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ARGENTUM SENSITIZED ZINC OXIDE PHOTOELECTRODE: 

FABRICATION, CHARACTERIZATION AND APPLICATION FOR 

PHOTOELECTROCHEMICAL WATER SPLITTING 

ABSTRACT 

Current research reports the fabrication, structural- and optical-characterizations of 

Argentum (Ag) sensitized Zinc Oxide (ZnO) photoelectrode and their performance in 

photoelectrochemical (PEC) water splitting application. The optimization of ZnO 

nanopillars had been successfully carried out and the plasmonic Ag nanoparticles was 

then subsequently hydrothermally sensitized on ZnO nanopillars through varied Ag+ ions 

reduction time and AgNO3 concentration. The structural- and optical-properties of all 

samples were systematically characterized by using several characterization tools. After 

that, all of the samples were tested for PEC water splitting and linear sweep voltammetry 

technique was conducted to study the current-voltage behaviour. Additionally, Nyquist 

plot and Mott-Schottky plot were conducted to probe the electronic properties and charge 

transfer. Ag nanoparticles sensitized ZnO nanopillars with 30 min Ag+ ions reduction 

period and 1 mM AgNO3 concentration exhibit the highest photocurrent density (with 

maximum photoconversion efficiency) which is almost 1.4 times higher than that of ZnO 

nanopillars. Mott-Schottky analysis indicated that all photoelectrodes exhibit n-type 

characteristic, where the flat band potential and charge carrier density for all 

photoelectrodes can be derived hereafter. Ag nanoparticles sensitized ZnO nanopillars 

with 30 min Ag+ ions reduction period and 1 mM AgNO3 concentration showed the 

smallest capacitive arc diameter, which indicated that Ag nanoparticles enhanced the 

electron mobility and reduced the charge-transfer resistance. 

Keywords: Photoelectrochemical water splitting, ZnO nanopillars, Ag nanoparticles, 

photoconversion efficiency, photocurrent density, 
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ARGENTUM PEKAAN ZINK OKSIDA FOTOELEKTROD: FABRIKASI, 

PENCIRIAN, DAN APLIKASI UNTUK FOTOELEKTROKIMIA PEMECAHAN 

AIR 

ABSTRAK 

Kajian penyelidikan terkini melaporkan tentang fabrikasi, pencirian struktur dan sifat 

optik Argentum (Ag) pekaan Zink Oksida (ZnO) fotoelektrod dan penilaian dalam 

aplikasi fotoelektokimia pemecahan air. Pengoptimuman ZnO turus nano telah berjaya 

dijalankan dan plasmon Ag zarah nano seterusnya dipekakan terhadap ZnO turus nano 

secara hidroterma melalui tempoh penurunan Ag+ ion dan kepekatan AgNO3 yang 

divariasikan. Sifat struktur dan optik untuk semua sampel dicirikan secara sistematik 

dengan menggunakan beberapa alatan pencirian. Selepas itu, kesemua sampel diuji untuk 

PEC pemecahan air dan teknik voltametri imbasan linear dijalankan untuk mengkaji 

kelakuan arus-voltan. Sebagai tambahan, teknik plot “Nyquist” dan plot “Mott-Schottky” 

dilakukan untuk mendalami sifat elektonik dan pemindahan cas. Ag zarah nano pekaan 

ZnO turus nano  dengan 30 min tempoh penurunan Ag+ ion dan 1 mM kepekatan AgNO3

mempamerkan ketumpatan arus yang tertinggi (dengan penukaran foto yang maksima) 

iaitu 1.4 kali lebih tinggi daripada ZnO turus nano. Analisa “Mott-Schottky” mendapati 

bahawa kesemua fotoelektrod mempunyai ciri-ciri jenis-n, di mana keupayaan jalur datar 

dan ketumpatan pembawa cas diperolehi. Ag zarah nano pekaan ZnO turus nano  dengan 

30 min masa penurunan Ag+ ion dan 1 mM kemolaran AgNO3 menunjukkan kapasitif 

diameter lengkok yang terkecil, di mana ia menunjukkan bahawa Ag zarah nano 

meningkatkan mobiliti elektron dan mengurangkan rintangan pemindahan cas. 

Kata kunci:  Fotoelektrokimia pemecahan air, ZnO nano turus, Ag nano zarah,   

kecekapan penukaran foto, ketumpatan arus
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CHAPTER 1: INTRODUCTION 

1.1 Introduction 

Briefly, this chapter discusses about the introduction of research study, problem 

statements and the rationale of research.  Besides, this chapter states the research 

objectives as well as the summary of all chapters will be described in the end of this 

chapter. 

 

1.2 Introduction of Research Study 

Basically, this research is studied about the fabrication and characterization of 

photoelectrode, whereby zinc oxide (ZnO) and Argentum (Ag) are used as the research 

materials. Ag will be sensitized on the surface of ZnO in order to produce hybrid 

structures. The sensitization of Ag and ZnO is believed can enhance the performance of 

PEC application via the photosplitting of water. It is anticipated that the outcomes of this 

research will beneficial to the advancement of human civilization, especially in terms of 

clean- and renewable-energy development through applied science research, where the 

adoption of value-added photoelectron system will serve as platform to tackle the 

challenge associated to the energy crisis and climate change.  

 

1.3 Problem Statements 

For last decade, energy crisis that rely on fossil fuels has become an important issue 

among the world and effort in sourcing for alternative resources has been frequently 

become the subject of study among the scientific communities around the world. 

Currently, over 95 % of hydrogen and over 90 % of electricity are produced from fossil 

fuels and biomass (Bard, 2008; Sun et al., 2012). Fossil fuels are believed to be a major 

cause of irreversible and negative environmental consequences, which contributes to 

huge amount of greenhouse gas such as carbon dioxide (CO2) (Davis et al., 2010) and 
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incurs serious air pollution. Several research has unravels the major contribution of 

hydrogen (H2) technology toward sustainable life and H2 gas is believed to be one of the 

renewable fuel and clean-energy sources, which would serve as an alternative to 

overcome the environmental challenges. In conjunction with this approach, H2 can work 

by itself as a source of energy or else together with other carbon source to generate liquid 

hydrocarbon (Agrawal et al., 2007).  

For the sake of environmentally beneficial and economically competitive, it is essential 

to find a cost-effective and clean method to produce H2 gas (Lewis, 2007). 

Photoelectrochemical (PEC) application, using solar energy to split water has become a 

promising method in providing clean energy sources in the future. Lately, lots of 

researches have been done to search for a sustainable electrode material (Sun et al., 2012). 

Continuous research effort and current challenges are to optimize photoelectrodes 

towards practical PEC applications with a broad spectrum of absorption, matching energy 

band to water reduction/oxidation energy levels, long-term stability in harsh condition 

and the utmost importantly is high photocurrent density in order to reach high photo-to-

hydrogen conversion efficiency (Bookbinder et al., 1980; Sun et al., 2012). 

Recently, research on PEC water splitting has gained a lot of attention, since it is a 

facile yet environmentally friendly approach for H2 gas production (Wei et al., 2012). In 

a PEC system, the selection and design of the photoelectrode material are critical since 

carrier transport and light absorption of the photoelectrode largely determine the 

capability and overall performance of PEC cell of water splitting (Wei et al., 2012; Wei 

et al., 2012). Many metal oxide materials such as WO3, Fe2O3 and TiO2 have been 

extensively studied as photoelectrode material (Enesca et al., 2007; Sivula et al., 2009; 

Wolcott et al., 2009). In general, TiO2 has been found to be the pioneer photoanode 

material for water splitting (Fujishima & Honda, 1972). Recently, ZnO also gained great 

interest due to its high electrochemical stability, suitable valence and conduction band 
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edges that straddle the redox potentials of water, high electron mobility (10-100 fold 

higher than TiO2) (Dittrich et al., 1998; Klingshirn, 2007), absorption occurrence in the 

visible light region induced by the intrinsic defects, and lower recombination rates of 

charge carriers that arose from longer electrons and holes from the longer polaron decay 

lifetimes of ZnO (Quintana et al., 2007).  

However, the low photocurrent density and low photoconversion efficiency, resulting 

from the inadequate light absorption of ZnO photoanode are the main issues that hinder 

its practical application (Wei et al., 2012). In order to enhance the photoconversion 

efficiency in a ZnO-based PEC cell, many strategies have been reported. For example, 

reducing the size to the nanoscale to increase the specific surface area (Ahn et al., 2008; 

Ahn et al., 2008; Wolcott et al., 2009), doping with different kinds of impurities to reduce 

the band gap and enhance the absorption of visible light (Ahn et al., 2007; Hsu & Lin, 

2012). In additional to those methods, sensitizing ZnO with dye or quantum dots (Unalan 

et al., 2008; Wang et al., 2010), producing solid solution of nitrides (Maeda et al., 2008; 

Maeda et al., 2009), and modifying ZnO with noble metal nanoparticles also is being 

explored to enhance light trapping (Wei et al., 2012).  

Therefore, in current work, Ag sensitized ZnO photoelectrode is proposed to be 

fabricated for better enhancement of photoconversion efficiency as well as photocurrent 

generation. Ag which is one of noble metal material can be used to produce a hybrid 

Ag/ZnO heterostructure in order to enhance the light trapping caused by the special 

property belong to Ag which is well known as surface plasmon resonance (SPR). Fermi 

level of Ag is lower than ZnO, then the photoexcited electrons can be easily transferred 

from covalence band to Ag deposited on the surface of ZnO, while photogenerated 

valance band holes remain on the ZnO. These activities reduce the possibility of electron-

hole recombination (Ni et al., 2007). Thus, it may increase the photoconversion 

efficiency. Besides that, we propose to produce Ag sensitized ZnO photoelectrode with 
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vertically aligned on the zinc foil to achieve large surface area to enable efficient light 

trapping. Therefore, large quanta of light can be captured during the water splitting 

process, and this would significantly enhance the photocurrent density rate. 

 

1.4 Rationale of Research 

In this research, for the first time, the fabrication of Ag/ZnO heterostructures will be 

conducted at low temperature (50 °C) on Zn foil substrate through hydrothermal 

approach. The synthesis will be carried out without any used of capping 

ligands/surfactants or hazardous reducing agents if compared to preceding reports (Zheng 

et al., 2007; Warule et al., 2011; Wu et al., 2014; Chai et al., 2014; Dong et al., 2014). In 

conjugation with this, most of those studies reported that the temperature that used to 

synthesis heterostructures of Ag/ZnO composites is fallen within the range of 95 °C - 180 

°C.  

Also, capping agents are usually employed in order to obtain such a unique 

heterostructures. For instance, Chai et al. have added triethanolamine in their synthesis to 

induce the formation of Ag/ZnO heterostructures microspheres (Chai et al., 2014). 

Additionally, the reduction process of Ag+ ions to form Ag nanoparticles normally 

involved additional reducing agents such as NaBH4 and ammonia solution as reported by 

Wu et al. (2014) and Dong et al. (2014).  However, in this research there is no additional 

reducing agents will be utilized, in fact Zn foil itself will act as reducing agent to reduce 

Ag+ ions. This statement will be proven in the results and discussion section. 

Moreover, current study also depicts the major contribution feasibly controlling the 

reaction time to fine tune the morphology of the Ag/ZnO nanocomposites through time-

dependent crystallization process, where the initially form nanopillars is viable to be 

converted into hyperbranched ZnO during secondary hydrothermal treatment by the 

presence of Ag nanoparticles as catalyst. It is postulated that current synthesis approach 
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can offer a potential route in producing nanostructures, which is simplified, facile and 

economically practicable. 

 

1.5 Research Objectives 

There are five main objectives of this research which are listed as follows: 

I. To produce vertically aligned ZnO nanopillars on the Zn foil by using hydrothermal 

method at low temperature. 

II. To sensitize Ag nanoparticles on the as-prepared vertically aligned ZnO nanopillars 

by using hydrothermal approach. 

III. To characterize the properties of Ag sensitized ZnO photoelectrode by using Field 

Emission Scanning Electron Microscope (FESEM), High Resolution Transmission 

Electron Microscope (HRTEM), X-Ray Diffractometer (XRD), Raman 

Spectroscope, Photoluminescence (PL) and Diffuse Reflectance Spectroscope 

(DRS). 

IV. To evaluate the performance of Ag sensitized ZnO photoelectrode via PEC water 

splitting application. 

V. To analyze the PEC characteristic of Ag sensitized ZnO photoelectrode through 

Linear Sweep Voltammetry, Nyquist plot and Mott-Schottky plot measurement. 

 

1.6 Organization of Chapters 

Summarizing, this thesis is divided to seven chapters with Chapter 1 describes about 

the introduction of this research, the problem statement, rationale of research and the 

objectives of this research. Besides that, Chapter 2 explains about the literature review 

regarding to PEC applications as well as the overview on materials such as ZnO and Ag. 

Chapter 3 discusses about the methodology including the fabrication of sample and brief 
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explanation about the characterization techniques that are utilized to analyze the 

properties and PEC characteristics of Ag/ZnO heterostructures. 

In addition, the results ZnO nanopillars modification will be reported in Chapter 4 and 

further results and discussion of Ag sensitized ZnO heterostructures will be discussed in 

details in Chapter 5. The performance and study of PEC characteristics of Ag sensitized 

ZnO heterostructures will be further explained in Chapter 6. Finally, Chapter 7 discusses 

about the conclusions as well as the recommendation for future study in order to improve 

the results in this research.
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

Literature review is essential for researchers before starting any experiment because 

literature review helps them to gain ideas and to further know the technological 

development and existing limitation within the field of interest. Moreover, literature 

review also provides a guideline to the researchers so that the research will be more focus 

and obtain good findings.  

This chapter discusses about the background study of PEC water splitting, their basic 

theory and mechanism. Furthermore, an overview of semiconductor and noble metal 

materials as well as the technique in fabricating photoelectrode will be briefly described. 

 

2.2 The Energy Challenge and Sources 

The world’s population is expected to keep increasing until at least mid-century and 

this indicates that the new inhabitants need water, food, shelter, transportation and 

consumer products, in which all of these require energy. In conjugation with this, one of 

the main challenges faced by the mankind energy shortage in order to meet the desired 

living creature.  Statistically, the power consumption of the global population of nearly 7 

billion people (in 2011) was 15 TW, and estimated to increase to 9 billion people with 30 

TW power consumption by 2050 (Osterloh & Parkinson, 2011; Grätzel & Krol, 2012). 

Even though fossil fuels would be capable of meeting this energy demand, in which 

provide about 85 % of our energy supply and the reserve can sustain from 150 – 400 years 

for coil, 40 – 80 years for oil and 60 – 160 years for natural gases, but the burning of fossil 

fuels can be harmful to environment and human well-being (Grätzel & Krol, 2012). 

The increasing of greenhouse gases, particularly CO2 in the atmosphere, as a results of 

excessive combustion of carbon-based fuels has incurred serious Earth’s climate change 

and global warming. Since the revolution of industrial area, a CO2 level in the atmosphere 
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has risen from 280 – 394 ppm, and it is still rising by about 2 ppm/year. According to the 

International Panel on Climate Change (IPCC), a CO2 level above 450 ppm carries a high 

potential in causing serious global warming by more than 2 °C (Boddy et al., 1968; Ogden 

& Williams, 1990; Grätzel & Krol, 2012). In order to overcome this problems and to 

reduce the dependence on fossil fuels, the large-scale transition towards renewable, 

carbon-free and sustainable sources of energy is urgently-needed. Table 2.1 shows the 

choices of sustainable energy sources with their respective global power generating. 

 

Table 2.1: Overview in sustainable energy sources and global power generating 

(Resourced from Grätzel & Krol, 2012) 

Energy source Power (TW) Remarks 

Wind 4 Represents about 10 – 15 % of global technical 

potential for on- and off-shore installations 

Hydroelectric 1-2 Remaining untapped potential is 0.5 TW 

Geothermal 12 Only a small fraction can be exploited 

Biomass 10 Needs 10 % of earth’s land surface to be 

covered by switch grass 

Nuclear 10 Requires construction of a 1 GWpeak power plant 

every 35 H for the next 40 years. 

Solar >20 Requires 0.16 % of the earth’s surface to be 

covered with 10 % efficient solar cells which 

total solar power reaching the earth’s surface is 

120, 000 TW 

 

According to Table 2.1, only solar energy has the potential to meet the prospected 

energy requirements in contrast to other sources. However, 816 000 km2 of the earth’s 

surface area has to be covered with 10 % efficient solar cells in order to generate 20 TW 

power from the sun, whereby this area is almost equal to the total surface area of 

combined France and Germany. In other analogy, one has to produce 650 m2 solar cell 

panel per second, 24/7 for 365 days per year, for the next 40 years in order to generate 20 

TW peak power (Osterloh & Parkinson, 2011; Grätzel & Krol, 2012). Thus, large-scale 

energy storage solutions need to be implemented and one of the most comprehensive 
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solution is by storing solar energy in the form of chemical fuel. The examples of chemical 

fuel includes methane, methanol, gasoline, diesel, hydrogen and many more. All of these 

examples require a carbon sources except for H2 gas. Although H2 gas has the highest 

energy density of 143 MJ/kg, but it suffers from low volumetric energy densities (0.011 

MJ/L) cause it quite difficult to store (Cook et al., 2010). In order to overcome this matter, 

H2 gas can be stored in the form of high pressure storage containers (~700 bar), liquid 

cryo-storage or in clathrate hydrate cages. Besides that, H2 gas also can be stored in the 

form of chemical bonds such as metal hydrides (MgH2 and LiBH4) (Grätzel & Krol, 

2012). 

 

Figure 2.1: Illustration of implementation of a sustainable solar water splitting 

power plant (Resourced from Tachibana et al., 2012) 

 

As well known, water is the most convenient and abundant source of H2 gas. Grätzel 

and Krol (2012) stated that ~3.5 × 1013 L of water is required in order to store the energy 
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in the form of H2 gas for the world uses in 1 year (4.7 × 1020 J), in which corresponds to 

0.01 % of the annual rain fall, or 0.000002 % of the amount of water in the world’s ocean. 

Hence, the conversion of solar energy into H2 gas via the splitting of water has become a 

promising method to tackle with the challenges of energy demand. In conjugation with 

this, Figure 2.1 illustrates the example of implementation of a sustainable solar water 

splitting power plant for clean, safe and efficient H2 gas production and utilization. For 

the sake of reduction cost, the power plant involves the assistance of commercially 

available renewable energy sources such as wind, solar and tidal in order to aid in 

powering the plant. The generated H2 gas can then be transported to fuelling stations for 

subsequent use in fuel cell, in engine and for electricity (Tachibana et al., 2012; Kibria, 

2012).  

 

2.2.1 Benefits of Solar Water Splitting Technology 

H2 gas production via solar water splitting technology is very beneficial in reducing 

the cost of daily lives. For example, one civil engineer in New Jersey, Strizki personalized 

his own home-energy system that consisted of 56 solar panels, electrolyzer (a device that 

uses electricity to break down water into H2 and O2 gases), 100 batteries for night time 

power and 10 propane tank (to store H2 gas) as well as Plug Power fuel cell. He managed 

to generate 90 kWh of electricity on a typical summer day and consumed 10 kWh of 

electricity daily to run family’s appliances, then the remaining 80 kWh of electricity was 

used for recharging the battery (which provided the electricity at night time) and powering 

the electrolyzer. With this kind of technology, he never paid for power bills anymore 

(Biello, 2008). Besides that, Shelton (2015) reported that the world’s largest eco-friendly 

H2 plant was opened in Germany which was capable in producing enough H2 gas for 

around 2000 fuel-cell cars with an assumed mileage of 10,000 km [6,214 miles] per year. 

In addition to this, U.S.A is promoting home-grown fuel cell (an electrochemical device 
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that combines H2 and O2 gases to produce electricity with water and heat as by-products) 

to enhance the economic growth and job development (Fuel Cell and Hydrogen Energy 

Association, 2015). In Malaysia, hydroenergy, fossil fuels, natural gas and biomass are 

mostly used as energy sources (https://en.wikipedia.org). Malaysia should be involved in 

solar water splitting technology and use H2 gas as an alternative energy sources due to 

the energy demands and environmental issues. 

There are many pathways exist to convert water and sunlight into H2 gas such as 

photocatalytic water splitting, photoelectrochemical water splitting, coupled 

photovoltaic-electrolysis systems, thermochemical conversion and so on (Grätzel & Krol, 

2012). However, this research are mainly focus on the study of PEC water splitting 

pathways. 

 

2.3 Background Study on Photoelectrochemical Water Splitting 

PEC water splitting idea was sparked since the discovery of the photoelectric effect by 

Edmond Becquerel, a French scientist (Grätzel, 2001). Hereafter, researchers and 

engineers have been infatuated with the idea of converting light into electric power or 

chemical fuels. In 1839, Becquerel’s pioneering photoelectric experiments were done 

with liquid, in which the illumination of solution that containing a metal halide salt 

produced a current between two platinum electrodes immersed in electrolyte.  

Becquerel’s experiment was motivated by photography whereby the first photographic 

images had made by Daguerre in 1837and followed with the silver halide process by Fox 

Talbot in 1839 (Grätzel, 2001). The formulation of silver halides emulsions became 

science only after the theoretical analysis were done by Gurney and Mott in 1938, in 

which sensitivity of photographic films can be detected. Since then, the sensitivity was 

recognized due to the semiconductor nature of the silver halide grains that possessed a 

band gap (Gurney & Mott, 1938).  In 1883, Vogel discovered that silver halide emulsions 
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could be sensitized by adding a dye and caused the photosensitivity extended to longer 

wavelengths. Four years later, Moser carried over the concept of dye enhancement from 

photography to PEC cells by using the dye erythrosine on silver halide electrodes 

(Grätzel, 2001). The modern photoelectrochemistry had been founded and changed from 

a mere support of photography to a thriving research direction on its own, was laid down 

by the study of Brattain and Garret (1938). Subsequently, Gerischer undertook the first 

detailed electrochemical and PEC studies on the semiconductor-electrolyte interface 

(Gerischer, 1966). Research on PEC cell became more active after the oil crisis in 1973, 

which stimulated a worldwide quest for alternative energy sources. 

The investigations of PEC cell focused on two types of cell which is the first type was 

the regenerative cell, that converts light to electric power leaving no net chemical change 

behind. The second type was the photosynthetic cells which operates on the similar 

principle with the first type of cell except that there were two redox systems: one reacts 

with holes at the surface of semiconductor electrode and the second reacts with electrons 

entering the counter electrode. The overall reaction was used water and sunlight (Grätzel, 

2001). In 1972, Fujishima and Honda implemented the concept of photosynthetic cells 

through the water photolysis of TiO2 and this material has become a pioneer in PEC 

studies. They constructed an electrochemical cell, in which n-type TiO2 semiconductor 

was connected with a 30 cm2 surface area of platinum black electrode via an external load 

as depicted in Figure 2.2. Upon irradiation by 500 W Xenon lamp, current flowed the 

platinum electrode to the TiO2 electrode through the external circuit. With respect to the 

direction of current flows, it was revealed that oxygen evolution reaction (OER) occurred 

at the TiO2 electrode, while hydrogen evolution reaction (HER) occurred at platinum 

electrode. Fujishima and Honda managed to estimate the quantum efficiency to be 

approximately 0.1 (Fujishima & Honda, 1972). 
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Figure 2.2: Design of electrochemical cell by Fujishima and Honda by using ~1 cm2 

surface area of TiO2 electrode (Resourced from Fujishima & Honda, 1972) 

 

In 1998, Khaselev and Turner demonstrated a PEC solar-to-hydrogen conversion 

efficiency of 12.4 % which combined the solar energy harvesting and water electrolysis 

into a single device (Khaselev & Turner, 1998). This highlights a great potential for PEC 

technology. In conjugation with this, PEC water splitting, also known as artificial 

photosynthesis can be defined as highly-efficient and eco-friendly approach to meet the 

energy demand via conversion of solar energy into chemical energy in the form of H2 gas 

(Liu et al., 2013; Zhang et al., 2014).  

