oriented with a small diameter. 

Additionally, there are only a small number of NRs grew on the surface of TiO2 HHS. 

When the growth duration is increased to 15 hours, more ZnO NRs were deposited onto 

the surface of TiO2 HHSs, with larger diameters, and becoming more vertically aligned 

after 24 hours growth (Figure 4.3C). It is clearly shown that ZnO NRs formed were 

homogenously vertically aligned array on the surface of TiO2 HHSs. 
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Figure 4.3 SEM images of urchin-like ZnO NR arrays on TiO2 HHSs grown in 150 ml 

of nutrient solution at different growth durations, (A) 4 hours, (B) 15 hours and (C) 24 

hours (The inset is the corresponding higher resolution of SEM image). (D) Diameter 

distributions of ZnO NRs at different growth durations. 

 

The diameters, lengths and mean errors of ZnO NRs of the hybrid samples were 

quantified using the top view and cross sectional view SEM images (100 

measurements). The measurements demonstrate the average diameters of the NRs are 

increasing proportionally to the growth duration. The diameter distributions of ZnO 

NRs for that grew for 4, 15 and 24 hours show monodispersion in their diameter with an 

average diameter of 50±12, 150±50, and 220±64 nm, respectively (Figure 4.3D). 

Meanwhile, the average length of the NRs increases from 0.76 µm to 3.15 µm when the 

growth duration increased from 4 to 24 hours. 
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Figure 4.4 XRD patterns of urchin-like ZnO NRs on TiO2 HHSs on titanium plate after 

different growth durations together with XRD pattern of ZnO powder. The miller 

indices of the crystal planes are labelled where ●, ◊ and × are anatase phase of TiO2, 

ZnO and titanium, respectively. 

 

The XRD patterns of the urchin-like ZnO NRs array vertically on TiO2 HHSs 

(Figure 4.4) are analysed based on the standard XRD database for anatase phase of TiO2 

(JCPDS # 21-1272), wurtzite ZnO (JCPDS # 36-1451) and alpha-titanium (JCPDS # 44-

1294). The anatase phase of TiO2 gives the diffraction peaks located at 2θ = 25.42° and 

54.05° (●), corresponding to (101) and (105) crystal planes. The wurtzite ZnO gives the 

diffraction peaks located at 2θ = 31.82°, 34.58°, 36.40°, 47.67°, 54.37°, 62.96°, 66.46° 

and 68.08° (◊), corresponding to (100), (002), (101), (102), (110), (103), (200) and 

(112) crystal planes. The alpha-titanium gives the diffraction peaks located at 2θ = 

38.12°, 39.89° and 52.42° (×), corresponding to (002), (101) and (102) crystal planes.  

As growth duration increases, the intensities of the ZnO diffraction peaks are 

increased. This is in agreement with the SEM images, where increase in the growth 

duration results in longer and wider ZnO rods, since more ZnO is deposited onto the 



96 
 

nucleation sites. The SEM images also demonstrate the ZnO NRs are vertically aligned 

on the surface of TiO2 HHSs. This indicates the favoured growth direction for the ZnO 

NRs is along the [0001] direction, which is perpendicular to the surface of TiO2 HHSs. 

However, the strongest diffraction peak of the urchin-like ZnO/TiO2 sample is (101) 

plane, instead of (002) plane as shown in Figure 4.4. This can be attributed to the fact 

that the ZnO NRs are being grown on the curved surface of TiO2 HHSs. Therefore, 

most of the X-rays are shone on the side facets of the hexagonal rods, resulting in low 

(002) peak intensity. It is important to mention that the quantitative analysis of the 

diffraction intensities reveals that the intensity ratios of the ZnO powder are 1.0:0.7:1.5 

for (100):(002):(101) planes. This ratio changes to 1.0:1.0:1.1, 1.0:1.0:1.2 and 

1.0:1.1:1.2 for the ZnO NRs grew on TiO2 HHSs for 4, 15 and 24 hours, respectively. 

These measurements reveal that the NRs are possibly vertically aligned on the surface 

of TiO2 HHSs. 

The crystal domain sizes of the samples were quantitatively described by the 

Scherrer equation (Equation 2.5, Section 2.3). Crystal sizes of 17.2, 25.6 and 33.7 nm 

were calculated for that grew at 4 hours, 15 hours and 24 hours, respectively. Other than 

that, the degree of orientation of ZnO nanostructures can also be obtained from the 

XRD spectra. The preferred orientation of the film can be illustrated by the relative 

texture coefficient (Equation 2.7, Section 2.3). The relative texture coefficients of ZnO 

NRs for urchin-like samples at different growth durations were estimated to be 0.54, 

0.64 and 0.68. In comparison to ZnO powder (0.50), our samples exhibit higher relative 

texture coefficient values, which suggests that the NR arrays on TiO2 HHSs are 

relatively more c-oriented. This is in agreement with the SEM images in Figure 4.3, 

where the ZnO rods are grown radially outward on the surface of TiO2 HHSs. 

 



97 
 

4.4.4 Calcination Study of Urchin-like ZnO/TiO2 Sample 

The effect of annealing temperatures on the urchin-like ZnO/TiO2 sample was 

investigated. A series of calcination studies were performed where the optimised urchin-

like ZnO/TiO2 sample (grew for 24 hours) was annealed from 400 to 800°C for an hour. 

The XRD patterns of all the samples are matched with the standard database for anatase 

phase of TiO2 (JCPDS # 21-1272), rutile phase of TiO2 (JCPDS # 21-1276), wurtzite 

ZnO (JCPDS # 36-1451), Zn2TiO4 (JCPDS # 25-1164) and alpha-titanium (JCPDS # 

44-1294).  

 

 

Figure 4.5 XRD patterns of urchin-like ZnO/TiO2 sample grew at 24 hours at different 

annealing temperatures. The miller indices of the crystal planes are labelled where ●, ○, 

♦, ◊ and × are anatase phase of TiO2, rutile phase of TiO2, Zn2TiO4, ZnO and titanium, 

respectively. 

 

As shown in Figure 4.5, the diffraction peaks intensities for anatase phase of 

TiO2 increase from 400°C to 500°C and start to decrease when the annealing 
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temperature is at 600°C and above. At 600°C, a few additional diffraction peaks 

appeared at 2θ = 27.56°, 41.36°, 54.37°, 56.69° and 69.05° (○), corresponding to (110), 

(111), (211), (220) and (301) crystal planes for the rutile phase of TiO2. The initial 

increase of anatase diffraction intensity indicates the improvement of the crystallinity of 

the TiO2. The decreasing of the anatase peaks intensities at 600°C were due to the 

conversion of anatase phase of TiO2 to rutile phase of TiO2, which is 

thermodynamically more stable.246 Meanwhile, the intensity of ZnO diffraction peaks 

remain unchanged when the annealing temperature is increased from 400°C to 600°C. It 

is important to note that the intensities of ZnO peaks start to decrease slightly when the 

sample is annealed at 700°C. Meanwhile, there are two small peaks appeared at 2θ = 

29.90° and 35.43° (♦). These two peaks correspond to the (220) and (311) crystal planes 

of Zn2TiO4, which are the dominant peaks of Zn2TiO4. It is noteworthy that the intensity 

of Zn2TiO4 diffraction peaks (marked as ♦) are weak (Figure 4.5), which indicates the 

Zn2TiO4 film formed in the urchin-like ZnO/TiO2 sample at 700°C is relatively thin. 

The intensities of the Zn2TiO4 peaks became more intense when the annealing 

temperature was increased to 800°C. This explains why the intensity of ZnO peaks start 

reducing at 700°C as some of the ZnO has reacted with TiO2 to form Zn2TiO4. Cai Z. Y. 

et al. have also reported that Zn2TiO4 starts to form in their sample mixture, containing 

zinc acetate and TTIP, annealed at 700°C.247 This phenomenon is similar to our 

experiment since the urchin-like ZnO/TiO2 sample contains a mixture of ZnO and TiO2 

at the interfaces. 

 

4.4.5 Acid Treatment of ZT 700 Sample 

In order to confirm that Zn2TiO4 is formed at the interface between ZnO NRs 

and TiO2 HHSs, an acid treatment experiment was conducted for the ZT 700 sample. 
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The purpose of this acid treatment experiment was to gradually dissolve ZnO NRs from 

the ZT 700 sample, since both TiO2 and Zn2TiO4 are stable in acid.110, 248 

 

 

Figure 4.6 SEM images of (A) TiO2 HHS, (B) ZT 700 and (C) ZT 700 after 80 s of acid 

treatment. 

 

Figure 4.6C shows the ZnO NRs of ZT 700 sample were fully removed after 

dipping in HCl solution of pH 1 for 80 s. The reaction of the experiment is as below: 

 

ZnO(s) + 2HCl(aq) → ZnCl2(aq) + H2O(l) (Equation 4.1) 

 

By comparing the morphology of as-spun TiO2 HHS (Figure 4.6A) with ZT 700 

sample after the removal of ZnO NRs (Figure 4.6C), it is noticeable that there are a few 

changes on the HHSs surface. One of the obvious changes is that the smooth surface 

with nanopores of the as-prepared TiO2 HHS is now changed to a layer of cubical 
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nanostructures. In addition, the wall thickness of the HHS for ZT 700 sample is 

increased by 150 nm as compared to the as-prepared TiO2 HHS. This measurement 

reveals that a thin film (75 nm) of Zn2TiO4 is possibly formed at the interface between 

ZnO NRs and TiO2 HHSs. To further confirm the cubical nanostructures formed are 

Zn2TiO4, EDX was carried out to determine the elemental composition of ZT 700 

sample before and after 80 s of acid treatment.  

 

 

Figure 4.7 EDX spectra of ZT 700 sample, (A) before and (B) after 80 s of acid 

treatment. 

 

For this experiment, ZT 700 sample was scratched down from the titanium 

substrate onto an aluminium foil before the EDX analysis. This is to prevent the EDX 

analysis from recording titanium element from the substrate instead of the sample. As 

shown in Figure 4.7, both EDX spectra display the dominant elements presented in the 

ZT 700 samples before and after 80 s of acid treatment are zinc and titanium. The 

quantitative analysis reveals an atomic composition of 3.08% titanium and 96.92% zinc 



101 
 

for that before acid treatment, meanwhile an atomic composition of 72.33% titanium 

and 27.67% zinc was obtained for that after 80 s of acid treatment. As shown in Figure 

4.7A, the zinc element of the untreated sample is about 30 times higher than that of 

titanium. After all the ZnO NRs are removed, the EDX spectrum (Figure 4.7B) still 

presented a small amount of zinc in the sample. These results further confirm the 

formation of acid stable cubical nanostructures of Zn2TiO4. To further support the 

existence of Zn2TiO4 in the ZT 700 sample, XRD measurements were ran in parallel 

with the acid treatment experiment. 

 

 

Figure 4.8 XRD patterns of ZT 700 sample at different durations of acid treatment. The 

miller indices of the crystal planes are labelled where ●, ○, ♦, ◊ and × are anatase phase 

of TiO2, rutile phase of TiO2, Zn2TiO4, ZnO and titanium, respectively. 

 

ZnO NRs are gradually dissolved by HCl solution as confirmed by the XRD 

spectra, shown in Figure 4.8. The intensity of ZnO peaks are steadily decreased as acid 

treatment duration increases, while the rest of the diffraction peaks remain unchanged. 
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By comparing the XRD patterns of the untreated ZT 700 sample (0 s, black spectrum) 

with that after 80 s of acid treatment (red spectrum), it is noticeable that the diffraction 

peaks of Zn2TiO4 (♦) become more intense while the diffraction peaks of ZnO (◊) 

disappear. It is noteworthy that the diffraction peak intensities of titanium (×) increase 

as well as the duration of acid treatment increases. This is consistent with the dissolving 

of ZnO NRs by HCl solution, resulting in a thinner oxide layer on titanium substrate. 

The main diffraction peak intensities of ZnO [(100), (002), (101)] together with the 

Zn2TiO4 [(311), (200)] as a function of acid treatment duration were measured and 

plotted in Figure 4.9. 

 

 

Figure 4.9 Plots of XRD diffraction peak intensities with respect to the duration of acid 

treatment for (A) ZnO and (B) Zn2TiO4. 

 

Figure 4.9A demonstrates the three main diffraction peak intensities of ZnO 

decrease exponentially throughout the acid treatment. The ZnO was fully dissolved after 

dipping in the acid solution for 80 s. Meanwhile, the two dominant diffraction peaks of 

Zn2TiO4 steadily increase as the acid treatment continues, reaching a constant value 

after 40 s of acid treatment (Figure 4.9B). The diffraction peak intensities of Zn2TiO4 

increase during the acid treatment experiment because they were previously 

overshadowed by the diffraction from ZnO.249 
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4.4.6 Growth Process of Urchin-like ZnO/TiO2 Sample 

Based on the growth duration dependent experiment, calcination study and acid 

treatment with SEM and XRD of the urchin-like ZnO/TiO2 sample, schematic diagrams 

are deduced to illustrate the growth process of the sample, as presented in Figure 4.10. 

 

 

Figure 4.10 Schematic diagrams demonstrating the growth process of the urchin-like 

ZnO/TiO2 sample.  

 

Firstly, TiO2 HHSs were electrospun onto a titanium substrate followed by the 

CBD growth of ZnO NRs. The ZnO NRs are growing along the [0001] direction on the 

seeded TiO2 HHSs. As the growth duration increased, the ZnO NRs formed will be 

longer with a larger diameter. When the urchin-like ZnO/TiO2 sample is annealed to 

700°C (ZT 700), Zn2TiO4 is formed in the sample, as confirmed by powder XRD. We 

propose that the Zn2TiO4 layer should be form at the interface between ZnO NRs and 

TiO2 HHSs, where ZnO and TiO2 are contacted. 
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4.5 PEC Hydrogen Generation Study 

4.5.1 Effect of Calcination on the PEC Activity of ZnO/TiO2 Sample 

The PEC performance of the urchin-like ZnO/TiO2 sample was optimised by 

controlling the crystallinity. The hybrid sample annealed at elevated temperatures, 

ranging from 400800ºC, was examined as photoanode (named as ZT 400ZT 800) in 

1.0 M KOH electrolyte (pH 13.6) under the illumination of a 100 mW cm-2 solar 

simulator with an AM1.5 G filter. 

 

 

Figure 4.11 (A) Output power and AM1.5 G efficiency of urchin-like ZnO/TiO2 sample 

at different calcination temperatures, (B) photoconversion output power and AM1.5 G 

efficiency and (C) (101) peak intensity for anatase phase of TiO2 as a function of 

calcination temperature. 
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Figure 4.11A represents the PEC output power as a function of calcination 

temperature from 400 to 800ºC and Figure 4.11B demonstrates the maximum output 

power from the urchin-like ZnO/TiO2 sample. It is clear that the hydrogen generation 

efficiency increased initially as the annealing temperature increases, with a maximum 

output power of 1.07 mW cm-2 achieved at 700ºC.  

It has been reported that the ratio of anatase and rutile phase of TiO2 plays an 

important role in determining the photocatalytic performance of the sample.250 In order 

to demonstrate how the crystallinity of TiO2 affects the photocatalytic activity, the (101) 

peak intensity of anatase as a function of annealing temperature is extracted from Figure 

4.5, shown in Figure 4.11C. Initially, the increasing in calcination temperature improves 

the crystal quality of the TiO2 HHS, while above 600ºC, the anatase is subjected to a 

phase transition to rutile TiO2. The anatase diffraction intensity curvature is very similar 

to the maximum output power curve in Figure 4.11B. This reveals some correlation 

between the crystal quality and the photoconversion output power of TiO2 HHSs in the 

urchin-like ZnO/TiO2 sample. Such correlation can be explained as the crystallinity 

improves, the crystal defect decreases and thus the charge mobility increases. However, 

it is important to note that the maximum output power is achieved at a higher 

temperature of 700°C. Literature showed that the highest photocatalytic activity of TiO2 

is at 650°C.251 Our higher temperature for maximum output power could not be 

exclusively explained by the crystal quality of TiO2 but could also be contributed from 

the presence of a layer of Zn2TiO4 at the interface of the urchin-like ZnO/TiO2 sample. 

This will be further evidenced by comparison of the optimal PEC performance from 

ZnO NRs, TiO2 HSS and ZT700 photoanodes in the following section. 

A decrease in the photoconversion output power is observed when the annealing 

temperature of the urchin-like ZnO/TiO2 sample is further increased to 750ºC (ZT 750; 



106 
 

Figure 4.11A). This can be explained by the increase in rutile phase of TiO2 in the 

urchin-like ZnO/TiO2 sample, resulting in an increase in the charge recombination.82 

Alternatively, it could also be due to the increase of the Zn2TiO4 layer thickness, as 

confirmed by temperature dependent XRD (Figure 4.5). The formation of a thick layer 

of Zn2TiO4 at the interface presents a long pathway and thick barrier for limiting the 

photogenerated electrons to migrate to the conductive substrate and the photogenerated 

holes to migrate to the ZnO surface.252 Therefore, it is unfavourable for overall charge 

separation which will result in a decrease in the photocatalytic efficiency. 

 

4.5.2 PEC Activity of ZnO NRs, TiO2 HHSs, ZT 600 and ZT 700 

In order to check whether the urchin-like ZnO/TiO2 sample displays a 

synergistic effect, a comparison of the photocatalytic activity between ZnO NRs, TiO2 

HHSs, ZT 600 and ZT 700 photoanodes was carried out. In order to achieve optimal 

photoconversion efficiency, ZnO NRs and TiO2 HHSs were calcined at 400°C and 

650°C, respectively. The length, diameter and density of the ZnO NRs were similar to 

those grown on TiO2 HHSs, since identical experimental conditions were applied. 

Figure 4.12A represents the IV curves of ZnO NRs (blue curve), TiO2 HHSs (red 

curve), ZT 600 (green curve) and ZT 700 (purple curve) under simulated sunlight 

(100 mW cm-2 with an AM1.5 G filter) in the potential range from 0.8 to 1.0 VAg/AgCl 

together with the dark current measured from ZT 700 in 1.0 M KOH electrolyte. 

At a typical potential of 0.4 VAg/AgCl, the photocurrents generated from ZnO 

NRs, TiO2 HHSs, ZT 600 and ZT 700 electrodes were measured to be 0.23, 0.59, 1.34 

and 2.12 mA cm-2, respectively. It is worth noting that the onset potentials of ZT 600 

and ZT 700 photoanodes are more negative than that of ZnO NRs and TiO2 HHSs 

photoanodes. The onset potentials of ZnO NRs, TiO2 HHSs, ZT 600 and ZT 700 
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photoanodes were estimated to be 0.39, 0.42, 0.63 and 0.72 VAg/AgCl, respectively. 

The negative shift in the photocurrent onset potential can be attributed to the improved 

in the charge separation which thus reduced the electron-hole recombination.253, 254 

 

 

Figure 4.12 (A) IV curves of ZnO NRs, TiO2 HHSs, ZT 600 and ZT 700 together with 

dark current measured from ZT 700 in 1.0 M KOH electrolyte (pH 13.6) under 

simulated sunlight of 100 mW cm-2 with an AM1.5 G filter and (B) corresponding PEC 

output power and conversion efficiency under AM1.5 G full solar spectrum irradiation. 

 

A comparison of the PEC output powers (Equation 2.27, Section 2.6) of the 

samples are presented in Figure 4.12B. The photoconversion efficiencies of ZnO NRs, 

TiO2 HHSs, ZT 600 and ZT 700 photoanodes were calculated to be 0.12, 0.25, 0.61 and 

1.07%, respectively. These results reveal that ZT 600 displays a synergic enhancement, 

resulting in its output power being ~60% higher than the sum of the output power of 

ZnO NRs and TiO2 HHSs. More important, the photoconversion efficiency of ZT 700 

photoanode is 76% higher than that of ZT 600 photoanode. 
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Figure 4.13 Amperometric It curves of ZnO NRs, TiO2 HHSs, ZT 600 and ZT 700 

photoanodes in 1.0 M KOH electrolyte (pH 13.6) at an applied voltage of 0.23 VAg/AgCl 

at 100 mW cm-2 for 160 s with repeated light on-off cycles. 

 

In addition, amperometric studies were carried out for ZnO NRs, TiO2 HHSs, 

ZT 600 and ZT 700 photoanodes in 1.0 M KOH electrolyte (pH 13.6) at an applied 

voltage of 0.23 VAg/AgCl under light on-off cycles for 160 s. Figure 4.13 demonstrates 

there is no obvious decrease in the photocurrent density for all the photoanodes, which 

confirms the stability of the photoanods under our experimental conditions in 1.0 M 

KOH electrolyte (pH 13.6) at room temperature. 

It is worth noting that all the photoanodes, in particular the TiO2 HHS and ZnO 

NRs, show an anodic photocurrent spike under the sudden illumination. The formation 

of these anodic photocurrent spikes was due to the bulk separation of the photoexcited 

electron and hole pairs that accumulated at the interface of semiconductor and 

electrolyte, resulting from the slow oxygen evolution reaction kinetics and carrier 

oxidised trap states of the semiconductor.255, 256 Therefore, these anodic photocurrent 

spikes can be used to assess the lifetime of the charge carrier of the photoanodes which 

can be related to the general rate of charge recombination of the samples. The charge 
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recombination behaviour of the samples can be quantitatively determine by the 

normalised parameter (D) as below:257 

 

𝐷 =
(𝐼𝑡 − 𝐼𝑠𝑡)

(𝐼𝑖𝑛 − 𝐼𝑠𝑡)
 

(Equation 4.2) 

 

where 𝐼𝑡 , 𝐼𝑠𝑡 , and 𝐼𝑖𝑛  are the time-dependent, steady-state and initial photocurrent, 

respectively, as labelled in Figure 4.14A. 

 

 

Figure 4.14 (A) Anodic photocurrent dynamics of the photoanodes recorded in 1.0 M 

KOH electrolyte (pH 13.6) at an applied potential of 0.23 VAg/AgCl at 100 mW cm-2 and 

(B) normalised plots of ln D as a function of illumination time. 

 

Figure 4.14B is the normalised plots of ln D as a function of illumination time 

for ZnO NRs, TiO2 HHSs, ZT 600 and ZT 700 photoanodes. The transient time constant 

(Ʈ) is defined as the time when ln D = 1, which reflects the lifetime of the charge 

carriers of the sample. The Ʈ values of ZnO NRs, TiO2 HHSs, ZT 600 and ZT 700 

photoanodes were determined to be 0.38, 0.97, 2.42 and 3.18 s, respectively. These 

measurements demonstrate that the charge recombination of ZT 600 photoanode is 
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about 6.3times and 2.5 times slower than that of ZnO NRs and TiO2 HHSs 

photoanodes, respectively.  

The possible reasons for the enhanced in the photocurrent density of ZT 600 

may be attributed to the unique urchin-like morphology which facilitates a large 

effective surface area. Such geometry offers a large number of surface reaction sites for 

the oxidation of water. In addition, the 3D structure of urchin-like ZnO/TiO2 sample 

offers improved light scattering ability which results in enhanced light harvesting.245, 258 

Other than that, the combination of ZnO NRs and TiO2 HHSs can improve the 

electrolytes infiltration helping maintaining the electrolyte concentration at the vicinity 

of the reaction sites, which may also contribute to the improvement in the PEC 

efficiency. 

 More important, the recombination of photogenerated electrons and holes for the 

ZT 600 photoanode is reduced significantly as identified from Figure 4.14. This can be 

attributed to the appropriate alignment in the band gaps of ZnO and TiO2 (Figure 

4.15A). Both ZnO and TiO2 have the similar band gap energies of 3.2 eV, however the 

conduction band of ZnO is 0.13 eV higher than TiO2’s due to the difference in Fermi 

levels. This will improve the charge separation rate since the injections of the 

photogenerated electrons from ZnO to TiO2 and the photogenerated holes from TiO2 to 

ZnO are thermodynamically favourable.259 The misalignment between the conduction 

band of ZnO and TiO2 will prevent the back flow of the electrons. According to Lee W. 

et al.,260 TiO2 NTs with a thin ZnO energy barrier in cadmium selenide quantum-dot-

sensitised solar cells caused an increase in the total efficiency by 25.9%. The 

enhancement is attributed to the charge-collecting efficiency being improved, and the 

charge recombination being reduced. As a result, the possibility of electron-hole pair 

recombination is reduced and consequently increases the occurrence of redox processes 
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for the ZnO/TiO2 composite material. This can be one of the dominate mechanisms for 

improved photocurrent density of the ZT600 photoanode over the ZnO NRs and TiO2 

HHSs photoanodes. 

 

 

Figure 4.15 Band gap schematic diagrams representing the charge-transfer process in 

(A) ZT 600 and (B) ZT 700.261, 262 

 

As mentioned before, there is further increased in the photoconversion 

efficiency from the ZT 600 to ZT 700 photoanodes, shown in Figure 4.12B. This 

significant enhancement cannot be simply accredited to the change in the ratio of 

anatase and rutile phase of TiO2, but instead relates to the formation of a thin layer of 

Zn2TiO4 at the interface of ZnO NRs and TiO2 HHSs. Here, the thin layer of Zn2TiO4 

acts as a barrier to improve charge separation, resulting in an enhancement of the PEC 

water splitting efficiency. Figure 4.14B shows the lifetime of the charge carriers of the 

ZT700 photoanode is about 1.3times longer than that of the ZT 600 photoanode. This 

suggests the rate of charge recombination of the ZT 700 photoanode is much less than 

that of the ZT 600 photoanode. The decrease in the rate of electron-hole recombination 

of the ZT 700 electrode can be explained by the interface band gap structures between 
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ZnO, Zn2TiO4 and TiO2, as shown in Figure 4.15B. Theoretical study has shown that 

the conduction band of the Zn2TiO4 is more negative than those of the TiO2 and ZnO.262 

Therefore, the presence of Zn2TiO4 forms an electron barrier layer which also helps to 

reduce the electron-hole recombination. As the energy gap between the conduction 

bands of the Zn2TiO4 and TiO2 is larger (0.78 eV) than that between the Zn2TiO4 and 

TiO2, as illustrated in Figure 4.15B, the back flow of photogenerated electron from the 

TiO2 to ZnO is restricted. 

In addition, it is believed, quantum tunnelling of electrons were occurred in the 

ZT 700 electrode, when the Zn2TiO4 barrier layer is relatively thin. Quantum tunnelling 

is a phenomenon whereby the height of the barrier is greater than the total energy of the 

particle, and the particle ‘tunnels’ through the barrier to the other side regardless. Some 

of the electrons may exhibit quantum effects263 and tunnel through the Zn2TiO4 barrier 

to reach at the conduction band of TiO2, shown in Figure 4.15B by the red dashed 

arrows. In order to achieve quantum tunnelling of electrons in the ZT 700 sample, the 

Zn2TiO4 barrier layer should be thin since the tunnelling current follows exponential 

decay as a function of gap distance or barrier thickness.264 In our case, the Zn2TiO4 

formed at the interface layer is relatively thin (about 75 nm), confirmed by the SEM 

image of the acid treated sample. Therefore, it is believed that some of the electrons 

might penetrate through the Zn2TiO4 barrier to reach the conduction band of TiO2 

through quantum tunnelling. For calcination temperature higher than 700°C, a thicker 

layer of Zn2TiO4 could be formed and most of the anatase phase of TiO2 HHSs will be 

converted to the rutile phase of TiO2 HSSs. Under both conditions, the overall PEC 

efficiency will decrease as we observed in Figure 4.11B. 

In summary, 3D urchin-like ZnO/TiO2 sample demonstrates an improved in the 

PEC water splitting as compared to ZnO NRs and TiO2 HHSs. The enhanced in the 
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PEC hydrogen generation efficiency can attributed to the combined effects of large 

effective surface area, enhanced light harvesting, improved charge separation, reduced 

electron-hole recombination, increased the electrolytes infiltration and enhanced the 

electron transportation. Therefore, the proposed technique to synthesise 3D urchin-like 

ZnO NR aligned arrays on TiO2 HHSs represents a significant advance for PEC 

hydrogen generation applications. 

 

4.6 Conclusions 

In this study, aligned arrays of ZnO NR were successfully created on seeded 

porous TiO2 HHSs, forming a 3D urchin-like structure through the combination of 

electrospinning and aqueous CBD methods. The optimum duration for the growth of 

ZnO NRs on TiO2 HHSs was 24 hours. The calcination study revealed a thin layer of 

Zn2TiO4 was formed in the hybrid sample at 700°C. The acid treatment experiment 

showed that Zn2TiO4 layer was formed at the interface between ZnO NRs and TiO2 

HHSs, which was then further characterised by SEM, EDX and XRD. The PEC water 

splitting measurements revealed that the ZT 600 electrode displayed a synergistic effect 

whereby its output power was ~60% higher than the sum of the output power of ZnO 

NRs and TiO2 HHSs photoanodes. More important, the presence of a thin layer of 

Zn2TiO4 film in the ZT 700 sample caused an increased in the photoconversion 

efficiency by 76% (1.07%), compared to that without Zn2TiO4 (0.61%). The possible 

mechanisms for the higher PEC water splitting performance of the 3D urchin-like 

ZnO/TiO2 sample were also discussed.  
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Chapter 5 Enhanced Photoelectrochemical Water Oxidation by Zn1-

xMyO (M = Ni, Co, K, Na) Nanorod Arrays 

 

5.1 Abstract 

Here we report on a facile approach for the one-pot solution growth of doped 

ZnO NR arrays vertically by chemical bath deposition (CBD) method. The effect of the 

dopant ions on the final morphologies of ZnO nanostructures was examined. With the 

introduction of dopants, the optical band gap energies of the samples were reduced. The 

PEC water splitting performances of the doped and undoped ZnO NRs were tested. 

When compared with pristine ZnO NRs (0.11%), all the doped ZnO NRs (0.14 ~ 

0.29%) demonstrated an improved in PEC water splitting efficiency by at least 27%. 

The highest photoconversion efficiency was achieved by the Na-doped ZnO NRs 

photoanode (0.29%), where it was 2.6times greater than the pristine ZnO NRs electrode 

(0.11%). 

 

5.2 Introduction 

 Fossil fuels have been extensively used for several decades and it has resulting 

in increased the greenhouse gases and pollutants. Therefore, the development of 

sustainable and renewable resources is vital for future energy security. The use of 

semiconductor materials for solar PEC and photocatalytic water splitting offers one of 

environmental friendly processes for generating renewable energy. Among the 

nanoscaled materials, 1D photocatalyts have been widely explored due to they 

possessed large surface area and short diffusion lengths for photogenerated minority 

carriers.4, 79, 89, 265 
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Many different metal oxide nanostructures such as ZnO,266 TiO2,
3 Fe2O3

267 and 

WO3,
268 have been studied for their potential application in PEC water splitting. Out of 

many semiconductors, ZnO has been recognised as a promising photoanode material 

owing to its appropriate band edges, high electron mobility, low electrical resistance 

and high electron-transfer efficiency.2, 79 However, the photoconversion efficiency of 

ZnO nanomaterials is substantially limited due to its large band gap (3.37 eV), which 

only absorb light in the UV region and rapid charge recombination due to high density 

of trap states.269 Thus, many efforts have been focused on to increase the absorption of 

ZnO in the visible region, including sensitisation with dyes or quantum dots, and doping 

with heteroatoms.79, 194, 265, 269, 270 

Impurity doping has been widely investigated in the past as one of the effective 

methods to increase the electrical conductivity and to narrow the band gap energy of the 

semiconductors.187, 271-273 So far, various types of extrinsic dopants, for instance, metal 

cations187, 273, 274 and non-metal anions52, 275, 276 have been introduced into ZnO for 

enhancing the photoconversion efficiency. There are a range of techniques have been 

reported for the creation of doped ZnO NRs. The first method used for the growth of 

doped ZnO nanostructures is hydrothermal synthesis.52, 277 Hydrothermal method has 

been extensively used since it requires low temperature to synthesise high quality of 

metal oxide nanostructures. However, it is difficult to monitor and control the growth 

process. The second technique used is metal vapour vacuum arc ion source implanter.194 

The growth process usually involves expensive high vacuum systems and operates 

under high voltage and current supply. The third strategy used chemical vapour 

deposition (CVD)276 or high-pressure pulsed-laser deposition.278 It is a complex process 

where high temperature (> 600°C) and high pressure are required for these methods, 

restricting the choices of substrates. 
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The study of growing doped ZnO nanostructures using a cost effective CBD 

process at low temperature (< 100°C) represents a relatively new challenge in this field 

of research. In the present work, we demonstrate a one-pot solution synthesis of high 

quality crystallised doped ZnO NRs based on an adapted CBD method. The method is 

capable of homogenous deposition of NRs over a large surface area, and allowing 

precisely control concentrations of dopants. In this project, various dopants (Co, K, Na 

and Ni) have been introduced into ZnO structures. The effects of dopant ions on the 

morphologies and optical properties of the created ZnO nanostructures were 

investigated. All the doped ZnO NRs show a reduced in their band gap energy as 

compared to the undoped ZnO NRs. The PEC measurements reveal that the 

photoconversion efficiency of doped ZnO nanostructures is enhanced by at least 27% 

with respect to the pristine ZnO NRs in PEC water splitting. 

 

5.3 Experimental Details 

5.3.1 Preparation for Growing Undoped and Doped ZnO NRs 

All the chemicals used were analytical grade and purchased from Sigma-

Aldrich. The substrates, titanium plates (2 × 2 cm2) were polished and cleaned under 

sonication in an IPA bath for 15 minutes, and dried in air before they were used for 

growing ZnO nanostructures. 

The synthesis process has two main steps which are seeding and growth 

processes. The seeding solution was prepared by dissolving 0.219 g of zinc acetate in 

10.0 ml of DI water and magnetically stirred for 2 hours to form a 0.10 M seeding 

solution. The resulting precursor solution was spin cast (speed≈300 rpm, time≈30 s) 

onto titanium plate to form a seed layer. The seeded samples were then annealed at 

350°C for an hour to convert the zinc acetate into ZnO nano seeds, followed by the 
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CBD growth process. The nutrient solution for CBD growth was composed of a 1:1 

molar ratio of zinc acetate and hexamethylenetetramine (HMT) in DI water. The final 

concentration of the solution was 20.0 mM. 

For the doped ZnO nanostructures, four different chemicals were used as doping 

precursors, which are cobalt acetate tetrahydrate, potassium nitrate, nickel acetate 

tetrahydrate and sodium nitrate. Doping was carried out by adding dopant ions into the 

growth solution resulting in a 1:4 molar ratio of dopant and zinc acetate. Each 

compound powder was weighed and placed in glass beakers, to which the pre-made 

nutrient solutions of 20 mM zinc acetate and HMT were added and magnetically stirred 

until the dopants had completely dissolved. The seeded substrates were vertically 

aligned in glass beakers containing 100 ml of growth solution at 85°C. After 12 hours, 

the samples were rinsed three times with DI water, dried at room temperature, and 

annealed at 400°C for an hour. 

 

5.3.2 Characterisation 

The surface morphologies were studied by SEM (JSM 820M, Jeol). The 

crystallinity and structure orientation of the nanostructures were analysed by powder 

XRD (Siemens D500). The UV-vis absorption spectra were recorded using UV-vis 

spectrophotometer (Thermospectronic UV 300). The average diameters and average 

film thicknesses were measured from top- and side-view SEM images using Image J 

(National Institutes of Health, USA). The actual concentrations of zinc and dopants 

were measured using inductively coupled plasma mass spectroscopy (ICP-MS; Agilent 

7500ce). The PEC water splitting was measured using a standard three-electrode 

configuration in a 1.0 M KOH electrolyte (pH 13.6). A platinum foil was used as 

counter electrode and a KCl saturated Ag/AgCl electrode was used as a reference. A 
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USB potentiostat (eDAQ) was used to control and record the photocurrent as a function 

of electrochemical potential. Sunlight was simulated with a 300W xenon arc lamp with 

an AM1.5 G filter and the output light power density was adjusted to 100 mW cm-2. 

Electrochemical impedance spectroscopy (EIS; Palmsens 3.0) measurements were 

carried out in 0.5 M Na2SO4 solution (pH 6.8) and the amplitude of the sinusoidal wave 

was set at 10 mV. 

 

5.4 Results and Discussion 

5.4.1 Morphologies of Undoped and Doped ZnO Nanostructures 

Undoped, pure ZnO and doped ZnO NRs, as shown in Figure 5.1 and 5.3, were 

successfully synthesised through CBD method. The top view SEM images in Figure 5.1 

demonstrate the morphologies of homogenously deposited ZnO nanostructures with no 

detectable micro-cracks. After the introduction of different dopants, shown in Figure 

5.1BE, the as-grown NRs still present the typical ZnO hexagonal cross section with 

variable rod density. It is worth noting that the morphologies of the Co- and Ni-doped 

ZnO NRs are quite different from the pure ZnO NRs. For the Ni-doped ZnO sample, the 

rods formed are relatively bigger in diameter, which forming a close-packed structure 

(Figure 5.1D). Meanwhile, the cross sections of the Co-doped ZnO NRs (Figure 5.1B) 

are less well defined as compared to the pristine ZnO NRs. 
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Figure 5.1 Top view SEM images of (A) undoped, (B) Co-, (C) K-, (D) Ni- and (E) Na-

doped ZnO nanostructures grew in 100 ml of growth solution at 85°C. 

 

The average diameters and mean errors of the doped and undoped ZnO NRs 

were evaluated from 100 measurements through their top view SEM images. As shown 

in Figure 5.2, the diameter distributions of the doped and undoped ZnO NRs are 

monodispersed in their diameters. The average diameters of the undoped, Co-, K-, Ni- 

and Na-doped ZnO NRs were measured to be 160, 200, 180, 440 and 170 nm with 

FWHM values of 22, 24, 21, 66 and 24 nm, respectively. 
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Figure 5.2 Diameter distributions of (A) undoped, (B) Co-, (C) K-, (D) Ni- and (E) Na-

doped ZnO nanostructures grew in 100 ml of growth solution at 85°C. 

 

Other than the outer diameters of the NRs, the introduction of dopants can also 

affect the length of the NRs. Figure 5.3 shows the cross section view SEM images of 

the NRs with measured film thickness. It is noticeable that all the observed NRs for the 

doped and undoped ZnO samples are grown along the [0001] direction, which is 

directly resulted from the highly reactivity of the polar (002) surface. The average 

lengths of the undoped, Co-, K-, Ni- and Na-doped ZnO NRs were determined to be 

4.0, 3.1, 3.6, 2.2 and 3.8 µm, respectively. 
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Figure 5.3 Cross-sectional SEM images of (A) undoped, (B) Co-, (C) K-, (D) Ni- and 

(E) Na-doped ZnO nanostructures grew in 100 ml of growth solution at 85°C. 

 

For the Na- and K-doped ZnO nanostructures, the average lengths of the NRs 

are almost similar to that of pristine ZnO NRs. However, the Co- and Ni-doped ZnO 

NRs are shorter in comparison to the pristine ZnO NRs. The length of the Co-doped 

ZnO NRs is reduced by ~22.5%, while the length of the Ni-doped ZnO NRs is about 

half of that from the pristine ZnO NRs. The large NR diameter of the Ni-doped ZnO 

NRs is consistent to the observation of shorter NR. In order to establish the NR surface 
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density, the volume of individual NR (𝑉) was calculated and the results are presented in 

Table 5.1, using the following equation: 

 

𝑉 =
3√3(𝑟2)𝑡

2
 

(Equation 5.1) 

 

where 𝑟 and 𝑡 are the radius and length of the NR, respectively. 

 

Table 5.1 Morphological parameters and volume of individual NR. 

NR samples 

Dimensions (µm) 

𝑉 (µm3) 

Radius Length 
Distance between 

adjacent NRs 

Pristine ZnO 0.08 4.0 0.17 0.0665 

Co-doped ZnO 0.10 3.1 0.20 0.0805 

Ni-doped ZnO 0.22 2.2 0.18 0.2766 

Na-doped ZnO 0.09 3.8 0.38 0.0713 

K-doped ZnO 0.09 3.6 0.18 0.0799 

 

As shown in Table 5.1, the results reveal that most of doped NRs have similar 

volume for a single rod, except for the Ni-doped ZnO sample which has a much larger 

volume. This can be attributed to the effect of large cross section diameter of the (002) 

plane. In addition, the large NR volume of the Ni-doped ZnO also indicates that the 

number density of the NRs is much less than other ZnO samples, which suggests that 

coalescence between the adjacent NRs could be happened to result a large diameter in 

the Ni-doped ZnO sample. 
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5.4.2 Effect of Dopants on the Morphology of ZnO NRs 

 The CBD growth mechanism of ZnO NRs was discussed in section 3.4.2. The 

doping precursor could be embedded during the formation of NRs and a bulk doping 

would be expected. From Figure 5.1 and 5.3, the introduction of different dopant ions 

into the growth solutions could clearly affect the morphology of the NRs. Previous 

findings reported that different dopants will form different type of charged complex 

ions (cation or anion) in the nutrient solutions, which will then create electrostatic 

interaction with the zinc reactants and ZnO surfaces to alter the NRs morphology 

bidirectionally (increasing or decreasing the aspect ratio).279-281 

For ZnO crystals, the dopants can be divided into two types, A-type and B-type 

ions, based on how they affect the crystal morphology. A-type metal ions tend to inhibit 

NR growth along the vertical (002) plane, causing an increase of deposition onto the 

sidewalls (100), resulting in larger diameter but shorter overall film thickness. 

Conversely, B-type dopants cause inhibition of the sidewall (100) deposition, resulting 

increased the favourability towards the growth of the vertical (002) plane.279 In such 

case, the as-grown NR will be longer with a smaller diameter, forming a needle-like 

nanostructure. 

 Atomic force microscopy measurements showed that the (002) surface plane is 

negatively charged and (100) sidewalls plane is positively charged on the ZnO NR.279 

Cations, such as Mg2+, Ca2+, Cu2+ and Cd2+, generally behave like A-type dopant and 

would be attracted to the negative top face, (002) plane, thus inhibiting the vertical 

growth. On the contrary, cations, such as Al3+, In3+ and Ga3+, form negatively charged 

complex in solution at pH 11, which will be attracted to inhibit the deposition onto the 

(100) sidewall plane.279 
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In this experiment, two different groups of metal ions, alkaline and transition 

metal ions, were introduced into the growth solutions. The addition of alkaline cations 

(Na+ and K+), only increases the diameters of NRs by 6.25% (Na+) and 12.5% (K+) 

respectively, in comparison with the pristine ZnO NRs. This suggests that both the Na+ 

and K+ could possibly classified as weak A-type metal ions. 

 With Co2+ and Ni2+ doping, the diameters of the NRs increase by 25% (Co2+) 

and 175% (Ni2+) with significant effect on the overall length of the NRs as well. This 

suggests that both the Co2+ and Ni2+ are A-type metal ions, which can effectively inhibit 

the growth of the NRs along the (002) direction, resulting in large diameter NRs. The 

significant different effects between the Co2+ and Ni2+ can be attributed to the difference 

in the binding energies of Co2+ and Ni2+ on the oxygen terminated of ZnO (002) plane. 

Experimental measurements revealed that the formation enthalpy of NiO is about 

2.5 kJ mol-1 more negative than CoO. Therefore, we could expect that Ni will bind more 

strongly to the ZnO (002) plane and thus resulting in large diameter NRs.282 

 

5.4.4 XRD Characterisation of Doped ZnO NRs 

 After examining the morphologies of undoped and doped ZnO NRs, powder 

XRD was used to investigate the crystal structure and crystal orientation of the samples. 

The XRD patterns of undoped and doped ZnO nanostructures were compared with 

standard XRD database for wurtzite ZnO (JCPDS # 36-1451) and alpha-titanium 

(JCPDS # 44-1294). 
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Figure 5.4 XRD patterns of (A) undoped, (B) Co-, (C) K-, (D) Ni- and (E) Na-doped 

ZnO NRs grew in 100 ml of growth solution at 85°C. The miller indices of crystal 

planes are labelled where Z and T are ZnO and titanium, respectively. 

 

As shown in Figure 5.4, all samples present the typical the wurtzite ZnO 

diffraction peaks located at 2θ = 31.92°, 34.75°, 36.55°, 47.84°, 56.90°, 63.12° and 

68.26° (Z) corresponding to (100), (002), (101), (102), (110), (103) and (112) crystal 

planes. Meanwhile, the alpha-titanium gives the diffraction peaks located at 2θ = 

38.16°, 39.89° and 52.42° (T), corresponding to (002), (101) and (102) crystal planes. 

The sharp and intense diffraction peaks revealed the high quality crystal structure. It is 

important to note that there is no dopant metal oxides phases were observed in the XRD 

patterns. This indicates the dopants are homogenously distributed into the ZnO NRs.  
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As shown in the XRD spectra, all the samples are having a dominant (002) peak, 

which suggesting the NRs are grown along the [0001] direction. The relative texture 

coefficient values (Equation 2.7, Section 2.3) of the undoped and doped ZnO samples 

were determined. The relative texture coefficients of undoped, Co-, K-, Ni- and Na-

doped ZnO NRs were calculated to be 0.90, 0.85, 0.87, 0.82 and 0.92, respectively. This 

suggests that the Co- and Ni-doped ZnO NRs have a poor c-axis orientation with 

respect to the surface normal. This finding is in good agreement with the SEM images 

in Figure 5.3. Since the Co- and Ni-doped ZnO NRs have larger diameters, it is 

expected that the coalescence of the adjacent vertically aligned NRs could only be 

achieved by gradually tilting of NRs at later stage of the growth. This behaviour will 

decrease the degree or the crystal alignment leading to a lower relative texture 

coefficient. 

 

 

Figure 5.5 Enlarged (002) diffraction peaks of undoped and doped ZnO NRs.  

 

It is noteworthy that, in comparison to undoped ZnO NRs, the (002) peak of the 

doped ZnO samples are generally broader, as shown in the magnified (002) XRD peak 

in Figure 5.5. This indicates that the dopants could decrease the overall crystallinity 
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with smaller single crystal size. The crystal domain sizes (Equation 2.5, Section 2.3) of 

the undoped, Co-, K-, Ni- and Na-doped ZnO NRs were calculated to be 29.45, 22.72, 

24.85, 22.72 and 26.51 nm, respectively. The smaller crystal domain size can be 

attributed to the formation of surface defects (oxygen or zinc vacancies) in the doped 

samples after the incorporation of dopants into the ZnO lattice, since with respect to 

ZnO, the dopant ions have different valence charges, ionic radii and native oxide crystal 

structures. In comparison to Na and K doping, the Co- and Ni-doped ZnO NRs have the 

smallest crystal sizes. This probably can be explained by the higher dopant 

concentrations inside the ZnO as identified in Table 5.2. Such higher dopant 

concentration suggests that Co2+ and Ni2+ have higher binding energy on ZnO surface, 

which is also supported by significant morphology variations of the Co- and Ni-doped 

ZnO NRs, observed in Figure 5.1 and 5.3. 

In addition, from Figure 5.5, when compared to pristine ZnO, the (002) peak 

positions of the Na- and K-doped ZnO samples are having an obvious shift of ~0.1° 

toward a lower angle, while the Ni- and Co-doped ZnO samples show very little shift. 

The shift of the (002) peak position can be attributed to the distortion of the ZnO lattice 

after incorporation with dopants. Here, the c-lattice constants (Equation 2.2, Section 

2.3) of the undoped and doped ZnO samples were determined. The lattice constants ‘c’ 

of undoped, Co-, K-, Ni- and Na-doped ZnO NRs were calculated to be 5.163, 5.162, 

5.181, 5.160 and 5.179 Å, respectively. 