PEC water splitting is a powerful, but complex process which several key criteria must 

be met simultaneously in order to decompose water into H2 and O2 gases efficiently and 

sustainably. The key criteria consisted of: (1) semiconductor must generate sufficient 

voltage upon illumination to split water; (2) bulk band gap must be small enough to adsorb 

a significant portion of solar spectrum; (3) band edge potentials at the surfaces must 

straddle the H2 and O2 redox potentials; (4) the system must exhibit long-term stability 

against corrosion in electrolytes and (5) charge transfer from the semiconductor surface 
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to the solution must be facile to minimize the energy losses (Chen et al., 2013). In addition 

to this, the key component of PEC systems is the semiconductor photoelectrode that can 

fulfil the key criteria as mentioned before. With respect to the key criteria (2), 

photoelectrode should has band gap higher than 1.23 eV in order to split water efficiently. 

Semiconductor material especially metal oxides usually possess a large band gap (> 3 

eV), which can only harvest UV portion of solar spectrum that consisted of only ~4 %. In 

order to enhance the solar to hydrogen conversion efficiency, tremendous effort has been 

made so that metal oxides can harvest the visible photons, since visible light accounts for 

~46 % of solar irradiation (Zou et al., 2001).   

Besides that, important point in the semiconductor photoelectrodes are the width of 

band gap and levels of conduction band (CB) and valence band (VB), in which the lowest-

unoccupied CB should be more negative than the redox potential of H+/H2 (0 V vs NHE), 

while the highest-unoccupied VB level should be more positive than the redox potential 

of O2/H2O (1.23 V vs NHE). Figure 2.3 depicts the relationship between the band 

structure of various semiconductor and the redox potential of water splitting. The band 

structure is just a thermodynamic requirement but not a sufficient condition, therefore the 

band gap of visible-light driven photoelectrodes should be in the range of 1.23 eV < Eg < 

3.0 eV (Kudo & Miseki, 2009).   

Current study used ZnO as the photoelectrode since ZnO also gained great interest its 

high electrochemical stability, suitable valence and conduction band edges that straddle 

the redox potentials of water, high electron mobility (10-100 fold higher than TiO2) 

(Dittrich et al., 1998; Klingshirn, 2007), absorption occurrence in the visible light region 

induced by the intrinsic defects, and lower recombination rates of charge carriers that 

arose from longer electrons and holes from the longer polaron decay lifetimes of ZnO 

(Quintana et al., 2007). As mentioned in previous chapter, the low photocurrent density 

and low photoconversion efficiency, resulting from the inadequate light absorption of 
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ZnO photoanode due to larger band dap are the main issues that hinder its practical 

application (Wei et al., 2012).  

 

Figure 2.3: Relationship between the semiconductor band structures and redox 

potential of water splitting (Resourced from Yang et al., 2014) 

 

Many strategies have been reported in order to enhance the photoconversion efficiency 

in a ZnO-based PEC cell such as reducing the size to the nanoscale to increase the specific 

surface area (Ahn et al., 2008; Wolcott et al., 2009), doping with different kinds of 

impurities to reduce the band gap and enhance the absorption of visible light (Hsu & Lin, 

2012), sensitizing ZnO with dye or quantum dots (Unalan et al., 2008; Wang et al., 2010), 

producing solid solution of nitrides (Maeda et al., 2008; Maeda et al., 2009) and 

sensitizing ZnO with noble metal nanoparticles also is being explored to enhance light 

trapping (Wei et al., 2012). In this current work, sensitization with noble metal has been 

chosen due to the special property belong to Ag which is well known as SPR.  

2.3.1 Basic Photoelectrochemical Test Setup 

One of the key component in PEC that required careful consideration is a PEC setup. 

Usually, a general PEC setup contains a working electrode (WE) and counter electrode 
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(CE) (in two-electrode configuration) with an optional reference electrode (RE) (in three-

electrode configuration). Plus, PEC system also need reservoir to hold the electrolyte, an 

optically transparent window that allows the illumination on sample, facilities to 

electrically connect the electrodes to the outside world, input and output for gas 

circulation system and/or gas purging as well as a membrane that separates anode and 

cathode compartments (to avoid mixing of evolved O2 and H2 gases) (Chen et al., 2013). 

Selection of CE, RE and electrolyte are another important parameters that need 

consideration in PEC setup. 

 

2.3.2 The Counter Electrode Selection 

In order to avoid performance limitations, the reaction at the CE should be fast and 

most importantly the WE itself should have a high catalytic activity. Platinum (Pt) is a 

common material choice for CE, which combines good chemical stability with small 

overpotential for H2 gas evolution (~0.1 V). Ideally, the surface area of Pt should be at 

least two times larger than WE. Plus, both of CE and WE should be faced to each other 

symmetrically in order to avoid the inhomogeneous current densities at the WE. For the 

case of n-type semiconductor, H+ is reduced to form H2 gas via the HER at CE, so large 

surface area Pt foils or meshes can be a good CEs. In contrast, for p-type semiconductor, 

H2O is oxidized to evolve O2 gas via the OER at the CE, so Pt is not a suitable candidate 

since it is a poor OER catalyst. Oxides such as RuO2 is much better CE and it can reduce 

overpotential if compared to the noble metals (Grätzel & Krol, 2012; Chen et al., 2013).  

 

2.3.3 The Reference Electrode Selection 

The applied potential is a key parameter when studying the properties of WE whereby 

this applied potential should be measured with respect to a fixed reference potential, so if 

there is any changes in the applied potential it will reflect a change in WE alone. The CE 
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cannot be used for this purpose due to the unknown values of the overpotential at the 

CE/electrolyte interface and this overpotential is varied with the amount of current that 

flow through the cell. A third electrode should be added to the PEC cell which is well-

known as RE in order to avoid the current-dependence (Grätzel & Krol, 2012). Table 2.2 

shows an overview of commonly used RE in PEC water splitting research. Stability in 

the electrolyte solutions is an important selection criterion for a RE. Ag/AgCl electrodes 

are mostly used as RE and have largely replaced the traditional and environmentally less-

friendly saturated calomel electrodes (SCEs) which is based on Hg/Hg2Cl2. In addition, 

Ag/AgCl can be generally used in a wide range of pH values (Grätzel & Krol, 2012; Chen 

et al., 2013). 

 

Table 2.2: An overview of reference electrodes in PEC research (Resourced from 

Grätzel & Krol, 2012) 

Reference electrode Filling solution Potential (vs SHE) at 

T=298 K 

Reversible hydrogen Actual electrolyte solution, 

purged with H2 gas 
0.0 – 0.059 × pH 

Standard hydrogen  

(= normal hydrogen) 

[H+] = 1.18 mol.L-1 

p(H2) = 105 Pa 

0.000 

Silver/silver chloride  

(Ag/AgCl) 

0.1 M KCl 0.2889 

1 M KCl 0.237 

3 M KCl 0.210 

3.5 M KCl 0.205 

Saturated KCl 0.198 

3 M NaCl 0.209 

Saturated NaCl 0.197 

Calomel (Hg/Hg2Cl2) 0.1 M KCl 0.334 

1 M KCl 0.281 

3.5 M KCl 0.250 

Saturated KCl 0.242 

Saturated NaCl 0.236 
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2.3.4 The Electrolyte 

The electrolyte in a PEC cell generally is a solvent that contained dissolved active 

species. In PEC water splitting, the active species and solvent are one and the same, which 

is water. Since the pure water is poorly conducting, additional ions must present in the 

solvent so that the desired current flow can be realized. In order to avoid the large Ohmic 

voltage losses across the electrolyte, the concentration of the supporting electrolyte 

should be sufficiently high. The type of dissolved ions and their concentrations are 

strongly influenced the electrolyte conductivity. At very high concentrations which is >1 

M, the ion-pair formation may results in a decrement of the conductivity with 

concentrations (Grätzel & Krol, 2012; Chen et al., 2013). 

 

Table 2.3: List of electrolytes that commonly employed in PEC test with respective 

materials (Resourced from Chen et al., 2013) 

Material Conductivity 

type 

Electrolyte Electrolyte 

concentration (M) 

pH value 

GaInP2 p-type Sulphuric acid  3 -0.5 

WO3 n-type Phosphoric acid 0.33 1.28 

n-type Sulphuric acid 0.5 0.4 

CuGaSe2 n-type Sulphuric acid 0.5 0.4 

InGaN n-type Carbonate buffer - 10 

a-SiN n-type Carbonate buffer - 10 

Fe2O3 n-type Sodium hydroxide 1 13.6 

n-type Potassium sulphate 0.5 2 

Cu2O n-type Sodium hydroxide 0.1 13 

 n-type Sodium acetate 0.1 7.4 

TiO2 n-type Any 0.1 All 

ZnO n-type Any 0.1 6.8 

 

The electrolyte type such as acidic, neutral or basic should be selected to avoid the 

corrosion when the sample is immersed in the electrolyte. Even though the kinetics for 

driving HER and OER is lower at neutral pH if compared in acidic and alkaline media, 
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but neutral electrolytes can be a good starting point if the material stability is unknown 

(Grätzel & Krol, 2012; Chen et al., 2013). Table 2.3 depicts the examples of electrolyte. 

 

2.3.5 The AM 1.5 G Reference Spectrum 

The main merit for PEC water splitting is its performance under real sunlight. 

However, the real sunlight does not have the same intensity and spectral distribution 

everywhere on the earth. The performance characteristics are usually quoted by using the 

so-called AM 1.5 G standard, which stands for “air mass 1.5 global” in order to facilitate 

the comparisons of performance in PEC water splitting. AM 1.5 G refers to the spectral 

distribution and intensity of the sunlight on a 37° south-facing tilted surface after travelled 

through 1.5 times the thickness of the earth’s atmosphere, which corresponds to a solar 

zenith angle of 48.19°. ASTM-G173-03 standard is the most recent and widely used AM 

1.5 G reference spectrum (published by the American Society for Testing and Materials) 

and represents a reasonable average for the 48 contiguous states of the USA over a 1 year 

period (Grätzel & Krol, 2012). 

Additionally, AM number represents the amount of atmosphere traversed in which 

AM 0 defines the spectrum outside the Earth’s atmosphere at 1 astronomical unit from 

the Sun, while AM 1 represents sunlight reach the Earth’s surface at the sea level when 

the Sun is directly overhead. AM 1.5 is chosen as the standard spectrum because it 

represents approximately the average annual AM value available at locations within the 

continental US (Chen et al., 2013). The AM 1.5 G spectrum includes the direct and diffuse 

contributions of the sunlight, where direct light is collected if looking via the tube towards 

the sun and can be concentrated, while diffuse radiation is the portion of illumination that 

has undergone forward scattering and cannot be concentrated (Chen et al., 2013). The 

AM 1.5 G spectrum has 90 % intensity of direct radiation and 10 % intensity of diffuse 
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direction with total integrated intensity of 1000 W.m2 (100 mW.cm-2) (Murphy et al., 

2006). 

 

Figure 2.4: Spectrum of Xenon and AM 1.5 G (Resourced from Shaban & Khan, 

2007)  
 

Since real AM 1.5 G sunlight is not readily available all the times and at all locations, 

then solar simulator is highly recommended. Halogen lamps cannot be used since their 

maximum color temperature is limited to ~3200 K, which is much lower than the color 

temperature of the Sun (5800 K). In conjugation with this, Xenon lamps are widely 

accepted to give the best match to solar spectrum (Grätzel & Krol, 2012), whereby Figure 

2.4 depicts the spectrum of Xenon and AM 1.5 G, respectively. 

 

2.3.6 Basic Photoelectrochemical Water Splitting Mechanism 

Since this research was utilized ZnO and Ag as research materials, then the mechanism 

of PEC water splitting is explained relating to the Ag/ZnO hybrid structure, whereby the 

schematic diagram of mechanism is demonstrated in Figure 2.4. Basically, the water 
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splitting process to evolve H2 and O2 gases are following reaction mechanism (Zhang et 

al., 2014):  

𝐻2𝑂 + 2ℎ+  →  2𝐻+ + 1
2⁄ 𝑂2   (2.1) 

2𝐻+ +  2𝑒−  ↔  𝐻2   (2.2) 

The PEC mechanism of Ag/ZnO photoelectrode can be explained regarding to the 

plasmonic sensitization theory which refers to a charge separation process that occurs at 

the interface between a wide-band gap of ZnO and intimately integrated Ag (Xiao et al, 

2013). When Ag and ZnO are in contact to each other, the thermal equilibrium of Fermi 

level causes the downward bending of the CB of ZnO which therefore creates a potential 

barrier, namely the Schottky barrier. However, upon the solar irradiation of AM 1.5 G 

and under the resonant excitation of the SPR of Ag, a population of energetic electrons 

which are not in the thermal equilibrium with the lattice of Ag are generated. These 

energetic electrons that possess energies higher than the Schottky barrier can easily cross 

the barrier and inject to the CB of ZnO (Knight et al., 2011).   

Simultaneously, under irradiation of solar, electrons are excited to the CB leaving 

holes in the VB and the space charge or depletion region is formed as well. The electric 

field in this region will cause the upward band bending of CB and VB of ZnO as well as 

promotes the separation of photogenerated electrons/holes as depicted in Figure 2.5. 

Therefore, holes will move towards the interface to perform the OER at WE and oxidizes 

water to O2 gas, while photogenerated electrons as well as the migrated electrons from 

Ag will move to the interior ZnO and CE via the conducting Zn foil to perform HER and 

reduce water to form H2 gas following the Equation (2.1) and (2.2). (Xiao et al., 2013; 

Zhang et al., 2014; Zhang et al., 2014). In addition, this process also generate the 

photocurrent density that contributed by the drift of electrons from photoanode through 

external circuit and reach Pt CE. 
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Figure 2.5: Schematic diagram of PEC water splitting mechanism of Ag/ZnO hybrid 

structure (Re-illustrated from Zhang et al., 2014) 

 

2.4 Photoelectrode 

In this research study, ZnO and Ag were used as research materials and it is essential 

to further understanding their crystal structure, general characteristics and structural as 

well as the optical properties. 

 

2.4.1 Zinc Oxide 

ZnO is an n-type semiconductor materials that has wide band gap of 3.37 eV and high 

electron-hole binding energy (60 meV) so that excitonic emission processes can persist 

at or above room temperature (Wang, 2008; Janotti & Chris, 2009). This has rendered the 

ZnO to be widely adopted as an important material in electronics, optics, optoelectronics, 

laser and light emitting diode (Jagadish & Pearton, 2006). The optical, piezoelectric and 

pyroelectric properties that owned by ZnO has made it a great candidate for sensor, 

transducer, energy generator and photocatalyst for H2 gas production. Additionally, ZnO 

also is considered to be a green material that is biocompatible, biosafe, biodegradable and 
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widely used in medical applications as well as in environmental science (Zhou et al., 

2006; Zhou et al., 2008). ZnO is an II-VI compound semiconductor which has hexagonal 

wurtzite structure that belong to the space group P63mc (Hermann-Mauguin notation) and 

C6v
4  (Schoenflies notation), with two lattice parameters a = 0.3296 nm and c = 0.52065 

nm in the ration of 𝑐 𝑎⁄ = √8 3⁄ = 1.633. The crystal structures shared by ZnO are 

wurtzite, zinc blende and rocksalt, in which wurtzite symmetry is the most 

thermodynamically stable phase under the ambient conditions. Meanwhile, zinc blende 

structure can stabilized only by growth on cubic substrate and rocksalt structure may 

obtained at relatively high pressures, as in the case of GaN (Morkoç & Ӧzgür, 2009). 

Figure 2.6 schematically shows the crystal structure of three phases of ZnO.  

 

Figure 2.6: Crystal structure of (a) rocksalt, (b) zinc blende and (c) wurtzite for ZnO 

(Resourced from Morkoç & Ӧzgür, 2009) 
 

ZnO nanostructures are one of the most splendid families of nanomaterials that 

categorized under hexagonal phase wurtzite crystal structure, in which this wurtzite 

structure has two important characteristics includes non-central symmetry and polar 

surfaces. Basically, the structure of ZnO can be described as a number of alternating 

planes that composed of tetrahedrally coordinated O2- and Zn2+ ions, whereby they are 

stacked alternatively in c-axis. The positively charged (0001) Zn and negatively charged 

(000Ī) O polar surfaces result in a normal dipole moment and spontaneous polarization 
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along the c-axis as well as a divergence in surface energy. The electrostatic interaction 

energy and distinct chemical reactions at the polar surfaces explain the formation of a 

wide range of unique nanostructures such as springs, rings, bows, ribbons, helices and so 

on (Wang, 2008). 

 

2.4.2 Argentum 

Ag is a chemical element that possess atomic number of 47 and exhibits the highest 

electrical conductivity, thermal conductivity and reflectivity among noble metal. Ag has 

long been identified as precious metal that frequently used in numerous of applications 

such as solar panels, water filtration, window coatings and in catalysis of chemical 

reactions. In periodic table, Ag is situated in group 11 alongside with copper and aurum, 

whereby its 47 electrons are arranged in the configuration of [Kr]4d105s1. Ag crystallized 

in a face-centered cubic lattice with the crystal structure as depicted in Figure 2.7.  

Additionally, as other noble materials, Ag also owns a unique characteristic which is 

well-known as surface plasmon resonance (SPR), where SPR phenomena is depended on 

several parameters. Among the parameters include shape, size, composition, and the 

interparticles geometry as well as spacing of the nanoparticles assembly (Huang et al., 

2009; Sau et al., 2010).  The collective oscillations of the free electrons give rise to large 

local electric field enhancements (strongly concentrated light intensities) upon the 

resonant excitation, whereby this intensity enhancements are maximal at the metal surface 

and decay away from the surface exponentially (Xiao et al., 2013). Univ
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Figure 2.7: Face-centered cubic crystal structure of Ag (Resourced from 

http://wikipedia.com) 

 

In addition, these intense electric fields are believed can amplify variety of optical 

signals such as Raman scattering (Ghosh & Pal, 2007; Porter et al., 2008), fluorescence 

(Pompa et al., 2006; Ming et al., 2009) and two-photon luminescence (Nevet et al., 2010). 

The plasmonic metal materials are widely used in optical devices such as data storage and 

photodetectors (Zijlstra et al., 2009; Knight et al., 2011). In solar energy harvesting, the 

incorporation of plasmonic metal can result in strong light confinement and increased 

light absorption, which finally leads to increment of power conversion efficiencies of dye-

sensitized solar cells (DSSC) (Qi et al., 2011).   

 

2.4.3 Hybrid Structure of ZnO 

As mentioned before, incorporation or sensitization of noble metal and other materials 

onto the surface of ZnO can enhance the generation of H2 gas as well as the photocurrent 

density production in PEC water splitting application. There are numerous of studies have 

been conducted by researches that incorporate other noble metal or other materials onto 

ZnO for enhanced PEC water splitting application and the examples can be summarized 

in Table 2.4. 
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Table 2.4: Summary of materials incorporated ZnO hybrid structure for PEC water 

splitting application 

Sample Substrate Reference 

3D branched Au/ZnO FTO Zhang et al., 2014 

Ag/CdS/ZnO nanocomposite ITO Zhang et al., 2014 

Au NP sensitized ZnO nanopencil FTO Wang et al., 2015 

Cl-doped ZnO nanowires FTO Wang et al., 2014 

ZnO/ZnS/CdS/CuInS2 core-shell FTO Yu et al., 2014 

ZnO/ZnS/Au sandwich structure FTO Liu et al., 2015 

ZnO-CdSe core-shell ITO Miao et al., 2013 

Reduced-graphene oxide/Zn1-

xAgxO nanocomposite 

ITO Upadhyay et al., 2014 

Ag nanoparticles decorated ZnO 

nanorods 

PET Wei et al., 2012 

ZnO/SrTiO3 nanoarrays ITO Guo et al., 2014 

Pt nanoparticles /ZnO nanorods ITO Hsu et al., 2014 

Si/ZnO core/shell nanowire Si Ji et al., 2013 

Match-like ZnO/Au Zn foil Wu et al., 2014 

N-doped ZnO ITO Yang et al., 2009 

ZnO/Fe2O3 core-shell FTO Hsu et al., 2015 

PbS sensitized ZnO nanowire FTO Li et al., 2016 

 

Table 2.5: Price comparison of precursor salts based on Sigma-Aldrich Company 

Noble metal Purity (%) Phase Weight (g) Price (RM) 

Silver nitrate, AgNO3 99.995 Powder 25 667.50 

Gold (III) chloride 

trihydrate, HAuCl4 

99.9 Powder 25 11,275.00 

Platinum (II) chloride, 

PtCl2 

99.9 Powder 25 37,937.50 

 

Ease in fabrication and reduction of cost are one of the reasons why Ag was chosen 

(instead of Au or Pt) to be sensitized with ZnO. In conjugation with this, the price 

comparison of precursor salts that normally used to fabricate Ag, Au and Pt is 
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demonstrated in Table 2.5. Besides that, the plasmonic effect that comes out from the 

SPR characteristic of Ag (if compared to other materials) was the other reason of choosing 

it to be sensitized with ZnO (even though Au and Pt also possess this SPR effect, but Ag 

is much cheaper). Plasmonic metallic nanostructures are characterized by strong 

interaction with the resonant photons via an excitation of SPR, whereby SPR can be 

described as the resonant photon-induced collective oscillation of valance electrons. The 

resonant photon wavelength is different for different metals. For instance, gold and silver 

exhibit resonant behaviour when they are interacting with ultraviolet and visible photons. 

Additionally, the resonant wavelength and SPR intensity not only depend on the nature 

of metal, but also on the shape and size of the metallic nanostructures. In the hybrid 

system for PEC application, a flux of photons is absorbed by a semiconductor to yield the 

high-energy charge carriers (electrons and holes). These charge carriers are separated 

from each other and diffused to catalytically active sites where they drive the chemical 

transformation. As a result, O2 and H2 are formed simultaneously (Linic et al., 2011).  

 

2.5 Hydrothermal Route 

The growth of ZnO with various morphologies of one-dimensional (1D) to three-

dimensional (3D) ZnO nanostructures have been fabricated and studied by many 

researchers. For instance, Gu et al. (2009) reported the preparation of vertically aligned 

ZnO nanorod arrays by using oxidation method. More amazingly, they were able to 

synthesize sophisticated urchin-like ZnO nanorods superstructures by substituting the flat 

Zn foils with highly curve ZnO microspheres. Although the method applied by Gu et al. 

can produce such an intriguing ZnO nanoarchitectures, it was a high-energy consumption 

approach in which the temperature needed was as high as ~450 – 500 °C (Gu et al., 2009). 

Hydrothermal method is believed to be one of the synthesis method that possess the 

capability to systematically and creatively manipulate ZnO nanoarchitectures with 
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diversified geometries. For example, synthesis of 3D firecracker-like of ZnO 

nanoarchitectures has been successfully produced by hydrothermal method as reported 

by Ma et al. (2015). The morphology of these 3D ZnO firecracker-like have been 

controlled at different reaction time via the assistance of surfactant with temperature as 

low as 60 °C (Ma et al., 2015). Due to its low cost, low synthesis temperature, ease in 

scaling up and environmental benign factors, hydrothermal route has continuously 

adopted by many researchers (Shi et al., 2013).  

Hydrothermal route can be described as a synthesis method to form and grow the 

crystals via chemical reactions and the changes of substances solubility, in which heat is 

supplied in a tightly sealed aqueous solution above the ambient temperature and pressure 

(Feng & Xu, 2001; Cundy & Cox, 2003).  Additionally, the key success of the preparation 

of inorganic semiconducting nanostructures is by precisely controlling over the 

hydrothermal synthetic conditions. Hence, the controllable conditions can be classified as 

the interior and exterior reaction system. The interior reaction system includes 

concentration, pH value, time, pressure, organic additives or templates, while exterior 

reaction environment conditions includes mode of input energy. Besides that, the 

strategies based on the interior reaction system can be categorized up to four types: (1) 

organic additive- and template-free hydrothermal reaction; (2) organic additive-assisted 

hydrothermal reaction; (3) template-assisted hydrothermal reaction and (4) substrate-

assisted hydrothermal reaction. Whereas, the strategies based on the adjustment of 

exterior reaction environment still utilize the microwave-assisted and magnetic field-

assisted hydrothermal synthetic approach (Shi et al., 2013).   

In this research study, Ag/ZnO photoelectrode is grown by using hydrothermal 

method, where Zn foil is used as substrate. Conducting substrate is essential in PEC water 

splitting experiment to facilitate the electron migration to the CE. With respect to Table 

2.4, fluorine-doped tin oxide (FTO) is the mostly used substrate to grow nanostructures. 
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However, facile fabrication (ZnO is directly grown on Zn foil) and price of Zn foil were 

the reason of selecting Zn foil as a substrate in this research study. The market price of 

the substrates is shown in Table 2.6. 

 

Table 2.6: Price of substrate based on Sigma Aldrich Company 

Substrate Dimension (mm2) Price (RM) 

Zn foil 50 × 50 234.00 

Fluorine-doped tin oxide (FTO)  50 × 50 351.50 

Indium-doped tin oxide (ITO) 50 × 50 1545.00 

 

2.6 Other Fabrication Techniques of Ag/ZnO Hybrid  

In this work, hydrothermal method has been chosen as a technique to fabricate Ag 

nanoparticles sensitized ZnO nanopillars and the reasons behind the choice had been 

discussed before. However, it is worth mentioning other fabrication techniques for the 

sake of knowledge and understanding. There are numerous techniques to fabricate 

Ag/ZnO hybrid, for instance, Li and his co-workers synthesized ZnO sea urchin-like on 

Zn foil by using chemical method that heated in an oven at 25 °C for 12 H. After that, Ag 

was deposited on the sea urchin-like ZnO via photochemical method and the reduction of 

Ag+ ions was performed under sunlight during daytime (Li et al., 2013). Besides that, 

sophisticated structure of ZnO nanoflowers was successfully grown on a patterned 

sapphire substrate with a highly ordered hemisphere array via photolithography route and 

Ag nanoparticles were decorated on top of them by sputtering an Ag target with a radio 

frequency magnetron sputtering system at room temperature as reported by Tao and his 

colleagues (Tao et al., 2015). 

Deng et al. reported about the preparation of ZnO mircorods via a solvothermal-

assisted heat treatment method at 80 °C for 5 H and Ag nanoparticles were subsequently 

decorated onto the surface of as-prepared ZnO mircorods through solar light 
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photoreduction method. A 500 W xenon lamp was used to reduce Ag+ ions in ethylene 

glycol medium (Deng et al., 2012). The unique structure of nest-like ZnO decorated Ag 

nanoparticles were successfully fabricated as reported by Ding et al. They used two-

electrode (Zn-Zn) system to produce nest-like structure of ZnO on Zn foil by applying 

electric potential of 3 V. Interestingly, a three-electrode configuration was used to 

integrate Ag nanoparticles on the nest-like ZnO. A Pt wire and Ag/AgCl electrode were 

served as counter and reference electrode, respectively. The working electrode was biased 

at -0.6 V in 0.001 M AgNO3 solution for 1 min to held the Ag clusters which were 

conglomerated by Ag nanoparticles in the center of ZnO nest-like structures (Ding et al., 

2013).  

In 2015, He and his co-workers had used electrophoretic method to deposited Ag on 

the surface of ZnO. At first, they prepared ZnO nanorod arrays on a smooth Si wafer by 

chemical vapour deposition. Ag colloidal solutions were then prepared by using laser 

ablation of a silver metal target in DI water. The Ag metal plate was fixed below the water 

surface and was irradiated for 30 min with the first harmonic of a Nd:YAG pulsed laser. 

In order to perform the integration of Ag process, electrophoretic deposition was used in 

which, ZnO nanorod arrays was served as the cathode and was immersed into Ag colloidal 

solution. Then, electrophoretic deposition was further performed for 30 min at a DC 

voltage of 40 V (He et al., 2015).  

 Other techniques to synthesize Ag/ZnO hybrids are by using classical polyol process 

that had been reported by Liu et al. The Ag nanowires were firstly prepared by mixing 

the PVP, Na2S and ethylene glycol and were added dropwise into solution of AgNO3 in 

ethylene glycol. This mixture was heated in a microwave oven. The worm-like Ag/ZnO 

core-shell structure was then synthesized by preparing TEA and aqueous zinc acetate 

mixed solution. The specific volume of the as-prepared Ag nanowire suspension was then 

introduced into the previous mixed solution and these mixtures were ultrasonically stirred 
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at 200 W and 20 MHz for 2 H (Liu et al., 2012). In research that has been done by Wu et 

al., they used simple hydrothermal method to fabricate ZnO nanorods and decorated with 

tunable Ag nanoparticles contents. They were firstly grown ZnO nanorods on Zn foil 

hydrothermally with the presence of DI water as well as the melted 1,6-hexanediamine 

and subsequently heated at 180 °C for 5 H. Then, the as-prepared ZnO was inserted into 

a mixture of PVP and AgNO3 that was dissolved in the mixed solvent of ethylene glycol 

and DI water. The reduction and deposition process of Ag+ ions were further performed 

hydrothermally at 180 °C for 3 H (Wu et al., 2013).  

  

2.7 Summary 

As an overall, the background of PEC water splitting and corresponding mechanism 

and basic theory, the active materials as well as technique to prepare photoelectrode have 

been explained and discussed. Chapter 3 will report on the photoelectrode preparation, 

characterization techniques and PEC experimental setup. 
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CHAPTER 3: METHODOLOGY 

3.1 Introduction 

Basically, this chapter describes sample fabrication by means of facile and low 

temperature of hydrothermal approach. A stepwise procedure in photoelectrode 

preparation will be clarified in details. In addition, characterization techniques used to 

analyze structural and optical properties of the as-prepared photoelectrode are well 

described. This chapter also explains about the setup of PEC system as well as the PEC 

characteristic. 

 

3.2 Materials 

All of the chemicals were used without any further purification. The materials or 

chemicals that had been used throughout all of the experiment are listed in Table 3.1 

below: 

 

Table 3.1: List of materials 

Material / Chemical Formula Supplier Roles 

Zinc foil (0.25mm; 

99.999 % trace metal) 

Zn Sigma Aldrich Synthesis 

and 

fabrication 
Silver nitrate AgNO3 Merck Millipore 

Zinc nitrate tetrahydrate Zn(NO3)2.4H2O Sigma Aldrich 

Deionized water (18.2 

MΩ cm; TOC≤5ppb) 

H2O - 

Sodium sulphate Na2SO4 R & M Chemicals PEC 

application 
Phosphate Buffer 

solution (pH 7) 

- Laboratory 

Chemicals 
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3.3 Fabrication of Photoelectrode 

The fabrication of Ag sensitized ZnO photoelectrode is divided into two stages; which 

is ZnO nanopillars was firstly direct grown on Zn foil, followed by the sensitization of 

Ag nanoparticles. The sensitization processes were carried out by varying the reduction 

period of Ag+ ions and the concentration of AgNO3 precursor. The details of sample 

fabrication will be further explained. 

 

3.3.1 Synthesis of ZnO nanopillars on Zn foil 

ZnO nanopillars were directly grown onto Zn foil by using facile and low temperature 

hydrothermal approach whereby the method was modified from the study reported by 

Luan and co-workers (Luan et al., 2011). Zn foil with dimension of 10 mm x 20 mm x 

0.25 mm was firstly polished until mirror-like surface was obtained as shown in Figure 

3.1(a). Then, Zn foil was sonicated in distilled water, followed by in ethanol for 10 

minutes, respectively. Cleaned Zn foil was placed horizontally at the bottom of Teflon 

(volume: 50 mL) container containing 40 % (20 mL) volume of DI water. The Teflon was 

sealed in autoclave and further heated at 50 °C for 24 hours. The picture of Teflon and 

autoclave can be depicted in Figure 3.1(b). Finally, ZnO nanopillars on Zn foil was 

purified using distilled water, followed by ethanol and purged with N2 gas to dry 

completely. 

 

Figure 3.1: (a) Mirror-like surface of polished Zn foil and (b) 50 mL Teflon and 

autoclave 
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In order to obtain the desired pillar-like structure of ZnO, optimization of parameter 

such as temperature, duration, volume of DI water and heating rate was systematically 

conducted. All of the samples were characterized by using XRD and FESEM to obtain 

the desired structure. The best optimized parameter that produced ZnO nanopillars will 

be adopted for sensitization of Ag nanoparticles. 

 

3.3.2 Synthesis of ZnO Nanostructures with Additional Zn Nitrate as Precursor 

In addition, the effect towards the ZnO morphology also was studied when Zn salts 

were used as an additional precursors. 0.0654 g (12.5 mM) of zinc nitrate tetrahydrate 

(Zn(NO3)2.4H2O) were weighted and dissolved in 40 % volume (vol.) of DI water. Next, 

the Zn(NO3)2.4H2O aqueous solution was poured into Teflon and Zn foil was placed 

horizontally at the bottom of Teflon. After that, it was further heated at 50 °C for 24 hours 

in 1°C.min-1 heating rate. The obtained sample was purified by distilled water and ethanol 

prior purging with N2 gas to dry completely. After that, the vol. of 12.5 mM Zn nitrate 

was varied from 40 % - 80 %.  

The effect towards the ZnO morphology through the variation of Zn nitrate aqueous 

solution concentration was also investigated. Sample with concentration of 12.5 mM is 

used as control sample and the concentration was varied from 3.125 mM – 18.75 mM. 

The procedure is similar with the previous method. 

 

3.3.3 Sensitization of Ag Nanoparticles on ZnO Nanopillars 

As mentioned earlier, the sensitization of Ag nanoparticles on the surface of ZnO 

nanopillars was conducted by varying two parameters such as the reduction period of Ag+ 

ions and the concentration of AgNO3 precursor. The sensitization process was carried out 

through two facile steps of hydrothermal approach whereby the temperature was fixed at 

50 °C. The details of procedures will be discussed further as in section below. 
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3.3.3.1 Sensitization via the Reduction Period of Ag+ ions 

After the desired pillar-like structure was obtained, Ag nanoparticles were integrated 

on ZnO nanopillars by firstly preparing the stock solution of AgNO3 aqueous solution. A 

weighed amount of AgNO3 salt dissolved in DI water and stirred for a few minutes until 

the solution was uniformly mixed. 40 % vol. (20 mL) of 1 mM AgNO3 aqueous solution 

was prepared by diluting the as-prepared AgNO3 stock solution via equation below: 

𝑀1𝑉1 = 𝑀2𝑉2  (3.1) 

Here, M and V are respectively represent molarity and volume. The example of 

calculation for preparing AgNO3 aqueous solution can be referred in Appendix A. Next, 

the as-synthesized ZnO nanopillars was placed horizontally at the bottom of Teflon 

container and 40 % vol. of 1 mM AgNO3 aqueous solution was poured in to the Teflon. 

The reduction process of Ag+ ions and the incorporation of Ag nanoparticles on ZnO 

nanopillars were executed under 50 °C for 30 minutes (min). The samples were then 

purified using distilled water and ethanol right after the reaction was done to terminate 

the Ag+ ions reduction process. Subsequently, the as-obtained sample was dried by N2 

gas purging. The Ag+ reduction period was varied from 30 min to 360 min and the 

samples were labelled as Ag/ZnO_30 min, Ag/ZnO_60 min, Ag/ZnO_120 min, 

Ag/ZnO_240 min and Ag/ZnO_360 min, respectively. 

 

3.3.3.2 Sensitization via Different AgNO3 concentration 

The sensitization process was further studied by incorporating the Ag nanoparticles 

onto the ZnO nanopillars surfaces via the different AgNO3 concentration. The synthesis 

procedures are similar with the previous parameter except the AgNO3 concentration was 

varied from 5 mM to 0.2 mM. The samples were then named as Ag/ZnO_5 mM, 

Ag/ZnO_2 mM, Ag/ZnO_1 mM, Ag/ZnO_0.4 mM and Ag/ZnO_0.2 mM, respectively. 
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Since Ag nanoparticles were already formed at 30 min duration and to save the time 

consuming, the reaction period was then fixed at 30 min for all samples.  

All of the as-fabricated photoelectrodes will be characterized by characterization tools 

and will be tested for PEC water splitting application to study their PEC characteristic as 

well as to quantify the photocurrent density production. The flow chart of Ag sensitized 

ZnO photoelectrode are shown in Figure 3.2.   

 

Figure 3.2: Flow chart of Ag sensitized ZnO photoelectrode 
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3.4 Characterizations 

The morphology of as-prepared Ag sensitized ZnO photoelectrodes will be 

characterized by using field emission scanning electron microscopy (FESEM) and high 

resolution transmission electron microscopy (HRTEM). X-ray diffractometer (XRD) and 

Raman spectroscopy were used to analyze the crystallinity and structure of as-prepared 

photoelectrodes. The optical- and photoluminescence-properties of photoelectrodes will 

be identified by using diffuse reflectance spectroscopy (DRS) and photoluminescence 

(PL) spectroscopy. The PEC behaviour will be characterized via LSV, Nyquist plot and 

Mott-Schottky plot by using potentiostat and electrochemical impedance spectroscopy 

with combination of potentiostat. The working principle, sample preparation prior to 

characterization as well as the parameter used will be further explained later on. 

 

3.4.1 Field Emission Scanning Electron Microscope 

Nanotechnology fields such as semiconductors, catalysis, electronics, biotechnology 

and pharmaceuticals have strongly driven the development of recent electron microscopy, 

not only for the better resolution but for more information from the samples. Field 

emission scanning electron microscope, an abbreviation of FESEM in which works with 

electron instead of light. These electrons, so-called the particles with a negative charge 

are liberated by the field emission source. A FESEM is functioned to visualize fine 

topography details on the surface, entire or fractioned objects that may be as small as 1 

nm (billions of mm) (Swapp, 2017). 

Electrons that liberated from a field emission source will accelerate in a high electrical 

field gradient. Within high vacuum column, these primary electrons are focussed and 

deflected by electronic lenses to produce a narrow scan beam that bombards the object in 

which finally results in emission of secondary electrons from each spot on the object. The 

angle and velocity of the secondary electrons relate to the object’s surface structures.  The 
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detector catches the secondary electrons to produce an electronic signal which will be 

amplified and transformed to a video-scan image that can be depicted on the monitor or 

to a digital image (Swapp, 2017). 

Electrons are mostly generated by heating the tungsten filament (electron gun) 

whereby they are also produced by a crystal of lantanumhexaboride (LaB6). The use of 

LaB6 results in higher densities of electron and a better resolution if compared to that of 

conventional device. On the other hand, no heating but so-called “cold” source is 

employed in a FESEM. Additionally, a very sharp and thin tungsten needle which has an 

average tip diameter of 10-7 – 10-8 m functions as a cathode in front of primary and 

secondary anode. The acceleration voltage between cathode and anode is commonly in 

the order of magnitude of 0.5 – 30 kV. The generated image quality is markedly better 

due to the electron beam produced by the FE source is 1000 times smaller than in standard 

microscope (Swapp, 2017).  

In this study, high angle backscattered secondary electron (HABSE) mode are utilized 

during the FESEM scanning. Backscattered electrons (BE) that emitted from the sample 

can be captured by at angles that closer to or farther from the direction of the incident 

electrons by changing the position of BE detector. The former is called HABSE, while 

the latter low angle backscattered secondary electrons (LABSE). The functions of 

HABSE are to detect compositional differenced (Z contrast), in which the higher the 

accelerating voltage the more information on the inner structure of the samples. Besides, 

it shows the crystal orientation from crystalline samples. However, HABSE mode has 

poorest spatial resolution. In addition to this, LABSE mode shows topography in which 

the information on compositional differences or on the inner structure of the sample. 

Similar to HABSE mode, it also shows the crystal orientation but has highest spatial 

resolution (http://www.jeolusa.com/RESOURCES/Electron). The morphology for all as-

prepared samples in this study were inspected by using FESEM Hitachi (SU8000) and 
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JEOL (JSM 7600-F). The energy dispersive X-ray (EDX) mapping has also been carried 

out by using FESEM.  

 

3.4.2 High Resolution Transmission Electron Microscope 

High resolution transmission electron microscope (HRTEM) is an instrument to study 

the topographical, morphological, and compositional as well as crystallinity of 

nanomaterials. If compared to other microscope, HRTEM can simultaneously provide 

information in real space (imaging mode) and reciprocal space (diffraction mode). 

HRTEM can operate in Bright-field, Dark-field, SAED, High-resolution and CBED 

modes. HRTEM is coupled with a Gatan digital camera and this instrument can go up to 

a maximum magnification of 1.5 million. It has an anti-contamination device which 

assisted with liquid nitrogen to help the filament from contamination caused by volatile 

sample (Fultz & Howe, 2008; Williams & Carter, 2009). 

By utilizing the focused beam of electrons (instead of light), information about the 

structure and composition of the sample can be achieved via HRTEM technique. An 

electron source, or so-called electron gun produces a stream of electron which is 

accelerated towards the specimen using a positive electrical potential. By using the metal 

apertures and magnetic lenses called “condenser lenses”, the stream is then focused into 

a thin and focused monochromatic beam. Next, the beam strikes the specimen and part of 

it will be transmitted through it. This beam will be focused again using a set of lenses 

called “objective lenses” into an image. This image is fed down the column via the 

“intermediate and projector lenses” whereby this image will be enlarged depends upon 

the magnification set. The image is produced by a phosphor image screen in which this 

image strikes screen and light is then endangered to enable the user to depict the image. 

The darker image represents the thicker or denser region of the sample (less electrons are 
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transmitted), while the lighter image represents thinner region of the sample (more 

electrons are transmitted) (Fultz & Howe, 2008; Williams & Carter, 2009). 

HRTEM can be operated in Scanning TEM (STEM) mode with Bright Field (BF) and 

High Angle Annular Dark Field (HAADF) detector. STEM is an amazing tool for 

characterization of nanostructures that provides elemental composition and crystal 

information at atomic scale. STEM works on similar principle as normal SEM except 

sample has to be prepared in ultrathin layer of 200 nm or less (except for nanoparticles) 

so that the accelerated beam of electrons pass through the sample. This electron beam 

interacts with TEM sample and detector in collecting the transmitted beam. When 

operating TEM mode, denser area that composed of heavy elements appear dark due to 

the more electron scattering within the sample. In contrast to TEM, in STEM mode the 

opposite is realized which makes HAADF detector very sensitive to differentiate 

irradiated element based on the atomic number (Z contrast) (Fultz & Howe, 2008; 

Williams & Carter, 2009). 

The morphology and compositional of the as-prepared photoelectrode will be 

characterized by using HRTEM- JEOL (JEM-2100F) with an operating voltage of 200 

kV. The as-synthesized photoelectrode was firstly scratched and dissolved in absolute 

ethanol, followed by placing a drop of colloidal sample solution on the mesh carbon-

coated copper grid. The sample was then dried at ambient temperature prior observation 

under HRTEM.  

 

3.4.3 X-ray Diffractometer 

X-ray diffractometer (XRD) is one of the non-destructive tool to analyze the 

crystallinity and crystal phase for many kinds of matter, ranging from fluids, powders, 

crystals to thin films.  This XRD technique uses X-ray diffraction on the sample in which 

diffraction occurs when the lights are scattered by a periodic array with long-range order, 
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thereafter results in production of constructive interference at specific angles. The 

scattering X-rays from atoms produce a diffraction pattern that contains information 

about the atomic arrangement in crystal (Chauhan & Chauhan, 2014).  

The electrons around the atom start to oscillate with the same frequency of the 

incoming beam when an X-ray beam hits the atom. In almost all directions, destructive 

interferences are formed which the combining waves are out phase causes no resultant 

energy is leaving the solid samples. However, the atoms in a crystal are arranged in 

periodic arrays that will result in the formation of constructive interference in which the 

waves are in phase and there will be a well-defined X-ray beams leaving the samples 

(Chauhan & Chauhan, 2014). 

X-rays diffracted in phase will produce a signal whereby “in phase” means that the 

peak of one wave matches the peak of the following wave and diffraction only occurs 

when the distance travelled by the parallel X-rays are an integer of the wavelength. 

Bragg’s law is simplistic model to understand the required condition for diffraction to be 

occurred and the equation is as follows: 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃                                                                                                                      (3.2) 

With a space, d between the planes for parallel planes of atoms, constructive diffraction 

occurs when Bragg’s law is satisfied. Consequently, a planes produce a diffraction peak 

at specific angle θ and the sample is rotated so that the angle of diffraction changes. When 

angle is correct for diffraction, the signal will be recorded and converted into peaks 

subjected to the intensity of reflected signal. Additionally, the space between the 

diffracting planes of atoms will determine the peak positions (Henry et al., 2016). 

The crystallinity and phases of the as-prepared samples were identified by X-ray 

diffraction (XRD) using PANalytical X-pert diffractometer (Empyrean) under powder 

scanning mode with the source of Cu Kα radiation (wavelength, λ = 0.154 nm) that was 
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operated at 45 kV and 40 mA. The scan rate of 0.039°/s has been employed within the 

range of 30° - 75°. 

 

3.4.4 Raman Spectroscopy 

Raman spectroscopy was named in the honour of its inventor, C. V. Raman together 

with his mate (Raman & Krishnan, 1928). Raman spectroscopy is a scattering technique 

which is basically based on the inelastic scattering of incident radiation through its 

interaction with vibrating molecules (Bumbrah & Sharma, 2016). Sample is illuminated 

with a monochromatic laser beam which interacts with the molecules of sample and 

originates scattered light in which this scattered light that having frequency different from 

that of the incident light (inelastic scattering) is utilized to construct the Raman spectrum. 

The inelastic collision between incident monochromatic radiation and molecules of 

sample produce Raman spectra. When a monochromatic radiation strikes a sample, it 

scatters in all directions whereby this scattered radiation has a frequency equal to 

frequency of incident radiation and constitutes Rayleigh scattering (Willard et al., 1988; 

Smith & Dent, 2005). 

On the other hand, only a small fraction of scattered radiation has a frequency that 

different from frequency of incident light which is constituted Raman scattering. Stokes 

lines appear in Raman spectra when the frequency of incident radiation is higher than the 

frequency of scattered radiation, while anti-stokes lines appear in Raman spectra when 

the frequency of incident radiation is lower than the frequency of scattered radiation 

(Willard et al., 1988; Smith & Dent, 2005).  

The phonon vibration of the as-synthesized samples were collected using inVia Raman 

microscope (Renishaw) in which Argon laser at wavelength, λ = 514.5 nm with grating 

of 2400 lines/mm was employed. All of the measurement condition such as laser power 
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(100 %), exposure time (10 s) and accumulation (one) were kept the same to ensure that 

the comparison of the spectra can be done. 

 

3.4.5 Diffuse Reflectance Spectroscopy 

There are four possible phenomenon (absorption, transmission, reflection or 

scattering) occur when electromagnetic radiation in the UV/vis/NIR wavelength range 

interact with the sample. In order to measure the transmittance and absorbance of a 

transparent solid or homogeneous solution, typically UV/vs/NIR spectroscopy is utilized. 

On the other hand, reflectance spectroscopy is used for samples that are difficult to 

analyze by transmission measurement (Aydin et al., 2013). It is possible to measure the 

reflected and scattered energy from a sample when the spectrometer is equipped with the 

proper accessory such as integrating sphere.  

When an integrating sphere is used in combination with spectrometer, they become a 

powerful tool in collecting and measuring specular and/or diffuse reflectance and 

capturing the scattered light from the sample as well. The external reflectance 

measurement can be divided into two types which is diffuse and specular reflectance. 