The shift of the (002) peak to a lower angle for the K- and Na-doped ZnO NRs 

is due to the ionic radii of these dopants are larger than Zn2+. According to Shannon 

R.D., the ionic radii of Zn2+, Na+ and K+ are 0.74, 1.18 and 1.51 Å, respectively.283 

When the zinc sites are being substituted by these alkaline metal ions, the ZnO lattice 

will be enlarged with some crystal strains.79 This is consistent with the calculated c-
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lattice constant where the K- and Na-doped ZnO NRs showed an increase of ~0.3% in 

the c-lattice parameter as compared to the pristine ZnO NRs. The obtained results are 

consistent with the previous findings.272, 284 Such analysis also suggests that some of the 

dopants occupy the substitution positions by replacing Zn2+ in the lattice, which is 

essential for band gap engineering. 

For the Co- and Ni-doped ZnO samples, there is much less crystal lattice 

expansion. This may be due to the ionic radii of Ni2+ ion (0.69 Å) and Co2+ ion 

(0.72 Å)285 are slightly smaller or similar to the ionic radius of Zn2+ ion (0.74 Å).283 

Therefore, the substitution of Ni2+ or Co2+ ions into the zinc sites will not cause much 

distortion of the ZnO lattice. Both Chiu H. S. et al.286 and Ma P. et al.287 have obtained 

the similar XRD spectra for their recent investigation in the solution growth of Ni- and 

Co-doped ZnO nanostructures. 

 

5.4.4 Actual Dopant Concentrations of Doped ZnO NRs 

In order to further confirm that Na, K, Co and Ni metal ions were successfully 

doped into the ZnO lattice, ICPMS was used to determine the actual dopant 

concentrations in the NRs. The ICPMS samples were prepared by dissolving NRs in 

2 ml of 1.5% nitric acid then being diluted to 50 ml with DI water. The results are 

shown in Table 5.2. The measurements reveal the presence of dopant (Co2+, Ni2+, Na+ 

and K+) ions in the doped ZnO samples, which suggests that these dopants were 

successfully doped into the ZnO lattice. 

It is noticeable that the actual dopant/Zn molar ratios are much lower than that in 

the nutrient solutions. The low-level of doping concentration can be attributed to the 

solubility of these dopants in ZnO.273, 286 It has been reported that the dopant solubility 

increases with increasing the operating temperature since the diffusion of the dopant 
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ions into the ZnO crystals is favoured at high temperature.288 In our experiment, the 

CBD reacts at a rather low temperature (~85°C), thus the solubilities of the dopant ions 

are expected to be much lower. Similar low temperature behaviour for transition metal 

ion doping in ZnO nanocrystals has been reported.273, 289 

 

Table 5.2 ICP-MS analysis of doped ZnO NRs. 

NR samples 

Dopant concentration (%) 
Doping 

efficiency (%) 
Solution Film 

Co-doped ZnO 25.0 2.95±0.28 11.80 

Ni-doped ZnO 25.0 3.23±0.26 12.92 

Na-doped ZnO 25.0 2.17±0.42 8.68 

K-doped ZnO 25.0 1.98±0.36 7.92 

 

In comparison with Na+ and K+ doping, Co2+ and Ni2+ have achieved relative 

higher dopant concentrations. This observation can be explained by the high binding 

energy of the Co2+ and Ni2+ and large ion radii of Na+ and K+. This is consistent with 

the observation of morphology variation, lattice constants enlargement, crystal textures 

and crystal domain sizes for our Na-, K-, Co- and Ni-doped ZnO. 

 

5.4.5 Optical Properties of Undoped and Doped ZnO NRs 

 The possible effect of doping on the optical band gap energy of ZnO was 

investigated using UV-vis spectrophotometer. Each samples were prepared on glass 

substrates and were annealed to 400oC before the UV-vis transmission and absorption 

measurements. 
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Figure 5.6 (A) Optical transmission and (B) absorption spectra of the undoped and 

doped ZnO NRs. 

 

The average values of the optical transmission of the undoped and doped ZnO 

samples at 300600 nm were estimated ranging from 5085% (Figure 5.6A). As shown 

in Figure 5.6B, the UV-vis absorption onset of the doped ZnO NRs are shifted to a 

longer wavelength (> 400 nm) when compared to the pristine ZnO NRs (~387 nm). The 

red shift in the absorptions of the doped ZnO samples indicate that the optical band gaps 

of the doped ZnO nanostructures are smaller than the pure ZnO NRs. This reveals a 

significant enhancement in the absorption of solar light toward the visible region. The 

band gap energies of the samples can be calculated from the recorded optical 

transmission spectra using the Tauc equation (Equation 2.11, Section 2.4). 

 

 

 



131 
 

 

Figure 5.7 Tauc plots of undoepd and doped ZnO NRs, (A) full spectra and (B) 

enlarged region between 3.0–3.45 eV. 

 

 Figure 5.7 presents the plots of (𝛼ℎ𝜐)2 vs ℎ𝜐 for the undoped and doped ZnO 

nanostructures. The linear nature of the Tauc plots at the absorption edges confirms that 

both the undoped and doped ZnO NRs are semiconductors with direct band gaps. The 

magnified Tauc plots in Figure 5.7B show the band gap energies of the pure ZnO, Co-, 

K-, Ni- and Na-doped ZnO NRs were 3.26, 3.14, 3.15, 3.16 and 3.12 eV, respectively. 

The measurements reveal that all the doped ZnO NRs possessed a smaller band gaps 

than the pure ZnO NRs.  

There are two possible reasons that cause the reduced band gap energies for the 

doped ZnO samples. Firstly, it may be caused by the creation of oxygen vacancies and 

defect centres within the ZnO structure induced by the dopants.278 Secondly, the 

existence of impurities (Co2+, K+, Na+ or Ni2+) in the ZnO structure lead to the 

formation of impurity bands inside the band gap region of ZnO, which caused the 

shrinkage effect in the band gaps of the doped samples.271, 272 
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Figure 5.8 Plots of ln α as a function of photon energy for undoped and doped ZnO 

nanostructures. 

 

The formation of band tailing in the band gap is often observed when there is 

impurity incorporate into the semiconductor, which is also known as Urbach tail. The 

Urbach tails of the samples can be calculated using the Urbach rule (Equation 2.13, 

Section 2.4). The Urbach energy (𝐸𝑢) of the sample was obtained from the inverse of 

the slope of ln 𝛼 as a function of ℎ𝜐, as shown in Figure 5.8. This is equivalent as 

assuming the Urbach tail follows an exponential curvature defined by the 𝐸𝑢. The 𝐸𝑢 

values of undoped, Co-, K-, Ni- and Na-doped ZnO NRs were calculated to be 94.5, 

112.6, 163.2, 105.8 and 169.4 meV, respectively. The obtained 𝐸𝑢 value of pristine ZnO 

NRs is comparable with the reported value.187 The 𝐸𝑢  values change inversely with 

optical band gaps of the nanostructures. It is important to note that all the doped ZnO 

NRs are having a higher 𝐸𝑢 value as compared to that of pure ZnO. The larger the 𝐸𝑢 

value indicates an increased in the structural disorder and the number of defects in the 

created nanostructures.187 These measurements further confirm that the dopants (Na, K, 

Co and Ni metal ions) were successfully substituted into the ZnO lattice. 
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5.5 PEC Hydrogen Generation Study of Undoped and Doped ZnO NRs 

The PEC water splitting performances of the undoped and doped ZnO NRs were 

investigated. Figure 5.9A represents the photocurrents generated from pure ZnO (red 

curve), Ni-doped ZnO (pink curve), Co-doped ZnO (blue curve), K-doped ZnO (green 

curve) and Na-doped ZnO (black curve) under simulated sunlight (100 mW cm-2 with 

an AM1.5 G filter) between potentials of 0.5 and 1.0 VAg/AgCl together with the dark 

current measured from Na-doped ZnO NRs (orange curve) in 1.0 M KOH electrolyte 

(pH 13.6). 

 

 

Figure 5.9 (A) Photocurrents generated from pristine and doped ZnO NRs in 1.0 M 

KOH electrolyte (pH 13.6) under simulated sunlight of 100 mW cm-2 with an AM1.5 G 

filter and (B) the corresponding output power and photoconversion efficiency under 

AM1.5 G full solar spectrum irradiation. 

 

In comparison to the pure ZnO NRs photoanode, it is obvious that all the doped 

ZnO NRs demonstrated a significant improvement in the photocurrent density. At a 

typical potential of 1.0 VAg/AgCl, the photocurrents generated from pure ZnO, Ni-, Co-, 

K- and Na-doped ZnO NRs photoanodes were measured to be 0.42, 0.48, 0.58, 0.62 and 

0.90 mA cm-2, respectively. It is worth noting that the onset potentials of all the doped 
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ZnO NR photoanodes are more negative than that of pristine ZnO NR photoanode. The 

onset potentials of pure ZnO, Ni-, Co-, K- and Na-doped ZnO NRs were 0.35, 0.39, 

0.38, 0.39 and 0.42 VAg/AgCl, respectively. The onset potential is determined by the 

slow kinetics of water oxidation, where it is used to remove four electrons and four 

protons from two water molecules to form one molecule of oxygen. Therefore, the 

photogenerated electrons and holes will accumulate at the surface of the electrode and 

surface recombination will occur until sufficient positive potentials are applied.79 For 

the doped ZnO samples, the shift of the onset potentials to a more negative value can be 

attributed to the created defects (oxygen vacancies) of the electrodes after the 

introduction of dopants, causing in lowering the kinetic barrier to interfacial charge 

transfer.79 Therefore, a smaller overpotential will be required and thus the IV curves of 

the doped ZnO samples are shifted to the left. 

The photoconversion efficiency of the sample can be calculated from the ratio of 

electrochemical energy density to the input of photoenergy density (Equation 2.27, 

Section 2.6), as presented in Figure 5.9B. The maximum photoconversion efficiencies 

of the Ni-, Co-, K- and Na-doped ZnO NRs were calculated to be 0.14, 0.24, 0.26 and 

0.29%, respectively, which were 1.3, 2.2, 2.4 and 2.6times higher than that of undoped 

ZnO NRs (0.11%). The higher photoconversion efficiencies suggest that the doped ZnO 

NRs electrodes are more efficient in light absorption and converting it to the electricity 

than the pure ZnO NRs electrode. 
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Figure 5.10 MS plots of (A) undoped, K- and Na-doped ZnO NRs and (B) Co- and 

Ni-doped ZnO NRs in 0.5 M of Na2SO4 (pH 6.8). The amplitude of the sinusoidal wave 

was set at 10 mV at a frequency of 1 kHz. 

 

In addition, EIS measurements were carried out to measure the capacitances of 

the NRs in 0.5 M of Na2SO4 (pH 6.8) in the dark with an AC voltage of 10 mV at a 

fixed frequency of 1 kHz. As shown in Figure 5.10, both the undoped and doped ZnO 

samples show positive slopes in the MottSchottky (MS) plots, which confirm the n-

type semiconductor behaviour of the electrodes. The flatband potential, 𝑉𝐹𝐵 , of the 

photoanodes can be obtained by MS analysis (Equation 2.23, Section 2.5). The 𝑉𝐹𝐵 

values of the photoanodes were determined by extrapolation of x-intercepts in MS 

plots. The values of 𝑉𝐹𝐵 of the undoped, Co-, Ni-, K- and Na-doped ZnO NRs were 

measured to be 0.41, 0.52, 0.44, 0.53 and 0.50 VAg/AgCl. The measurements reveal 

that the 𝑉𝐹𝐵 values of the doped ZnO photoanodes are more negative than the pristine 

ZnO photoanode. This suggests the charge separation of the doped ZnO NRs is better 

than that of pristine ZnO NRs. This is because the doped ZnO samples have a lower 

potential barrier to overcome, resulting in a reduction of the charge transfer resistance 

and an enhancement in the charge transfer.79 The measurements are consistent with the 

photocurrent onset measured from Figure 5.9A where all the doped samples are having 
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a more negative potential than the undoped ZnO NRs. It is important to note that the 

obtained onset potentials of the samples are more positive than the 𝑉𝐹𝐵 values. This can 

be accredited to the interfacial charge transport limitations of the samples.290 

In addition, the doped ZnO electrodes show substantially smaller gradients of 

the MS plots as compared to the pristine ZnO electrode. This implies the donor 

densities of the doped ZnO samples are increased. The slopes of the MS plots were 

used to derive the charge carrier density of the photoanodes (Equation 2.24, Section 

2.5). For ZnO, it has a relative dielectric constant value of 10 291 and the donor densities 

of pure ZnO, Co-, Ni-, K- and Na-doped ZnO were calculated to be 7.16 ×  1018, 

1.05 × 1020, 1.34 × 1020, 2.48 × 1019 and 2.20 × 1019 cm-3, respectively. In comparison 

with the dopant concentrations identified from ICPMS in Table 5.2, the large donor 

densities for the doped ZnO samples may be due to the oxygen vacancies, which are 

known as electron donor for oxide-based semiconductors.89 The increased in the 

electron density will improve the electron transfer at the interface between the ZnO and 

titanium substrate, as well as the charge transport within the ZnO. In addition, the Fermi 

level of the doped ZnO samples is expected to shift toward the conduction band due to 

the increased of the electron density. This will facilitate the charge separation at the 

interface of semiconductor and electrolyte by increasing the degree of band bending at 

the ZnO surface.265 Therefore, the PEC water splitting performances of the doped ZnO 

NRs are improved. 

 Other than that, the optical band gap of the sample also plays an important role 

in determining the photocatalytic water splitting. As discussed in section 5.4.5, all the 

doped ZnO NRs owned a smaller band gap energy than that of pristine ZnO NRs 

(Figure 5.7). The smaller band gap energy will extend the absorption region and 

increase the number of solar excited electrons and holes, thus resulting in a higher PEC 
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water splitting efficiency. This increased population of excitons will benefit from the 

increased donor densities and improved the charge mobility. In addition, Zou Z. et al. 

have reported that the improvement of photocatalytic of the nanostructures doped with 

transition metals could be due to the d-d transition induce the electron-hole separation 

and improved the generation of hydrogen and oxygen.292 However, the mechanism on 

how the d-orbitals enhanced the photoexcitation and photocatalytic activity is still 

remained unknown. 

Another possible parameter that affect the PEC water splitting activity is the 

surface area to volume ratio (SAVR) of the sample, which determines geometry effects 

on the reaction kinetics for gas or liquid at solid surface.293 Based on the measured 

morphological dimensions, the SAVR values (Equation 3.10, Section 3.4.7) were 

calculated as 0.0181, 0.0175, 0.0184, 0.0110 and 0.0194 nm-1 for pristine ZnO, Co-, K-, 

Ni- and Na-doped ZnO NR arrays, respectively. Consistent with the findings, Na- and 

K-doped ZnO NR arrays with the highest SAVR values achieved highest photocurrent 

densities and photoconversion efficiencies.  

In summary, the reduced band gap energy, increased carrier concentration, 

improved interfacial catalysis and increased SAVR are believed to be the major reasons 

for the improvement in photoactivity of PEC water splitting for the doped ZnO NRs. 

 

5.6 Conclusions 

Doped ZnO NRs were successfully created through the aqueous CBD method. 

The surface morphology of ZnO nanostructures was strongly affected by the type of 

charged ions formed by the dopants, which will alter the NRs morphology, either 

increasing or decreasing the aspect ratio. All the doped ZnO samples demonstrated a 

reduced in the optical band gap energy. An efficient solar hydrogen system was 
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developed based on the doped ZnO NRs photoanodes. When compared with the pristine 

ZnO NRs photoanode, all the doped ZnO NRs electrodes revealed at least ~27% 

enhancement in the photoconversion efficiency. Among these photoanodes, Na-doped 

ZnO NRs electrode exhibited the highest PEC water splitting efficiency, which was 

2.6times more efficient than the pristine ZnO NRs photoanode. The improvement in 

photoactivity of PEC water splitting may be attributed to the increased SAVR, reduced 

band gaps, improved charge separation, increased donor densities and improved the 

interfacial charge-transfer kinetics.  
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Chapter 6 Enhanced Hydrogen Production through 3D ZnO Nanorods 

Array on Stainless Steel Meshes 

 

6.1 Abstract 

Here we report on a novel approach for the direct growth of vertically aligned 

ZnO NRs array on stainless steel (SS) mesh by power-assisted chemical bath deposition 

method, forming a 3D configuration. The effect of the applied powers on the final 

morphologies of ZnO nanostructures was examined. The correlation between the 

growth durations and the final morphologies of ZnO nanostructures was investigated. 

With increased growth duration, both the diameter and length of the NRs were linearly 

increased. The photocatalytic activity of the synthesised nanostructures was tested in a 

PEC water splitting process. When compared with 2D array of ZnO NRs (0.13%), 

which grown on SS plate, 3D array of ZnO NRs (0.28%) demonstrated an improved in 

PEC water splitting efficiency by two-fold. The photoconversion efficiency was further 

enhanced by folding the number of the 3D array where four layers (0.80%) of 3D array 

of ZnO NRs revealed a photoconversion efficiency enhancement of ~158% as 

compared to that using single mesh (0.31%) of 3D array of ZnO NRs. 

 

6.2 Introduction 

 The development of alternative energy has steadily grown to replace 

conventional fossil fuel energy source. PEC water splitting is one of the promising 

solutions to harvest and store the solar energy into hydrogen fuels. Photocatalysts 

possessed large surface areas, excellent electron transportation, low charge carrier 

recombination and good electrical contact with the substrates are essential for producing 
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high photoenergy conversion.9 Predominantly, surface area of the nanostructures is one 

of the crucial factors that affect the photocatalytic efficiency. A large effective surface 

area of a photoanode is expected to achieve a higher photoconversion efficiency since 

the amount of photocatalytic material and interface area with the electrolyte is 

increased. As such, one of the approaches to increase the surface area of the electrode is 

to combine three-dimensionality of the substrate with metal oxide nanostructures. Since 

it was first reported that the deposition of TiO2 nanoparticles on SS mesh have shown to 

increase the DSSCs efficiency,294 a great number of 1D metal oxide nanostructures, 

such as NRs,295 NTs296, nanosheets297 and NWs,76 have been designed and prepared on 

metal wires296, 298 or meshes299, 300 for improving the conversion efficiency. 

 Other than TiO2, ZnO has received renewed attention due to the wide direct 

band gap and excellent electron transportation.240 Furthermore, ZnO has a longer hole 

diffusion length (~125 nm)29 when compare to TiO2 (~100 nm)234 and its electron 

mobility is typically 10100 times higher than that of TiO2.
73, 266 So far, only a few 

groups have reported the growth of ZnO nanostructures on metal meshes through the 

traditional CBD, hydrothermal and CVD methods and those samples were mainly 

applied in photocatalytic degradation of dyes and DSSCs applications.301-303 

In the present work, we report for the first time, a single-step CBD to synthesise 

vertically aligned crystalline ZnO NR arrays on the SS meshes with the assisting of 

power, which we named it as power-assisted CBD (PACBD) method. The morphology 

and length of the NRs can be controlled by tuning the parameters of PACBD. The PEC 

measurements reveal that the 3D arrays of ZnO NRs electrode is roughly two times 

more efficient than the 2D arrays of ZnO NRs electrode. In addition, the PEC water 

splitting efficiency is further improved by folding the number of 3D arrays of ZnO NRs. 
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6.3 Experimental Details 

6.3.1 Preparation of SS Meshes 

All the chemicals used were analytical grade and purchased from Sigma-

Aldrich. The SS meshes (Alfa Aesar) used in this experiment had a mesh count of 100, 

where the opened area is 0.142 mm by 0.142 mm with a wire diameter of 0.112 mm. 

The SS meshes (1 cm × 3 cm) were degreased and cleaned under sonication in an IPA 

bath for 15 minutes, and dried in air before they were used for growing ZnO NRs on the 

surfaces. 

 

6.3.2 Preparation for Growing ZnO NRs on SS Meshes by PACBD 

A typical setup for PACBD growth of ZnO NRs is shown in Figure 6.1. 

 

 

Figure 6.1 Typical PACBD setup for growing ZnO NRs on SS mesh with a top view 

SEM image of clean SS mesh. 

 

Firstly, a cleaned SS mesh (1 ×  3 cm2) was spot welded onto two SS bars 

followed by connecting it to a power supply. The whole setup was then immersed into a 

glass beaker containing 150 ml of nutrient solution for growing ZnO NRs. The nutrient 

solution was composed of a 1:1 molar ratio of zinc nitrate hexahydrate (1.78 g) and 

hexamethylenetetramine (HMT; 0.84 g) in 300 ml DI water. The final concentration of 
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the solution was 20.0 mM. ZnO NRs were grown on SS meshes at different applied 

powers and different growth durations, ranging from 14.0 to 60.0W and 30 to 

120 minutes, respectively. No additional heating of the growth solution is needed. The 

as-prepared samples were rinsed three times with DI water and air dried. 

 

6.3.3 Characterisation 

SEM (JSM 820M, Jeol) was used to examine the surface morphologies of the 

samples. Power XRD (Siemens D500) was carried out to analyse the crystallinity and 

structure orientation of the nanostructures. UV-vis spectrophotometer 

(Thermospectronic UV 300) was used to record both the optical absorption and 

transmission of the samples. The average diameters and average film thicknesses were 

measured from top- and side-view SEM images using Image J (National Institutes of 

Health, USA). The PEC water splitting was measured using a standard three-electrode 

configuration in a 1.0 M KOH electrolyte (pH 13.6). A platinum foil was used as 

counter electrode and a KCl saturated Ag/AgCl electrode was used as a reference. A 

USB potentiostat (eDAQ) was used to control and record the photocurrent as a function 

of electrochemical potential. Sunlight was simulated with a 300W xenon arc lamp with 

an AM1.5 G filter and the output light power density was adjusted to 100 mW cm-2, 

200 mW cm-2 and 300 mW cm-2. The optical power density was calibrated by a power 

meter (Newport 1830-C) with a wide band sensor (Newport 818-UV attenuated). EIS 

(Palmsens 3.0) measurements were carried out in 0.5 M Na2SO4 solution (pH 6.8) and 

the amplitude of the sinusoidal wave was set at 10 mV. 
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6.4 Results and Discussion 

6.4.1 Growth of ZnO NRs on SS Meshes by PACBD 

 Figure 6.2A and 6.2B represent the photographs of SS meshes before and after 

the growth of ZnO NRs in 150 ml of nutrient solution for 60 minutes at an applied 

heating power of 33.0W (M60mW33). The photographs reveal that the colour of the SS 

mesh has changed from shinny grey to white-greyish after the deposition of ZnO NRs 

with reduced transparency. 

 

 

Figure 6.2 Photographs of SS meshes (A) before and (B) after the growth of ZnO NRs 

in 150 ml nutrient solution for 60 minutes at an applied heating power of 33.0W 

(M60mW33). (C) and (D) are their corresponding top view SEM images. 

 

The low magnification SEM images of the SS mesh before and after the growth 

of ZnO NRs are shown in Figure 6.2C and 6.2D. The SS mesh has an opened area of 

0.14 mm by 0.14 mm with a wire diameter of 0.11 mm. After 60 minutes of PACBD 

reaction, ZnO NRs were uniformly deposited in a radially outward direction on the 
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surface of SS wires throughout the SS mesh without any obvious cracks, featuring a 3D 

configuration (Figure 6.2D). The length of the NRs and the diameter of SS wire are 

measured to be 9.6 µm and 129.2 µm, respectively. 

It is worth noting that the SS mesh is still translucent after the growth of ZnO 

NRs for 60 minutes, shown in Figure 6.2B. The percentages of projected open area (A) 

of the samples can be calculated using the following equation: 

 

 𝐴 (%) = (
𝑂𝑠𝑠 − 2𝐿

𝑂𝑠𝑠 + 𝐷𝑠𝑠
)

2

× 100 
(Equation 6.1) 

 

where 𝑂𝑠𝑠 is the opening of SS mesh (mm), 𝐷𝑠𝑠 is the diameter of SS wire (mm) and 𝐿 

is the length of the NRs (mm). As shown in equation 6.1, the projected open area of the 

sample is directly correlated to the NR length. When the length of the NR is increased, 

the projected open area of the sample will be decreased due to the deposition of ZnO 

NRs will reduce the opening distance. The resulting projected opening areas of the 

M60mW33 and the clean SS mesh are calculated to be ~23.4% and ~31.3%, where the 

projected open area of the M60mW33 is slightly less than the clean SS mesh. 