Diffuse reflectance is an excellent diagnostic tool for powdered, nanostructure and 

crystalline materials in different spectral ranges. Diffuse reflectance occurs when energy 

from the incident beam which penetrates one or more particles is reflected in all 

directions. The back reflected and diffusely scattered light are the collected and directed 

to the detector optics. Only the fraction of the beam that is scattered and returned back to 

the surface of the sample is considered as the diffuse reflection (Aydin et al., 2013). 

The Kubelka-Munk theory is generally used for analyzing the diffuse reflectance 

spectra, following the method reported earlier (Aydin et al., 2013; Morales et al., 2008). 

The Kubelka-Munk equation at any wavelength become: 
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                 𝐹(𝑅) =  
(1 − 𝑅)2

2𝑅
 (3.3) 

Where, R is reflectance. The energy band gap, Eg can be estimated by extrapolating the 

linear portion of the spectra to the x-axis (photon energy) in the graph of [F(R).E]2 versus 

E, whereas E is the photon energy with an equation of:  

                 𝐸 =  
ℎ𝑐

𝜆
 (3.4) 

Where, h is Planck constant, c is speed of light and λ is wavelength. 

In this study, Diffuse Reflectance spectroscopy (DRS-Varian Cary-5000) equipped 

with an integrating sphere was utilized to measure the absorption of the as-prepared 

sample in UV-visible range. 

 

3.4.6 Photoluminescence Spectroscopy 

 Photoluminescence spectroscopy is a non-destructive method of probing the electronic 

structure of nanostructures whereby the light is directed and absorbed by the sample. 

Excess energy is imparted into the material in the process called photoexcitation. This 

excess energy can be dissipated by the sample is via the emission of light or the so-called 

luminescence. In the case of photoexcitation, this luminescence is called 

photoluminescence. The photoexcitation process causes the electrons to excite to the 

permissible excited state. When these electrons return to their equilibrium state, the 

excess energy is then released in which may produce light emission (radiative 

recombination) or may not (nonradiative recombination) (Kumar, 2013). 

An excitation wavelength is chosen by one monochromator and luminescence is 

observed via a second monochromator that usually positioned at 90º to the incident light 

in order to minimize the intensity of scattering light to reach the detector. Emission 

spectrum is produced if the excitation wavelength is fixed and the emitted radiation is 

scanned (Kumar, 2013). 
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In this research, by utilizing 325 nm He-Cd laser as excitation source, room 

temperature photoluminescence (PL) properties of the as-synthesized samples were 

characterized by inVia Raman spectroscope (Renishaw). 

 

3.5 Photoelectrochemical Application 

All of the as-prepared photoelectrodes will be further tested for PEC via water splitting 

process to inspect their performance on catalytic and electrochemical properties. The PEC 

characteristic as well as the setup will be explained in the following section. 

 

3.5.1 Instruments and Apparatus 

All of the instruments and apparatus that had been utilized throughout the PEC 

experiments is simplified in Table 3.2 as shown below: 

 

Table 3.2: List of Instruments 

Instruments Characteristics Supplier 

Potentiostat/Galvanostat (Autolab – 

PGSTAT204) 

Voltage = 100 – 240 V Metrohm (Malaysia) 

Sdn. Bhd. 

 Electrochemical Impedance 

Spectroscopy (FRA32M) – in 

combination with PGSTAT 

Frequency range = 10 μHz – 

1 MHz 

Input range = 10 V 

Lamp power (Xenon) - 66901 Power = 50 – 500 W Newport 

Equipped with power supply - 

69911 

Power intensity = 100 

mW.cm-2 

Full reflector - 66215 To reflect wavelength from 

200 – 2800 nm 

Air mass filter - 81094 -To provide real output of the 

xenon lamp to match better 

with solar spectrum 

- to meet AM1.5 G standard 
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Table 3.2, continued 

Platinum rod - 61248000 Thickness = 2 mm; length = 

76 mm 

Metrohm (Malaysia) 

Sdn. Bhd. 

Equipped with shaft for plug-in 

electrode SGJ - 61241030 

 

Ag/AgCl electrode (F0DR-0021) 4M KCl w/AgCl reference 

filing 

PINE Research 

Instrument 

Ready-made design of a quartz-

made photocell 

Suprasil ® 300 quartz 

equipped with a flat optical 

window (window polish, 

standard: 60/40 scratch/dig) 

PINE Research 

Instrument 

 

3.5.2 Photoelectrochemical Water Splitting Measurement 

Prior to the illumination onto the as-prepared photoelectrodes, the electrolyte solution 

was firstly prepared. 250 mL of 0.1 M Na2SO4 aqueous solution was prepared by diluting 

3.551 g of Na2SO4 in 250 mL DI water. The solution was mixed uniformly and phosphate 

buffer solution was poured drop by drop to adjust the pH value to be 7.0. Edge of the 

photoelectrode was firstly scratched to ease the electrons flow from the sample to the CE. 

The alligator clip was then clipped on the scratched area and the edges as well as back 

area of the sample were applied with the epoxy to prevent the exposure of the electrolyte 

to the sample component (substrate and alligator clip). It is worth mentioning that the 

epoxy should be compatible with the electrolyte over the pH range used to test the 

photoelectrode. On the other words, the epoxy does not appreciably corrode or 

electrochemically leach the active compounds into solution along the test duration.  

After the epoxy was dried, the sample was connected to the WE. The electrolyte 

solution was then poured in to the ready-made photocell and all the electrodes were 

mounted on the photocell as well. In this PEC experiment, Ag/AgCl electrode and 

platinum rod were used as a RE and CE, respectively. A 300 W Xenon arc lamp was 

mounted with the full reflector together with the air mass filter. Then, the light was 

perpendicularly projected onto the planar illuminated area of the photoelectrode by 
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passing through the photocell window. The distance of the photoelectrode and arc lamp 

was kept 6.0 cm and all of the respective electrodes were connected to the potentiostat.  

The potentiostat are compulsory to be calibrated by using the dummy cell prior to the 

PEC test. Finally, the PEC characteristics of the as-synthesized photoelectrodes will be 

tested by using linear sweep voltammetry (LSV) via potentiostat as well as by utilizing 

Nyquist plot and Mott-Schottky (MS) plot via electrochemical impedance spectroscopy 

(EIS) equipped potentiostat. The obtained spectrum were monitored on the screen and 

analyzed by NOVA 1.10 software. The results and analysis data of PEC will discussed 

later on in Chapter 6. Figure 3.3 shows the PEC setup and respective electrodes used 

along the duration test.  

 

Figure 3.3: (a) PEC setup, (b) close up of PEC photocell with light is directed to 

sample, (c) spectra of I-V curve is monitored on the screen, (d) working electrode 

and holder, (e) Ag/AgCl reference electrode, (f) platinum counter electrode 

equipped shaft, (g) alligator clip and (h) dummy cell to calibrate potentiostat 
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3.5.3 Linear Sweep Voltammetry  

Linear sweep voltammetry is a voltammetric technique whereby the potential between 

the photoelectrode (WE) and RE is linearly swept as a function of time with current is 

recorded simultaneously. The potential is scanned starting at the initial potential and will 

be stopped at the final potential. In addition, LSV is widely used to characterize the 

performance of photoelectrodes such as open circuit voltage (Voc), short-circuit current 

(Jsc), fill factor (ff) and light to hydrogen efficiency (Xu et al., 2013). Scan rate plays an 

important role in LSV measurement in which higher scan rate will cause the thickness of 

the diffusion layer decreases if compared to the slower scan rate. Consequently, the ionic 

flux towards electrode surface related to the current density will be increased (Prasad & 

Sangaranarayanan, 2013).   

As the molecules on the surface of WE are oxidized, they will move away from the 

surface and new molecules will come into contact with the surface of WE. This flow of 

electrons out of WE causes the generation of current. The current is a direct measure 

associated to the scan rate at which electrons are being exchanged via the electrode-

electrolyte interface. The current will reach a plateau or exhibits peak when the rate of 

electron exchange is higher than the rate of the oxidizing species can diffuse from the 

bulk of the electrolyte to the surface of the electrode (Prasad & Sangaranarayanan, 2013).   

In this LSV measurement, photoelectrode was scanned at potential range of -1.5 V – 

0.5 V versus Ag/AgCl with scan rate is fixed at 5 mV.s-1 and no bias potential was applied. 

The measurement of LSV was executed in the dark and illuminated condition. Then, the 

photocurrent density against potential (versus Ag/AgCl) was plotted and analyzed.  

 

3.5.4 Photoconversion Efficiency 

The photoconversion efficiency is one of the important criteria for PEC study, where 

all of the photogenerated electrons and holes that involve in the redox process during 
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water splitting will be evaluated. The overall solar-to-hydrogen efficiency can be 

estimated by using below equation (Chen et al, 2013): 

𝜂 = 𝐼 (
1.23− 𝑉𝑎𝑝𝑝

𝑃𝑙𝑖𝑔ℎ𝑡
)   (3.5) 

Where Vapp is an applied external potential versus RHE, I is the externally measured 

current at Vapp and Plight is the power density of the incident light. The value of 1.23 V 

basically represent redox potential, Vredox based on a Gibbs free energy change for water 

splitting of 237 kJ.mol-1.  

The value of the photocurrent density, Jph can be obtained from the I-V graph which 

is measured from the LSV measurement. Since the potential is measured versus the 

Ag/AgCl reference electrode, the conversion to the reversible hydrogen electrode (RHE) 

can be done by using Nernst equation (Hoang et al., 2012; Zhang et al., 2014): 

              𝐸𝑅𝐻𝐸 =  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 +  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
º + 0.059𝑝𝐻 (3.6) 

ERHE is the converted potential versus RHE, EAg/AgCl is the potential measured against the 

Ag/AgCl reference electrode and Eº
Ag/AgCl is the standard electrode potential of Ag/AgCl 

reference electrode (0.1976 V versus RHE at 25 ºC). 

 

3.5.5 Nyquist Plot  

Electrochemical impedance spectroscopy (EIS) is one of the powerful diagnostic 

approaches to investigate the charge transfer kinetics at photoelectrode/electrolyte 

interface in PEC water splitting reaction. It also can be used to characterize the limitations 

and improve the performance of fuel cell as well (Liu et al., 2016; Ren et al., 2016). In 

addition, EIS provides information on the capacitive behaviour of the system, may be 

able to distinguish between two or more electrochemical taking place and can identify the 

diffusion-limited reaction. In order to perform the EIS measurement, a small sinusoidal 

perturbation (potential or current) of fixed frequency is firstly applied. With an 

application of small sinusoidal perturbation, pseudo-linear system will generate or else if 
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the system is non-linear, the current response will contain harmonics of the excitation 

frequency (Barsoukov & Macdonald, 2005).  

EIS data can be presented as a Bode plot or Nyquist plot whereby unlike the Nyquist 

plot, the Bode plot does show the frequency information. Figure 3.4 depicts the Nyquist 

plot and Bode plot, respectively. The results obtained from the Nyquist plot can be fitted 

into the RC circuit, which is so-called Randles circuit as shown in Figure 3.4(c).  

 

Figure 3.4: (a) Nyquist plot, (b) Bode plot and (c) Randles circuit (Barsoukov & 

Macdonald, 2005) 

 

 

Electrical resistance is the ability of a circuit to resist the electrical current follow 

which obeys the Ohm’s law: 

              𝑉 = 𝐼𝑅 (3.7) 

Where, V, I and R define voltage, current and resistance, respectively. This relationship 

only apply in ideal resistor. However, in the real world of electrochemistry process circuit 

exhibits much more complex behaviour. Hence, impedance seems to suit in the real 

condition of circuit. The excitation signal can be expressed in a function of time as 

follows: 

𝐸𝑡 =  𝐸° 𝑠𝑖𝑛(𝜔𝑡)                                                                                                                         (3.8) 

Et is the potential, E0 is the amplitude of the signal and ω is the radial frequency. The 

relationship between radial frequency and frequency can be expressed as: 
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𝜔 = 2𝜋𝑓                                                                                                                                         (3.9) 

In a linear system, the response signal, It is shifted in phase (φ) that has a different 

amplitude, I0: 

𝐼𝑡 =  𝐼0 𝑠𝑖𝑛(𝜔𝑡 −  𝜑)                                                                                                                (3.10) 

Hence, the impedance can be expressed analogous to Ohm’s law as: 

𝑍 =  
𝐸𝑡

𝐼𝑡
=  

𝐸0 𝑠𝑖𝑛(𝜔𝑡)

𝐼0 𝑠𝑖𝑛(𝜔𝑡− 𝜑)
=  𝑍0

𝑠𝑖𝑛(𝜔𝑡)

𝑠𝑖𝑛(𝜔𝑡− 𝜑)
                                                                                   (3.11) 

By applying Euler relationship, 

𝑒𝑥𝑝(𝑗𝜑) = 𝑐𝑜𝑠 𝜑 + 𝑗 𝑠𝑖𝑛 𝜑                                     (3.12) 

Then, the impedance can be possibly expressed as a complex function where, the potential 

is described as: 

              𝐸𝑡 =  𝐸0 𝑒𝑥𝑝(𝑗𝜔𝑡) (3.13) 

And current response as: 

              𝐼𝑡 =  𝐼0 𝑒𝑥𝑝(𝑗𝜔𝑡 −  𝜑) (3.14) 

Therefore, the impedance can be expressed as a complex number: 

              𝑍(𝜔) =  
𝐸

𝐼
=  𝑍0 𝑒𝑥𝑝(𝑗𝜑) =  𝑍0 (𝑐𝑜𝑠 𝜑 + 𝑗 𝑠𝑖𝑛 𝜑) (3.15) 

Z(ω) is composed of real and imaginary in which if the real part is plotted on the x-axis 

while the imaginary part is plotted on the y-axis, Nyquist plot will be produced as shown 

in Figure 3.4(a).  

In the EIS measurement to generate the Nyquist plot, the applied frequency was set 

from 100 KHz – 10 Hz with 0 V bias potential and the sinusoidal potential was fixed at 

10 mV.  
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3.5.6  Mott-Schottky Plot  

Mott-Schottky (MS) plot is one of the EIS technique that can provide an information 

and estimation of flat band potential, Efb and the free charge carrier density (donors or 

acceptors), ND of the photoelectrode. Additionally, ND also plays a role in the bulk and 

surface semiconductor properties such as the width of the depletion layer and rate 

recombination. The conductivity type can also be revealed by MS plot in which the n-

type materials will possess a positive slope while p-type materials will produce a negative 

slope (Gratzel & Krol, 2012; Chen et al., 2013).  

Basically, the MS plot relationship involves measurement of the capacitance of the 

space charge layer, Csc of the semiconductor electrode as a function of applied potential, 

E and can be expressed as (Ren et al., 2016): 

              
1

𝐶𝑠𝑐
2

=  
2

𝜀𝜀0𝑒𝐴2𝑁𝐷
 [𝐸 −  𝐸𝑓𝑏 −  

𝑘𝑇

𝑒
] (3.16) 

Where; ε is the dielectric constant of the semiconductor, ε0 is the permittivity in vacuum 

(8.85 × 10-14 F.cm-1), e is the charge of electron, ND is the free carrier density, k is 

Boltzmann constant, T is the temperature and E is an applied potential.  The derivation of 

MS equation can be referred in Appendix B. 

The value of Efb is determined by the extrapolation of x-axis in MS plot (1/C2
sc versus 

E) at various frequency. In addition, the value ND can be determined from the slope of 

MS plot by an equation (Yang et al., 2009): 

𝑁𝐷 =  
2

𝜀𝜖0𝐴2𝑒
 [

𝑑

𝑑𝑉
(

1

𝐶2)−1] (3.17) 

The example for ND calculation can be referred in Appendix C. In MS plot measurement, 

an applied potential was set to the range of -0.5 V – 0.5 V with the used frequency was 

1000 Hz and the potential is plotted against to normal hydrogen electrode (NHE) via 

equation (Yang et al., 2009): 

              𝐸𝑁𝐻𝐸 =  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.1976𝑉 (3.18) 
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A detailed energy band diagram for a complete PEC cell can be drawn, whereby Figure 

3.5 shows a cell composed of an n-type photoanode and a metal counter electrode. 

Usually, the y-axis represent the energy of an electron at a certain point x in the cell, 

whereby the energy of an electron in vacuum at infinite distance is chosen as a reference. 

At the electrolyte phase in Figure 3.5, the energy of the redox couple in an electrolyte 

with respect to the vacuum level (eϕR*) is not accurately known. Theoretical and 

experimental estimate that the H2/H
+ standard redox energy located between 4.3 and 4.85 

eV below Evacuum. Since there is no electric field is assumed to be present in this phase, 

the vacuum level is drawn as a horizontal line in the electrolyte. This assumption is 

realistic for most water splitting application because highly concentration of electrolytes 

are frequently used in order to avoid the Ohmic voltage losses. For the case of a very low 

electrolyte concentration (<0.1 M), there may be insufficient ions are available at the outer 

Helmholtz plane to balance all the adsorbed charges at the semiconductor surface. Finally, 

all of these charges are then compensated in a region beyond the outer Helmholtz layer 

(Bockris et al., 2011).  

The band positions, the amount of band bending and the difference between Ec and Ef 

are the key parameters for the semiconductor. The energy band diagram can directly show 

whether a certain reduction or oxidation reaction at the semiconductor surface is 

thermodynamically possible. As depicted in Figure 3.5, holes will be able to oxidize water 

if the H2O/O2 redox energy is located above the top of the valance band. Similarly, 

electrons with an energy above the redox energy can reduce the H+. Additionally, the 

power of reduction and oxidation can be determined by measuring the potential (i.e., 

Fermi level) of the semiconductor with respect to that of reference electrode. The 

utilization of reference electrode is beneficial because the measured potential difference 

does not depend on the amount of current flows through the cell. In contrast, the potential 

difference between semiconductor and metal electrode depends on VH at the metal 
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electrode. The structure of Helmholtz layer at the metal/electrolyte interface is similar to 

the semiconductor, and the capacitance is also in the order of 10 – 20 μF.cm-2 (Gratzel & 

Krol, 2012). 

 

Figure 3.5: Energy band diagram for a PEC cell that consisted of n-type 

semiconductor and a metal counter electrode (Gratzel & Krol, 2012) 
 

3.6 Summary 

The procedure of photoelectrode fabrication, the characterization tools that were used 

to study the properties of photoelectrode as well as the PEC setup and measurements have 

been explained briefly in this chapter. The results will be further discussed in the Chapter 

4-6.
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CHAPTER 4: OPTIMIZATION OF ZINC OXIDE MORPHOLOGY 

4.1 Introduction 

Chapter 4 discusses about the optimization that had been conducted in order to obtain 

the desired pillar-like ZnO morphology. Series of experiments had been executed 

including varied the parameter such as temperature, duration, vol. of DI water and heating 

rate. This chapter also explains about the effect towards the ZnO morphology when Zn 

salts were used as precursor. All of the samples were characterized by using XRD and 

FESEM to analyze their composition and morphology, respectively. 

 

4.2 Morphology Optimization via Reaction Temperature 

The procedure to synthesize ZnO nanostructures can be referred in Chapter 3 in which 

ZnO was hydrothermally grown with varied reaction temperature. Other parameters such 

as reaction duration, vol. of DI water and heating rate were fixed for 24 H, 40 % (20 mL) 

vol. of DI water and 5 °C.min-1, respectively. Figure 4.1 depicts the morphology of ZnO 

nanostructures grown on Zn foil when temperature was varied from 50 °C – 200 °C. As 

shown in Figure 4.1(a), it is observed that flower-like structures are formed and grown 

on the tips of rod-like ZnO nanostructures when Zn foil was heated at 50 °C. Interestingly, 

when reaction temperature was increased to 100 °C, the flower-like disappeared and the 

rod-like structures were further grown with smooth- and tapered-terminated tips.  

At 150 °C, the rod-like structures were getting longer with long and sharp tip rods were 

lying horizontally on the vertical ZnO nanorods as shown in Figure 4.1(c). There was no 

much different on the morphology transformation when reaction temperature was 

increased to 180 °C, except the length of horizontal ZnO nanorods were getting longer 

and some of them formed branch rod-like structures. Finally, at 200 °C all of the 

horizontal ZnO nanorods were transformed to larger flower-like structures that located 

on the tips of vertical ZnO nanorods as depicted in Figure 4.1(e). 
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Figure 4.1: FESEM morphology of ZnO nanostructures at varied temperature: (a) 

50 °C, (b) 100 °C, (c) 150 °C, (d) 180 °C and (e) 200 °C 

 

The phase composition and crystal structure of ZnO nanostructures with varied 

reaction temperature are revealed by XRD as demonstrated in Figure 4.2. All of the 

samples were well-crystallized and can be perfectly indexed to the hexagonal wurtzite 

ZnO (JCPDS no: 36-1451). The red-star labelled which can be assigned to Zn peaks were 

exhibited in all samples indicating that ZnO nanostructures were grown on zinc substrate. 

It can be observed that one of Zn peak was overlapped with ZnO (101) peak in which 

both of them were located at ~36 °. Furthermore, no impurities peak were detected and 

this confirms that all samples were high purity.  

Most of ZnO diffraction peaks were increased when reaction temperature was 

increased to 200 °C showing that the quantity of nanostructures formed are getting 

pronounced. The highest diffraction peak corresponding to the ZnO (002) crystal plane 

revealed that all samples showed preferred orientation growth along c-axis except for 

sample heated at 200 °C. The diffractogram for this sample depicts its diffraction peak of 

(101) was higher if compared to ZnO peak (002), shows that other orientation growth has 

taken place.  
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Figure 4.2: XRD pattern of ZnO nanostructures that hydrothermally grown at 

varied reaction temperature 

 

As shown in FESEM micrographs, when reaction temperature was getting increased 

the morphology of ZnO nanostructures was transformed to longer horizontal rod-like and 

larger flower-like ZnO in which these kinds of morphologies were not appropriate to be 

sensitized with noble metal nanoparticles. In addition, the aim of this study is to obtain 

rod-like structure with no formation of additional ZnO nanostructures on top of them. The 

sample heated at 100 °C produced rod-like structure. However, their tips were too smooth 

and tapered to be decorated with Ag nanoparticles and the rod-like ZnO structure have 

higher potential to be collapsed.  

The rod-like ZnO structures that grown at 50 °C seems to be acceptable to be decorated 

with Ag nanoparticles due to their larger and round tips. However, optimization has to be 

continued by changing other parameters as this sample generated flower-like structures 

on the tips of rod-like ZnO. Therefore, temperature 50 °C was chosen as fixed parameter 

for the rest of other optimization experiments. This parameter had been chosen in order 
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to comply with initiative in developing an energy efficient yet cost-effective synthesis 

scheme. In fact, ZnO nanostructures were already formed at 50 °C. 

 

4.3 Morphology Optimization via Synthesis Duration 

The optimization was further conducted by varying the synthesis duration in which the 

duration to synthesize ZnO nanostructures was reduced. Other parameters such as 

temperature, vol. of DI water and heating rate were fixed at 50 °C, 40 % vol. of DI water 

and 5 °C.min-1, respectively. The synthesis duration was reduced to 20 H and was 

compared with the sample that heated at 24 H. Figure 4.3 shows the XRD pattern of ZnO 

nanostructures that synthesized at 24 H and 20 H.  

 

Figure 4.3: XRD pattern of ZnO nanostructures at 24 H and 20 H synthesis 

duration, respectively 

 

As can be depicted in Figure 4.3, there is no any ZnO diffraction peaks were formed 

when synthesis duration was reduced to 20 H. The peak located at 36° probably belongs 
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to Zn peak as this peak overlaps with ZnO (101) peak. Since ZnO was not formed at 20 

H, thus this sample was not characterized by FESEM and further analysis is through XRD 

only. From the Figure 4.3, it has been confirmed that synthesis duration was fixed at 24 

H throughout the optimization experiments.  

In order to obtain desired ZnO structure, morphology optimization by varying other 

parameters such as vol. of DI water and heating rate will be further conducted and will be 

discussed in next section. 

 

4.4 Morphology Optimization via Volume of DI Water 

 

Figure 4.4: FESEM morphologies of ZnO nanostructures at varied vol. of DI water 

(a) 40 %, (b) 60 % and (c) 80% with heating rate of 5 °C.min-1 

 

As discussed in section 4.2 and 4.3, the reaction temperature and synthesis duration 

were already fixed at 50 °C and 24 H, respectively. The ZnO morphology optimization 

was further performed by varying the vol. of DI water parameter from 40 % (20 mL) – 

80 % (40 mL) and the heating rate was fixed at 5 °C.min-1.  

Herein, DI water acted as precursor to grow ZnO on Zn foil. As depicted in Figure 

4.4(a), it is showed that flower-like structures are grown on the tips of rod-like ZnO 

nanostructures at 40 % vol. of DI water (this sample is same with sample in Figure 4.1(a) 

because the used parameters were similar and this sample acted as controlled sample in 

this optimization experiment). As DI water vol. was increased to 60 %, the flower-like 

structure disappeared and longer ZnO rods were continually grown. However, the length 

and size of rods were not uniform as displayed in Figure 4.4(b). Finally, irregular shape 
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of flower-like structures were further grown on Zn foil when vol. of DI water was 

increased to 80 % as viewed in Figure 4.4(c).  

 

Figure 4.5: XRD pattern of ZnO nanostructures with varied vol. of DI water at 5 

°C.min-1 heating rate 

 

The phase composition and crystal structure of ZnO nanostructures with varied vol. of 

DI water are shown in Figure 4.5. All of the samples are exhibited Zn foil peaks and well-

indexed to the hexagonal wurtzite phase of ZnO.  In addition, there is no impurities peak 

detected, indicating all of samples are high purity. The highest diffraction peak 

corresponding to (002) plane showed that all samples have preferred growth orientation 

along c-axis which is this outcomes are similar to the previous result.  

The morphology optimization of ZnO through varied heating rate was further 

continued in order to achieve one of the study objective for obtaining desired pillar-like 

structure of ZnO. The results will be discussed in the next Section 4.5.  

Univ
ers

ity
 of

 M
ala

ya



61 

4.5 Morphology Optimization via Heating Rate 

By fixing the synthesis temperature and duration at 50 °C and 24 H, the ZnO 

morphology optimization was conducted in vol. of DI water at 40 % (20 mL) – 80 % (40 

mL) whereby the heating rate was varied to 1°C.min-1. However, in this section the 

optimization experiment was executed at 50 % (25 mL) and 70 % (35 mL) vol. of DI 

water as well to precisely observe the morphological transformation of ZnO 

nanostructures and at the same time to obtain the desired pillar-like structure.   

 

Figure 4.6: FESEM morphologies of ZnO nanostructures at vol. of DI water (a) 40 

%, (b) 50 %, (c) 60 %, (d) 70 % and (e) 80% with heating rate 1 °C.min-1 

 

FESEM micrographs of ZnO nanostructures that heated at different vol. of DI water 

(with heating rate 1°C.min-1) are depicted in Figure 4.6. As observed in Figure 4.6(a), 

rod-like structure are formed at 40 % vol. of DI water. When vol. of DI water is increased 

to 60 %, thin layer-like interconnected mesh (Figure 4.6(b)) are originated from the tips 

of ZnO nanorods, where these meshes are connected to the tips of the adjacent nanorods 

to form a randomly linked-hierarchical nanostructures.  Interestingly, as vol. of DI water 

are added up to 60 %, these meshes are self-assembled into flower-like structure (Figure 

4.6(c)). With further increasing vol. of DI water to 70 %, the density of nanoflowers 

coverage further increased and they are highly-compacted with each other. Moreover, for 

the sample produced with 80 % vol. of DI water, it is found that the individual pedal of 
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the nanoflowers further expand and create an interconnection topology with its 

neighbouring nanoflowers as shown in Figure 4.6(e).    

Figure 4.7 shows the XRD pattern of ZnO nanostructures that were prepared with 

heating rate of 1 °C.min-1 for vol. of DI water from 40 % - 80 %. It is observed that all of 

the as-prepared samples can be well-assigned to the hexagonal wurtzite phase of ZnO 

whereby the present of Zn foil peaks indicates that Zn foil functions as substrate to direct 

grow the ZnO nanostructures. The present of impurities peak cannot be detected 

confirming that as-prepared samples are well-crystalline and high purity. Diffraction peak 

of (002) is the strongest peak indicates that as-synthesized samples are preferred to grow 

along the c-axis orientation. 

 

Figure 4.7: XRD pattern of ZnO nanostructures with different vol. of DI water that 

heated at 1 °C.min-1 
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Figure 4.8: FESEM micrographs of ZnO nanostructures that were prepared with 

heating rate of (a) 5 °C.min-1 and (b) 1 °C.min-1 in 40 % vol. of DI water 

 

From the morphological view of Figure 4.8, it is demonstrated that when heating rate 

was reduced to 1 °C.min-1, rod-like structure of ZnO were formed. It is hypothesized that 

at higher heating rate, the nucleation process occurs faster which finally render the 

formation of flower-like structure on the tips of ZnO rods. Hence, heating rate was 

reduced to 1 °C.min-1 to enable the nucleation process to occur slower. As a result, the 

formation of desired rod-like structure, or so-called ZnO nanopillars structure can be 

realized (Figure 4.8(b)). With respect to all of the morphology optimization results, the 

optimized parameters in order to grow the desired ZnO nanopillars structure are compiled 

in Table 4.1 below: 

 

Table 4.1: Optimized parameter for ZnO nanopillars growth 

Parameters Temperature 

(°C) 

Duration 

(H) 

Volume of DI water 

(%) 

Heating Rate 

(°C.min-1) 

50 24 40 5 

100 20 60 1 

150 - 80 - 

180 - - - 

200 - - - 

Optimized 

Parameter 
50 24 40 1 
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After obtained the desired ZnO nanopillars via the optimized parameter, the as-

synthesized ZnO nanopillars will be further integrated with noble metal, Ag and the 

results will be discussed in Chapter 5. In addition to these results, effect towards the ZnO 

morphology transformation when Zn salts are used as precursor was studied as well and 

the outcomes will be explained in the next section.  

 

4.6 Effect of Additional Zn Salts towards the ZnO Morphology 

The effect towards the ZnO morphology was further investigated when Zn salts were 

used as an additional precursor. The procedure can be referred in Chapter 3 (Section 

3.3.2). Herein, synthesis temperature, duration and heating rate were fixed at 50 °C, 24 

H, 1 °C.min-1. The vol. of Zn nitrate aqueous solution was varied from 40 % (20 mL) – 

80 % (40 mL) with fixed concentration of 12.5 mM. Figure 4.9 shows the morphology of 

ZnO nanostructures grown in additional Zn source via one step hydrothermal method. 

 

Figure 4.9: FESEM micrographs of ZnO nanopillars/nanowalls in vol. of Zn nitrate 

aqueous solution of (a) 40 %, (b) 60 %, (c) 80 % with concentration of 12.5 mM and 

(d) cross section image of sample (a) 
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As displayed in Figure 4.9(a), it is clearly seen that sheet-like structure of ZnO were 

grown when Zn foil was heated in 40 % vol. of 12.5 mM Zn nitrate aqueous solution. 

ZnO sheet-like structure developed an area that analogous to an island-like structure 

which is composed of compact yet small pores as marked with red-circle in Figure 4.9(a). 

As vol. of Zn nitrate aqueous solution was increased to 60 %, the area of island-like 

structure is reduced and the pores within it are hardly seen as shown with yellow-circle 

in Figure 4.9(b). Interestingly, at 80 % vol. of Zn nitrate aqueous solution, the area of 

island-like structure is disappeared in which the pores are getting widely opened (blue-

circle) as depicted in Figure 4.9(c).  

After a careful examination on the cross-section image of sample that heated in 40 % 

vol. of Zn nitrate aqueous solution, the sheet-like of ZnO structures were actually 

agglomerated to each other and render formation of wall-like structure of ZnO. As 

depicted in Figure 4.9(d), nanopillars are firstly grown on Zn foil with the formation of 

nanowalls on top of nanopillars. Upon the addition of Zn nitrate, the length of pillars is 

estimated to be ~2.10 – 2.14 μm, while the nanowalls possess thickness of ~2.6 μm. The 

presence of Zn nitrate render an excessive concentration of Zn ions that promote dual-

layer morphology, which is composed of nanopillars/nanowalls. This process is deduced 

to secondary nucleation process that takes place on the performed nanopillars. 

The phase composition and crystal structure of ZnO nanopillars/nanowalls with 

different vol. of Zn nitrate aqueous solution at fixed concentration of 12.5 mM are 

revealed by XRD as depicted in Figure 4.10. All of the as-prepared samples are well-

indexed to the hexagonal wurtzite ZnO. As mentioned earlier, the red-star labelled can be 

assigned to the Zn peaks which proof that ZnO nanopillars/nanowalls were grown on the 

Zn substrate. There is no other impurities peak, confirmed that all as-synthesized samples 

are well-crystalline and indeed consist of high purity.  In addition, the highest diffraction 
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peak corresponding to the ZnO (002) crystal plane revealed that all as-obtained samples 

showed preferred orientation growth along c-axis. 

 

Figure 4.10: XRD pattern of ZnO nanopillars/nanowalls with different vol. of Zn 

nitrate aqueous solution at fixed concentration of 12.5 mM 

 

4.7 Effect of Different Zn Salts Concentration towards the ZnO Morphology 

The study of an effect towards ZnO morphology via the different Zn salts 

concentration was further performed. Herein, concentration of Zn nitrate aqueous solution 

was varied from 3.125 – 18.75 mM whereby the as-prepared ZnO nanopillars/nanowalls 

_12.5 mM plays the role as control sample. Synthesis temperature, duration, heating rate 

and vol. of Zn nitrate aqueous solution were fixed at 50 °C, 24 H, 1 °C.min-1 and 40 % 

vol.  

FESEM micrographs of ZnO nanopillars/nanowalls in 40 % vol. of Zn nitrate aqueous 

solution with different concentration are depicted in Figure 4.11. As revealed in Figure 

4.11(a), the red-circle shows that the walls-like structures of ZnO have wide and bigger 

pores when Zn foil was heated in 3.125 mM of Zn nitrate aqueous solution. Additionally, 
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when the concentration was increased to 6.25 mM, an island-like structure is 

reconstructed and bridged with adjacent island-like structures to form interconnected 

network analogous to sheet-like nanostructures (orange-circle) as depicted in Figure 

4.11(b). Interestingly, this sheet-like nanostructures are merged together to form larger 

island area, which appeared to be compact and possess small pores (yellow-circle) when 

concentration was increased to 12.5 mM as shown in Figure 4.11(c). Finally, at 

concentration of 18.75 mM an island-like structures are getting larger while their pores 

are found to be more compact and getting smaller (blue-circle) if compared to that of 

sample with 12.5 mM concentration. It is postulated that ZnO nanopillars/nanowalls have 

wide and open pores at low concentration, yet the pores will get compact and small when 

the concentration was increased. 

 

Figure 4.11: FESEM micrographs of ZnO nanopillars/nanowalls with different 

concentration of Zn nitrate at (a) 3.125 mM, (b) 6.25 mM, (c) 12.5 mM and (d) 18.75 

mM in 40 % vol. of Zn nitrate aqueous solution 

 

Figure 4.12 demonstrated the XRD pattern of ZnO nanopillars/nanowalls which is 

grown in different concentration of Zn nitrate aqueous solution. All of the as-prepared 

samples are well-crystalline and can be well-assigned to hexagonal wurtzite phase of 
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ZnO. Additional Zn peaks appear in all samples indicate that they were grown on the Zn 

substrate. The crystal planes are increased when concentration of Zn nitrate aqueous 

solution was increased, in which ZnO diffraction peak that correspond to (002) crystal 

plane is the highest peak showing that all of the as-prepared samples have the tendency 

to grow along the c-axis orientation. Furthermore, no other impurities peaks are observed, 

confirmed that the samples are composed of high purity.  

 

Figure 4.12: XRD pattern of ZnO nanopillars/nanowalls at different concentration 

of Zn nitrate aqueous solution 

 

However, at current stage, ZnO nanopillars/nanowalls samples are not proceeded to 

sensitize with noble metal as these samples possess dual-layer morphology that will 

impede the pathway of incident solar light especially the bottom layer of ZnO nanopillars 

during PEC process. Hence, we prefer to sensitize noble metal with ZnO nanopillars in 

order to fully utilize this structure to enhance the photocurrent generation via PEC water 

splitting process. The analysis of ZnO nanopillars/nanowalls are only a predetermined 

factor for following steps, where the ideal parameter from this chapter will be used for 
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Ag nanoparticles integration process to develop into metal/semiconductors (Ag/ZnO) 

photoelectrode. Nevertheless, this preliminary results have enable the understanding of 

the morphology behaviour of ZnO that grown on Zn foil with an additional Zn source via 

an optimized parameter. This study might be further investigated and will be beneficial 

for future works.  

 

4.8 Summary 

All of the morphology optimization to obtain the desired pillar-like structures of ZnO 

via an optimized parameter have been discussed. In addition, the study of an effect 

towards ZnO morphology with an additional and different concentration of Zn nitrate 

aqueous solution have been explained. The ZnO nanopillars will be hydrothermally 

sensitized with noble metal through two optimized parameter which all the 

characterizations will be discussed in Chapter 5. 
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CHAPTER 5: ARGENTUM NANOPARTICLES SENSITIZED ZINC OXIDE 

NANOPILLARS PHOTOELECTRODE 

5.1 Introduction 

In this chapter, the sensitization of noble metal (Ag) on the surface of ZnO nanopillars 

via two optimized parameters will be discussed in detailed. Meanwhile, the structural- 

and optical-properties of Ag sensitized ZnO photoelectrode will be further explained in 

depth and the growth mechanism of the photoelectrodes will be proposed. 

 

5.2 Sensitization of Ag nanoparticles on ZnO nanopillars via Ag+ Ions 

Reduction Period 

Ag nanoparticles were incorporated on the surface of ZnO nanopillars via the varied 

Ag+ ions reduction period through two step hydrothermal method at 50 °C in 40 % vol. 

of AgNO3 with concentration of 1 mM. The full procedure can be referred in Chapter 

3.3.3.1. The characterization of these samples and the growth mechanism are discussed 

in the following section. 

 

5.2.1 FESEM Analysis 

The morphological evolution of pure ZnO nanopillars and Ag nanoparticles integrated 

ZnO nanopillars which were synthesized with different Ag+ ions reduction period via 

hydrothermal method can be depicted in Figure 5.1. By utilizing DI water as the growth 

medium and without the presence of any surfactant, ZnO nanopillars were formed on the 

Zn foil as displayed in Figure 5.1(a). The optimization parameter to obtain this so-called 

desired pillar-like structure can be referred in Chapter 4.  From the topological view of 

Figure 5.1(a), it is clearly seen that ZnO nanopillars are densely covered on the Zn foil. 

The nanopillars are found to possess an average length of ~ 600 – 700 nm with a blunt-

terminated tip as observed in inset of Figure 5.1(a). Reaction parameters are crucial for 
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the formation of intriguing nanoarchitectures. Thus, in order to investigate the influence 

of reduction period of Ag+ ions towards the morphology of ZnO nanopillars, time-

dependent study was systematically conducted by varying the reduction period of Ag+ 

ions from 30 – 360 min. The morphology evolution of Ag nanoparticles decorated ZnO 

nanopillars are revealed in Fig. 1(b-f) with their respective cross section images are shown 

in the inset images. 

 

Figure 5.1: FESEM micrographs of (a) ZnO nanopillars, (b) Ag/ZnO_30 min, (c) 

Ag/ZnO_60 min, (d) Ag/ZnO_120 min, (e) Ag/ZnO_240 min and (f) Ag/ZnO_360 

min. Inset is cross-section view of respective samples 
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High angle backscattered electron (HABSE) mode was employed during the FESEM 

scanning of Ag nanoparticles integrated ZnO nanopillars in order to observe the 

compositional contrast of materials, in which darker sites represent ZnO nanopillars while 

that of brighter spots represent Ag nanoparticles. Figure 5.1(b) depicts poor contrast on 

the image, thus it shows that Ag nanoparticles are densely deposited on the tips of ZnO 

nanopillars upon 30 min Ag+ ions reduction period. As the reaction time increased, the 

length of ZnO nanopillars is increased to ~1.00 – 1.10 μm as measured from the cross 

section view of sample Ag/ZnO_30 min (inset of Figure 5.1(b)). When the reduction time 

was prolonged to 60 min, branched of short, tiny and blunt tips of pillar shape were 

sprouted out along the edges on the upper half of primary ZnO nanopillars according to 

high-magnification FESEM cross section image (inset Figure 5.1(c)). This indicates that 

primary ZnO nanopillars had underwent secondary nucleation with Ag nanoparticles 

were randomly deposited on the interstices among the premature secondary nanopillar. 

From the morphological point of view of Figure 5.1(c), these Ag nanoparticles decorated 

ZnO nanopillars heterostructures can be described to be analogous to the “broccoli-like” 

structure. 

As revealed in Figure 5.1(d), the branched of tiny secondary ZnO nanopillars are 

hardly observable when reduction period was further increased to 120 min and the density 

of coverage for Ag nanoparticles is significantly dominates the surface of preformed 

nanopillars, whereby there is an obvious increment of the diameter for Ag nanoparticles 

concurrently. Based on this observation, it is postulated that pre-deposited Ag 

nanoparticles had experienced coarsening effect to form larger grain under the 

environment that were contained with abundance of AgNO3 aqueous solution. Further 

prolonging the hydrothermal duration up to 240 min had caused the length and size of 

secondary ZnO nanopillars progressively lengthened approximately two times in contrast 

to the secondary ZnO nanopillars at 60 min reduction period. These phenomenon might 
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be due to the so-called Ostwald ripening process and the mechanism will be discussed 

later. There are no any significant changes on the length of secondary ZnO nanopillars 

when reduction period was prolonged to 360 min as shown in Figure 5.1(f).  Nevertheless, 

there is an increment on the diameter of Ag nanoparticles for this sample with 

interparticles agglomeration, particularly in between Ag nanoparticles. The size of Ag 

nanoparticles are hardly to be measured precisely as they were aggregated to each other, 

but qualitatively the size of Ag nanoparticles were getting larger as the reduction time 

was extended. Meanwhile, the lengths of ZnO nanopillars were increased ~0.35 – 0.40 

μm at 360 min reduction period if compared to that of the sample Ag/ZnO 

heterostructures which heated at 30 min. 

 

Figure 5.2: EDX-FESEM analysis of Ag/ZnO_60 min at (a) top of branched 

secondary pillars, (b) side of branched secondary pillars and (c) primary pillars 

 

As a complement, energy-dispersive X-ray (EDX) analysis has been carried out to 

study the elemental composition of Ag/ZnO_60 min sample as shown in Figure 5.2. 

According to the top of branched secondary pillars scan (Figure 5.2(a)), highest atomic 

concentration are detected and this implies abundance of Ag element is occupying this 
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area as a result of highly-agglomerated Ag nanoparticles. The side scan of branched 

secondary pillars (Figure 5.2(b)) and primary pillar scan (Figure 5.2(c)) indicate that Zn 

and O elements represent the highest atomic concentration and these further confirm that 

branched secondary pillars and primary pillars are composed of ZnO. Furthermore, the 

relative atomic ratios of Zn:O are determined to be 1:1, which is consistent to the 

stoichiometry ratio of ZnO. 

 

5.2.2 HRTEM Analysis 

Detail analysis was further carried out by characterizing Ag/ZnO_60 min sample via 

HRTEM technique. The justification to select Ag/ZnO_60 min as target of HRTEM 

analysis due to the reason that 60 min of Ag+ ions reduction period was the starting point 

where branching of secondary ZnO nanopillars begin to take place. The high-

magnification of bright field transmission electron microscope image of Ag nanoparticles 

decorated ZnO nanopillars at 60 min reduction period is depicted in Figure 5.3(a) together 

with corresponding inset image that shows the overview under low-magnification mode. 

With referring to the image, Ag nanoparticles are randomly distributed over the surface 

and tips of primary as well as secondary ZnO nanopillars. High-angle annular dark filed 

(HAADF) TEM image (Figure 5.3(b)) that corresponding to Figure 5.3(a) has been 

collected to distinguish the existence of Ag nanoparticles on the ZnO nanopillars that 

serve as matrix.  

The dark filed image depicts a clear contrast between the Ag nanoparticles and the 

primary as well as secondary nanopillars, where there is a difference in terms of contrast 

for both materials. This is due to the differences in the electron scattering effects that 

results of the variation in the mean atomic number (Z). Therefore, the earlier hypothesis 

about the existence of Ag nanoparticles that coupled onto the surface of ZnO nanopillars 

are proven hereon. With respect to this, Ag nanoparticles possess higher Z value if 
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compared to ZnO pillars and thus had rendered brighter contours while the darker 

contours appear to be ZnO as it has lower Z value (Haw et al., 2016). 

 

Figure 5.3: (a) Bright field TEM image of Ag/ZnO_60 min, inset shows the overall 

picture of the (a), (b) dark field TEM image of Ag/ZnO_60 min, (c-e) elemental 

mapping of Zn, O and Ag, respectively, (f) high resolution TEM image of selected 

regions indicate the interfacial distance of ZnO, interface of Ag-ZnO and Ag, 

respectively, (g-i) FFT analysis pattern taken from each individual region in (f) and 

(j, k) Respectively show the simulated for ZnO and Ag 
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In order to further affirm the distribution of Ag nanoparticles on ZnO nanopillars, 

elemental mapping were conducted onto this sample during TEM analysis and the results 

is depicted in Figure 5.3(c-e). As displayed in Figure 5.3(c) and 5.3(d), Zn and O are well-

distributed along the primary and secondary pillars, while intense blue colour in Figure 

5.3(e) indicates the presence of Ag nanoparticles that randomly distributed on the 

branched of secondary pillars and on the upper half of primary pillars edge. High-

resolution TEM image is provided in Figure 5.3(f) for a better comprehension of the 

interfacial bonding between the face-centred cubic phase and the hexagonal wurtzite 

phase. Three distinctive regions have been selected to view the lattice fringes as shown 

in Figure 5.3(g-i). With respect to white square area, the interplanar spacing is estimated 

to be 0.26 nm which corresponds to the (002) lattice fringes of hexagonal wurtzite 

structure of ZnO. FFT analysis at this spot can be assigned to zone axis of [1̅1̅1] as 

displayed in Figure 5.3(g). At the same time, yellow square area shows the interface in 

between ZnO nanopillars and Ag nanoparticles and its corresponding FFT analysis 

pattern (Figure 5.3(h)) reveals the presence of combination of diffraction for both of the 

ZnO and Ag crystal structure.  

By referring to the diffraction spots, the white colour circled spots can be ascribed to 

the diffraction signal that belongs to ZnO hexagonal wurtzite structure for (002) plane 

and (110) plane. Moreover, the blue colour circled spots represent the diffraction signal 

of Ag face-centred cubic phase for the crystal planes of (111) and (2̅00). Hence, all these 

cruel have further confirmed that Ag nanoparticles are indeed attached onto the surface 

of ZnO nanopillars. Further analysis in bluish square area clearly indicates the structure 

of Ag with an interplanar distance of 0.23 nm that corresponds to (111) lattice fringes, 

whereby this area belongs to [01̅1] zone axis as depicted in Figure 5.3(i). In addition, 

both of simulated pattern for ZnO and Ag are respectively depicted in Figure 5.3(j) and 

5.3(k). With respect to both of the TEM and FESEM analysis, it is proven that the current 
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approach has successful in integrating Ag nanoparticles onto the surface of ZnO 

nanopillars. Interestingly, this method also succeed in producing advanced 

nanoarchitectural analogous to “broccoli-like” morphology.  