The growth of ZnO NRs on SS meshes using PACBD method offers several 

advantages. Firstly, PACBD is a one-step experiment where the seeding process is 

occurred during the growth process. Unlike PACBD, traditional CBD requires a seed 

layer for the growth of vertically aligned arrays of ZnO NR. Secondly, PACBD is a 

much faster growth process compared to the traditional CBD. For example, the time 

needed for traditional CBD to grow ZnO NRs with length of ~5 µm is about 15 hours 

while with PACBD, it only needs 30 minutes. Thirdly, PACBD offers a homogenous 

deposition of ZnO NRs throughout a large surface area. For traditional CBD, there will 

be a temperature gradient in the nutrient solution which will cause an uneven deposition 
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of ZnO nanostructures on the surface of substrate. On the contrary, PACBD is an in-situ 

heating process where the heat was consistently generated on the surface of SS mesh 

driven by the applied heating current through the SS wires. The concentrated heat on the 

SS mesh wires will rapidly decompose the HMT and accelerate the deposition of ZnO 

onto the surface, resulting in fast growth of homogenous NR films. 

 

6.4.2 Effect of Applied Heating Power on the Morphology of ZnO NRs 

It has been reported that one of the parameters that will affect the morphology of 

the ZnO nanostructures is the growth temperature. For PACBD process, the growth 

temperature is determined by the applied heating power. Hence, the correlation between 

the morphology of ZnO NRs and applied power in PACBD process was investigated. 

All the experiment parameters, such as the dimension of SS mesh (1 × 3 cm2), growth 

duration (60 minutes) and volume of nutrient solution (150 ml) were maintained as 

constant. The applied heating powers were operated ranging from 14.0W to 60.0W. 
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Figure 6.3 Tilted view SEM images of ZnO NRs grown on SS meshes in 150 ml of 

nutrient solution for 60 minutes at different applied heating powers, (A) 14.0W, (B) 

22.5W, (C) 33.0W, (D) 45.5W and (E) 60.0W. 

 

Figure 6.3 demonstrates that the final morphology of ZnO NRs is strongly 

affected by the applied heating power. At a low applied power (14.0W), only some 

sparse randomly oriented ZnO NRs were formed on the surfaces of SS mesh with the 

presence of some big crystals (Figure 6.3A). Further increased the applied power to 

33.0W resulted in the formation of higher density and well-ordered ZnO NRs. The rods 

formed are relatively vertically aligned on the surface of SS mesh. When the applied 

power was 45.5W, tapered-like ZnO nanostructures with small branches were created 
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on the SS mesh. With the heating power above 45.5W, the tree-like, branched ZnO NRs 

were formed. 

 

 

Figure 6.4 Temperature plots of SS mesh and nutrient solution as a function of applied 

heating power with nutrient solution volume of 150 ml and SS mesh dimension of 

1 × 3 cm2. 

 

Both the temperatures of the SS mesh and nutrient solution were measured as a 

function of applied power, shown in Figure 6.4. A thermocouple was spot-welded onto 

the SS mesh in order to measure the temperature of the SS mesh. When the applied 

power was increased, both the temperatures of the SS mesh and nutrient solution were 

increased. It is noticeable that the temperature of the nutrient solution was almost 

similar to the temperature of the SS mesh at low applied power. When the applied 

power was above 10.0W, the temperature of the SS mesh was slightly higher than that 

of the solution temperature. This suggests that the heating rate at the SS mesh is 

relatively higher than the heat transfer rate from the SS mesh to the nutrient solution. 

Therefore, the temperature of the growth solution tends to be lower than the temperature 

at the SS mesh. Based on the power dependent experiment, at 33.0W, the quality of the 
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formed ZnO NRs are relative more c-oriented with good alignment. Furthermore, the 

temperature of the SS mesh at this applied power (~83°C) is similar to the temperature 

required for the decomposition of HMT (~85°C). 

 

6.4.3 Growth Mechanism of ZnO NRs by PACBD 

The growth mechanism of ZnO NRs using the PACBD method is very similar to 

that of the traditional CBD method, as discussed in section 3.4.2. Since the whole SS 

mesh is immersed in the growth solution, the generated heat will immediately 

decomposes the HMT to NH4OH, which increases the pH of the solution. At higher pH, 

Zn2+  ions will be hydrolysed into Zn(OH)2, which will then be deposited onto the 

heated SS mesh as ZnO. As mentioned before, the seed layer is formed during the 

growth process in PACBD. Therefore, the deposition of ZnO at the first few minutes 

will serve as the seed layer which will then assist the growth of vertically aligned arrays 

of ZnO NR.  

It is important to note that the ZnO rods formed are tapered-like, as shown in 

Figure 6.3. This can be explained where the heat generated at SS mesh caused a rapid 

decomposition of the HMT, which results in the production of a large amount of OH− 

ions at the beginning. These OH−  ions will react with the Zn2+  ions in the growth 

solution, resulting in a sufficient and thorough growth of ZnO, thus forming ZnO rods 

with a thicker base. As the duration of reaction is increased, the Zn2+  ions in the 

nutrient solution were gradually exhausted, limited by the initial concentration. Thus, 

the morphology of the NRs is determined by the depletion rate of the Zn2+  in the 

solution, which lead to the conical shape or tapered-like rods. 

 At low temperature (low applied power), only a small amount of randomly 

oriented ZnO NRs were grown on the surface of SS mesh with the presence of some 
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large crystals. This is because at low temperature, the growth rate is limited by the HMT 

decomposition rate. Meanwhile, the mobility and diffusion length of the ions on the 

substrate are limited, which prohibited the ions to diffuse around.47 As a result, the NR 

density is low with some large size nuclei are formed on the surface of the SS wires. 

When the applied power is increased to 33.0W (~83°C), the ZnO NRs formed are 

relatively more vertically aligned with higher density. Under such condition, the 

nucleation and deposition rate is in a similar order as the HMT decomposition rate, 

therefore a steady growth with uniform morphology is achieved.  

Further increased the heating power to 45.5W and above, there are some 

branched ZnO rods were formed. Such morphology is the result of rapid HMT 

decomposition at high temperature. When the formation of Zn(OH)2 is faster than the 

NR growth rate, the surface energy difference between (002) and (100) planes is not 

sufficient to distinguish the growth kinetics between these faces. These ions will then 

also be deposited onto the (100) surface, forming new nucleation sites for the growth of 

ZnO NR branches. Consequently, tree-like ZnO NRs were created with high heating 

power. It is also worth mentioning that the SS mesh could reach a temperature of 112°C 

at an applied power of 60.0W, higher than the boiling point of the solvent (water). In 

order to compensate or control the growth kinetics between (002) and (100) faces at 

high temperature, one could use variable concentration of HMT, or an alternative 

chemical with lower decomposition rate. 

 

6.4.4 Effect of Growth Duration on the Morphology of ZnO Rods 

Other than the temperature of reaction, the growth duration of ZnO 

nanostructures is another parameter that will affect the morphology of the NR, which is 

important in optimising the optical properties. While maintaining other growth 
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parameters constant, such as the applied power (33.0W), dimension of SS mesh 

(1 × 3 cm2) and volume of the nutrient solution (150 ml), the relationship between the 

growth duration and the morphology of ZnO NRs is investigated, shown in Figure 6.5. 

An applied power of 33.0W was chosen in this experiment due to the ZnO NRs grown 

under this power are relatively well-ordered with high density. 

As shown in the top view SEM images (Figure 6.5A6.5D), ZnO NRs were 

homogenously deposited throughout the SS meshes without any cracks or large defects. 

After different growth durations, vertically aligned ZnO NRs with different lengths and 

diameters were homogenously deposited on the surfaces around the SS wires 

throughout the whole SS mesh. As demonstrated in the SEM images, increased in the 

duration of reaction will result in the formation of longer, wider ZnO rods. The SEM 

images in Figure 6.5 reveal the cross sections of densely packed NRs were grown 

perpendicularly to the SS wires, except the sample which grown for 30 minutes 

(M30mW33 sample in Figure 6.5B). It is noteworthy that the adjacent NRs start to 

coalesce when the reaction time is 90 minutes and above, shown in the inset of Figure 

6.5C and 6.5D. This can be explained where the longer growth duration will lead to the 

creation of larger NRs and thus reduce the gap between the neighbouring NRs, causing 

the adjacent NRs to merge into one big rod. 
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Figure 6.5 Top and cross-sectional view SEM images of ZnO NRs on SS meshes after 

different growth durations at an applied heating power of 33.0W in 150 ml of nutrient 

solution (The inset is the corresponding higher resolution of SEM image), (A,E) 30 

minutes (M30mW33), (B,F) 60 minutes (M60mW33), (C,G) 90 minutes (M90mW33) 

and (D,H) 120 minutes (M120mW33). 
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The mean diameters and mean lengths of the ZnO rods grew at different 

durations were quantitatively measured from the SEM images in Figure 6.5. The results 

are plotted in Figure 6.6A and 6.6B. The diameters of all the samples are 

monodispersed with average diameters of 483, 670, 1040 and 1280 nm and FWHM 

values of 190, 172, 220 and 210 nm for the M30mW33, M60mW33, M90mW33 and 

M120mW33, respectively. Meanwhile, the length of the ZnO rods was increased from 

5.9 µm to 19.3 µm (Figure 6.6B). From the plots, it is clear that both the diameters and 

lengths of NRs increase linearly as a function of growth time. This suggests that under 

these experimental conditions, for as long as 120 minutes of growth, the nutrient 

solution is not approaching exhaustion. 

 

 

Figure 6.6 (A) Diameter distributions of ZnO NRs at different growth durations, (B) 

plots of average diameter and film thickness as a function of growth duration, (C) 

optical transmission spectra of ZnO NRs at different growth durations and (D) plots of 

optical transmission and percentage of open area as a function of growth duration. 
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 In addition, the rate of growth of ZnO NR along (002) surface (length) and (100) 

surface (diameter) can also be evaluated from the gradients of the diameter and length 

plots in Figure 6.6B. The calculations reveal that the rate of growth of the ZnO NRs 

along the (002) plane (158.4 nm min-1) is about 14 times faster than that along the (100) 

plane (11.2 nm min-1). This can be explained by the higher surface energy of the (002) 

plane over the (100) plane, resulting in the anions favourably absorbed onto this polar 

surface and thus lead to the formation of 1D ZnO NRs. 

It is noticeable that as the NRs become longer, the projected opening area and 

optical transmission were gradually decreased, as shown in Figure 6.6C to 6.6D. The 

percentages of open area of samples were calculated using equation 6.1, where 30.74%, 

26.28%, 23.37%, 20.50% and 15.94% were achieved by the M30mW33, M60mW33, 

M90mW33 and M120mW33. In order to quantitatively assess the amount of light that 

passes through the mesh, the optical transmissions of the M30mW33, M60mW33, 

M90mW33 and M120mW33 were measured, as shown in Figure 6.6C. The optical 

measurements reveal that the optical transmission of electrodes were gradually 

decreased from 30.74% to 15.05% as increase in the duration of reaction. It is important 

to note that the calculated percentages of opening area of the samples are very similar to 

the recorded optical transmission, as shown in Figure 6.6D. Therefore, the optical 

transmission of SS mesh is exclusively determined by the opening area. Based on 

equation 6.1, the optical transmission of the sample could be precisely controlled by 

monitoring the length of the NRs. 
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Figure 6.7 XRD patterns of ZnO NRs on SS meshes at different growth durations 

together with XRD pattern of ZnO powder. The miller indices of the crystal planes are 

labelled where Z and ■ are ZnO and SS, respectively. 

 

The crystal structure and orientation of the as grown samples were investigated 

by powder XRD, shown in Figure 6.7. The XRD patterns of ZnO NRs on SS meshes are 

analysed based on the standard XRD database for wurtzite ZnO (JCPDS # 36-1451) and 

SS (JCPDS # 33-0397). The wurtzite ZnO gives the diffraction peaks located at 2θ = 

31.89°, 34.56°, 36.38°, 47.65°, 56.71°, 62.97°, 68.05° and 69.26° (○) corresponding to 

(100), (002), (101), (102), (110), (103), (112) and (201) crystal planes. The SS gives the 

diffraction peaks located at 2θ = 27.69°, 43.76° and 50.81° (■). The ZnO diffraction 

peaks are getting more intense when the growth duration is increased. This can be 

explained where more ZnO is being deposited onto the SS mesh when the duration of 

reaction is increased, resulting in longer NRs with larger diameters. Meanwhile, the 

XRD intensities from the SS mesh substrate are gradually decreased as the thickness of 

the ZnO NRs film increases. The strongest diffraction intensity from the (002) plane is 

consistent to the fact that [0001] direction is the most favoured growth axis for 1D ZnO 
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nanomaterials.281 This observation is in agreement with the hexagonal morphology of 

the ZnO rods which observed in SEM (Inset of Figure 6.5A6.5D). 

 

 

Figure 6.8 Plots of texture coefficient and crystal size of ZnO rods as a function of 

growth duration. 

 

The relative texture coefficient (Equation 2.7, Section 2.3) and crystal domain 

size (Equation 2.5, Section 2.3) of ZnO rods grew at different durations were calculated, 

as shown in Figure 6.9. The relative texture coefficient values obtained for the 

M30mW33, M60mW33, M90mW33 and M120mW33 were 0.54, 0.66, 0.77 and 0.84, 

respectively. Compared to ZnO powder (0.50), all the samples demonstrate a higher 

relative texture coefficient value. This indicates the ZnO NRs grew on SS mesh are 

relatively more vertically aligned than the ZnO powder. Meanwhile, the crystal sizes of 

the samples were found to increase from 20.2 nm to 40.3 nm when the growth duration 

was increased from 30 to 120 minutes. These calculations demonstrate that increase in 

the duration of reactions, ZnO NRs grew on the SS meshes are more vertically aligned, 

along the [0001] direction with a larger crystal domain size. 
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6.5 PEC Hydrogen Generation Study 

Here, the PEC performance of the ZnO NRs coated SS meshes will be evaluated 

in comparison with the ZnO NRs on a planar substrate. The effect of the ZnO 

morphology on SS mesh was also investigated in order to find optimum performance. 

More important, we constructed a multilayer SS mesh structured photoanode for PEC, 

which significantly improves the light absorption and results in an increase of 

photoconversion efficiency by ~158%. 

 

6.5.1 PEC Activity of ZnO NRs on SS Plate and SS Mesh  

The water photoelectrolysis activity of the M30mW33 photoanode was 

evaluated by measuring the photocurrent in 1.0 M KOH aquatic electrolyte under the 

illumination of a 100 mW cm-2 solar simulator with an AM1.5 G filter. The obtained 

photoactivity was compared with the vertically aligned ZnO NRs on SS plate after 15 

hours of CBD growth (P15h). The NR length of P15h is very similar to the M30mW33 

(5.5 µm; Figure 6.9B), where its mean length was 5.3 µm with a mean diameter of 

216±56 nm (Figure 6.9A). Therefore, the direct comparison of PEC performance is 

generally valid. 
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Figure 6.9 Cross-sectional view SEM images of (A) P15h, (B) M30mW33, (C) IV 

curves of M30mW33 and P15h together with the dark current measured from 

M30mW33 in 1.0 M KOH aquatic electrolyte under the illumination of a 100 mW cm-2 

solar simulator with an AM1.5 G filter and (D) corresponding PEC output power and 

conversion efficiency under AM1.5 G full solar spectrum irradiation. 

 

The morphologies of the P15h and M30mW33 samples are shown in Figure 

6.9A and 6.9B. Similar NR length were obtained, although the direct heating growth of 

ZnO NRs on SS mesh only takes 30 minutes, much faster than the conventional CBD 

growth on SS plate (15 hours). Carefully exam the SEM images in Figure 6.9A and 

6.9B also reveal that the ZnO NRs on SS mesh is much less dense than that on the SS 

plate. Figure 6.9C compares the water photoelectrolysis IV curves from the 

M30mW33 and P15h photoanodes under simulated sunlight together with the dark 

current recorded from the M30mW33 electrode. The applied potential ranges from 0.5 

to 1.0 VAg/AgCl. With light on, the photocurrents generated from both the M30mW33 and 

P15h electrodes increase steeply at lower potential with an open circuit potential at 
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0.40 VAg/AgCl. However, the photocurrent produced from the M30mW33 electrode 

increases much faster than the P15h electrode at more positive potentials. At 1.23 VRHE 

(marked as red line in Figure 6.9C), the M30mW33 anode generates 0.49 mA cm-2, but 

the P15 electrode only generates 0.21 mA cm-2. This indicates a 133.33% enhancement 

from the SS mesh sample. This cannot be explained by the difference in the packing 

density of the ZnO NRs, as one would expect a higher density of ZnO NRs should result 

in a larger photocurrent, since it has a higher surface area. 

For both samples, the photocurrents generated do not reach a plateau which 

suggest that the charge recombination and interface reaction kinetics did not limit the 

photocurrent under our experimental conditions. The photoconversion efficiencies of 

the samples were calculated (Equation 2.27, Section 2.6), presented in Figure 6.9D. A 

much higher output power density, and thus a higher photoconversion efficiency was 

found for the M30mW33 photoanode, with a maximum output power of 0.28 mW cm-2 

with respect to 0.13 mW cm-2 from the P15h photoanode. These measured maximum 

PEC output powers correspond to the solar PEC efficiencies of 0.28% and 0.13%, 

respectively. 

 In order to understand the intrinsic electronic properties of the M30mW33 and 

P15h photoelectrodes in electrolyte, EIS measurements were carried out in the dark to 

evaluate the capacitances and flatband potential (𝑉𝐹𝐵) of the ZnO NRs in 0.5 M of 

Na2SO4 (pH 6.8) at 1 kHz with a 10 mV AC modulation (Equation 2.23, Section 2.5). 

The MottSchottky (MS) plots in Figure 6.10A give the 𝑉𝐹𝐵 values of 0.38 VAg/AgCl 

for both of the P15h and M30mW33 photoanodes. 
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Figure 6.10 (A) MS plots of P15h and M30mW33 photoanodes measured in 

0.5 M Na2SO4 solution in the dark at a fixed frequency of 1 kHz. The amplitude of the 

sinusoidal wave was set at 10 mV. (B) Enlarge XRD spectra of P15h and M30mW33 at 

2θ ranging from 30 to 40°. 

 

The positive slopes of the MS plots confirm that ZnO is an n-type 

semiconductor with the majority charge carriers are electrons. In addition, the slopes of 

the MS plots from the M30mW33 is slightly less than that from the P15h, which 

suggests the charge carrier density in the M30mW33 is higher than that in the P15h. 

The electron densities of the P15h and M30mW33 photoanodes were calculated 

(Equation 2.24, Section 2.5) to be 6.15 × 1018 cm-3 and 8.22 × 1018 cm-3, respectively. 

It is worth noting these values are comparable to the typical value of 6 × 1018 cm-3 for 

the ZnO NRs prepared by electrochemical deposition.265 The charge carrier 

concentration of the M30mW33 electrode is about 33% higher than that of the P15h 

electrode. The higher carrier density can be attributed to the higher density of defects 

(oxygen vacancies) in the M30mW33 photoanode since the ZnO were rapidly deposited 

onto the SS mesh through the PACBD. Increased in the charge carrier density not only 

will enhance the charge transport in the ZnO but also improve the electron transfer at 

the interface between the ZnO and SS substrate.89 The XRD spectra in Figure 6.10B 
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show that the (002) peak of the M30mW33 is much broader than that of the P15h. The 

FWHM values of the diffraction peak were measured to be 0.42° and 0.28°, 

corresponding to the crystal domain sizes (Equation 2.5, Section 2.3) of 19.2 and 

28.4 nm for the M30mW33 and P15h, respectively. The smaller crystal domain size of 

the M30mW33 electrode confirms the presence of more defects (oxygen vacancies) and 

thus a higher charge carrier density, which can result in a higher PEC efficiency. 

Other than that, the ZnO bond lengths of the samples can also be calculated 

(Equation 2.3, Section 2.3) from the 2 of the XRD in Figure 6.10B. The P15h and 

M30mW33 photoanodes were calculated to have ZnO bond lengths of 1.97 Å and 

1.92 Å. The bond length of ZnO was previously reported to be 2.21 Å.174 In 

comparison to the reported value, our samples show a shrinkage of the average bond 

length by 10.9% and 13.1%, respectively. The shorter ZnO bond length also indicates 

the presence of the structural defects (oxygen vacancies) in the samples.174 The ZnO 

bond length of the M30mW33 electrode is 2.5% shorter than that of the P15h electrode, 

consistent with the higher charge carrier density in the M30mW33 as identified by the 

slope of the MS plot in Figure 6.10A. Therefore, this could be one of the reasons for 

the improvement in the photoactivity of PEC water splitting for the M30mW33 

photoanode over the P15h photoanode. Similar findings for heavily reduced TiO2 

nanomaterials have also been reported.89 

In addition, the width of the space-charge layer (𝑊), at the interface between the 

semiconductor and the electrolyte can also be derived from MS plot relationship 

(Equation 2.25, Section 2.5). At a typical potential of 1.0 VAg/AgCl, the 𝑊 values of P15h 

and M30mW33 photoelectrodes were calculated to be 20 nm and 17 nm, respectively. 

The 𝑊 values obtained for both of the P15h and M30mW33 photoanodes are much 

smaller than the radius of the NR. Therefore, this suggests that the NRs of the P15h and 
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M30mW33 electrodes are not fully depleted at potential of 1.0 VAg/AgCl. The obtained 

results are in agreement with the IV curves in Figure 6.9C where there is no limiting 

photocurrents observed. 

The rates of electron-hole recombination of the M30mW33 and P15h electrodes 

were evaluated from the leading curvature of the time dependent amperometric plots 

measured at applied voltages of 0.80 VRHE and 1.20 VRHE under light on-off cycles for 

150 s. These measurements reveal that the P15h (Figure 6.11A) and M30mW33 (Figure 

6.11B) photoelectrodes are stable under our experimental conditions since there is no 

obvious decrease in the photocurrent density. Anodic photocurrent spikes were 

observed for both of the photoanodes at the beginning of illumination. This can be 

attributed to the slow oxygen evolution reaction kinetics at the carrier oxidised trap 

states of the semiconductor resulting in the accumulation of charges at the 

semiconductor-electrolyte interface.255, 256  

It is noteworthy that the photocurrent spikes became smaller when the applied 

bias was increased from 0.80 VRHE to 1.20 VRHE. This phenomenon can be explained 

where increasing in the applied voltage would be beneficial to the charge separation 

since a larger proportion of holes have sufficient potentials to oxidise water, thus 

reducing the possibility of charge recombination.256 Additionally, a more positive 

applied potential will cause the formation of potential gradient within the samples, 

which can accelerate the photogenerated electrons to transfer to the outer circuit, also 

resulting in decreased the electron-hole recombination.299 
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Figure 6.11 Amperometric It curves and anodic photocurrent dynamics of the P15h 

(A,C) and M30mW33 (B,D) anodes in 1.0 M KOH electrolyte (pH 13.6) at potentials of 

0.80 VRHE and 1.20 VRHE at 100 mW cm-2. Anodic transient dynamics analyses of the 

P15h (E) and M30mW33 (F). 

 

It is noteworthy that the photocurrent spike of the M30mW33 photoanode is 

much smaller with respect to that generated from the P15h photoanode. This implies the 

rate of electron-hole recombination of the M30mW33 photoanode is much lesser than 

the P15h photoanode. The charge recombination behaviours of the samples can be 

quantitatively determined by fitting the exponential decay using equation 4.2 in section 

4.5.2. Figure 6.11E and 6.11F present the plots of normalised ln D as a function of time 
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for the P15h and M30mW33, respectively. The transient time constant (Ʈ) values 

measured at ln D = 1 for both of the photoanodes are increasing when the applied bias 

is increased. For the P15h photoanode, the Ʈ values are 0.25 s (0.80 VRHE) and 0.52 s 

(1.20 VRHE), which are much smaller than the values by the M30mW33 photoanode of 

0.45 s (0.80 VRHE) and 3.53 s (1.20 VRHE), respectively. These calculations reveal that, 

at an applied potential of 1.20 VRHE, the charge recombination rate of the P15h 

photoanode is nearly 7times faster than that of the M30mW33 photoanode. The 

reduction in the electron-hole recombination rate from the M30mW33 photoanode is 

possibly due to the presence of a certain amount of defects in the M30mW33 sample, 

which helps to improve charge separation. Such behaviour is further investigated by the 

illuminating light intensity dependent photocurrent analysis. 