 

5.2.3 XRD Analysis 

 

Figure 5.4: XRD pattern of Ag sensitized ZnO photoelectrode at different reduction 

period of Ag+ ions by using two steps hydrothermal method 

 

The phase composition and bulk crystal structure of ZnO nanopillars and Ag/ZnO 

heterostructures that synthesized with varied reduction period of Ag+ ions are revealed by 

XRD analysis as displayed in Figure 5.4. All of the samples are well-crystallized and the 

diffraction peaks could be perfectly indexed to both of the hexagonal wurtzite ZnO 

(JCPDS no: 36-1451) and face-centred cubic Ag (JCPDS no: 04-0783). The peaks located 

at 38.1°, 44.2° and 64.4° are belong to Ag with crystal planes of (111), (200) and (220), 

respectively. Furthermore, peak of Zn foil which is labelled with star also present in all 

of the samples. Such distinguishable crystal spectrum with multiple peaks that contributed 
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by different constituent compounds imply that all the as-integrated samples are indeed 

heterostructures without alloying as complement to the observation by FESEM and 

HRTEM. Also, there is no any impurity peaks detected, which further confirmed that the 

as-obtained heterostructures are pure. 

 

5.2.4 Raman Analysis 

The hexagonal wurtzite ZnO is belonged to the C6v4 space group with Raman active 

modes of 1A1 + 1E1 + 2E2. A1 and E1 modes are polar which split into traverse optical 

and longitudinal optical phonons. While, the E2 mode consists of two modes (low- and 

high- frequency phonons) (Khan, 2010). Figure 5.5(a) depicts the Raman spectra of ZnO 

nanopillars and Ag/ZnO heterostructures with different reduction period of Ag+ ions in 

the range of 100 – 1200 cm-1. 

In order to clearly distinguish the Raman spectrum of pure ZnO nanopillars, magnified 

spectra has been plotted in Figure 5.5(b). According to the Raman spectra, peak located 

at 100 cm-1 and 438 cm-1 can be assigned to E2 (low) and E2 (high) peaks of hexagonal 

wurtzite ZnO, respectively. This indicates the highly crystalline nature of the sample. 

While, peak 330 cm-1 can be attributed to the 3E2H-2L multi-phonon vibration in which 

this peak is related to multi-phonon process, or it is also described to second order Raman 

spectrum arising from the zone boundary phonon (Deng et al., 2012).  

In addition, peak located in the range of 550 – 600 cm-1 and 1050 – 1100 cm-1 can be 

attributed to polar mode A1 symmetry with 1LO and 2LO, respectively (Yin et al., 2012; 

Chia et al., 2015). After the integration of Ag nanoparticles, the characteristics peaks that 

belong to pure ZnO nanopillars remain exist except there is a broad band peak located 

~225 cm-1 is present for all of Ag/ZnO heterostructures samples. This broad band peak 

can be assigned to the Ag-O2 of the molecular oxygen species that chemisorbed on the 

defects of metallic Ag (Millar et al., 1995). This is further proved by Deng et al., in which 
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their Ag nanoparticles decorated ZnO mircorods also have similar characteristic peak 

(Deng et al., 2012).  

 

Figure 5.5: (a) Raman spectrum of ZnO nanopillars and Ag/ZnO heterostructures 

and (b) magnified Raman spectra of ZnO nanopillars 

 

In addition, it is obviously seen that the Raman intensity of Ag/ZnO 

heterostructures have enhancement 40 times if compared to the Raman intensity of ZnO 

nanopillars. The enhancement of Raman intensity can be explained by two theories: (1) 

the electromagnetic theory which is based on the excitation of the localized surface 
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plasmons and (2) chemical theory of the charge transfer which is only applies for species 

that formed a bond with the surface (Zamiri et al., 2014). Since the Raman intensity is 

relative to the intensity of the local E-field which can interact with optical phonons via 

enhancement of the scattering intensity of active phonons, thus the higher Raman 

intensity of Ag/ZnO heterostructures may due to the strong local E-field at the interface 

between ZnO and Ag. Since the work function of Ag (4.26 eV) is lower than the work 

function of ZnO (5.2 eV), electrons will be migrated from the Ag to the conduction band 

(CB) of ZnO to achieve Fermi level equilibrium. Hence, this will cause the formation of 

a strong polarization induced local E-field at the interface of Ag and ZnO due to the 

improved charge separation (Deng et al., 2012; Zamiri et al., 2014).  

 

5.2.5 Diffuse Reflectance Analysis 

UV-visible diffuse reflectance spectra of ZnO nanopillars and Ag/ZnO 

heterostructures at varied reduction period of Ag+ ions are demonstrated in Figure 5.6(a). 

The absorption peak of ZnO nanopillars can be detected at UV region with the maximum 

absorption edge 370 nm, which is attributed to the intrinsic band gap absorption of ZnO 

due to the electron transition from the valance band to conduction band or specifically 

due to the electron transition from O2p orbital to Z3d orbital (Zak et al., 2011). Upon the 

integration of Ag nanoparticles on ZnO nanopillars, about 5 nm red-shift in absorption 

edge is observed for all Ag/ZnO heterostructures samples. The shifting of the absorption 

edge indicates a reduction in band gap energy as reported by Liang et al. and Whang et 

al. (Liang et al., 2016; Whang et al., 2015). Ag/ZnO_30 min sample has the highest 

absorption as observed in magnified region of Ag/ZnO heterostructures spectra in Figure 

5.6(a). This is attributed to the so-called surface plasmonic resonance (SPR) of Ag 

nanoparticles (Wei et al., 2013; Dong et al., 2014; Liang et al., 2015).  
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Figure 5.6: (a) UV-visible diffuse reflectance spectra of ZnO nanopillars and 

Ag/ZnO heterostructures, inset is the magnified region of Ag/ZnO heterostructures 

and (b) Energy band gap estimation through the Kubelka-Munk treatment 
 

The interaction between the incident light and the smallest size of Ag nanoparticles 

decorated ZnO nanopillars at 30 min has enhanced the light scattering from SPR effect 

which then further aid to increase the path optical length. Thus, more light can be trapped 
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resulting in the enhancement of absorption in the visible range (Wei et al., 2013). The 

absorption intensity for all samples that heated after 30 min reduction period is reduced 

and this may due to the larger sizes of Ag nanoparticles embedded on the surface of ZnO 

nanopillars. Also, due to agglomeration of Ag nanoparticles on the secondary branches 

of ZnO nanopillars, the SPR peaks could not be clearly seen and appeared as broad hump 

around 425 nm – 475 nm (Zamiri et al., 2014). 

The energy band gap estimation of the samples through Kubelka-Munk treatment is 

presented in Figure 5.6(b) by extrapolating the linear region of absorption towards the 

intercepts with x-axis, the energy band gap of ZnO nanopillars is calculated to be 3.2 eV 

while for Ag/ZnO heterostructures samples, their energy band gap are gradually red-

shifted from 3.0 eV to 2.88 eV as the reduction period of Ag+ ions is reduced, in which 

Ag/ZnO_30 min appear to have lowest energy band gap. The estimated Eg for all samples 

are shown in Table 5.1. Such visible light active nature has rendered current sample as an 

ideal candidature to be utilized for visible light enhanced photoelectrochemical (PEC) 

water splitting application in producing a photoelectrochemical device that shows 

improved photocurrent density and hydrogen gas yield.  

 

Table 5.1: Energy band gap estimation of ZnO nanopillars and Ag/ZnO 

heterostructures with different reduction period of Ag+ ions 

Sample Estimated energy band gap, Eg (eV) 

 (± 0.05 eV)   

ZnO nanopillars 3.20 

Ag/ZnO_30 min 2.88 

Ag/ZnO_60 min 2.92 

Ag/ZnO_120 min 2.94 

Ag/ZnO_240 min 2.96 

Ag/ZnO_360 min 3.00 

 

Univ
ers

ity
 of

 M
ala

ya



83 

5.2.6 PL Analysis 

Figure 5.7 depicts the PL spectra of ZnO nanopillars and Ag/ZnO heterostructures with 

varying reduction period of Ag+ ions that had been excited by 325 nm He – Cd laser. It is 

noticeably showed that ZnO nanopillars exhibits intense PL peak at the range of 550 nm 

– 650 nm in addition to the obvious peaks located at ~ 380 nm and 765 nm. Both of these 

peaks have been commonly assigned to the violet and red luminescence. Violet 

luminescence is originally emitted from near band edge resulting from the exciton 

recombination, while red luminescence is originated from the doubly oxidized oxygen 

vacancy (Peralta et al., 2012; Boppella et al., 2013; Daud et al., 2016). Meanwhile, the 

intense and slightly broad peak at the visible range has been attributed to the superposition 

of green and yellow emissions. ZnO commonly exhibits luminescence at visible region 

due to the recombination of photogenerated carriers with singly ionized charge states of 

the intrinsic defects consisted of oxygen vacancy, oxygen interstitial and Zn interstitial 

(Peralta et al., 2012; Zhang et al., 2014).  

 

Figure 5.7: Photoluminescence spectra of ZnO nanopillars and Ag/ZnO 

heterostructures at varying reduction period of Ag+ ions by two step hydrothermal 

approach 
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On the other hand, in contrast to that of pure ZnO nanopillars, all Ag/ZnO 

heterostructures depicts a progressive increment in the PL intensity (in violet-, red- and 

superposition of green and yellow emissions) with respect to the increment of reduction 

period. Such phenomena is attributed to the enhancement of charge transfer that 

contributed by the electron sink effect of noble metal (Ag nanoparticles on the surface of 

ZnO nanopillars), in which the Ag nanoparticles are proved to be able in functioning as a 

“electron pool” to collect and gather the photoexcited electron of ZnO nanopillars that 

will subsequently refrain the recombination. This deduction is well-complement with 

numerous of similar studies (Peralta et al., 2012; Cheah et al., 2015), where noble metals 

nanoparticles have been integrated onto the surface of semiconductors nanostructures to 

further promote the efficient electron-hole separation. Moreover, the progressive 

increment of PL intensity has direct correlation with the size of Ag nanoparticles as 

FESEM result reflects the increment of size of Ag nanoparticles in accordance to the 

extent of reduction period. It is expected the effect of SPR is greatly reduced with respect 

to the Ag nanoparticles size increment (Lerme, 2011; Mogensen & Kneipp, 2014).  

Therefore, larger size Ag nanoparticles produce less electric field that is essential to 

activate the migration of photoexcited electron from ZnO nanopillars to Ag nanoparticles. 

As a consequence, when the size of Ag nanoparticles increase, the charge separation 

efficiency is impeded and the intensity of PL is getting dominant.  

With respect to the Figure 5.7, it is observed that the violet emission for all the Ag/ZnO 

heterostructures are diminished totally in comparison to that of pure ZnO nanopillars. 

This implies that little photoexcited electrons are being excited into conduction band and 

all these photoexcited electrons are tunnelled towards Ag nanoparticles and renders 

diminishing of violet emission for Ag/ZnO heterostructures in contrast to the pure ZnO 

nanopillars. Instead of conduction band of ZnO nanopillars, most of the photoexcited 

electrons are trapped into deep levels that can be associated to the native defects such as 
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oxygen vacancy, oxygen interstitial and Zn interstitial, which finally renders 

superposition of green- and yellow- as well as red-emission. However, there is stepwise 

increment for superposition of green- and yellow-emission as well as red emission with 

respect to the prolonged of the reduction period. Eventually, all the photoelectrons that 

existed in the deep levels also will transfer towards Ag nanoparticles since the native 

defect energy level in ZnO nanopillars is proved to be higher than the Fermi energy level 

of Ag (Lu et al., 2008). Thus, facile charge separation remains take place but it is 

subjected to the contribution by SPRs effect that can be fine-tuned by manipulating the 

reaction duration. 

 

5.2.7 Growth Mechanism 

In order to understand the morphological evolutionary 3D hyperbranched ZnO 

nanopillars heterostructures, a possible crystallization process is proposed in Figure 5.8. 

The morphology formation can be attributed to the thermodynamic-driven effect where 

the growth mechanism of ZnO nanopillars could be explained by the following reaction 

routes (Kar & Santra, 2008; Li et al., 2009): 

                 𝑍𝑛 → 𝑍𝑛+ + 𝑒− (5.1) 

𝐻2𝑂 →  𝐻+ + 𝑂𝐻−                                                                                                                    (5.2) 

                 𝑍𝑛+ + 𝑂𝐻− → 𝑍𝑛(𝑂𝐻)4
2− +  𝐻2 (5.3) 

                 𝑍𝑛(𝑂𝐻)4
2− → 𝑍𝑛𝑂 +  𝐻2𝑂 +  𝑂𝐻− (5.4) 

During the nucleation process, the dissolution of Zn atoms in DI water causes the 

concentration gradient of Zn+ ions in the area adjacent to the Zn foil. Zn(OH)4
2- ions are 

formed upon the reaction between Zn+ and OH- ions in DI water, in which these ions 

normally acts as the basis growth unit in the formation of ZnO nanostructures. The 

decomposition of these intermediate Zn(OH)4
2- ions will promote the nucleation of ZnO 

nuclei. The deposition and assembly of ZnO nuclei on the surface of Zn foil are driven 
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by the electrostatic interaction from the polar charges in order to minimize the energy 

contributed by polar charges and surface area (Li et al., 2009). The ZnO nuclei functions 

as the building blocks for the formation of final products. Basically, due to the crystalline 

nature of ZnO that having hexagonal phase crystal structure, those nuclei possess the 

hexagonal shape (Ahsanulhaq et al., 2007; Cai et al., 2014; Hsu et al., 2015).  

 

Figure 5.8: Schematic diagram of growth mechanism of (i) ZnO nanopillars and (ii-

vi) Ag nanoparticles integrated ZnO nanopillars at different Ag+ ions reduction time 
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Structurally, ZnO crystal lattice can be described as alternating planes that composed 

of Zn2+ and O2-, which is stacked along c-axis. Polarization along c-axis is resulted by the 

oppositely charged ions that create an alternatively-stacking positively-charged Zn (0001) 

and negatively-charged O (0001̅) surfaces. The growth rate of different planes in the ZnO 

crystal can influence the growth of final product, whereby the slowest growing faces will 

determine the morphology of a particular crystal. For hydrothermal synthesis condition, 

the growth of ZnO crystals are following [0001] > [011̅1̅] > [011̅0] > [011̅1] > [0001̅], 

stating that the polar (0001) facet has the most rapid growth as compared to the other 

growth facets. Hence, this has explained that the most stable ZnO crystalline structure 

should be a prism grown along the c-axis whereby the side facet of the prism are consisted 

of six equivalent non-polar crystal planes which is (101̅0), (11̅00), (01̅10), (1̅010), 

(1̅100) and (011̅0) (Cai et al., 2014). As proven in Figure 5.1(a), the nanopillars 

synthesized in DI water medium at 50 °C are consistent with the typical growth habit of 

ZnO crystal in which exhibiting polar Zn-terminated (0001) on the top and O-terminated 

(0001̅) at the bottom of surfaces with bounded with six crystallographic non-polar planes.  

Additionally, hexagonal ZnO nuclei can act as the seed layer in which these primary 

nuclei can serve as nucleation sites for desired pillar-like structure of ZnO. The interfacial 

energy between the ZnO crystal nuclei and the substrate (Zn foil) can be lowered by the 

induction of seed layer, whereby decreases the nucleation barriers and finally facilitates 

the growth of ZnO nanopillars. Furthermore, the ZnO seed layer also enhances the surface 

roughness of Zn foil and increases the formation of more vacancies which is assisting the 

promotion of ZnO nanopillars (Warule et al., 2011). In addition to the role of the ZnO 

seed layer which is helping in the formation of ZnO nanopillars, the intrinsic electric field 

of polar ZnO lattice could be also responsible for the further growth of hexagonal ZnO 

nuclei into pillar-like structure (Kar & Santra, 2008). Moreover, the presence of excess 
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OH- ions and continual dissolution of Zn atoms at constant 50 °C for 24 hours duration 

further maintains the uniform growth of ZnO nanopillars along the c-axis. 

It is important to know the orientation mechanism of 1D ZnO nanostructures since 

their orientation on the substrate is crucial for most device applications. As evidenced in 

FESEM results, ZnO nanopillars are appeared to be unidirectional and vertically oriented. 

The formation of vertical orientation of ZnO nanopillars could be due to the interaction 

between nanopillars and their coupling to the substrates. According to theoretical analysis 

of Titov and Král, a single nanopillar will preferentially orient in a horizontal manner 

because its side-to-substrate coupling (van der Waals interaction between the side of the 

rod and substrate) is significantly stronger than its face-to-substrate coupling (van der 

Waals interaction between end face of the rod and the substrate) and vice-versa (Titov & 

Král, 2008; Zhang et al., 2014). On the other hand, van der Waals interaction between 

end face of ZnO nanopillars and the Zn foil is stronger enough to render the formation of 

vertical orientation of ZnO nanopillars. 

As depicted in Figure 5.1(c) and illustrated in Figure 5.8(iii), when reduction time was 

prolonged to 60 min, branched of tiny pillars are grown and sprouted on the edges of the 

upper half of primary ZnO nanopillars which render the formation of “broccoli-like” 

morphology of ZnO. This indicates that primary ZnO nanopillars are underwent 

secondary nucleation process and the mechanism formation of secondary ZnO nanopillars 

are almost similar to the primary ZnO nanopillars. In order to gain more mechanistic 

insight into how the secondary nucleation takes place and the reason of branching that 

only grow on the edges of the upper half of primary ZnO nanopillars, a careful 

examination on the magnified region of primary ZnO nanopillars (Figure 5.9(a)) was 

conducted.  

With respect to the magnified FESEM of primary ZnO nanopillars, it depicts that the 

formation of rough surface or defects at the tip and upper half of primary ZnO nanopillars. 
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It is believed that these rough surfaces or defects were served as a pin-point or nucleation 

sites for the secondary nucleation to be realized and resulting in the formation of 

branching pillars at these areas (Sounart et al., 2007; Kar & Santra, 2008). However, the 

length of branched and sprouted secondary ZnO pillars are reduced when reduction period 

was prolonged to 120 min (as evident in Figure 5.1(d) and illustrated in Figure 5.8(iv)) 

and become even longer at 240 min reduction time (shown in FESEM result of Figure 

5.1(e)). This growth mechanism is analogous to the Ostwald ripening process whereby 

the most energetically favourable orientation ZnO nuclei that grown at the expense of the 

misaligned crystals are dissolved and recrystallized by epitaxial growth on the oriented 

crystals and further grow larger at a higher rate along the c-axis (due to higher energy of 

(0001) plane). This process is occurred in order to minimize the interfacial energy 

between the new ZnO crystals and the secondary ZnO nanopillars, in which this process 

lowers the overall energy of the system after the nucleation burst (Sounart et al., 2007). 

There are no significant any changes on the length of branched secondary ZnO nanopillars 

at 360 min reduction time (as depicted in Figure 5.1(f)) due to the supersaturation of Zn+ 

ions concentration. 

The fundamental formation of Ag nanoparticles on the tips of ZnO nanopillars with 

preferred reduction period of Ag+ ions are illustrated in Figure 5.10 with the reaction 

mechanism of Ag nanoparticles can be expressed by using following equations: 

              𝐴𝑔𝑁𝑂3  →  𝐴𝑔+ +  𝑁𝑂3
− (5.5) 

              𝐴𝑔+ +  𝑒−  →  𝐴𝑔 (5.6) 

              𝑁𝑂3
− + 𝐻+  →  𝐻𝑁𝑂3 (5.7) 
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Figure 5.9: (a) Magnified region of primary ZnO nanopillars where the red dotted-

circles show the rough surface or defects formed on the tips and upper half edges of 

nanopillars and (b) XRD pattern of metallic Ag on the surface of Zn foil 

 

AgNO3 precursor with 1mM concentration is decomposed to form Ag+ ions and NO3
- 

ions at constant 50 °C. By referring to the Equation 5.1, the dissolution of Zn foil also 

generate the electrons whereby the electrons assist in the reduction of Ag+ ions to become 

metallic Ag nuclei. It is hypothesized that Zn foil can act as reducing agent of Ag+ ions 

by releasing electrons that later will react with  Ag+ ions. In order to further confirm this 

hypothesis, an experiment was conducted by dipping Zn foil inside the AgNO3 aqueous 

solution for a few minutes. As a results, black precipitates are deposited on the surface of 

Zn foil. After that, this sample was measured by XRD to confirm the elemental 

composition. The XRD result as depicted in Figure 5.9(b) shows that the black 

precipitates are Ag and also with the presence of Zn peaks, indicating Zn as a substrate. 

This further confirmed that Zn foil can be a reducing agent to reduce Ag+ ions to form 

metallic Ag. The role of generated electrons that aiding the reduction of Ag+ ions also 

reported by Li et al. and Ansari et al (Li et al., 2013; Ansari et al., 2013). Additionally, 

these generated electrons also aid in anchoring metallic Ag nanoparticles on the tips of 

primary ZnO nanopillars at 30 min reduction time (Ansari et al., 2013). 

As illustrated in Figure 5.10, Ag+ ions are reduced by Zn foil with the assistance of 

generated electrons to form the Ag nuclei (Equation (5.6)). Ag will then randomly 
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deposited on the tip of ZnO as depicted in FESEM result (Figure 5.1(b)). When the 

reduction period was increased, the Ag nanoparticles will further grow due to aggregation 

and coalescence process, in which two smaller crystals with similar size are attaching 

together to produce larger crystals (Thanh et al., 2014).    

 

Figure 5.10: Fundamental formation of Ag nanoparticles on tips of ZnO nanopillars 

with (a-b) preferred reduction period of Ag+ ions selectively focusing on the top 

regions of the ZnO tips and (c-d) Formation of Ag clusters as a result of nuclei 

coalescence takes place on as-deposited Ag nanoparticles due to high surface energy 

of Ag nanoparticles 

 

According to general principle of coalescence mechanism, if aggregation barrier is 

below the thermal energy of crystals, then the crystal will aggregates and subsequently 

coalesce with each other. On the other hand, if the aggregation barrier is above the crystals 

thermal energy, the colloidal stability is sufficient enough to prevent further growth 

(Polte, 2015). It is postulated that the aggregation barrier is lower than the Ag 

nanoparticles thermal energy, then Ag was coalesced to from larger nanoparticles. As 

proven in FESEM analysis, the size of Ag nanoparticles that deposited on ZnO 

nanopillars were increasing when the reduction time was extending. At prolonged time 

of 240 min and 360 min, more electrons were released and resulting in more Ag+ ions 

were reduced. This caused more Ag metal sites formed on the surface of ZnO nanopillars 

which then finally produce a bigger size of Ag nanoparticles and agglomeration occurred 
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(Wu et al., 2013). Ag metal sites could be referred as site-specific deposition of Ag 

nanoparticles that involve a preferentially small lattice mismatch between Ag and ZnO at 

respective crystallographic plane (Pacholski et al., 2004; Wang et al., 2013).  

 

5.3 Sensitization of Ag Nanoparticles on ZnO Nanopillars via the AgNO3 Salt 

Concentration 

The study is further continued by fabricating Ag/ZnO heterostructures with different 

AgNO3 salt concentration. All samples were synthesized via two facile steps 

hydrothermal method at 50 °C for 30 minutes. The full procedure can be referred in 

Chapter 3.3.3.2. The characterization for all samples as well as the growth mechanism 

will be discussed in the following section.  

 

5.3.1 FESEM Analysis 

The morphology micrograph of bare ZnO nanopillars as well as Ag nanoparticles 

integrated ZnO nanopillars that were hydrothermally prepared with varied AgNO3 salt 

concentration are depicted in Figure 5.11. ZnO nanopillars underwent the crystallization 

process in DI water medium and densely direct grown on Zn foil as displayed in Figure 

5.10(a).  ZnO nanopillars that possessed blunt-terminated tip with average length of ~600 

– 700 nm will be sensitized with Ag nanoparticles, in which the concentration-dependent 

study was systematically conducted by varying AgNO3 salt concentration from 0.2 mM 

– 5 mM and their morphology evolution are shown in Figure 5.11(b-f). Figure 5.11(b) 

depicts Ag nanoparticles sensitized ZnO nanopillars at 0.2 mM concentration where Ag 

nanoparticles are randomly decorated on the blunt-terminated tips of ZnO nanopillars. As 

the AgNO3 salt concentration was increased up to 0.4 mM, Ag nanoparticles are 

abundantly crystallized on the as-deposited Ag nanoparticles and smaller nanoparticles 
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are clearly seen integrated on the upper half of ZnO nanopillars as well as depicted in 

Figure 5.11(c).  

 

Figure 5.11: FESEM micrograph of (a) ZnO nanopillars, (b) Ag/ZnO_0.2 mM, (c) 

Ag/ZnO_0.4 mM, (d) Ag/ZnO_1 mM, (e) Ag/ZnO_2 mM and (f) Ag/ZnO_5 mM 

 

Due to the aggregation of Ag nanoparticles, the particle size of the nanoparticles 

cannot be precisely measured but qualitatively the size of particle is increased when the 

concentration of AgNO3 is increased. At 1 mM of AgNO3 salt concentration, the quantity 

of Ag nanoparticles are increased and densely covered the surface of ZnO nanopillars as 

shown in Figure 5.11(d). Surprisingly, an irregular shape of ZnO tiny branches are 

secondarily grown at the upper half of primary ZnO nanopillars with bigger particle size 

of Ag nanoparticles are randomly deposited on them at concentration of 2 mM. When the 

concentration is increased up to 5 mM, an irregular shape of ZnO branches were getting 
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larger with the integration of increment on the diameter of Ag nanoparticles makes those 

morphologies can be visualized as flower-like structure as depicted in Figure 5.11(f).  

 

Figure 5.12: EDX-FESEM analysis of Ag/ZnO_1 mM at (a) overall surface, (b) area 

of Ag nanoparticles and (c) primary nanopillars 

 

As a complement, EDX analysis has been conducted as well to study the elemental 

composition of sample Ag/ZnO_1 mM as depicted in Figure 5.12. According to the 

overall scan of Ag/ZnO_1 mM sample (Figure 5.12(a)), it is proven that the as-prepared 

consisted of ZnO and Ag elements. Figure 5.12(b) shows the scan of Ag nanoparticles 

whereby Zn and O elements have higher atomic percentage if compared to that of Ag 

element. During the measurement, signal of Zn and O are collected as well as Ag 

nanoparticles are deposited on the tips of ZnO nanopillars. The scan at the area of pillar-

like structure (Figure 5.12(c)) shows that Zn and O element have the highest atomic 

percentage in which, this further confirm that nanopillars are consisted of ZnO. 
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Furthermore, the relative atomic ratios of Zn:O are determined to be 1:1, which is 

consistent to the stoichiometry ratio of ZnO. 

 

5.3.2 HRTEM Analysis 

Detail analysis was further conducted by characterizing Ag/ZnO_1 mM sample 

through HRTEM technique. The low-magnification image of sample is depicted in Figure 

5.13(a) where Ag nanoparticles are randomly deposited on the surface of ZnO 

nanopillars. In order to clearly observe the distribution of Ag nanoparticles, high-

magnification image has been collected and shown in Figure 5.13(b). With respect to the 

image, various size of Ag nanoparticles are distributed over the surface of ZnO 

nanopillars.  High-resolution TEM image is provided in Figure 5.13(c) for a better 

comprehension of the interfacial bonding between the face-centred cubic phase and the 

wurtzite hexagonal phase. In order to clearly view the lattice fringes, three distinctive 

regions have been selected as depicted in Figure 5.13(c). With respect to the square area 

of d, the interplanar spacing is estimated to be 0.26 nm which corresponds to the (002) 

lattice fringe of hexagonal wurtzite structure of ZnO nanopillars. Electron diffraction at 

this spot can be assigned to zone axis of [1̅1̅1] as illustrated in Figure 5.13(d). At the same 

time, region e shows the interface in between ZnO nanopillars and Ag nanoparticles and 

its corresponding FFT analysis pattern (Figure 5.13(e)) reveals the presence of 

combination of diffraction for both ZnO and Ag crystal structure. According to the 

diffraction spots, the yellow colour circled spots can be attributed to the diffraction signal 

that belongs to ZnO hexagonal wurtzite structure for (002) and (110) planes.  

Furthermore, the white colour circled spots indicate the diffraction signal of Ag face-

centred cubic structure phase for the crystal planes of (111) and (2̅00). Hence, all these 

cruel have further confirmed that Ag nanoparticles are attached onto the surface of ZnO 

nanopillars. Further analysis in region (f) clearly represents the structure of Ag with an 
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interplanar distance of 0.23 nm that corresponds to (111) lattice fringe, whereby this area 

belongs to [01̅1] zone axis as depicted in Figure 5.13(f). 

 

Figure 5.13: HRTEM image of Ag/ZnO_1 mM with (a) low-magnification image, (b) 

high-magnification image, (c) high-resolution TEM image of three selected regions 

indicate the interfacial distance of ZnO, interface of Ag/ZnO and Ag, respectively, 

(d-f) FFT analysis of ZnO, interface Ag/ZnO and Ag, respectively and (g-i) 

respectively show the elemental mapping of Zn, O and Ag 

 

In addition, elemental mapping was conducted onto this sample during TEM analysis 

and the outcomes are displayed in Figure 5.13(g-i). According to those images, Zn and O 

are well-distributed along the pillar-like structure with Ag nanoparticles are randomly 

distributed on the surface of pillar-like structure of ZnO. With respect to the TEM and 

FESEM analysis, it is proven that the current approach with varying AgNO3 salt 
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concentration has successful in integrating Ag nanoparticles onto the surface of ZnO 

nanopillars as well.  

 

5.3.3 XRD Analysis 

 

Figure 5.14: XRD pattern of ZnO nanopillars and Ag/ZnO heterostructures that 

synthesized with different concentration of AgNO3 salt 

 

The phase composition and bulk crystal structure of ZnO nanopillars and Ag/ZnO 

heterostructures that synthesized with varied AgNO3 salt concentration are analyzed by 

XRD and displayed in Figure 5.14. All of the samples are well-crystallized and the 

diffraction peaks could be perfectly indexed to both of the hexagonal wurtzite ZnO 

(JCPDS no: 36-1451) and face-centred cubic Ag (JCPDS no: 04-0783). The peaks located 

at 38.1°, 44.2° and 64.4° are belong to Ag with crystal planes of (111), (200) and (220), 

respectively. Furthermore, peak of Zn foil which is labelled with star also present in all 

of the samples. Such distinguishable crystal spectrum with multiple peaks that contributed 

by different constituent compounds imply that all the as-integrated samples are indeed 
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heterostructures without alloying as complement to the observation by FESEM and 

HRTEM. Also, there is no any impurity peaks detected, which further confirmed that the 

as-obtained heterostructures are pure. 

 

5.3.4 Raman Analysis 

Raman analysis of ZnO nanopillars and Ag nanoparticles decorated ZnO nanopillars 

with different AgNO3 salt concentration are depicted in Figure 5.15(a) in the range of 100 

– 1200 cm-1. In order to clearly distinguish the Raman pattern of pure ZnO nanopillars, 

magnified spectra has been plotted as shown in Figure 5.15(b). The Raman results of this 

study are almost similar to the previous study (refer to Section 5.2.4) where peak of 100 

cm-1 and 438 cm-1 are assigned to E2 (low) and E2 (high) peaks of hexagonal wurtzite 

ZnO, respectively which indicates the highly crystalline nature of the sample. Meanwhile, 

peak 330 cm-1 can be attributed to the 3E2H-2L multi-phonon vibration in which this peak 

is related to multi-phonon process, or it is also described to second order Raman spectrum 

arising from the zone boundary phonon (Deng et al., 2012).  

In addition, peak located in the range of 550 – 600 cm-1 and 1050 – 1100 cm-1 can be 

attributed to polar mode A1 symmetry with 1LO and 2LO, respectively (Yin et al., 2012; 

Chia et al., 2015). Upon the integration of Ag nanoparticles, the characteristic peaks that 

possessed by ZnO nanopillars remain exist except there is a broad band peak located ~225 

cm-1 is observed for all Ag/ZnO heterostructures samples where this peak can be assigned 

to the Ag-O2 of the molecular oxygen species that chemisorbed on the defects of Ag 

(Millar et al., 1995). This is further proved by Deng et al., in which their study also 

reported the similar characteristic peak (Deng et al., 2012). With respect to the Figure 

5.15, it is obviously depict that the Raman intensity of Ag/ZnO heterostructures have 

enhancement 100 times if compared to the Raman intensity of ZnO nanopillars and the 

explanation of Raman intensity enhancement can be referred to Chapter 5.2.4.  
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Figure 5.15: (a) Raman spectrum of ZnO nanopillars and Ag/ZnO heterostructures 

with varied AgNO3 salt concentration and (b) magnified spectra of ZnO nanopillars 

 

5.3.5 Diffuse Reflectance Analysis 

The absorption spectra of ZnO nanopillars and Ag nanoparticles sensitized ZnO 

nanopillars with different AgNO3 salt concentration are shown in Figure 5.16(a). The 

absorption peak of ZnO nanopillars can be detected at UV region with the maximum 

absorption edge 370 nm, which is attributed to the intrinsic band gap absorption of ZnO 
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due to the electron transition from the valance band to conduction band or specifically 

due to the electron transition from O2p orbital to Z3d orbital (Zak et al., 2011).  

After the integration of Ag nanoparticles, all of the samples show the absorption in the 

visible range which Ag/ZnO_1 mM sample has the highest absorption. The enhancement 

is due to the SPR of Ag nanoparticles (Wei et al., 2013; Dong et al., 2014; Liang et al., 

2015). Meanwhile, Ag/ZnO sample with 0.2 mM concentration depicts the lowest 

absorption increment due to the lower Ag loading on the pillars surface (Zhang et al., 

2014). Also, due to increase Ag loading and agglomeration on ZnO nanopillars, the SPR 

peaks could not be clearly seen and appeared as broad hump around 425 nm – 475 nm 

(Zamiri et al., 2014).  

The estimation of energy band gap for all samples via Kubelka-Munk treatment is 

demonstrated in Figure 5.16(b). Regarding to the analysis, energy band gap of ZnO 

nanopillars is estimated to be 3.10 eV while energy band gap of Ag/ZnO heterostructures 

are reduced from 2.95 eV to 2.80 eV, in which Ag/ZnO_1 mM has the lowest energy 

band gap. The estimated Eg for all samples are shown in Table 5.2. 

 

Table 5.2: Energy band gap estimation of ZnO nanopillars and Ag/ZnO 

heterostructures with different AgNO3 salt concentration 

Sample Estimated energy band gap, Eg (eV)  

(± 0.04 eV) 

ZnO nanopillars 3.10 

Ag/ZnO_0.2 mM 3.00 

Ag/ZnO_0.4 mM 2.85 

Ag/ZnO_1 mM 2.80 

Ag/ZnO_2 mM 2.90 

Ag/ZnO_5 mM 2.95 
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Figure 5.16: (a) UV-visible diffuse reflectance of ZnO nanopillars and Ag 

nanoparticles decorated ZnO nanopillars at different AgNO3 salt concentration and 

(b) Energy band gap estimation via Kubelka-Munk treatment 

 

 

5.3.6 PL Analysis 

PL spectra of ZnO nanopillars and Ag nanoparticles decorated ZnO nanopillars at 

different AgNO3 salt concentration are displayed in Figure 5.17. It is obviously depicted 

that ZnO nanopillars exhibits most intense PL peak in the range of 550 – 700 nm in 

addition to the noticeable peaks located at ~380 nm and 760 nm. Both of these peaks have 
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been commonly attributed to the violet and red luminescence, in which violet 

luminescence is emitted from near band edge resulting from the recombination of exciton, 

while red luminescence is originated from the doubly oxidized oxygen vacancy (Peralta 

et al., 2012; Bopella et al., 2013; Daud et al., 2016). Meanwhile, the intense and slightly 

broad peak in the visible range can be assigned to the superposition of green and yellow 

luminescence. ZnO exhibited emission in the visible region commonly due to the 

recombination of photogenerated carriers with singly ionized charge states of the intrinsic 

defects such as oxygen vacancy, oxygen interstitial and Zn interstitial (Peralta et al., 2012; 

Zhang et al., 2014).  

In contrast to that of pure ZnO nanopillars, all Ag/ZnO heterostructures depict a 

reduction in the PL intensity (in violet-, red- and superposition of green and yellow 

emissions) with respect to the sample of Ag/ZnO 0.2 mM to 1 mM. This can be 

contributed by the electron sink effect that functioned as an “electron pool” which collect 

and gather the photoexcited electrons of ZnO nanopillars that will subsequently further 

promote the efficient electron-hole separation. It is also observed in Figure 5.17 that the 

violet emission for all Ag/ZnO heterostructures are totally diminished if compared to that 

of pure ZnO nanopillars (similar with the previous PL result). This can be associated that 

little photoexcited electrons are tunnelled towards Ag nanoparticles and rendered the 

diminishing of violet emissions. 

However, as the concentration of AgNO3 salt was further increased to 2 mM and 5 

mM, the red- and superposition of green and yellow emissions are enhanced in 

comparison to that of Ag/ZnO_1 mM. As evident in FESEM, the size of Ag nanoparticles 

are getting larger at higher concentration and this is expected that the effect of SPR is 

greatly reduced with respect to the size increment of Ag nanoparticles (Lerme, 2011; 

Mogensen & Kneipp, 2014). Therefore, these larger size of Ag nanoparticles generate 

less electric field which results in the recombination of the electron/hole pairs and the 
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intensity of PL is enhanced. In addition, most of the photoexcited electrons can be trapped 

into deep level of ZnO defects which can render the superposition of green and yellow 

emission. Eventually, these photoexcited electrons in the deep levels also have potential 

to be transferred as well to Ag nanoparticles since the defect energy level in ZnO 

nanopillars is proved to be higher than the Fermi energy level of Ag (Lu et al., 2008). 

This explains the inconsistent PL intensity of green and yellow emission as depicted in 

Figure 5.17 for sample Ag/ZnO with concentration of 1 mM, 2 mM and 5 mM. Thus, 

facile charge separation remains take place but it is still subjected to the contribution by 

SPR effect and the electron migration from ZnO to Ag; which this charge separation can 

be fine-tuned by manipulating the concentration of AgNO3 salt.  

 

Figure 5.17: Photoluminescence spectra of ZnO nanopillars and Ag nanoparticles 

sensitized ZnO nanopillars at different AgNO3 salt concentration 

 

5.3.7 Growth Mechanism 

The growth mechanism of ZnO nanopillars and Ag/ZnO heterostructures on Zn foil 

can be referred in Section 5.2.7. The growth mechanism of sensitization of Ag 

nanoparticles on ZnO nanopillars with different AgNO3 salt concentration is almost 
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similar to the one with different Ag+ ions reduction time. Hence, their mechanism also 

can be referred in the same section. With the increment of AgNO3 salt concentration, the 

size of Ag nanoparticles are increased and agglomerated to each other as shown in 

FESEM. Surprisingly, an irregular shape of ZnO tiny branches are secondarily grown on 

the upper half of primary ZnO nanopillars with bigger particle size of Ag nanoparticles 

are randomly deposited on them at concentration of 2 mM. When the concentration of 

AgNO3 salt is increased up to 5 mM, an irregular shape of ZnO branches were getting 

larger with the integration of increment on the diameter of Ag nanoparticles makes those 

morphologies can be visualized as flower-like structures. This probably due to excessive 

Ag+ ions and electrons that trigger the secondary growth to be realized. 

Lastly, the strategy to synthesize Ag nanoparticles sensitized ZnO nanopillars 

heterostructures via two optimized parameters is successful and gives a lot of advantages 

which is: (1) facile synthesis due to easy sample preparation, low synthesis temperature 

and save the time-consuming; (2) low cost synthesis where only consume DI water, Zn 

foil and AgNO3 precursor with very low concentration; (3) environmental-friendly route 

where the final waste of synthesis merely water and mild nitric acid produced; (4) three 

in one role of Zn foil which serves as a substrate, zinc source to grow ZnO nanopillars 

and as reducing agent to reduce Ag+ ions by generating electron. 

 

5.4 Summary 

The structural- and optical-properties as well as growth mechanism of Ag 

nanoparticles sensitized ZnO nanopillars with different Ag+ ions reduction time and 

AgNO3 salt concentration are explained comprehensively. Upon this, their performance 

in PEC water splitting application will be discussed in Chapter 6. 
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CHAPTER 6: PHOTOELECTROCHEMICAL WATER SPLITTING BY USING 

ARGENTUM NANOPARTICLES SENSITIZED ZINC OXIDE NANOPILLARS 

PHOTOELECTRODE 

6.1 Introduction 

In this chapter, the performance of Ag sensitized ZnO photoelectrode in 

photoelectrochemical water splitting application through the analysis of LSV, 

photoconversion efficiency, Nyquist plot and Mott-Schottky plot will be discussed in 

detailed. The full procedure of PEC experiment can be referred in Chapter 3.4.2. 

 

6.2 PEC Water Splitting of Ag/ZnO via Reduction Period of Ag+ Ions 

The PEC behaviour of Ag sensitized ZnO photoelectrode that fabricated through 

hydrothermal method at 50 °C in 1 mM AgNO3 concentration with varied Ag+ ions 

reduction period will be demonstrated and described one by one in the following section.  

 

6.2.1 Linear Sweep Voltammetry Analysis 

In order to realize the PEC performance via water splitting process, three-electrode 

system was setup, in which Ag sensitized ZnO photoelectrodes were used as working 

electrode (WE), platinum (Pt) rod and silver/silver chloride (Ag/AgCl) were respectively 

functioned as counter electrode (CE) and reference electrode (RE). Prior to the analysis 

of LSV, it is better to explain the behaviour of n-type semiconductor in LSV pattern for 

easing the understanding. Figure 6.1 shows the J-V curve of ZnO nanopillars, whereby 

there is three divided regions at the voltage range of -1.5 V to 0.5 V. There is no current 

produced at Region II (this region is known as flat band potential, Efb), since there is no 

electric field to separate the generated charge carriers. At Region I, an accumulation layer 

forms and electrode acts as cathode. Hence, electrode is referred as dark cathode under 

this condition. Meanwhile, depletion layer exists at Region III and photocurrent density, 
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Jph can be observed due to energy provided by the radiation. Thus, it can be shown that 

n-type semiconductors are dark cathode and photoanode (Bott, 1998).  

 

Figure 6.1: Behaviour of n-type semiconductor electrode via LSV (the LSV result 

obtained from this work) 

 

Another important concept in this discussion is the Fermi level, which is defined as 

energy level where the probability to be occupied by an electron is half. Redox potential 

of semiconductor is determined by the Fermi level. If the redox potential of the solution 

and the Fermi level do not lie at the same energy, the movement of charges are required 

in order to achieve equilibrium. By changing the applied potential, the magnitude and 

direction of semiconductor band edges will change. However, the energy of band edges 

is not influenced with varied applied potential (Bard & Faulkner, 1980; Bott, 1998). 

Figure 6.2 depicts the changes on the band edges towards the varied applied potential for 

n-type semiconductor electrode. At a certain potential, the Fermi energy lies at the same 

energy with the solution redox potential as shown in Figure 6.2(b). Thus, there is no net 
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charge transfer and band bending does not occur in this condition. Therefore, this 

potential can be referred as flat band potential, Efb (as shown in Region II in Figure 6.1).  

 

Figure 6.2: Influence of varying applied potential on the band edges for n-type 

semiconductor electrode at (a) E > Efb, (b) E = Efb and (c) E < Efb (Re-illustrated 

from Bott, 1998) 

 

At open circuit, the Fermi level is higher than the solution redox potential, hence 

electrons will be transferred from the electrode into the solution to achieve equilibrium. 

Therefore, positive charge generated in the interior semiconductor and space charge or 

depletion layer forms at potential higher than Efb (Region III in Figure 6.1). This is 

reflected in an upward bending of the band edges as illustrated in Figure 6.2(a). At 

potential lower than Efb (Region I in Figure 6.1), majority of the electrons will move from 

the solution into the electrode and subsequently cause downward band bending of band 

edges and can be referred as accumulation layer (Bard & Faulkner, 1980; Bott, 1998) as 

shown in Figure 6.2(c). This explanation is applied on the p-type semiconductor electrode 

as well, but in the opposite way.  

The charge transfer ability depends on whether there is an accumulation or a depletion 

layer. The behaviour of the semiconductor electrode is similar to that of metallic electrode 

if an accumulation layer is formed, since an excess of majority of charge carriers are 

available for charge transfer. In contrast, if a depletion layer is generated, then few charge 

carriers are available for charger transfer, thus the electron transfer reactions occur 
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slowly. However, if the electrode is irradiated with sufficient energy, electrons can be 

promoted to the CB. If the excitation process occurs in the interior semiconductor, the 

recombination of electron and hole are highly happened. But, if it occurs in the depletion 

region, the electric field in this region will separate the charge efficiently. Hence the band 

edges curve upwards, hole moves towards the interface, and the electron moves to the 

semiconductor interior. Then, n-type semiconductor can act as a photoanode to generate 

the photocurrent (Bard & Faulkner, 1980; Bott, 1998).  

In LSV analysis, the two most important metrics of Jph are the plateau current and the 

onset potential, Eonset. Basically, the plateau current depends on the photogenerated holes 

and electrons that reach the semiconductor/electrolyte interface and subsequently react 

with water to generate O2 and H2 gases. The higher plateau current means higher Jph 

production in which suggests the more efficient of harvesting the solar light and 

converting it to electricity (Chen et al., 2014).  

 

Figure 6.3: J-V curve of ZnO nanopillars and Ag sensitized ZnO photoanodes with 

different reduction period of Ag+ ions 
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Figure 6.3 depicts the photocurrent density, Jph against potential, E curves of ZnO 

nanopillars and Ag sensitized ZnO photoanodes. The photoinduced anodic currents that 

demonstrated in Figure 6.3 are resulted from the oxidation of water involving the 

photogeneration of holes. The photoinduced anodic current also give a quick information 

that all photoelectrodes are n-type semiconductor and normally n-type semiconductor is 

so-called photoanode. So, the word “photoanode” will be used throughout the discussion.  

Under solar AM1.5G light illumination, Ag nanoparticles sensitized ZnO nanopillars 

photoanode at reduction period of 30 min exhibits the highest Jph of ~5.4 mA.cm-2 at 

applied potential of 0.5 V vs Ag/AgCl, which is almost 1.4 times higher than that of 

pristine ZnO nanopillars photoanode which generates ~4.0 mA.cm-2 at applied potential 

of 0.5 V vs Ag/AgCl. The improvement of Jph can be attributed to an increment of 

photogenerated electrons/holes production and their effective separation, facilitated by 

the excellent absorption of visible light (Upadhyay et al., 2014) as proven by PL and DRS 

analysis. Ag/ZnO_30 min photoanode has the lowest PL intensity and this shows that Ag 

nanoparticles act as an electron sinks that suppress the recombination rate of electron/hole 

pairs as well as prolong their lifetime. This can facilitate the improvement of PEC 

performance. Besides, Ag/ZnO_30 min photoanode also has the highest visible light 

absorption which could enhance the generation of Jph. The comparison of Jph at 0.5 V vs 

Ag/AgCl for all photoanodes are compiled in Table 6.1. 

In addition, there is no saturation Jph observed in ZnO nanopillars and Ag sensitized 

ZnO photoanodes except for the Ag/ZnO_240 min and Ag/ZnO_360 min. Saturation Jph 

is due to the inefficient charge separation and collection (Sun et al., 2014; Li et al., 2014). 

If compared to ZnO nanopillars, both of these photoanodes generated lower Jph as well.  