 In the light intensity dependent experiment, the applied potential was fixed at 

1.00 VRHE with irradiation intensities set at 100 mW cm-2, 200 mW cm-2 and 

300 mW cm-2. Figure 6.12A (P15h) and 6.12B (M30mW33) show that the anodic 

photocurrent dynamics for both of the photoanodes are reproducible under repeated 

light on-off cycles for 150 s under high light intensity. Figure 6.12C and 6.12D 

demonstrate the photocurrent densities from the P15h and M30mW33 photoanodes in a 

single step of light off-on-off. It is clear that both the steady photocurrent (Ist) and the 

initial photocurrent spikes (Iin) are increasing as the irradiation intensity increases. 
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Figure 6.12 Transient dynamics of photocurrent by the P15h (A,C) and M30mW33 

(B,D) measured in 1.0 M KOH electrolyte (pH 13.6) at an applied potential of 

1.00 VRHE at different irradiation intensities. The value of ln D is plotted at different 

incident light intensities for the P15h (E) and M30mW33 (F). 

 

Under all illumination conditions, the M30mW33 anode generates a higher 

steady photocurrent than that from the P15h anode. For instance, at an incident light 

intensity of 200 mW cm-2, the photocurrent density of M30mW33 electrode 

(0.97 mA cm-2) is about three times higher than that from the P15h electrode 

(0.32 mA cm-2). On the other hand, when compared with the P15h photoanode, the Iin of 

the M30mW33 photoanode is much smaller, suggesting a smaller electron-hole 
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recombination rate of the M30mW33. This was quantitatively analysed with the Ʈ 

values calculated from equation 4.2 in section 4.5.2. The results are shown in the ln D 

plots in Figure 6.12E and 6.12F. It shows that the Ʈ values for both of the electrodes are 

decreasing as the incident light intensity increases.  

At irradiation intensities of 100 mW cm-2, 200 mW cm-2 and 300 mW cm-2, for 

the P15h electrode, the Ʈ values were estimated to be 0.52 s, 0.44 s and 0.18 s, 

respectively, while, for the M30mW33 electrode, the Ʈ values were 2.23 s, 1.09 s and 

0.28 s, respectively. These measurements confirm that, as expected, the charge 

recombination rates are significantly affected by the incident light power intensity and 

with light intensity between 100 mW cm-2 to 300 mW cm-2, the electron-hole 

recombination rates of the M30mW33 photoanode are much smaller than that of the 

P15h photoanode. It is worth noting that the Iin of the M30mW33 photoanode increases 

dramatically only with an irradiation intensity of 300 mW cm-2. This observation 

suggests that the M30mW33 photoanode did not experience light saturation until the 

light irradiation intensity is higher than 200 mW cm-2. 

The next possible reason for the higher photocatalytic activity of the M30mW33 

anode over the P15h anode can be attributed to the larger effective surface area of the 

M30mW33 anode. The illumination area during the PEC water splitting is fixed at 

1 cm2. The SS mesh is formed by SS wires with a diameter of 0.112 mm. The nature of 

the corrugated SS mesh surface offers an increased substrate surface area for the growth 

of ZnO NRs, with respect to the planar substrate, as illustrated in Figure 6.13. 
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Figure 6.13 Schematic diagrams illustrating the surface area of (A) planar SS substrate 

and (B) SS mesh. 

 

Considering the opening area of the SS mesh (~30.74%), the front illuminated 

area of the SS mesh can be calculated as below: 

 

Lateral surface area of the SS mesh (1 cm × 1 cm)  = 
(π𝐷𝑠𝑠𝑙 𝑠𝑠 ×  number of wires)

2
⁄  

       = 
[π (0.0112 cm) (1 cm) (80)]

2⁄  

       = 1.407 cm2 

 

where 𝐷𝑠𝑠  and 𝑙𝑠𝑠  are the diameter and length of the SS wire, respectively. It is 

necessary to note that the cross knots of two SS wires should be taken into account. The 

total amount of the cross knots is determined to be ~1440 within 1 cm2. Thus, the 

surface area of the cross knots of SS mesh is (0.112 cm × 0.112 cm)(1440) = 0.181 cm2. 

The actual corrugated surface area of SS mesh is 1.407 cm2 – 0.181 cm2 = 1.23 cm2. 

When compared with the planar P15h photoanode (1 cm2), the actual surface 

area of the M30mW33 photoanode is increased by at least 23%. The corrugated surface 

of the M30mW33 photoanode will be able to grow more ZnO NRs. On such surface, as 

shown in Figure 6.6A, ZnO NRs were grown in a radially outwards on the 
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circumference of the SS wire. This 3D feature offers a larger surface area and is 

beneficial for the larger reaction site density with improved light absorption, since some 

of the refracted light can also be captured by the ZnO NRs,296 which in turn enhances 

the PEC water splitting performance. 

 

6.5.2 Effect of Growth Duration on PEC Activity of ZnO NRs on SS Meshes 

 Both the length and diameter of the ZnO NRs can be controlled by the growth 

duration. Longer growth duration can achieve longer and larger NRs on SS meshes, 

which can affect the PEC performances. Figure 6.14A depicted the IV curves of the 

M30mW33, M60mW33, M90mW33 and M120mW33 photoanodes together with the 

dark current from the M120 mW33 measured in 1.0 M KOH aquatic electrolyte under 

the illumination of a 100 mW cm-2 solar simulator with an AM1.5 G filter in the 

potential range of 0.5 to 1.0 VAg/AgCl.  

 

 

Figure 6.14 (A) IV curves of ZnO NRs grew on SS meshes at different durations 

together with dark current measured from the M120mW33 measured in 1.0 M KOH 

aquatic electrolyte under the illumination of a 100 mW cm-2 solar simulator with an 

AM1.5 G filter and (B) corresponding PEC output power and photoconversion 

efficiency under AM1.5 G full solar spectrum irradiation. 
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 The IV curves reveal that increasing the growth durations do not have any 

obvious effect on the open-circuit potentials, however a large effect on the photocurrent 

density was found. At a typical potential of 1.23 VRHE (marked as red line), the 

photocurrents generated from the M30mW33, M60mW33, M90mW33 and 

M120mW33 photoanodes were 0.44 mA cm-2, 0.52 mA cm-2 , 0.55 mA cm-2  and 

0.59 mA cm-2, respectively. 

 Figure 6.14B presents the calculated PEC output power and photoconversion 

efficiency (Equation 2.27, Section 2.6) of the photoanodes at different growth durations. 

Consistent with the higher photocurrent, a higher PEC output power and 

photoconversion efficiency was found for the longest growth duration sample 

(M120mW33). The obtained film thickness together with the measured 

photoconversion efficiency were plotted as a function of growth duration in Figure 

6.15A, in order to establish their correlation. It is clear that increasing in the growth 

duration will result in an increase of the NR length which will improve the PEC water 

splitting efficiency. Compared to the M30mW33 photoanode (0.27%), M120mW33 

photoanode (0.34%) demonstrates an increase of ~26% in the photoconversion 

efficiency. This can be attributed to the large effective surface reaction centre density 

and better light absorption for the photoelectrolysis of water. 
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Figure 6.15 Plots of (A) film thickness and photoconversion efficiency as a function of 

growth duration (B) photoconversion efficiency as a function of film thickness. 

 

Although increasing the growth duration will cause a higher photoconversion 

efficiency, it is necessary to note that the photoconversion efficiency enhancement is 

not linear proportional to the increment of the NRs length, shown in Figure 6.15B. As 

the NR length increases, it also increase the travelling length of the photoelectron within 

the ZnO NR to reach the SS substrate. This will increases the charge recombination 

probability. Furthermore, increasing the diameters of the NRs will also decrease the 

gaps between the adjacent NRs. This will decrease the surface porosity of the sample, 

which in turn reduced the photocurrent density. The surface porosities (Equation 3.8, 

Section 3.4.7) of the M30mW33, M60mW33, M90mW33 and M120mW33 electrodes 

were calculated to be 47%, 42%, 33% and 27%, respectively. A large surface porosity 

will allow better penetration of the electrolyte into the electrode and results in an 

increase in the contact area between the electrolyte and photoanode, thus a higher 

photocatalytic activity. 
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6.5.3 Effect of Number of Layers of M60mW33 on PEC Performance 

A mesh substrate not only offers higher corrugated surface area, but it also 

allows a greater portion of light transmission. To take this advantage, I have designed a 

multilayer mesh system that allows to trap and capture most of the light between the 

meshes. The correlation between the number of layers of mesh and the PEC water 

splitting performance was investigated. 

As shown in Figure 6.6G, M120mW33 is nearly fully covered by ZnO rods with 

a small opening area and the surface porosity of the sample is relatively low. Therefore, 

M60mW33 with an opening area of 23.37% was chosen for this experiment. All the 

samples were grown in 150 ml of nutrient solution with a mesh dimension of 1 × 3 cm2 

at an applied heating power of 33.0W for 60 minutes. 

 

 

Figure 6.16 (A) IV curves from different number of layers of M60mW33 together 

with dark current measured from the 4L in 1.0 M KOH aquatic electrolyte (pH 13.6) 

under the illumination of a 100 mW cm-2 solar simulator with an AM1.5 G filter and (B) 

corresponding PEC output power and photoconversion efficiency under AM1.5 G full 

solar spectrum irradiation. 
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Figure 6.16A displays the IV curves from one to four layers of M60mW33 

(named as 1L to 4L) under illumination (100 mW cm-2 with an AM1.5 G filter) between 

potentials of 0.5 and 1.0 VAg/AgCl in 1.0 M of KOH electrolyte (pH 13.6). In 

comparison, the 2L and 3L photoanodes show progressively increasing photocurrent 

densities than the 1L photoanode. Photoanode with four layers of M60mW33 (4L, 

1.91 mA cm-2 at 1.23 VRHE) showing essentially the same photocurrent density as that 

using three layers of M60mW33 (3L, 1.85 mA cm-2 at 1.23 VRHE). A comparison of the 

PEC output power and AM1.5 G efficiency of the photoanodes are presented in Figure 

6.16B. The conversion efficiencies achieved by the 1L, 2L, 3L and 4L photoanodes 

were measured to be 0.31%, 0.62%, 0.78% and 0.80%, respectively. A maximum of 

~158% of PEC water splitting efficiency increment was achieved by using the 

multilayer configuration. 

The enhancement in the PEC water splitting efficiency can be attributed to two 

prominent advantageous characteristics of the multilayer of M60mW33 electrodes. 

Firstly, the total effective surface area of the 4L photoanode is increased as the number 

of layers of mesh were increased. The 23.37% opening allows a certain amount of light 

to pass through and illuminate the underneath layers. Therefore, the number of available 

reaction centres for the oxidation of water at the solid-liquid-gas interface for the 

multilayer photoanode are increased, which contribute to the higher efficiency in 

hydrogen generation. 

Secondly, the light absorption of the 4L photoanode is improved by the internal 

light scattering and reflection as compared to the 1L photoanode or the planar electrode 

(P15h). For a single mesh or a planar electrode, the light reflection could decrease the 

apparent photoconversion efficiency. Many efforts have been focused on the trapping of 

light with surface waveguides or photonic crystals.304 For the multilayer mesh electrode 
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(4L), a schematic diagram is proposed in Figure 6.17A to demonstrate the penetration 

and the internal reflection process of the incident light. 

 

 

Figure 6.17 (A) A schematic diagram illustrating the penetration (orange) and reflection 

(red) process of the incident light, (B) optical transmission spectra of the samples with 

different number of layers of M60mW33 and (C) plots of optical transmission and 

photoconversion efficiency with respect to the number of layers of M60mW33. 

 

As mentioned in section 6.4.4, the percentage of open area of the M60mW33 is 

~23.37%. Therefore, some of the incident light will be able to penetrate through the 

apertures of the front mesh to reach to the following layers. Those light rays that passes 

through the front layer will then be absorbed by the ZnO NRs on the following layers. 

In addition, due to the special 3D feature of the multilayer photoanode, the reflected 

light can also be harvested by the ZnO NRs on the back of the first mesh as illustrated 

in the schematic diagram in Figure 6.17A. A UV-vis spectrophotometer was used to 

quantitatively assess the amount of light that passes through the multilayer photoanode, 
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as presented in Figure 6.17B. It reveals that the optical transmission is decreased when 

there is an increase of the number of layers of M60mW33. The optical transmissions 

obtained by the 1L, 2L, 3L and 4L electrodes were 22.43%, 2.20%, 0.34% and 0.14%. 

It is important to note that only 0.14% of the light passed through the 4L photoanode, 

which implies 99.86% of the light was absorbed by the electrode (including some 

reflected by the front of the first mesh). As presented in Figure 6.17C, an inverse 

correlation was observed between the optical transmission and the photoconversion 

efficiency of the multilayer photoanode. This indicates the total light absorption is 

improved by increasing the number of layers of M60mW33, where most of the light is 

harvested and utilised in the water splitting reaction, resulting in a higher 

photoconversion efficiency.  

On a planar photoanode, such high efficient light absorption can only be 

achieved by using a thick layer of ZnO. However, the photoconversion efficiency from 

such geometry would be significantly limited by the charge transfer from the metal 

oxide to the conductive substrate. Thus, the approach becomes impractical for a planar 

electrode. Using a multilayer mesh electrode, while the light absorption is improved, the 

charge mobility will not limit the total photoconversion efficiency. Therefore, our 

unique multilayer mesh electrodes could offer an alternative effective way of 

maximising the light absorption. 

In the practical application of solar energy harvesting, the response of the 

photoanode to the sun position is also important. For a planar device, this is usually 

facilitated by tracking the sun position, which will need sophisticated mechanical 

control. With our multilayer metal mesh photoanode, the internal reflection will allow it 

to be tolerant to the illumination angle. To demonstrate this advantage, the 



174 
 

photocurrents of the 4L photoanode were measured as a function of incident light angles 

relative to the surface normal, as depicted in Figure 6.18. 

 

 

Figure 6.18 (A) Schematic diagrams demonstrating the PEC measurements of the 4L 

photoanode at different incident light angles relative to the surface normal and (B) IV 

curves of the 4L photoanode recorded at incident light angles of 0°, 60° and 90°. 

 

The schematic diagrams illustrate the light incident geometry is shown in Figure 

6.18A. The measured photocurrent as a function of bias is presented in Figure 6.18B. It 

reveals that by changing the light incident angle from 0° to 60°, the photocurrent density 

(measured at 1.0 VAg/Ag/Cl) is only reduced by 10%. However, at 90° incidence with 

respect to the normal incidence, the photocurrent density (measured at 1.0 VAg/Ag/Cl) is 

reduced by 43%. The small reduction in the photocurrent density from 0° to 60° 

illumination suggest that the multilayer mesh photoanode has a wide light acceptance 
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angle, which is essential for harvesting solar energy. The result from our four layers 

mesh photoanode is much better than those published results for a single mesh 

photoanode.299 In Liu Z. Y. et al. measurement, for a single layer mesh, the reduction of 

the photocurrent density from 0° to 60° was more than 20%. Such significant 

improvement by our 4L electrode can be attributed to the multiple internal light 

reflection effects. Consequently, more light is being trapped and utilised by the material 

in water splitting reaction, thus increases the photocurrent density. For a single mesh 

electrode, such internal light reflection is not expected. 

In summary, the PEC performance of the nanostructures can be simply yet 

effectively improved by maximising the light absorption of the photoanode with high 

density corrugated morphologies (high surface area) and multilayer electrode 

configurations (internal light reflection). 

 

6.6 Conclusions 

We have demonstrated, for the first time, direct synthesis of vertically aligned 

crystalline ZnO NR arrays on SS meshes by PACBD. The final morphology of ZnO 

nanostructures was strongly affected by the applied power. Increased in the applied 

power to 45.5W and above resulted in the formation of tree-like ZnO nanostructures. 

Both the length and diameter of the ZnO rods can be controlled by varying the growth 

duration. The PEC water splitting measurements revealed that the NR arrays on the SS 

mesh was about two times more efficient than the NR arrays on the SS plate with 

similar film thicknesses. The possible mechanisms for the higher efficiency were also 

discussed. The PEC water splitting efficiency was further improved by 2.6times when 

four layers of the NR arrays on SS mesh were used as the photoanode. 
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Chapter 7 Conductive Y-doped ZnO Nanorods Enhanced Gas 

Ionisation Sensor Performances 

 

7.1 Abstract 

A facile approach for the solution growth of Y-doped ZnO (YZO) NR arrays by 

hydrothermal method was demonstrated. The correlation between the Y/Zn molar ratio 

and the morphology of ZnO nanostructures was investigated. With increased the Y/Zn 

molar ratios, the aspect ratios of the ZnO NRs were increased. The effects of Y/Zn 

molar ratios on the optical and electrical properties of ZnO NRs were examined. The as-

prepared ZnO and YZO NRs with different Y/Zn molar ratios were used as anodes in 

gas ionisation sensor (GIS) application. The measurements revealed that, in comparison 

to the undoped ZnO, the sensitivity of GIS was increased by 7fold with a lower 

breakdown voltage when the YZO NRs (1% doped) were used. The reduced breakdown 

voltage and increased sensitivity can be attributed to the increase in the conductivity of 

the YZO NRs. Both the stability and repeatability of the GISs were investigated. The 

effect of UV illumination on the gas sensor performance was studied. When compared 

to that in the dark (130.7 µA), the UV illuminated GIS (144.6 µA) showed an increased 

in the discharge current by ~10%, which indicates the sensitivity of the sensor was 

improved. 

 

7.2 Introduction 

 Gas sensors have attracted considerable attention in the recent years owing to 

their widespread applications in industry, for instance, pollution detection, 

environmental monitoring, biomedical and pharmaceuticals.70, 149 Gas sensors can be 
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classified into two different categories which are chemical and physical types of 

sensors. Most of the conventional gas sensors are chemical type in which metal 

oxides,69 porous silicon155 and carbon nanotubes (CNTs)21, 156 were used as the active 

layer. The responses of their electrical property to gas adsorption were used to quantify 

the gas concentration (partial pressure). There are a few limitations for these types of 

sensors where they suffer from selectivity issue since different types of gases might 

exhibit the similar electrical responses.162, 163 Other than that, it has potential difficulties 

in detecting gases with low adsorption energies such as inert gases and normally high 

working temperature is required to establish the adsorption/desorption equilibrium.70, 164 

Therefore, GISs had been introduced to qualitative and quantitative 

measurement of gas. As a physical type of gas sensor, it measures the ionisation energy 

and the ionisation current of gases. The characteristic ionisation energy is used to 

identify gases, while the amplitude of the ionisation current is proportional to the partial 

pressure of the gas components.72, 305 This type of gas sensors could be used in 

advanced gas analysers for chromatography and mass spectrograph. The main drawback 

of GISs is that a high voltage is required.69 Recently, a novel CNT arrays based GIS has 

been demonstrated to detect many gas species (NH3, CO2, N2, O2, He and air) regardless 

of the magnitude of the gas adsorption energy and the electronegativity.72 Although the 

nanostructured CNTs could generate a very high electric fields at relatively low voltages 

which make it an ideal candidate as GIS, it suffers oxidation under oxygen environment 

and degradation at a high discharge current.306 Other than CNTs, metallic NWs is one of 

the possible materials for GIS because it provides low breakdown voltage. However, the 

metallic NWs based GISs will lose the sensitivity after several cycles of operation due 

to the induced voltage degrades the NWs tips.71 
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Other than CNTs, 1D metal oxide nanomaterials had attracted great attention in 

the application of GIS. It has been reported that ZnO NWs,69 CuO NWs,164 silicon 

NWs166 and the TiO2 NTs165 have shown promising potential in the GIS applications. 

Among these metal oxides, ZnO nanostructures have been widely explored owing to its 

chemical stability, sharp nanotips, high melting point (1975°C) and strong ionic 

bonding energy.235 Previous finding reported that the modification of the ZnO NRs 

surface by capping with palladium nanoparticles will increase the sensitivity of gas 

sensor and lower the breakdown voltage.70 

For a high performance GIS, it requires high conductivities with conical shapes 

and high aspect ratios.71 ZnO NRs based GISs require a higher breakdown voltage in 

comparison to CNTs based GISs, due to its low conductivity. Here, we developed 

doped ZnO NRs with improved conductivity for reducing the breakdown voltages and 

improving the GIS sensitivity. Both the optical and electrical properties of the ZnO and 

YZO NRs were studied. The gas ionisation sensing tests reveal that the YZO NRs based 

GISs require a much smaller breakdown voltage in comparison to the ZnO NRs based 

GIS. More important, the sensitivity of the GIS can be further improved by the UV 

illumination. 

 

7.3 Experimental Details 

7.3.1 Preparation for Growing ZnO and YZO NRs 

All the chemicals used were analytical grade and purchased from Sigma-

Aldrich. The substrates, high purity copper plate with a thickness of 2 mm (1 × 1.5 cm2; 

Rudgwick Metals) were polished with diamond paste of 3 µm. The polished copper 

plates were cleaned under sonication in an IPA bath for 15 minutes and rinsed with DI 

water, followed by drying in air. 
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Hydrothermal method was used to grow ZnO NRs on a copper plate. The 

synthesis process involves two main steps: seeding and growth processes. The seeding 

solution was prepared by dissolving 0.219 g of zinc acetate in 10.0 ml of DI water and 

magnetically stirred for 2 hours to form a 0.10 M seeding solution. The samples were 

spin coated (speed ≈ 300 rpm, time ≈ 30 s) with the seeding solution followed by 

annealing at 250°C for 20 minutes in order to convert the zinc acetate into ZnO seeds. 

The reaction solution was prepared by dissolving 0.136 g of zinc chloride in 10 ml of DI 

water to yield a 0.10 M solution. For YZO nanostructures, different concentrations of 

yttrium nitrate hexahydrate with Y/Zn molar percentages of 0.5, 1.0, 2.0 and 3.0 were 

prepared. While magnetically stirring, a 0.5 ml of ammonia solution (25%) was added 

dropwise into the growth solution to increase the solution pH to 10.0. The solution 

became milky due to the formation of Zn(OH)2 sol-gel. Then, 8 ml of the as-prepared 

nutrient solution was poured into a 10 ml Teflon vessel with a seeded copper plate 

immersed into the reaction solution. The sealed hydrothermal vessel was heated in an 

oven at 95°C for 120 minutes. Subsequently, the vessel was cooled down to room 

temperature. The as-grown sample was rinsed with DI water three times and dried at 

room temperature. 

 

7.3.2 Characterisation 

The surface morphologies of the samples were studied by SEM (JSM 820M, 

Jeol). The crystallinity of the nanostructures were analysed by powder XRD (Siemens 

D500). The average diameters and average film thicknesses were measured from top- 

and side-view SEM images using Image J (National Institutes of Health, USA). The 

UV-vis absorption spectra were recorded using UV-vis spectrophotometer 

(Thermospectronic UV 300). The electrical resistances of the samples were measured 
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using a four-point probe with probe diameter of 1.80 mm and inter probes gap of 

3.40 mm. The actual concentrations of Zn and Y were measured using ICPMS 

(Agilent 7500ce). 

 

7.3.3 Gas Ionisation Sensor Measurement 

 

Figure 7.1 (A) A schematic diagram of ZnO NRs based GIS device and (B) the reaction 

chamber. 

 

Figure 7.1A is a schematic diagram illustrates the construction of ZnO NRs based 

GIS device. It consists of two electrodes where ZnO NRs were used as the anode and a 

parallel copper plate as the counter electrode, separated by polytetrafluoroethylene 

(PTFE) film with the gap distance adjusted in the range from 30 to 200 µm. The GIS 

device was loaded into a reaction chamber, shown in Figure 7.1B, and a DC voltage 

was applied in the target gas environment. The applied voltage of the anode can be 

varied from 0 V to 3 kV (Pharmacia, ECPS 3000/150) and the current is recorded by a 

multimetre (VC97). The test chamber was evacuated with a rotary pump and the desired 

gas was introduced through a leak valve with its pressure monitored by a digital Pirani 

gauge (KJLC, 317 series). 
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7.4 Results and Discussion 

7.4.1 Morphology of Hydrothermal ZnO and YZO Nanostructures 

 ZnO and YZO NRs were successfully synthesised through hydrothermal 

method. Figure 7.2 demonstrates the morphology of homogenously aligned array of 

NRs on the copper substrates. Figure 7.2A represents the SEM image of the typical ZnO 

NRs, while Figure 7.2BE show the SEM images of the YZO NRs with Y in the growth 

solution of 0.5, 1.0, 2.0 and 3.0% respectively. The SEM images reveal that the 

presence of Y ions in the nutrient solution did not affect the growth direction of the ZnO 

NRs. However, the morphology of the YZO NRs is slightly different from the ZnO 

NRs. As increased in the Y/Zn molar ratios, the average diameter of the NRs is 

decreased, forming needle-like ZnO nanostructures. 

 



182 
 

 

Figure 7.2 Top view SEM images of (A) ZnO NRs and YZO NRs grew for 120 

minutes with Y molar percentages of (B) 0.5, (C) 1.0, (D) 2.0 and (E) 3.0 in the growth 

solutions. (F) Diameter distributions of the NRs. 

 

 The average diameters and mean errors of the NRs were evaluated from 100 

measurements through their top view SEM images, shown in Figure 7.2F. The average 

diameters of the ZnO NRs and YZO NRs with Y/Zn molar percentages of 0.5, 1, 2 and 

3 were measured to be 158.6, 142.7, 134.6, 115.7 and 86.2 nm with FWHM values of 

44, 20, 26, 22 and 23 nm, respectively. These measurements reveal that the Y doping 

has the inversed effect on the NR diameter, as shown in Figure 7.3F. Although all of the 
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NRs are monodispersed in their diameters, the diameters of the YZO NRs are narrower 

distributed than that of the ZnO NRs. 

 

 

Figure 7.3 Cross-sectional view SEM images of (A) ZnO NRs and YZO NRs grew for 

120 minutes with Y molar percentages of (B) 0.5, (C) 1.0, (D) 2.0 and (E) 3.0 in the 

growth solutions. (F) Plots of film thickness and average diameter as a function of Y/Zn 

molar percentage. 

 

In addition, the Y doping can also affect the NR’s length, shown in Figure 7.3. 

The cross-sectional view SEM images of the ZnO NRs (Figure 7.3A) and YZO NRs 

(Figure 7.3BE) show that as the Y molar percentage in the growth solution increases, 
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the overall length of the YZO NRs also increases. The average lengths of the ZnO NRs 

and YZO NRs with Y/Zn molar percentages of 0.5, 1.0, 2.0 and 3.0 were measured to 

be 1.72, 1.80, 1.92, 2.07 and 2.16 µm, respectively. As shown in Figure 7.3F, the length 

of the NRs is linearly increased as increases in the Y/Zn molar ratio. In comparison to 

the ZnO NRs, the length of the 3.0% YZO NRs shows an increase of 25.6%. This 

revealed that the Y doping had some influence on the length of the NRs. The 

mechanism of the Y dopant affecting the ZnO morphology will be discussed below. 

 

7.4.2 Effect of Y on the Morphology of ZnO NRs 

 It is obvious that the morphology of the ZnO NRs is strongly affected by the 

amount of Y ions in the growth solution. As mentioned in section 5.4.3, different 

dopants will form different charged complex ions in the nutrient solutions, which will 

cause a change in the growth direction of the NRs, either along the (002) top face or 

(100) sidewalls. This is because the ZnO (002) plane is negatively charged and (100) is 

positively charged.279 

In our experiment, increasing in the Y/Zn molar ratio, the NRs will be longer 

with smaller diameters, forming needle-like ZnO nanostructures (Figure 7.2 and Figure 

7.3). The aspect ratios (length/outer diameter) of the ZnO NRs and YZO NRs with 

Y/Zn molar percentages of 0.5, 1.0, 2.0 and 3.0 were determined to be 10.8, 12.6, 14.3, 

17.9 and 25.1, respectively. This suggests the Y3+ ions will form negatively charged 

complex ions in the nutrient solutions at pH 11, which encourage the growth along 

[0001] direction and suppressed the sidewall deposition. As discussed in section 5.4.3, 

the most common group of metal ions that form negatively charged complex ions in the 

nutrient solution at pH 11 are the group 13 elements, including aluminium, gallium and 

indium. Y is technically classified as a transition metal, however it bears some 
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similarities to the group 13 elements. It has a near identical ionic radius to Holmium 

(1.015 Å compared to 1.019 Å) which can form 8-coordinate aqueous complex ions.307 

The similarity in the oxidation state and ionic radius make it feasible to suggest Y is 

also capable of forming 8-coordinate aqueous complex ions in nutrient solution at pH 

11, which will form negatively charged complexes by coordination of hydroxide ions, 

prohibiting the growth along the positively charged (100) plane. 

 

7.4.3 XRD Characterisation of ZnO NRs and YZO NRs 

 Power XRD was carried out to investigate the crystal structure and crystal 

orientation of the as grown samples. The XRD patterns of the ZnO NRs and YZO NRs 

are analysed based on the standard XRD database for wurtzite ZnO (JCPDS # 36-1451) 

and copper (JCPDS # 04-0836). 

 

 

Figure 7.4 XRD patterns of ZnO NRs and YZO NRs with various Y/Zn molar 

percentages, (A) full spectra and (B) enlarged of (002) peak from 3336°. The miller 

indices of crystal planes are labelled where Z and ● are ZnO and copper, respectively. 

 

As shown in Figure 7.4A, the wurtzite ZnO gives the diffraction peaks located at 

2θ = 31.89°, 34.60°, 36.39°, 47.68° and 56.74° (Z) corresponding to (100), (002), (101), 
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(102) and (110) crystal planes. The copper substrate gives the diffraction peaks located 

at 2θ = 43.51° and 50.63 (●), corresponding to (111) and (200) crystal planes. For the 

YZO NRs, all the XRD diffraction peaks were indexed to the typical wurtzite hexagonal 

phase of ZnO where there is no other metal oxides phases or additional peaks are 

observed. This suggests that the Y3+ ions were either very low concentration or 

homogeneously distributed in the ZnO crystal. 

Figure 7.4A demonstrates that the ZnO NRs and YZO NRs are having the strong 

characteristic peak for the (002) plane. This suggests that the c-axis of the NRs is 

perpendicular to the substrate, typical for ZnO NRs. In addition, the (002) diffraction 

peak positions of the YZO NRs are systematically shifted towards the smaller angles, 

shown in Figure 7.4B. Compared with pristine ZnO (34.60°), the (002) peaks of the 

YZO NRs are shifted down by 0.050.16° when the Y/Zn molar percentage in the 

growth solution is increased from 0.5 to 3.0. Such shift indicates there is a systematic 

increase in the ZnO lattice parameters. The c-lattice parameters (Equation 2.2, Section 

2.3) of ZnO NRs and YZO NRs were calculated, shown in Figure 7.5. The results 

demonstrate that the c-lattice constants of the samples are increased from 5.182 Å to 

5.205 Å as increases the Y/Zn molar ratio. This can be attributed to the zinc sites are 

being substituted by Y3+ ions, whereby the incorporation of the Y3+ sites generates 

strain, as well as alter the ZnO lattice.79 The expansion of the unit cell was due to the 

ionic radius of Y3+ is much larger than that of Zn2+ ions. According to Shannon R.D., 

the ionic radii of Y3+ and Zn2+ ions are 1.015 Å and 0.74 Å, respectively.283 Thus, the 

variation of the c-lattice constants further confirm that Y3+ ions were successfully 

replaced in the Zn2+ lattice sites. 
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Figure 7.5 Crystal domain and c-lattice parameter as a function of Y/Zn molar 

percentage. 

 

It is worth noting that the (002) diffraction peaks of the YZO NRs are broader 

than that of the ZnO NRs. Larger line width is the result of a smaller crystal domain 

size. The calculated crystal domain size (Equation 2.5, Section 2.3) of the ZnO NRs and 

YZO NRs as a function of Y concentration is presented in Figure 7.5. The crystal sizes 

of the ZnO NRs and YZO NRs with Y/Zn molar percentages of 0.5, 1.0, 2.0 and 3.0 

were calculated to be 28.4, 24.8, 23.4, 23.0 and 22.7 nm, respectively. Thus, the higher 

the Y doping concentration, the smaller the crystal domain. This is consistent with the 

substitution doping of the Y in ZnO which causes the deterioration of the ZnO lattice. 

 In order to determine the actual dopant concentration, ICPMS was used to 

measure the Y in the films after dissolving the as-grown YZO samples in 2 ml of 1.50% 

nitric acid and diluted to 50 ml by DI water. The obtained Y/Zn molar percentages are 

presented in Table 7.1. The measurements show that the concentration of the Y3+ ion in 

the YZO NRs samples is increased as the Y solution concentration is increased, 

although the actual Y/Zn molar percentages in the films were much lower than the 

initial molar ratios in the growth solution. The atom efficiency of the samples was 

calculated, as shown in Table 7.1. The calculations reveal that the atom efficiency is 
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decreased when the concentration of Y in the nutrient solution is increased. Such 

behaviour is similar to the previous finding for doping of manganese and aluminium.308, 

309 

 

Table 7.1 Actual Y/Zn molar percentages in the as-prepared films. 

NRs Samples 

Y/Zn molar percentage (at%) 
Atom efficiency 

(%) 
Solution Film 

0.5% YZO  0.5 0.05±0.005 10.0 

1.0%YZO  1.0 0.10±0.012 10.0 

2.0% YZO  2.0 0.13±0.017 6.5 

3.0% YZO  3.0 0.17±0.023 5.7 

 

 The low dopant concentrations can be reasoned by a few factors, such as the 

difference in valence charge between the Y3+ and Zn2+, difference in ion radius and also 

different crystal types of ZnO (tetrahedral coordinated) and Y2O3 (octahedral 

coordinated), resulting in the mismatch of the lattice constant. In addition, the bond 

energy of YO (4.94 eV)310 is much higher than that of the ZnO (1.67 eV)311, so more 

energy will be required in order to allow the Y3+ ion to incorporate into the ZnO lattice 

to form YO bond.308 Therefore, the number of Y3+ ions that replace the zinc sites is 

very low since more energy is required in the substituted samples to form the ZnOY 

structure. 
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7.4.4 Optical Properties of ZnO NRs and YZO NRs 

 The effect of Y doping on the optical properties of the ZnO NRs was 

investigated using UV-vis spectrophotometer, in order to establish how the defects and 

dopants could affect the electronic structures of the ZnO nanomaterials. In these cases, 

samples were prepared on glass substrates. 

 

 

Figure 7.6 Absorption spectra of ZnO NRs and YZO NRs with various Y/Zn molar 

percentages, (A) full spectra and (B) enlarged region from 360420 nm. 

 

The absorption of the samples were recorded at room temperature from 300 nm 

to 600 nm wavelength, shown in Figure 7.6A. The UV-vis absorptions cut off were 

observed at 388, 393, 394, 395 and 398 nm for ZnO NRs and YZO NRs with Y/Zn 

molar percentages of 0.5, 1.0, 2.0 and 3.0, respectively. The absorption edges of the 

YZO NRs show a red shift up to 2.6% when compared to the ZnO NRs, suggesting the 

decreasing in the optical band gaps. The band gap energies of the samples were 

estimated using Tauc relation (Equation 2.11, Section 2.4), as presented in Figure 7.7A 

and 7.7B. 

 



190 
 

 

Figure 7.7 Tauc plots of ZnO NRs and YZO NRs with various Y/Zn molar ratios, (A) 

full spectra, (B) enlarged region between 3.1 to 3.4 eV and (C) plot of band gap as a 

function of Y/Zn molar percentage. 

 

 Figure 7.7A displays the plots of (𝛼ℎ𝜐)2 vs ℎ𝜐 for the ZnO NRs and YZO NRs 

with various Y/Zn molar percentages. The optical band gaps of the samples were 

obtained from the intercept of the x-axis of the extrapolated linear line (𝛼ℎ𝜐 = 0), as 

shown in Figure 7.7B. The band gap energies of the ZnO NRs and YZO NRs with Y/Zn 

molar percentages of 0.5, 1.0, 2.0 and 3.0 were estimated to be 3.25, 3.23, 3.22, 3.21 

and 3.19 eV, respectively. It is clear that the optical band gaps of the samples were 

decreased with increasing in the doping level (Figure 7.7C). Yogamalar R. et al. have 

reported the similar band gaps narrowing observation for the Y-doped ZnO 

nanostructures.312  
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The band gaps narrowing for the YZO NRs can be attributed to the different 

phenomena, for instance, the merging of the donor states and conduction band by the 

presence of impurities.313 The Y3+ ions incorporated in the ZnO will require the 

incorporating of Zn2+ vacancies and act as donor where the donor energy level is 

positioned close to the conduction band of ZnO. Since the ionic radius of Y3+ is bigger 

than that of Zn2+, the donor wave functions of the Y electrons start to overlap with the 

neighbourhood. As increased in the Y dopant concentration, the electron density overlap 

will increase. This will cause the split in the donor energy level and broaden into an 

impurity band.312 The broadening of the donor energy level will result in the merging of 

the donor and conduction band, which cause the Fermi energy level of ZnO to shift into 

the conduction band. Therefore, the optical energy band gap and more important, the 

electrical resistivity of the material is reduced. 

 

7.4.5 Electrical Properties of ZnO and YZO NRs 

 The electrical resistances of the ZnO NRs and YZO NRs were investigated by a 

four-point probe measurement. Since the outer diameter of the probe (1.80 mm) is much 

larger than the average diameter of the as-grown ZnO NRs (< 160 nm), therefore the 

thin film could be considered as a continuous substrate. The electrical resistivity and 

conductivity of the sample can be calculated using equations 7.1 and 7.2:314 

 

𝜌 = 𝑅 ×  𝑡 (Equation 7.1) 

𝜎 = 1
𝜌⁄  (Equation 7.2) 

 

where 𝜌 is the electrical resistivity (Ω cm), 𝑅 is the sheet resistance (Ω), 𝑡 is the film 

thickness (cm) and 𝜎 is the conductivity (S cm-1). 



192 
 

 

Figure 7.8 Electrical resistivity and conductivity as a function of Y/Zn molar 

percentage. 

 

 Figure 7.8 displays the plots of electrical resistivity and conductivity of ZnO 

NRs and YZO NRs with various Y/Zn molar ratios. By introducing Y atom into the 

ZnO lattice, the electrical resistivity of the sample will be reduced significantly. As 

shown in Figure 7.8, the electrical resistivity of the samples was first decreased with 

increasing in the Y/Zn molar ratio. A minimum electrical resistivity of 0.84 Ω cm was 

obtained for the 1% YZO NRs, and this corresponds to electrical conductivity of 

1.19 S cm-1. However, as the Y/Zn molar ratio is above 1%, the electrical resistivity of 

the samples started to increase. This suggests that the amount of Y in the ZnO need to 

be deliberately optimised in order to get highly conducting YZO NRs. 

The decrease of the conductivity as the Y doping content exceed 1% Y/Zn molar 

ratio suggests that not all the Y atoms in the ZnO film are contributed to the donor 

dopants.274 When a small amount of Y dopant is introduced into ZnO lattice, they are 

mostly replaced the existing Zn2+ at the lattice sites as donors. However, when the 

concentration of the Y dopant is increased, additional Y atoms will present at the 

interstitial sites instead of substituting in the ZnO lattice as donors. Excess of the Y 

atoms in the films may cause the grain boundary segregation with reduced crystal 
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domain size, which will act as donor passivation to decrease the electron 

concentration.315 Thus, the electrical conductivity of the sample is reduced. 

 

7.5 Gas Ionisation Sensors  

After the characterisation, ZnO NRs and YZO NRs samples were applied as 

anodes for application in GIS. Bare copper plate and ZnO NRs were first tested in air, 

as shown in Figure 7.9, at atmospheric pressure with an electrode gap of 80 µm. 

 

 

Figure 7.9 IV curves for electrical breakdown of ZnO NRs and copper plate based 

GISs. 

 

For ZnO NRs based GIS, the breakdown voltage of air was at 470 V with a 

continuous current discharge of 29.5 µA was generated. The same test was carried out 

by replacing the ZnO NRs anode to copper plate. A much higher breakdown voltage of 

air was required for the copper plate, which is 740 V, with a much smaller discharge 

current of 6.1 µA. This shows that by using ZnO NRs as the anode material will 

massively reduce the breakdown voltage of air as compared to the copper plate. The NR 

morphology is helping to focus the electrical field and leading to a lower discharge 

barrier. 
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Before comparison of the YZO NRs based GISs against the ZnO NRs based 

GIS, various parameters relating to the experiment needed to be investigated for their 

effects on the breakdown voltage and discharge current. These included the gap 

between two electrodes and the gas pressure. All optimisations were carried out using 

ZnO NRs and air was used as the target gas. 

 

 

Figure 7.10 Plots of (A) breakdown voltage and (B) discharge current as a function of 

gas pressure of ZnO based GIS with a fixed electrode separation of 80 µm. (C) Plot of 

breakdown voltage as a function of electrode gap of ZnO based GIS at 1000 mbar. 

 

 Figure 7.10A shows the relationship between the air pressure and the breakdown 

voltage from a ZnO NRs based GIS with a fixed electrode separation of 80 µm. As the 

gas pressure decreased from 1000 mbar to 2 mbar, the breakdown voltage of air was 

increased from 480 V to 530 V. This is because the electrical breakdown is dominated 
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by the highly focused electric field near the tips of NRs. The same observation has also 

been discussed for the GIS using ZnO NWs and palladium NP-capped ZnO NRs.69, 70 

The correlation between the discharge current at breakdown voltage and gas 

pressure was also investigated, as presented in Figure 7.10B. The discharge current 

varies logarithmically with respect to the gas pressure, ranging from 1000 mbar 

downwards to 2 mbar. This relationship suggests that the discharge current at 

breakdown voltage is proportional to the quantity of gas molecules per unit volume that 

may contribute to the conduction between the gaps. Therefore, this highlights the 

possibility of using the discharge current to quantify the gas pressure of the species 

being detected in future. 

 Figure 7.10C demonstrates the effect of the inter-electrode spacing as a function 

of the breakdown voltage at 1000 mbar. The breakdown voltage of air was found to 

increase when the gap between the electrodes is increased, following a linear 

relationship. For instance, at an electrode separation of 160 µm, the breakdown voltage 

of air is 540 V, which decreases to 460 V when the inter-electrode spacing is reduced to 

60 µm. This linear relationship can be attributed to the requirement of increasing the 

voltage to maintain the electric field strength within the gap. However, there are some 

stability issues for very the small electrode gaps, ranging from 3060 μm. Short circuit 

would destroy the response for gas sensing. Therefore, an electrode separation of 80 μm 

was chosen with the best trade-off between device stability and reasonably low 

breakdown voltage. 

 Using the optimal gap distance of 80 μm, ZnO NRs and YZO NRs with various 

Y/Zn molar percentages were used to sense several gas species, including air, O2, N2, 

CO2, CH4 and Ar at a fixed standard atmospheric gas pressure (1000 mbar). 
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Figure 7.11 IV curves for electrical breakdown of ZnO NRs and YZO NRs with 

various Y/Zn molar percentages based GISs for (A) air, (B) O2 (C) N2, (D) CO2, (E) 

CH4 and (F) Ar. 

 

 Figure 7.11AF demonstrate the IV curves for electrical breakdown of ZnO 

NRs and YZO NRs based GISs at different gas species environments. It is noticeable 

that each gases exhibits a distinct breakdown voltage. With undoped ZnO NRs, the 

breakdown voltages were found to be 282, 450, 470, 511, 529 and 550 V for Ar, N2, air, 

CH4, O2 and CO2, respectively. The different of breakdown voltage provides a 

“fingerprint” property and this reveals the potential for gas identification within a gas 

mixture. It is clear that, in comparison to ZnO NRs based GIS, YZO NRs based GISs 
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require a much smaller breakdown voltage for all the target gas species. For instance, 

the breakdown voltages of N2 for ZnO NRs and YZO NRs with 0.5, 1.0, 2.0 and 3.0 of 

Y/Zn molar percentages based GISs were measured to be 450, 390, 370, 420 and 440 V, 

respectively. It is important to note that the 1% YZO NRs based GIS shows the lowest 

breakdown voltage for all the gas species. The reduction of the breakdown voltage for 

YZO NRs based GISs can be attributed to the increase in the conductivity of the NRs. 

 

 

Figure 7.12 Plots of breakdown voltage of different gas species and resistivity as a 

function of Y/Zn molar percentage. 

 

 From Figure 7.12, the correlation between the resistivity of the NRs and the 

breakdown voltages for different gases can be clearly identified. A similar relationship 

was observed between the resistivity of the NRs and the breakdown voltage of gases. 

The breakdown voltages of the gases were reduced at first when the resistivity of the 

NRs is decreased and reaching minima at YZO NRs with 1% Y/Zn molar ratio. 

However, further increased the Y/Zn molar ratio above 1% will lead to an increase of 

the breakdown voltage since the resistivity of the NRs is increased. 
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As mentioned in section 7.4.4, the Fermi level of ZnO is shifted closer to the 

conduction band after the introduction of Y atom. This will lead to an increase in the 

electron density, which will increase the conductivity of the NR with a reduced 

potential gradient across the NR. Therefore, a smaller voltage will be required in order 

to ionise the gas moving between the tip of the NR and counter electrode (copper plate). 

In addition, the discharge current generated from all the YZO NRs based GISs 

are much higher than that of the ZnO NRs based GIS. As shown in Figure 7.11D, the 

discharge currents produced by ZnO NRs and YZO NRs with 0.5, 1.0, 2.0 and 3.0 of 

Y/Zn molar percentages in CO2 environment were 18.1, 41.7, 118.3, 47.1 and 63.3 µA, 

respectively. Compared to ZnO NRs based GIS, the 1% YZO NRs based GIS 

demonstrates a 6.5fold increase in the discharge current density. This increment 

indicates a significant improvement in the sensitivity and such improvement could also 

be related to the change of conductivity. 

 

 

Figure 7.13 The stability test of 1% YZO NRs based GIS in air and N2 environments. 

 

 The stability of the 1% YZO NRs based GIS was tested in air and N2 ambients. 

Figure 7.13 shows the breakdown phenomena were generated continuously 100 cycles 

in air and N2 at 1000 mbar. The duration of each cycle is 2 minutes. It is noticeable that 
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the breakdown voltage only fluctuates less than 5%. The obtained results reveal a better 

stability as compared to that of CNTs based GISs.69 The low breakdown voltage with 

high sensitivity and high stability indicate that YZO NRs could be a better candidate as 

field ionisation gas sensor. 

 

 

Figure 7.14 Top view SEM images of 1% YZO NRs (A) before and (B) after 100 

cycles of continuous breakdown in N2 environment. The inset is the corresponding 

higher resolution of SEM image. 

 

 The morphology of the YZO NRs after 100 cycles of continuous breakdown in 

N2 environment was characterised by SEM, as displayed in Figure 7.14. It appears that 

most the NRs remain unchanged after 100 cycles of measurement as compared to the 

unused one (Figure 7.14A). However, some of the NR tips are flattened after the 

continuous breakdown, shown in the inset of Figure 7.14B. This can be attributed to the 

damage caused by plasma discharge during the ionisation process. Nevertheless, in 

comparison to CNTs based GISs,69 the YZO NRs based GISs still offer a much higher 

stability in ionisation gas sensing applications. 
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7.6 Effect of UV illumination on GIS Performance 

 The conductivity of the metal oxide nanostructures can also be manipulated by 

photoexcitation by directly pumping electrons to the conduction band. Using UV 

excitation could also add extra energy to the electrons on the surface of the metal oxide 

by several electron volts (~3 eV). More important, a monochromated UV light could 

also selectively excite the electronic state of specific gas molecules, and the sensitivity 

towards that molecule could be expected to be enhanced against the others, resulting 

improved selectivity. For a classic metal oxide based resistance gas sensor, the 

enhanced performance with UV light has been demonstrated, although the mechanism 

is somehow different to the effects of UV light on GIS. Here, the effect of UV 

illumination on the GIS performance was investigated using the 1% YZO NRs, with a 

FTO glass used as the counter electrode to facilitate the light illumination. A 3W UV 

LED light source with a wavelength of 365 nm was used since the optical band gaps of 

the 1% YZO NRs was about 394 nm (3.1 eV), as demonstrated in section 7.4.4. 
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Figure 7.15 IV curves for electrical breakdown of 1% YZO NRs based GIS in air 

(A,B) and N2 (C,D) with, without UV illumination (365 nm) and UV illuminated at 

breakdown voltage. 

 

 Figure 7.15A and 7.15C are the IV curves for the electrical breakdown of 1% 

YZO NRs based GIS in air and N2 with and without UV illumination, as well as that 

illuminated at breakdown voltage. It is noticeable that the breakdown voltage of air and 

N2 is not affected by the UV illumination. However, the discharge currents from air and 

N2 were increased with the UV illumination. Figure 7.15B and 7.15D show the 

magnified IV plots. Under the UV illumination, the discharge current generated in air 

was 144.6 µA, in comparison to 130.7 µA without UV light. This corresponds to an 

enhancement of ~10.6% in the discharge current, suggesting that the sensitivity of the 

gas sensor is improved upon UV illumination. In the N2 gas, the discharge current was 

also increased from 228.2 µA to 242.2 µA under UV illumination. We propose that 
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under UV light, the excited electron-hole pairs were generated in the conduction and 

valence bands of ZnO, which further increase the electrical conductivity of the NRs. 

Thus, the effective electrical field between the tip of NRs and the counter electrode is 

enhanced, which in turn increases the discharge current density. 

 If the GIS is illuminated with bias from the breakdown voltage, the continuous 

discharge current generated was also higher than that unilluminated. However, in 

comparison with the continuous illumination from 0 V bias, the discharge currents were 

slightly lower. This could be attributed to the presence of a layer of chemisorbed 

oxygen species on the surface of NRs under dark, which reduces the conductance of 

ZnO.168, 316 When the NRs are exposed to UV light, the adsorbed oxygen can be 

desorbed from the surface of the ZnO, which increases the surface conductivity of the 

NRs and thus increase the sensitivity of the gas sensor. 

 

 

Figure 7.16 (A) Photograph of the FTO glass which acted as counter electrode and (B) 

top view SEM image of 1% YZO NRs based GIS after UV exposure of 20 minutes. 

 

There were, however, some drawbacks to this UV light enhanced gas sensor 

application. After exposing the GIS device to UV light for 20 minutes, the conductive 

layer of FTO was etched off from the glass substrate by the plasma discharge, as shown 

in Figure 7.16A. Although the melting point of ZnO is very high, which is 1975°C, 
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most of the NRs were also melted or deteriorated after 20 minutes of UV light exposure 

during the gas ionisation measurement, as shown in Figure 7.16B. This may be due to a 

large amount of photoexcited electrons were generated under the UV illumination 

which caused the formation of defects and deformation of the ZnO structure. 

Furthermore, at the breakdown voltage, the immediate generation of a large discharge 

current density with the presence of UV illumination produces very high temperature on 

a focused area of the sample will also deteriorate the ZnO NRs. 

 

7.7 Conclusions 

We have demonstrated, for the first time, facile synthesis of vertically aligned 

crystalline YZO NR arrays by hydrothermal method. The surface morphology of the 

NRs was strongly affected by the Y/Zn molar ratio, where increased in the Y/Zn molar 

ratio lead to the formation of high aspect ratio ZnO NRs. The introduction of Y atoms 

into ZnO lattice caused the change in both the optical and electrical properties of the 

NRs. The GIS measurements revealed that the 1% YZO NRs based GIS had the highest 

sensitivity towards all the gas species with a smaller breakdown voltage was required. 

The possible reasons for the higher sensitivity and lower breakdown voltage were also 

discussed. The sensitivity of the GIS was further improved by UV illumination onto the 

GIS device during the GIS measurements. 
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Chapter 8 Efficient Solar Water Splitting by Highly Ordered 1D 

BiVO4/ZnO Nanorods Heterojunction Film 

 

8.1 Abstract 

A novel material, highly ordered 1D BiVO4/ZnO heterojunction film was 

successfully created through the combination of hydrothermal and metal organic 

decomposition (MOD)/spin coating methods. The correlation between the duration of 

reaction and the morphology of ZnO NRs was examined. The results revealed that 6 

hours was the optimal growth duration for ZnO NRs. The top view SEM image of 

BiVO4 demonstrated that the film was made of worm-like nanosized particles which 

were well-interconnected, forming a 3D porous material. The effect of the number of 

coats of BiVO4 on ZnO NRs with respect to the PEC water splitting performance was 

investigated. A maximum conversion efficiency was achieved for that with 6 coats of 

BiVO4 on top of ZnO NRs (0.22%). Compared with bare ZnO NRs (0.045%) and 

BiVO4 (0.082%) photoanodes, the 1D BiVO4/ZnO (0.22%) photoanode had revealed an 

increased photoconversion efficiency in water oxidation by a factor of five and three, 

respectively. 

 

8.2 Introduction 

 The development of solar water splitting devices has created tremendous interest 

because it provides an attractive route to convert sunlight into chemical fuel in the form 

of hydrogen. The solar energy spectrum is composed of 4447% visible light and 35% 

UV light.317 Therefore, there have been intense research into the development of visible-

light-responding photocatalysts for solar energy conversion. There are a number of 
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visible light photocatalysts, such as CdS318, 319 and CdSe,320 have attracted intensive 

attention as photoanode for photoelectrolysis of water, however these catalysts are 

chemically unstable upon illumination.321 In addition, simple metal oxides, for instance 

WO3
322 and Fe2O3,

267 are the popular photocatalytic materials because of their visible 

light activity, stability in aqueous electrolyte and low cost.322, 323 Nevertheless, these 

metal oxides exhibit low photocatalytic activity in PEC water splitting. This is because 

the conduction band position of WO3 is lower than the reduction potential of water324 

and hole diffusion length of Fe2O3 is very short (24 nm)325 with high possibility of 

charge recombination. 

 Recently, n-type monoclinic BiVO4 has emerged as a promising photocatalyst 

for water oxidation owing to its narrow band gap energy (~2.4 eV), which allow it 

absorbs a substantial portion of visible light.326 Furthermore, the valence band of BiVO4 

is sufficiently positive for the water oxidation and its conduction band edge is very near 

the thermodynamic hydrogen evolution potential.10, 121, 327 Although the theoretical 

conversion efficiency of monoclinic BiVO4 was estimated to be 9.1%,328 BiVO4 

photoanodes have exhibited low photon conversion efficiencies.130 There are several 

reasons for this problem, including significant recombination of photogenerated 

electron-hole pairs, poor electron mobility and slow hole transfer kinetics for water 

oxidation.121 

 A number of available methods have been proposed to overcome these 

drawbacks. One of the approaches to improve the conversion efficiency of BiVO4 is 

through the formation of heterojunction structure such as BiVO4/CuWO4
329 and 

WO3/BiVO4
326 to suppress the electron-hole recombination. However, WO3 has the 

similar issue of poor electron mobility which limits the migration of photogenerated 

electrons to counter electrode and affects the hole transfer kinetics in BiVO4.
324 The 
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introduction of oxygen evolving catalysts such as cobalt phosphate (CoPi)265, 330, 331 

and iron oxyhydroxide (FeOOH)10, 129 on the surface of BiVO4 is another way to 

enhance the conversion efficiency by reducing the recombination of electrons and holes. 

Unfortunately, the intrinsic problems of poor electron mobility and conductivity in 

BiVO4 still remain.332, 333 

In order to solve these problems, we use 1D ZnO NRs as the platform offering a 

nano-morphology owing to its extremely high electron mobility.334 This will facilitate 

the charge injection and transportation. Coupling the BiVO4 with wide band gap ZnO 

NRs will generate a heterojunction due to the difference in their Fermi levels, which 

will increase the charge separation and reduce the electron-hole recombination. The 

synergy of the narrow band gap material (BiVO4) with a wide band gap material (ZnO) 

will also extend the spectrum range of the light absorption and thus increased the 

photoactivity of PEC water splitting under solar excitation. In the present work, we 

demonstrate the creation of highly ordered 1D BiVO4/ZnO heterojunction film through 

the combination of hydrothermal and MOD/spin coating methods. The optical 

properties of ZnO NRs, BiVO4 film and BiVO4/ZnO film were also studied. The PEC 

measurements reveal that the heterojunction of BiVO4/ZnO show a significant 

enhancement in the photocatalytic activity and stability relative to the bare ZnO NRs 

and BiVO4 film in PEC water oxidation. 

 

8.3 Experimental Details 

8.3.1 Preparation for Growing ZnO NRs 

All the chemicals used were analytical grade and purchased from Sigma-

Aldrich. The substrates, FTO glasses (1 × 1.5 cm2) were cleaned under sonication in an 

IPA bath for 15 minutes and rinsed with DI water, followed by dried in air. 
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Hydrothermal method was used to grow ZnO NRs on FTO glass. The synthesis 

process involves two main steps which are seeding and growth processes. The seeding 

solution was prepared by dissolving 0.219 g of zinc acetate in 10.0 ml of DI water and 

magnetically stirred for 2 hours to form a 0.10 M seeding solution. The seeded samples 

were then annealed at 350°C for 30 minutes to convert zinc acetate into ZnO seeds. The 

reaction solution was prepared by dissolving 0.136 g of ZnCl2 in 10 ml of DI water to 

yield a 0.10 M solution. 0.5 ml of ammonia (25%) solution was added dropwise into the 

growth solution while stirring. Then, 8 ml of the as-prepared nutrient solution was 

poured into a 10 ml Teflon vessel with a seeded FTO glass was immersed into the 

reaction solution and sealed. The hydrothermal vessel was heated in an oven at 95°C for 

37 hours. Subsequently, the vessel was cooled down to room temperature and the as-

grown sample was rinsed three times with DI water, dried at room temperature. 

 

8.3.2 Preparation of BiVO4 Films 

 BiVO4 films were fabricated using the published MOD/spin coating 

procedures.125, 327 The solutions of vanadyl acetylacetonate [VO(acac)2] and bismuth 

nitrate pentahydrate [Bi(NO3)3·5H2O] were prepared by dissolving 398 mg of 

VO(acac)2 in 50 ml of acetylacetone and 728 mg of Bi(NO3)3·5H2O in 7.5 ml of 

acetylacetone. These solutions were mixed ultrasonically in stoichiometric amounts for 

30 minutes to yield a green precursor solution. The resulting precursor solution was spin 

cast (speed≈1000 rpm, time≈10 s) onto FTO glass or as-grown ZnO NRs, where 

20 µL cm-2 of precursor was used for a single layer coating. After each coating cycle, 

the sample was annealed to 500°C for 10 minutes. The spin coating and calcination 

steps were repeated for several cycles in order to obtain a thick crystalline BiVO4 film. 

After the last coating cycle, the sample was calcined at 500°C for 2 hours. 
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8.3.3 Characterisation 

 SEM (JSM 820M, Jeol) was used to examine the surface morphologies of the 

samples. The average diameters and average film thicknesses were measured from top- 

and side-view SEM images using Image J (National Institutes of Health, USA). Power 

XRD (Siemens D500) was carried out to analyse the crystallinity and structure 

orientation of the nanostructures. UV-vis spectrophotometer (Thermospectronic UV 

300) was used to record the optical absorption of the samples. The PEC water splitting 

was measured using a standard three-electrode configuration in a 0.5 M Na2SO4 

electrolyte (pH 6.8). A platinum foil was used as counter electrode and a KCl saturated 

Ag/AgCl electrode was used as a reference. A USB potentiostat (eDAQ) was used to 

control and record the photocurrent as a function of electrochemical potential. Sunlight 

was simulated with a 300W xenon arc lamp with an AM1.5 G filter and the output light 

power density was adjusted to 100 mW cm-2. EIS (Palmsens 3.0) measurements were 

carried out in 0.5 M Na2SO4 solution (pH 6.8) and the amplitude of the sinusoidal wave 

was set at 10 mV and frequency varied from 10 kHz to 100 mHz. 

 

8.4 Results and Discussion 

8.4.1 Morphology of ZnO NRs 

 Crystallised ZnO NRs were successfully synthesised through hydrothermal 

method, as shown in Figure 8.1. The NRs were homogenously aligned array on the FTO 

substrate. The high magnification SEM image (Figure 8.1B) reveals that all the NRs 

have the typical hexagonal cross section. After 6 hours of growth, the length of the NRs 

was measured to be 2.6 µm, as presented in the cross-sectional view SEM image in 

Figure 8.1C. The average diameter and mean error of the NRs were evaluated from 100 

measurements through their top view SEM images. The measurement shows that the 
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NRs are monodispersed in their diameters with an average diameter of 152.4 nm and a 

FWHM value of 32 nm, as demonstrated in Figure 8.1D. 

 

 

Figure 8.1 SEM images of ZnO NRs after 6 hours of growth at 95°C, (A) top view, (B) 

high magnification and (C) cross-sectional view. (D) Diameter distributions of the NRs. 

 

The crystal structure and crystal orientation of the ZnO NRs were characterised 

by power XRD. The XRD pattern of ZnO NRs is analysed based on the standard XRD 

database for wurtzite ZnO (JCPDS # 36-1451). All the peaks were indexed to the 

wurtzite ZnO, which gives the diffraction peaks located at 2θ = 31.79°, 34.76°, 36.15°, 

47.79° and 54.96° (Z), corresponding to (100), (002), (101), (102) and (110) crystal 

planes. The additional peaks located at 2θ = 26.83°, 36.55° and 51.84 (■) are the 

diffraction of SnO2 from the FTO substrate. 
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Figure 8.2 XRD pattern of ZnO NRs on FTO glass after 6 hours of growth. The miller 

indices of crystal planes are labelled where Z and ■ are ZnO and FTO, respectively. 

 

As shown in Figure 8.2, (002) plane is the strongest diffraction peak of the ZnO 

NRs, which indicates the NRs are grown along the [0001] direction. This observation is 

in agreement with the SEM images (Figure 8.1), where all the NRs are grown along the 

c-axis. In addition, the crystal domain size (Equation 2.5, Section 2.3) and relative 

texture coefficient (Equation 2.7, Section 2.3) of the NRs were calculated, which are 

34.3 nm and 0.99, respectively, indicating well-ordered and high quality of ZnO NRs 

were achieved. 

 

8.4.2 Effect of Growth Duration on the Morphology of ZnO NRs 

 The correlation between the growth duration and the final morphology of ZnO 

NRs was investigated. All the experiment parameters were held constant, varying the 

duration of reaction to 3, 4, 5, 6 and 7 hours. Figure 8.3 shows the cross-sectional view 

SEM images of the ZnO NRs after different duration of reactions.  
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Figure 8.3 Cross-sectional view SEM images of ZnO NRs grew at (A) 3 hours, (B) 4 

hours, (C) 5 hours, (D) 6 hours and (E) 7 hours. (F) Plot of film thickness as a function 

of growth duration. 

 

 It is obvious that the NR length is strongly dependent on the duration of 

reaction. The cross-sectional view SEM images reveal that the NR length is increased 

from 1.53 µm to 2.64 µm when the growth duration is increased from 4 to 7 hours. It is 

important to note that the NR length achieves plateau after 6 hours of growth, as shown 

in Figure 8.3F, where the NR grew for 7 hours (2.64 µm) showing essentially the same 

thickness as that grew for 6 hours (2.60 µm) due to the exhaustion of the nutrient 

solution. 
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8.4.3 Morphology of BiVO4 Films 

In order to establish the photoconversion efficiency of pure BiVO4 film as 

benchmark for comparison with BiVO4/ZnO composite structure, BiVO4 film was 

generated directly on FTO substrate through the MOD/spin coating method. The top 

view SEM image (Figure 8.4A) reveals the particular structures of BiVO4 film with 

some degree of coalescence. 

 

 

Figure 8.4 SEM images of BiVO4 film after ten deposition cycles, (A) top view and (B) 

cross-sectional view. 

 

 The average diameter of the particles was measured to be 195±34 nm. The well-

interconnected 3D porous networks in between the nanoparticles are important for 

reducing the grain boundary resistance of the films while maintaining the overall 

surface porosity of the film. This will allow a better penetration of the electrolyte into 

these films, with increased contact area between the electrolyte and the photoanodes. 

The obtained surface morphology of the nanoporous BiVO4 films is similar to that 

reported before for the BiVO4 films prepared by MOD technique.130, 335 As shown in 

Figure 8.4B, the nanoporous BiVO4 film is having a film thickness of ~720 nm after ten 

deposition cycles. 
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Figure 8.5 XRD pattern of nanoporous BiVO4 film on FTO glass after ten deposition 

cycles. The miller indices of crystal planes are labelled where B and ■ are BiVO4 and 

FTO, respectively. 

 

The crystal structure of the nanoporous BiVO4 film was examined by power 

XRD, as shown in Figure 8.5. The XRD pattern of BiVO4 is analysed based on the 

standard XRD database for monoclinic BiVO4 (JCPDS # 14-0688). All the peaks were 

indexed to the monoclinic phase of BiVO4, which gives the diffraction peaks located at 

2θ = 18.89°, 28.85°, 30.52°, 40.08°, 42.21°, 47.33°, 50.11° and 53.28° (B), 

corresponding to (011), (112), (004), (211), (015), (204), (220) and (116) crystal planes. 

This measurement confirms that the as-prepared BiVO4 film is pure monoclinic phase 

of BiVO4 possessing the scheelite structure. Similar to the XRD pattern of ZnO NRs, 

the four additional peaks marked as ■ in the spectrum are contributed by SnO2 from the 

FTO substrate. As shown in the diffraction pattern, (112) is the dominant peak for 

BiVO4 and the crystal domain size of the sample was calculated to be 24.3 nm, which is 

significantly smaller than the ZnO NRs. 
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8.4.4 Optical Properties of ZnO NRs and Nanoporous BiVO4 Film 

 The optical properties of the ZnO NRs (6 hours of grew) and nanoporous BiVO4 

film (10 deposition cycles) were investigated using UV-vis spectrophotometer. Figure 

8.6A is the UV-vis absorption spectra of ZnO and BiVO4 that recorded between 350 nm 

to 600 nm at room temperature. The ZnO NR film is white colour, while the BiVO4 thin 

film is bright yellow colour. 

 

 

Figure 8.6 (A) UV-vis absorption spectra and (B) Tauc plots of ZnO NRs (6 hours 

grew) and nanoporous BiVO4 film (10 deposition cycles). 

 

As shown in Figure 8.6A, ZnO only absorb at the UV region, while BiVO4 

exhibited absorption in the visible region. The UV-vis absorptions cut-off of the ZnO 

and BiVO4 were observed at around 390 nm (3.18 eV) and 500 nm (2.48 eV), 

respectively. It is noticeable that both the ZnO and BiVO4 show sharp absorption edges, 

which indicates that both the samples have direct band gaps.335 The absorption edges 

correspond to their optical band gap energies. The band gap energies were further 

calculated using Tauc expression (Equation 2.11, Section 2.4), as displayed in Figure 

8.6B. The band gaps of the samples were estimated from the x-intercept of the tangent 

line in the plot of (αhv)2 as a function of hv. ZnO and BiVO4 were determined to have 
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an optical band gap energy of 3.24 eV and 2.54 eV, respectively, very close to the 

absorption cut-off. The obtained results are comparable with the reported values.293, 335 

The band gap measurements suggest that ZnO absorbs the UV light while BiVO4 is 

capable to absorb the blue and green light. 

 

8.4.5 Creation of Electrode with BiVO4 Coated ZnO NRs Heterogeneous Structure 

 In order to take advantage of the visible light absorption of BiVO4 with 

improved charge mobility, heterogeneous BiVO4 coated ZnO NRs electrodes were 

created. The tandem electrode of ZnO NRs with nanoporous BiVO4 coating was 

prepared by the combination of hydrothermal (6 hours grew) and MOD/spin coating 

methods. The BiVO4 precursor solution was spin cast onto the surface of ZnO NRs for 

six deposition cycles. 

 

 

Figure 8.7 SEM images of BiVO4/ZnO heterojunction film after six deposition cycles, 

(A) top view (The inset is the high resolution image of the sample) and (B) cross-

sectional view. 

 

 Figure 8.7 shows the SEM images of the BiVO4/ZnO heterostructures. The top 

view SEM image demonstrates that spin coating method introduced some BiVO4 

agglomerations at the top of ZnO NRs. This could be due to the limited spin speed for 
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the coating. As shown in the high magnification SEM image (inset of Figure 8.7A), the 

hexagonal morphology of the NRs became less well define due to the coating of BiVO4. 

The cross-sectional view SEM image (Figure 8.7B) reveals that the coating procedure 

of BiVO4 did not change the NR morphology. The BiVO4 film on the surface of ZnO 

NRs after six deposition cycles was measured to have a thickness of ~300 nm. 

 

 

Figure 8.8 XRD pattern of BiVO4/ZnO heterojunction film, (A) full spectra and (B) 

vertically enlarged. The miller indices of crystal planes are labelled where B, Z and ■ 

are BiVO4, ZnO and FTO, respectively. 

 

 The XRD spectrum of BiVO4/ZnO heterojunction film is presented in Figure 

8.8. All the peaks were indexed to the monoclinic phase of BiVO4, wurtzite structure of 

ZnO and FTO. The XRD spectrum confirmed the presence of ZnO with a strong (002) 

peak after the deposition of BiVO4 film. This result is in agreement with the SEM 

image in Figure 8.7B, where the deposition of BiVO4 film did not change the 

morphology of ZnO NRs. It is noteworthy that the diffraction peaks of BiVO4 from the 

BiVO4/ZnO electrode are relatively weak. The weak peaks were due to the low 

concentration of BiVO4 on the surface of ZnO NRs, where the BiVO4 film thickness is 

about 300 nm, as measured from Figure 8.7B. The crystal domain sizes of ZnO and 

BiVO4 were calculated to be 40.2 and 23.8 nm, respectively. In comparison to bare ZnO 
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NRs, the crystal domain of the ZnO NRs from the BiVO4/ZnO heterojunction film show 

an increase of ~17%. This can be explained by the increased in the crystallinity of ZnO 

after repeated annealing process. 

 

 

Figure 8.9 (A) UV-vis absorption spectrum and (B) Tauc plot of BiVO4/ZnO 

heterojunction film. 

 

 The UV-vis absorption of the BiVO4/ZnO heterojunction film was recorded as 

depicted in Figure 8.9A. There are two distinctive absorption features in the absorption 

spectrum with the absorption edges of ~400 nm and ~500 nm, indicating the presence of 

ZnO and BiVO4 in the heterogeneous structure. The band gap energies of the samples 

were calculated from the UV-vis absorption spectrum using the Tauc relation (Equation 

2.11, Section 2.4), as presented in Figure 8.9B. The band gap energies of ZnO and 

BiVO4 were measured to be 3.15 eV and 2.53 eV, respectively. It is worth noting that 

the optical band gap of ZnO NRs in the composite electrode (3.15 eV) is slightly less 

than the bare ZnO NRs (3.25 eV; Figure 8.6B). The reduction of the band gap could 

possibly be due to the doping of bismuth or vanadium ions on the surface of the ZnO 

NRs. 

 



218 
 

8.5 PEC Water Splitting Measurements 

8.5.1 Photocatalytic Activity of ZnO NRs and Nanoporous BiVO4 Film  

 The PEC water splitting performances of ZnO NRs and nanoporous BiVO4 film 

were directly compared by measuring the photocurrent in 0.5 M Na2SO4 electrolyte 

(pH = 6.8) under the illumination of solar simulator (100 mW cm-2) with an AM1.5 G 

filter. Figure 8.10A presents the IV curves of ZnO NRs (blue curve) and nanoporous 

BiVO4 film (red curve) photoanodes under the sunlight in the potential range from 0.5 

to 1.0 VAg/AgCl together with the dark current measured from the BiVO4 photoanode 

(black curve). 

 

 

Figure 8.10 (A) IV curves of ZnO NRs and nanoporous BiVO4 film together with the 

dark current measured from BiVO4 film in 0.5 M Na2SO4 electrolyte (pH = 6.8) under 

simulated sunlight of 100 mW cm-2 with an AM1.5 G filter and (B) corresponding 

output power and conversion efficiency under AM1.5 G full solar spectrum irradiation. 

 

 As shown in Figure 8.10A, the photocurrents generated from both the 

photoanodes increase steeply at a lower potential with onset photopotentials at 

0.22 VAg/AgCl for ZnO NRs and 0.18 VAg/AgCl for nanoporous BiVO4 film. For an 

electrolyte of 0.5 M Na2SO4 with pH 6.8, the reversible oxygen standard potential is at 
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0.63 VAg/AgCl, marked with the red line in Figure 8.10A. At a typical potential of 

1.23 VRHE, the ZnO NRs electrode generates a photocurrent density of 0.108 mA cm-2, 

while BiVO4 electrode generates a photocurrent density of 0.172 mA cm-2. The 

photoconversion efficiencies of the ZnO NRs and BiVO4 film photoanodes were 

calculated (Equation 2.27, Section 2.6), as presented in Figure 8.10B. Consistent with 

the higher photocurrent density, a much higher photoconversion output power was 

obtained by the BiVO4 photoanode, with a maximum output power of 0.080 mW cm-2 

with respect to 0.045 mW cm-2 from the ZnO electrode. The measured photoconversion 

output powers correspond to the photoconversion efficiencies of 0.080% and 0.045%. 

In comparison, the photoconversion efficiency of the BiVO4 electrode is about 1.8times 

higher than that of the ZnO NRs photoanode. This is expected as the smaller band gap 

of BiVO4 (2.54 eV) with appropriate band edges offers a larger absorption spectrum 

region as demonstrated in the UV-vis absorption spectrum in Figure 8.6A. 

Consequently, as the solar intensity increases significantly from the UV to visible 

wavelength, the number of photogenerated electrons from BiVO4 will increase and thus 

the photoactivity of PEC water splitting is increased. 

 

8.5.2 Effect of BiVO4 Coating Thickness on Photocatalytic Activity 

 The thickness of the BiVO4 thin film is affected by the number of the coatings. 

As the thickness increases, the light absorption will be increased. However, due to the 

limitation of charge mobility and conductivity, an optimum film thickness should be 

identified by measuring the effect of the number of coats of BiVO4 on the PEC water 

splitting performance. Figure 8.11A depicted the IV curves of the BiVO4/ZnO 

photoanodes with different number of coats of BiVO4 together with the dark current 

measured from 6 coats BiVO4/ZnO in 0.5 M Na2SO4 electrolyte (pH = 6.8) under 
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simulated sunlight of 100 mW cm-2 with an AM1.5 G filter in the potential range of 

0.4 to 1.0 VAg/AgCl. 

 

 

Figure 8.11 (A) IV curves of BiVO4/ZnO photoanodes with different number of coats 

of BiVO4 in 0.5 M Na2SO4 electrolyte (pH = 6.8) under simulated sunlight of 

100 mW cm-2 with an AM1.5 G filter and (B) plot of photoconversion efficiency with 

respect to the number of coats of BiVO4. 

 

It is noticeable that the PEC performance of the BiVO4/ZnO photoanode is 

strongly affected by the number of coats of BiVO4. Compared to the bare ZnO NRs 

photoanode (red curve), all the BiVO4/ZnO electrodes demonstrate a much higher 

photocurrent density. The corresponding PEC water splitting parameters of the 

photoanodes with different number of coats of BiVO4 film are summarised in Table 8.1. 

As the BiVO4 film thickness increases, the measured PEC photocurrent densities 

were also increased until the thickness reaches 300 nm. Meanwhile, the open circuit 

potentials follow the opposite trend and were decreased as the thickness of BiVO4 

increases until the thickness reaches 300 nm. With respect to the ZnO NRs 

(0.219 VAg/AgCl), the more negative onset potential of the BiVO4 coated photoanode can 

be attributed to the improvement in the charge separation for the composite samples.254 
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Table 8.1 PEC performance parameters of ZnO NRs with different number of coats of 

BiVO4 film. 

Number of 

Coats of 

BiVO4 

BiVO4 Film 

Thickness 

(nm) 

Onset Potential 

(VAg/AgCl) 

Photocurrent at 

1.23 VRHE 

(mA cm-2) 

AM1.5 G 

efficiency (%) 

  0.219 0.108 0.050 

 97 0.306 0.303 0.064 

 223 0.320 0.435 0.130 

 300 0.352 0.693 0.210 

 392 0.346 0.512 0.162 

 

The photoconversion efficiencies of the photoanodes were also calculated from 

equation 2.27. The results are plotted in Figure 8.11B and summarised in Table 8.1. A 

maximum photoconversion efficiency of 0.21% was achieved for the photoanode with 

six coats of BiVO4 (300 nm) on the ZnO NRs. Further increasing the BiVO4 coating on 

the ZnO NRs will cause a drop in the conversion efficiency. We explain that the 

formation of a heterojunction in between the ZnO and BiVO4; and the high charge 

mobility in the ZnO NRs will help to improve the charge separation and reduce the 

electron-hole recombination. However, with a thick layer of BiVO4 in the BiVO4/ZnO 

photoanode, the diffusion of the minority carrier (hole) from the BiVO4 towards the 

ZnO NR core will be limited by the BiVO4 hole diffusion length (100200 nm).132, 333 

Nevertheless, the PEC water splitting tests reveal that the optimal photoconversion 

efficiency can be achieved with a layer of 300 nm BiVO4 film on ZnO NRs. 
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8.5.3 Comparison of PEC Activity of ZnO NRs, Nanoporous BiVO4 Film and 

BiVO4/ZnO Film 

 In order to examine the synergy effects of the heterogeneous BiVO4/ZnO 

photoanode for the improved PEC water splitting, a direct comparison between the ZnO 

NRs, nanoporous BiVO4 film and BiVO4/ZnO heterojunction film was carried out. 

Figure 8.12A represents the IV curves of ZnO NRs (blue curve), nanoporous BiVO4 

film (red curve) and optimal BiVO4/ZnO heterojunction film (dark green) in 0.5 M 

Na2SO4 electrolyte (pH = 6.8) under simulated sunlight of 100 mW cm-2 with an 

AM1.5 G filter in the potential range of 0.4 to 1.0 VAg/AgCl. 

 

 

Figure 8.12 (A) IV curves of ZnO NRs (blue), nanoporous BiVO4 film (red) and 

BiVO4/ZnO heterojunction film (dark green) together with dark current (black) 

measured from the composite sample in 0.5 M Na2SO4 electrolyte (pH = 6.8) under 

simulated sunlight of 100 mW cm-2 with an AM1.5 G filter and (B) corresponding PEC 

output power and conversion efficiency under AM1.5 G full solar spectrum irradiation. 

 

 As shown in Figure 8.12A, the BiVO4/ZnO photoanode exhibits a much higher 

photocurrent density than that of the bare ZnO and BiVO4 photoanodes. At a typical 

potential of 1.0 VAg/AgCl, the photocurrents generated from the ZnO, BiVO4 and 
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BiVO4/ZnO photoanodes were measured to be 0.155, 0.368 and 0.952 mA cm-2, 

respectively. The onset potential of the BiVO4/ZnO electrode (0.352 VAg/AgCl) is also 

shifted to a more negative value relative to the ZnO (0.219 VAg/AgCl) and BiVO4 

(0.185 VAg/AgCl) photoanodes. This can be accredited to the appropriated alignment in 

the band gaps of ZnO and BiVO4 which increases the charge separation.259 The details 

of the band structures of the heterojunction between ZnO and BiVO4 is discussed later 

in this section.  

The PEC output powers and efficiencies of the samples were also evaluated 

using equation 2.27, shown in Figure 8.12B. The maximum conversion output powers 

of ZnO NRs, nanoporous BiVO4 film and BiVO4/ZnO electrodes were calculated to be 

0.045, 0.082 and 0.212 mW cm-2, respectively. The calculations reveal that the PEC 

output power of the BiVO4/ZnO photoanode is being ~67% higher than the sum of the 

output powers of the ZnO and BiVO4 photoanodes. This implies that the stacking of 

BiVO4 film on top of ZnO NRs offers better charge separation and improved light 

adsorption with a synergistic effect. 

 Amperometric studies were conducted for ZnO, BiVO4 and BiVO4/ZnO 

photoanodes in 0.5 M Na2SO4 electrolyte (pH = 6.8) at an applied voltage of 

0.63 VAg/AgCl under light on-off cycles for 160 s, as shown in Figure 8.13A. The 

measurements display that there is no obvious decrease in the photocurrent density, 

which reveals the stability of the photoanodes under our experimental conditions. It is 

worth mentioning that the photocurrent on-off curve of the ZnO NRs anode is different 

from that of the BiVO4 and BiVO4/ZnO anodes. For ZnO NRs photoanode, the 

behaviour of the photocurrent represents by the surface charge accumulation rather than 

recombination which determines by the kinetics of water oxidation. For BiVO4 

photoanode, on the other hand, it absorbs visible light which has much higher light 
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intensity in the solar spectrum. Therefore, the exciton density is expected to be higher 

and thus results in an exponential decay in the photocurrent. 

 

 

Figure 8.13 (A) Amperometric It curves of ZnO NRs, nanoporous BiVO4 film and 

BiVO4/ZnO heterojunction film in 0.5 M Na2SO4 electrolyte (pH = 6.8) at an applied 

voltage of 0.63 VAg/AgCl at 100 mW cm-2 for 160 s with repeated light on-off cycles and 

(B) normalised plots of ln D as a function of illumination time. 

 

The anodic photocurrent spikes of the BiVO4 and BiVO4/ZnO NRs electrodes 

can be used to assess the rate of electron-hole recombination of the photoanodes using 

equation 4.2. Figure 8.13B is the normalised plots of ln D as a function of illumination 

time for the BiVO4 and BiVO4/ZnO NRs electrodes. The transient time constant (Ʈ) 

value of the BiVO4/ZnO NRs electrode (2.35 s) measured at ln D = 1 is 2.6 times 

larger than that of the BiVO4 electrode (0.89 s). The reduced in the electron-hole 

recombination rate from the BiVO4/ZnO NRs photoanode is possibly due to the creation 

of a heterojunction in the composite sample, which helps to improve the charge 

separation. 
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Figure 8.14 MS plots of ZnO NRs, nanoporous BiVO4 film and BiVO4/ZnO film 

measured in 0.5 M Na2SO4 solution (pH 6.8) in the dark. The amplitude of the 

sinusoidal wave was set at 10 mV at a fixed frequency of 1 kHz. 

 

 In addition, EIS measurements were carried out to determine the capacitances 

and the flatband potential (VFB) values of the semiconductors in 0.5 M Na2SO4 

electrolyte in the dark at a fixed frequency of 1 kHz. Figure 8.14 shows the 

MottSchottky (MS) plots of the ZnO NRs, nanoporous BiVO4 film and BiVO4/ZnO 

film. All the samples exhibit positive slopes which confirm the typical n-type 

semiconductor behaviour. The VFB values of the electrodes were estimated to be 0.34, 

0.46 and 0.57 VAg/AgCl for the ZnO, BiVO4 and BiVO4/ZnO photoanodes. A more 

negative VFB value will improve the charge carrier separation of the sample since the 

degree of band bending at the interface is increased.109 

In addition, the slopes of the MS plots were used to determine the donor 

densities of the samples using equation 2.24. The relative dielectric constants of ZnO 

and BiVO4 are 10 and 55,78, 333 thus the donor densities were calculated to be 

7.31 ×  1018 cm-3 and 3.82 ×  1018 cm-3, respectively. The obtained readings are 

comparable with the reported values.265, 333 It is important to note that the slope of the 
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BiVO4/ZnO electrode is much smaller as compared to the ZnO and BiVO4 electrodes 

indicating a higher carrier concentration of the BiVO4/ZnO electrode. The higher donor 

density for the BiVO4/ZnO electrode can be explained on the basis that the BiVO4 film 

acting as a passivation layer that reduces the surface trap state of the ZnO NRs. 

Therefore, the number of charge trapped on the surface states is reduced and 

consequently increasing the concentration of the electrons at the space charge depletion 

layer.109 This could be one of the reasons for the improvement in the photoactivity of 

PEC water splitting for the BiVO4/ZnO electrode over the bare ZnO and BiVO4 

photoanodes. 

 

 

Figure 8.15 Band gap schematic diagram representing the charge-transfer process in 

BiVO4/ZnO electrode. 

 

 Another possible reason for higher photocatalytic activity of the BiVO4/ZnO 

electrode is the reduced in the electron-hole recombination. Based on the obtained VFB 

values and optical band gap energies of ZnO and BiVO4, a potential energy diagram for 

the BiVO4/ZnO electrode can be constructed. The MS plots reveal that the VFB values 

of ZnO and BiVO4 are 0.34 and 0.46 VAg/AgCl, corresponding to 0.26 and 0.14 VRHE, 
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respectively. It has been reported that the difference between the VFB and the conduction 

band for an oxide semiconductor is approximated to 0.3 V.336, 337 Therefore, the 

conduction bands of ZnO and BiVO4 versus NHE at pH 0 are calculated to be 0.04 V 

and 0.16 V, respectively. The Tauc plots (Figure 8.6B) demonstrate that the optical 

band gap energies of ZnO and BiVO4 were 3.24 eV and 2.54 eV, respectively. Hence, a 

potential energy diagram of the BiVO4/ZnO photoanode is proposed in Figure 8.15. 

As shown in Figure 8.15, the band edges of ZnO and BiVO4 are appropriately 

aligned where the conduction band and valence band of BiVO4 are more negative than 

the corresponding bands of ZnO. This energy alignment will favour the injection of the 

photogenerated electrons from BiVO4 to ZnO and the photogenerated holes from ZnO 

to BiVO4, which results in the improvement in charge separation and reduce the 

possibility of charge recombination. More important, due to the core-shell geometry of 

the BiVO4 coated ZnO NRs, the hole transfer from ZnO to BiVO4 will help to facilitate 

the surface water oxidation by the holes. Meanwhile, the electron transferred from the 

BiVO4 to the ZnO NRs can benefit from the better electron conductivity of ZnO, 

allowing low internal energy consumption. 

In order to prove that the electron-hole recombination rate of the BiVO4/ZnO 

film is reduced, EIS measurements were carried out to determine the kinetics of charge 

transfer properties of the ZnO NRs, BiVO4 film and BiVO4/ZnO heterojunction film 

under illumination. Figure 8.16 displays the Nyquist plots of ZnO, BiVO4 and 

BiVO4/ZnO electrodes obtained in the frequency range of 10 kHz to 100 mHz. A simple 

Randles circuit model was used for the data fitting, as presented in Figure 8.16, where 

Rs  is the solution resistance, Qi  is the constant phase element for the 

electrolyte/electrode interface and Rct is the charge transfer resistance at the interface of 

the photoanode and electrolyte.  
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Figure 8.16 Nyquist plots of ZnO NRs, BiVO4 film and BiVO4/ZnO heterojunction 

film at 0.5 VAg/AgCl under simulated solar illumination in 0.5 M Na2SO4 electrolyte 

(pH 6.8). The amplitude of the sinusoidal wave was set at 10 mV and frequency varied 

from 10 kHz to 100 mHz. 

 

Figure 8.16 demonstrates that all the photoanodes exhibit one arc, suggesting 

that only the surface charge transfer step is involved in the photocatalytic reaction.338 

Normally, the smaller the semicircle/arc radius of the EIS Nyquist plot implies the 

larger the oxide layer capacitance which may lead to a higher charge density at the 

electrode/electrolyte interface. This will accelerate the interfacial charge transfer and 

thus reduce the charge recombination.34, 193 From the Nyquist plots, the BiVO4/ZnO 

electrode shows a smallest arc radius in comparison to the bare ZnO and BiVO4 

photoanodes. This indicates the BiVO4 film on top of ZnO NRs assists the separation of 

the photogenerated electron-hole pairs and accelerate the charge transfer at the solid-

liquid interface, which thus reduced the electron-hole recombination. 

In summary, the BiVO4/ZnO heterojunction film exhibits a significant improved 

in the PEC water splitting activity. The enhancement can be attributed to a number of 

factors, which are the improved in absorption region, increased carrier concentration, 
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reduced electron-hole recombination, enhanced charge separation and faster the 

interfacial charge transfer process. 

 

8.6 Conclusions 

 Highly ordered 1D BiVO4/ZnO heterojunction film was successfully created 

through the combination of hydrothermal and MOD/spin coating methods. The 

correlation between the growth duration and the morphology of ZnO NRs was 

investigated. The top view SEM image of BiVO4 revealed that the as-prepared film was 

nanoporous. The effect of number of coats of BiVO4 on ZnO NRs with respect to the 

PEC water splitting performance was examined. The results showed that six deposition 

cycles of BiVO4 was the optimal thickness for the BiVO4/ZnO film in PEC water 

splitting test. The PEC measurements demonstrated that the BiVO4/ZnO electrode 

displayed a synergistic effect whereby its photoconversion output power was ~67% 

higher than the sum of the output powers of the ZnO NRs and nanoporous BiVO4 film. 

Possible mechanisms for the high photoconversion efficiency were also discussed. 
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Chapter 9 Thesis Conclusions 

 

In this thesis, metal oxide nanomaterials with different morphologies, optical 

and electrical properties were successfully created and applied in the PEC water 

splitting and GIS applications. The PEC water splitting tests revealed that the 

photocatalytic water splitting performances could be significantly affected by these 

properties. Here, the photoconversion efficiencies and some of the associated critical 

parameters of all the nanomaterials studied in this thesis were summarised and tabulated 

in Table 9.1. 

The highest photoconversion efficiencies were achieved by urchin-like "ZT700" 

and multilayer of ZnO NRs on mesh "4L" photoanodes, which were 1.07 and 0.80%, 

respectively. A number of factors responsible for the higher PEC performance were 

identified. For the ZT700 photoanode, a thin layer of Zn2TiO4 (75 nm) at the interface 

between ZnO NRs and TiO2 HHSs and the unique urchin-like morphology are essential 

for the high PEC water splitting efficiency. Here, the Zn2TiO4 layer acts as a charge 

barrier layer to prevent the back flow of the electrons, since the conduction band of the 

Zn2TiO4 is more negative than those of TiO2 and ZnO. Therefore, the possibility of 

electron-hole recombination of this hybrid sample is further reduced. Meanwhile, the 

large surface area of the urchin-like structure allows an effective contact between the 

nanomaterials and the electrolyte to facilitate efficient surface reactions. 

The high PEC water splitting efficiency of the 4L photoanodes can be attributed 

to the increased light absorption. For the 4L electrode, it is made up of 4 layers of 

M60mW33. Therefore, some of the light rays that pass through the apertures of the 

front layer will then be absorbed/scattered by the ZnO NRs on the following layers, 
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which help to achieve some multiple internal reflections. The optical transmission 

measurements revealed that 99.86% of the light was absorbed by the multilayer 

photoanode, resulting in a high photoconversion efficiency.  

 

Table 9.1 PEC water splitting performances of metal oxide nanomaterials. 

Sample 
Length 

(µm) 

Diameter 

(nm) 

SAVR 

(nm-1) 
Eg (eV) η (%) 

ZnO NRs 4.5 157±30 0.0171 3.21 0.15 

ZnO NTs 5.0 159±24 0.0272 3.13 0.45 

Co-doped ZnO NRs 3.1 200±24 0.0175 3.14 0.24 

K-doped ZnO NRs 3.6 180±21 0.0184 3.15 0.26 

Ni-doped ZnO NRs 2.2 440±66 0.0110 3.16 0.14 

Na-doped ZnO NRs 3.8 170±24 0.0194 3.12 0.29 

M30mW33 5.9 483±190 - - 0.27 

M60mW33 9.6 670±172 - - 0.30 

M90mW33 13.5 1040±220 - - 0.33 

M120mW33 19.3 1280±210 - - 0.34 

2L - - - - 0.62 

3L - - - - 0.78 

4L - - - - 0.80 

ZT600 - - - - 0.61 

ZT700 - - - - 1.07 

BiVO4/ZnO NRs - - - - 0.21 
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It is noticeable that the photoconversion efficiencies of ZnO NRs and Ni-doped 

ZnO NRs are the lowest, which were 0.15 and 0.14%, respectively. The low PEC water 

splitting efficiency by the ZnO NRs photoanode can be explained by the large band gap 

energy and poor charge transportation. Although the band gap energy of the Ni-doped 

ZnO NRs (3.16 eV) is smaller than the undoped ZnO NRs (3.21 eV), the 

photoconversion efficiency of the Ni-doped ZnO NRs still remained lower than that of 

the ZnO NRs. This can be attributed to the length of the Ni-doped ZnO NRs (2.2 µm) 

which is much shorter in comparison to the undoped ZnO NRs (4.5 µm), resulting in a 

smaller SAVR value and poor light absorption. 

 For the first time, conductive YZO NRs had been designed and prepared through 

hydrothermal method and applied in GIS application. The conductive YZO NRs were 

synthesised using a facile one-pot hydrothermal method. At higher Y/Zn molar ratios, 

the aspect ratio of the YZO NRs was increased from 11 to 25. Doping ZnO NRs with 

yttrium atoms decreased the electrical resistivity more than 100 fold. The GIS 

measurements revealed a 6.5-fold enhancement in the sensitivity accompanied with a 

significant reduction in breakdown voltages from the highly conductive YZO NRs. 

Further sensitivity improvements (~11%) were achieved with simultaneous UV 

illumination.  
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Chapter 10 Future Works 

 

The future work will be focused on the understanding of the mechanism of 

doping in metal oxides and developing optimisation of PEC performance. At the time of 

preparing the doped ZnO NRs, X-ray photoelectron spectroscopy (XPS) was 

unavailable to determine whether the dopants are doped at the interstitial sites or lattice 

of the crystal. Therefore, the use of XPS is highly recommended in the future for the 

similar experiments in order to establish the oxidation states and dopant concentrations. 

For the PEC water splitting experiments, the stability tests of the photoelectrodes should 

be carried out at a longer duration (> 1 day) since the long term stability of the metal 

oxide nanostructures under illumination in the electrolytes used is not well 

characterised. In addition, the actual volume of the hydrogen and oxygen gases 

generated by the photoelectrodes should be measured using gas chromatography-mass 

spectrometer in order to obtain the actual solar-to-hydrogen conversion efficiency of the 

samples. 

Other than that, one of the approaches to further increase the conversion 

efficiencies of the materials is to develop composite nanomaterials with small band gap 

photocatalysts, including BiVO4,
130 Bi2WO6,

339 Fe2O3
323 and WO3.

234 The created 

hybrid structures will result in the formation of heterojunctions at interfaces, which will 

increase the charge separation, reduce electron-hole recombination rate and also 

enhance the photon absorption. For the hybrid samples, the PEC performances can be 

enhanced further by the deposition of a layer of oxygen evolution catalyst (OEC) such 

as, FeOOH, NiOOH and Co-Pi.10, 147, 148, 265, 318, 340 It has been reported that OEC will act 
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as the hole acceptors and catalytic sites to accelerate the rate of water oxidation reaction 

and suppress the charge recombination in the valence band.147, 265 

For GIS application, materials will be developed to increase the stability of the 

GIS. Other than that, the creation of conductive ZnO nanostructures with a sharp tip, for 

instance, ZnO nanopencil34 and nanocone,341 will be another possible way of improving 

the GIS performances. 

In summary, the insights drawn from these experiments can be developed and 

utilised in the creation of new hybrid metal oxide nanostructures as efficient anodes for 

potential applications in photoelectrolysis of water and photovoltaic, as well as gas 

ionisation sensor. 
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