The lower Jph generation may due to the agglomeration of bigger particle size of Ag 

nanoparticles (as viewed in FESEM results in Chapter 5.2.1) which acted as 

recombination center for photogenerated electron/hole pairs and finally resulted in the 
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inefficient charge separation and collection (Wu et al., 2014). The incorporation of Ag 

nanoparticles onto ZnO nanopillars can create the electronic surface state at the interface 

which acts as trapping state to trap electrons or holes to prevent the recombination of the 

carrier charges. However, the energy of these surface states depend on the nature of noble 

metal, size of noble metal particle and properties of semiconductor (Zare et al., 2016). 

When the size of Ag nanoparticles is increased with respect to the extended reduction 

period, the depth of energy level of surface states also increased. Therefore, the electric 

interaction with CB becomes weak, the trapping life time of electron or hole become 

shorter. Consequently, charge carrier are easily to recombine and results in the lower 

production of Jph.  

 

Table 6.1: LSV characteristic of ZnO nanopillars and Ag sensitized ZnO at different 

reduction period of Ag+ ions 

Photoanode Photocurrent density, 

Jph (mA.cm-2) at 0.5 V 

vs Ag/AgCl  

(1.1 V vs RHE)             

(± 0.2 mA.cm-2) 

Onset potential, 

Eonset (V) vs 

Ag/AgCl 

(± 0.05 V) 

Short circuit 

current 

density, Jsc 

(mA.cm-2) 

(± 0.2 mA.cm-2) 

ZnO nanopillars 4.0 -1.03 2.6 

Ag/ZnO_30 min 5.4 -1.07 3.6 

Ag/ZnO_60 min 4.3 -1.06 2.7 

Ag/ZnO_120 min 4.1 -0.98 2.8 

Ag/ZnO_240 min 3.4 -1.06 3.6 

Ag/ZnO_360 min 2.6 -1.03 2.1 

 

As mentioned before, the other important metric in Jph is Eonset. The Eonset values for 

all photoanodes are shown in Table 6.1. The negatively shifting of Eonset demonstrates 

that the photoanodes have the outstanding electron/hole pair’s separation and would 

benefit the solar decomposition of water at smaller voltage (Hsu et al., 2015; Yang et al., 

2017). Ag/ZnO_30 min photoanode has the cathodic Eonset where this photoanode has 
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produced the highest Jph. Once the Eonset is determined, the overpotential must be 

considered. The overpotential can be occurred mainly due to the slow kinetic of water 

oxidation and results in the accumulation of electrons and holes on the surface (Chen et 

al., 2014). Since the overpotential is related to the flat band potential, Efb, the analysis of 

the overpotential will be carried out after the determination of Efb value and will be 

discussed in MS plot section.  

Additionally, short circuit current, Jsc can be obtained from the J-V curve as well, 

whereby can be defined as the one at zero potential versus reference electrode (Wei et al., 

2013). The value of Jsc for all photoelectrodes are shown in Table 6.1, in which 

Ag/ZnO_30 min has Jsc of 3.6 mA.cm-2 at 0 V vs Ag/AgCl. Ag/ZnO_240 min 

photoelectrode also has Jsc of 3.6 mA.cm-2 at 0 V vs Ag/AgCl, but it produced low Jph of 

~3.4 mA.cm-2 at an applied potential 0.5 V vs Ag/AgCl. Regarding to FESEM result, 

Ag/ZnO_240 min photoelectrode possessed longer and larger hyperbranched of 

secondary ZnO nanopillars which these morphologies facilitate the absorption of light 

and further enhanced the Jph rate. However, due to the agglomeration of bigger size of Ag 

nanoparticles the separation of electron/hole pairs become less effective which then 

causes the Jph decay.  

The reduction period of Ag+ ions was reduced to 15 min in order to investigate the 

trend of Jph and the J-V curve of Ag/ZnO_15 min photoanode is compared with the J-V 

curve of Ag/ZnO_30 min photoanode as depicted in Figure 6.4. As revealed in the LSV 

measurement, when the reduction period of Ag+ ions was reduced to 15 min the Jph is 

decreased to ~4.7 mA.cm-2 at an applied voltage 0.5 V vs Ag/AgCl. 
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Figure 6.4: Comparison of J-V curve of Ag/ZnO_30 min and Ag/ZnO_15 min 

photoanodes 

 

6.2.2 Photoconversion Efficiency Analysis 

Photoconversion efficiency is the efficiency evaluation of light energy to chemical 

energy conversion in which it is calculated from J-V curve through Equation 3.5 that can 

be referred in Chapter 3.4.4. The photoconversion efficiencies for all as-synthesized 

photoanodes are demonstrated in Figure 6.5. The potential was measured against an 

Ag/AgCl reference and was converted to RHE potential by using Equation 3.6. The 

pristine ZnO nanopillars exhibits the optimal conversion efficiency of ~1.70 % at 0.45 V 

vs RHE. Significantly, Ag/ZnO_30 min photoanode achieves the highest 

photoconversion efficiency of ~2.40 % at 0.45 V vs RHE in which 140 % higher if 

compared to the pristine ZnO nanopillars. Maximum photoconversion efficiency for all 

as-prepared photoanodes are compiled in Table 6.2.  

The sensitization of Ag nanoparticles on ZnO nanopillars has successfully improved 

the photoconversion efficiency except for Ag/ZnO_360 min photoanode. This may due 
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to the agglomeration and excessive growth of Ag nanoparticles on the surface of ZnO 

nanopillars at 360 min reduction period that finally causes the inefficient separation of 

electrons/holes pairs and faster recombination rate. Though Ag/ZnO_240 min 

photoelectrode produced less Jph rate than ZnO nanopillars, but it achieves maximum 

photoconversion efficiency of ~1.90 % at 0.38 V vs RHE, which is higher if compared to 

ZnO nanopillars, Ag/ZnO_60 min and Ag/ZnO_120 min. This may due to the longer and 

larger secondary branched ZnO nanopillars that provide larger surface area to absorb solar 

light at visible range.  

 

Figure 6.5: Photoconversion efficiency of Ag sensitized ZnO photoanodes at 

different reduction period of Ag+ ions 
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Table 6.2: Compilation of maximum photoconversion efficiency of Ag sensitized 

ZnO at varied reduction period of Ag+ ions 

Photoanode Maximum photoconversion efficiency, η (%) 

(± 0.04 %) 

ZnO nanopillars 1.70 at 0.45 V vs RHE 

Ag/ZnO_30 min 2.40 at 0.45 V vs RHE 

Ag/ZnO_60 min 1.80 at 0.38 V vs RHE 

Ag/ZnO_120 min 1.81 at 0.45 V vs RHE 

Ag/ZnO_240 min 1.90 at 0.38 V vs RHE 

Ag/ZnO_360 min 1.47 at 0.38 V vs RHE 

 

The previous studies about photoconversion efficiency for ZnO sensitized with various 

materials are summarized in Table 6.3. This summary shows that the as-obtained 

photoconversion efficiency in current work is fallen within the range of efficiency that 

reported by other researchers. Making a comparison for all as-reported efficiency with 

current work is lack of confidence level, since the parameters that influence the PEC 

performance such as molarity and type of electrolyte, substrate used, morphology of 

photoelectrode, and type of materials that incorporated with ZnO are quite different. 

Nevertheless, the information in Table 6.3 can serve as reference or guideline in current 

study.  
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Table 6.3: Summary of previous reported photoconversion efficiency 

Sample Substrate Reference and Counter 

electrode 

Type and molarity of 

electrolyte 

Maximum 

photoconversion 

efficiency (%) 

Reference 

Au/Branched ZnO FTO Ag/AgCl 

Pt coil 

0.5 M Na2SO4 0.52 at 0.8 VRHE Zhang et al., 2014 

ZnO/ZnS/Au FTO Ag/AgCl 

Pt coil 

0.5 M Na2SO4 0.21 at 0.928 VRHE Liu et al., 2015 

Ag/ZnO PET Ag/AgCl 

Pt foil 

0.5 M Na2SO4 0.81 at 0.29 VAg/AgCl Wei et al., 2012 

Si/ZnO Si wafer SCE 

Pt sheet 

0.5 M Na2SO4 0.035 at 0.54 VSCE Ji et al., 2013 

H:ZnO/CdS/C ITO Hg2Cl2/Hg 

Pt grid 

0.5 M Na2SO4 + 0.25 M 

Na2S + 0.35 M Na2SO3 

3.85 at -0.67 VSCE Vuong et al., 2015 

Au/ZnO Zn foil Ag/AgCl 

Pt foil 

0.1 M Na2SO4 0.48 at 1.05 VRHE Wu et al., 2014 

N/ZnO ITO Ag/AgCl 

Pt coil 

0.5 M NaClO4 0.15 at 0.5 VAg/AgCl Yang et al., 2009 

PbS/ZnO FTO Ag/AgCl 

Pt plate 

0.1 M Na2SO4 0.09 at 0.85 VRHE Li et al., 2016 

ZnO/C/Ag FTO Ag/AgCl 

Pt foil 

0.5 M Na2SO4 3.90 at 0.22 VAg/AgCl Wei et al., 2013 

ZnO/N/CdTe FTO Ag/AgCl 

Pt plate 

0.5 M Na2SO4 0.90 at 0.5 VAg/AgCl Chen et al., 2014 

Ag/ZnO Zn foil Ag/AgCl 

Pt rod 

0.1 M Na2SO4 2.40 at 0.45 VRHE This work 
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6.2.3 Nyquist Plot Analysis 

EIS is a powerful technique to study the electrical behaviour of the 

semiconductor/electrolyte interface via the Nyquist plot, whereby the Nyquist plot for all 

as-synthesized photoanodes is demonstrated in Figure 6.6. The analysis of Nyquist plot 

spectrum provides the information of the charge transport process that occurs at the 

interface of semiconductor and electrolyte, which is the type of charge carriers that 

involves in this process is electronic charge (consisted of electrons and holes).   

 

Figure 6.6: Nyquist plot of Ag sensitized ZnO photoanodes with different Ag+ ions 

reduction period 

 

The arc diameter of the semicircle can be associated to the charge transfer resistance, 

RCT at the semiconductor/electrolyte interface. The electrolyte resistance can be related to 

the high-frequency range of semicircle and semicircle in the mid-frequency regions 

correspond to the charge transfer process. The smaller the impedance-related arc of 

semicircle in the mid-frequency, the charge transfer between the photoelectrode and 
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electrolyte will be faster. On the other hand, larger arc diameter indicates the large charge 

transfer resistance (Sun et al., 2014; Wang et al., 2015). 

As depicted in Figure 6.6, Ag/ZnO_30 min photoanode exhibits the smallest capacitive 

arc diameter suggesting that this photoanode possesses the fastest charge transfer at the 

semiconductor/electrolyte interface. The Ag nanoparticles enhance the electron mobility 

by suppressing the recombination of photogenerated electron/hole pairs in the Ag/ZnO 

heterostructures, thus enhance the Jph rate. Hence, reduced charge transfer resistance is 

another key factor for improving the PEC performance (Wu et al., 2014).  

 

6.2.4 Mott-Schottky Plot Analysis 

The MS plot can also be generated from the EIS measurement, whereby the MS plot 

of Ag nanoparticles sensitized ZnO nanopillars photoanodes are depicted in Figure 6.7. 

All the photoanodes show positive slope which indicates that all the photoanodes have a 

characteristic of n-type semiconductor material. This directly shows that the space charge 

is populated with holes. In contrast, if the space charge is populated with electrons, then 

the slope will be negative resulting an indication that the semiconductor is a p-type 

materials. The intrinsic electronic properties of Ag nanoparticles sensitized ZnO 

nanopillars photoanodes such as the determination of flat band potential, Efb as well as 

charge carrier density, ND can be extracted from the MS plot. The value of Efb can be 

determined by extrapolating the x-axis in MS plot, while ND can be obtained from the 

slope of MS plot via the Equation of 3.17 (refer to Chapter 3.4.6). The obtained Efb and 

ND for all photoanodes are summarized in Table 6.4. 

According to Bott (1998), Efb can be determined by measuring the photopotential as a 

function of radiation intensity, the onset of the Jph, or the capacitance of the space charge 

region through MS plot analysis. However, current work is adopting the third method (the 

capacitance of the space charge region through MS plot analysis). For the second method, 
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although the onset of the Jph might be simplistically considered to be the flat band 

potential, actually it is the potential at which the dark current and Jph are equal (Bott, 

1998). From the ND calculation, Ag/ZnO_30 min photoelectrode has the highest ND 

estimation which is almost 3.1 times higher than ZnO nanopillars photoanode. The 

sensitization of Ag nanoparticles is successfully enhance the donor density, whereby 

finally enhance the electrical conductivity as well as the charge transport (Kang et al., 

2013). However, the ND estimation is reduced when the reduction period was prolonged. 

This may attributed to the insufficient charge separation due to the agglomeration of 

bigger particle size of Ag nanoparticles that acted as recombination site (Kang et al., 

2013). 

 

Figure 6.7: Mott-Schottky plot of Ag sensitized ZnO photoanodes with varied Ag+ 

ions reduction time 
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Table 6.4: Intrinsic electronic values of Ag sensitized ZnO photoanodes with varied 

Ag+ ions reduction time 

Photoanode Charge 

carrier 

density, ND 

(cm-3) 

Flat band potential, Efb 

(V)  

Onset 

potential, 

Eonset (V) vs 

Ag/AgCl 

(± 0.05 V) 

vs NHE 

(± 0.02 V) 

vs Ag/AgCl 

(± 0.02 V) 

ZnO nanopillars 5.643 x 1015 -0.40 -0.60 -1.03 

Ag/ZnO_30 min 1.763 x 1016 -0.56  -0.76 -1.07 

Ag/ZnO_60 min 1.749 x 1016 -0.44  -0.64 -1.06 

Ag/ZnO_120 min 7.452 x 1015 -0.43  -0.63 -0.98 

Ag/ZnO_240 min 5.455 x 1015 -0.40  -0.60 -1.06 

Ag/ZnO_360 min 2.610 x 1015 -0.38  -0.38 -1.03 

 

In addition, Ag/ZnO_30 min photoanode also exhibits the most cathodic of Efb value. 

The negatively shifting of Efb value to the cathodic range indicates that the photoanode 

has the better ability to facilitate the charge separation in the heterostructures and increase 

the surface band bending (Kang et al., 2013; Upadhyay et al., 2014; Hsu et al., 2015). As 

a results, the Jph density is enhanced. Thus, higher ND value and further negative shift of 

Efb are another key factor to improve the PEC performance. 

As mentioned before, the Eonset is correspond to the Efb and the analysis of overpotential 

can be carried out after the determination of Efb value. By comparing the value of Eonset 

and Efb against Ag/AgCl reference in Table 6.4, it is proven that all the photoanodes have 

more cathodic Eonset values if compared to that of Efb values. Thus, this suggest that no 

overpotential occurred  at negative potential range and faster charge transfer happened in 

this range (see Figure 6.3) which then facilitate the separation of photogenerated 

electron/hole pairs. Hence, Jph is generated successfully.  
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6.3 PEC Water Splitting of Ag/ZnO via AgNO3 Concentration 

The PEC characteristic of Ag nanoparticles sensitized ZnO nanopillars photoanodes 

that synthesized via two steps hydrothermal approach at 30 min reduction period of Ag+ 

ions with varied AgNO3 concentration will be discussed in the following section.   

 

6.3.1 Linear Sweep Voltammetry Analysis 

The J-V curve of ZnO nanopillars and Ag/ZnO photoanodes that reduced at different 

AgNO3 concentration is shown in Figure 6.8. Upon illumination of solar light, Ag 

sensitized ZnO nanopillars with AgNO3 concentration of 1 mM exhibits the highest Jph 

of ~5.4 mA.cm-2 at an applied potential of 0.5 V vs Ag/AgCl which is almost 1.4 times 

higher if compared to that of pure ZnO nanopillars that generates ~4.0 mA.cm-2 at an 

applied potential of 0.5 V vs Ag/AgCl. The enhancement of Jph can be associated to extra 

number  of photogenerated electrons/holes production that play the role as free carriers 

as well as their effective separation, which is facilitated by the enhanced absorption of 

visible light (Upadhyay et al., 2014) as proven by PL and DRS analysis. Ag/ZnO_1 mM 

photoanode has the lowest PL intensity and this shows that Ag nanoparticles act as an 

electron sinks which then suppress the recombination rate of electron/hole pairs as well 

as prolong their lifetime. Besides, Ag/ZnO_1 mM photoanode also has the highest visible 

light absorption which could enhance the generation of Jph. The comparison of Jph at 0.5 

V vs Ag/AgCl for all photoanodes are compiled in Table 6.5. 

According to Figure 6.8, saturation of Jph which is due to the inefficient charge 

separation and collection (Sun et al., 2014; Li et al., 2014) cannot be observed in ZnO 

nanopillars and Ag sensitized ZnO photoanodes except for the Ag/ZnO_2 mM and 

Ag/ZnO_5 mM. If compared to ZnO nanopillars, both of these photoanodes generated 

lower Jph as well.  The lower Jph generation may due to the aggregation of interparticles 

of Ag nanoparticles (as viewed in FESEM results in Chapter 5.2.1) which acted as 
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recombination center for photogenerated electron/hole pairs. In addition, this also could 

be due to an irregular shape of secondary ZnO nanopillars formation as observed in 

FESEM analysis. As a results, charge separation and collection are occurred inefficiently 

(Wu et al., 2014).  

 

Figure 6.8: J-V curve of ZnO nanopillars and Ag sensitized ZnO photoanodes with 

different AgNO3 salt concentration 

 

The Eonset value for all photoanodes are demonstrated in Figure 6.4, whereby their 

values are shifted to the negative potentials and this shows that all photoanodes have the 

outstanding electron/hole pair’s separation. This would benefit the solar decomposition 

of water at smaller voltage (Hsu et al., 2015; Yang et al., 2017). In comparison, Ag/ZnO_1 

mM photoanode has the most cathodic Eonset, which supports the deduction that this 

photoanode produced the highest value of Jph. Once the Eonset is determined, the 

overpotential must be considered. The overpotential can be occurred mainly due to the 

slow kinetic of water oxidation and results in the accumulation of electrons and holes on 

the surface (Chen et al., 2014). The overpotential analysis for the photoanode that reduced 
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at different concentration of AgNO3 will be made after the determination of Efb value and 

will be discussed in MS plot section. Besides that, Jsc values for photoanodes of different 

AgNO3 concentration can be found in Table 6.5. 

 

Table 6.5: LSV characteristic of ZnO nanopillars and Ag sensitized ZnO at different 

AgNO3 salt concentration 

Photoanode Photocurrent density, 

Jph (mA.cm-2) at 0.5 V 

vs Ag/AgCl 

(1.1 V vs RHE) 

(± 0.2 V) 

Onset 

potential, Eonset 

(V) vs Ag/AgCl 

(± 0.05 V) 

Short circuit 

current 

density, Jsc 

(mA.cm-2) 

(± 0.2 V) 

ZnO nanopillars 4.0 -1.03 2.6 

Ag/ZnO_0.2 mM 4.4 -1.05 2.9 

Ag/ZnO_0.4 mM 4.3 -1.04 3.0 

Ag/ZnO_1 mM 5.4 -1.07 3.6 

Ag/ZnO_2 mM 3.4 -1.03 2.7 

Ag/ZnO_5 mM 2.0 -1.01 2.4 

 

6.3.2 Photoconversion Efficiency Analysis 

Figure 6.9 depicts the photoconversion efficiency of ZnO nanopillars and Ag 

nanoparticles sensitized ZnO nanopillars heterostructures that reduced at different 

AgNO3 concentration. Photoconversion efficiency can be calculated from the J-V curve 

through Equation 3.5 (refer to Chapter 3.4.4). The potential was measured against an 

Ag/AgCl reference and was converted to RHE potential by using Equation 3.6. The 

pristine ZnO nanopillars exhibits the optimal photoconversion efficiency of ~1.70 % at 

0.45 V vs RHE. Significantly, Ag/ZnO_1 mM photoanode achieves the highest 

photoconversion efficiency of ~2.40 % at 0.45 V vs RHE in which 140 % higher if 

compared to the pristine ZnO nanopillars. Maximum photoconversion efficiency for all 

as-prepared photoanodes are compiled in Table 6.6.  
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Figure 6.9: Photoconversion efficiency of ZnO nanopillars and Ag sensitized ZnO 

photoanodes at different concentration of AgNO3 salt 

 

Table 6.6: Compilation of maximum photoconversion efficiency of ZnO nanopillars 

and Ag sensitized ZnO photoanodes at different concentration of AgNO3 salt 

Photoanode Maximum photoconversion efficiency, η (%) 

(± 0.04 %) 

ZnO nanopillars 1.70 at 0.45 V vs RHE 

Ag/ZnO_0.2 mM 1.85 at 0.45 V vs RHE 

Ag/ZnO_0.4 mM 1.95 at 0.40 V vs RHE 

Ag/ZnO_1 mM 2.40 at 0.45 V vs RHE 

Ag/ZnO_2 mM 1.80 at 0.40 V vs RHE 

Ag/ZnO_5 mM 1.60 at 0.39 V vs RHE 

 

According to Table 6.6, all of the as-prepared photoanodes exhibit enhancement in 

photoconversion efficiency upon the sensitization with Ag nanoparticles except sample 

Ag/ZnO_5 mM that achieves only 1.60 % at 0.39 V vs RHE which is 1.06 times lower 

than bare ZnO nanopillars. This is due to the bigger particle size of Ag nanoparticles 
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embedded on the surface of ZnO nanopillars as well as the irregular shape of secondary 

ZnO nanopillars that results in Jph decay and subsequently reduce the photoconversion 

efficiency.  

6.3.3 Nyquist Plot Analysis 

 

Figure 6.10: Nyquist plot of ZnO nanopillars and Ag nanoparticles sensitized ZnO 

nanopillars heterostructures at different AgNO3 salt concentration 

 

The analysis of Nyquist plot spectrum provides the information of the charge transport 

process that occurs in the semiconductor and electrolyte. The Nyquist plot for all as-

prepared photoanodes that reduced at different AgNO3 concentration is shown in Figure 

6.10. Ag/ZnO_1 mM photoanode exhibits the smallest capacitive arc diameter suggesting 

that this photoanode possesses the fastest charge transfer at the semiconductor/electrolyte 

interface. It is hypothesized that the Ag nanoparticles has enhanced the electron mobility 

by suppressing the recombination of photogenerated electron/hole pairs in the Ag/ZnO 

heterostructures, thus enhanced the Jph rate. In conjugation with this, reduction in charge 

transfer resistance is another key factor for improving the PEC performance (Wu et al., 
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2014). As the AgNO3 concentration was increased up to 5 mM, a linear potion is observed 

which is known as Warburg resistance. This resistance is mainly due to the frequency 

dependence of ion diffusion that transport from electrolyte to electrode surface (Ma et al., 

2015; Anitha et al., 2016).  

 

6.3.4 Mott-Schottky Plot Analysis 

 

Figure 6.11: Mott-Schottky plot of ZnO nanopillars and Ag sensitized ZnO 

nanopillars at different AgNO3 salt concentration 

 

The MS plot of ZnO nanopillars and Ag nanoparticles sensitized ZnO nanopillars 

photoanodes which is generated from the EIS measurement is depicted in Figure 6.11. 

All photoanodes show the positive slope that observed in MS plot indicates that all as-

synthesized photoanodes have a characteristic of n-type semiconductor material. The 

obtained Efb and ND for all photoanodes are summarized in Table 6.7.  
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Table 6.7: Intrinsic electronic values of Ag sensitized ZnO photoanodes with varied 

AgNO3 salt concentration 

Photoanode Charge 

carrier 

density, ND 

(cm-3) 

Flat band potential, Efb 

(V)  

Onset 

potential, 

Eonset (V) vs 

Ag/AgCl 

(± 0.05 V) 

vs NHE 

(± 0.02 V) 

vs Ag/AgCl 

(± 0.02 V) 

ZnO nanopillars 5.643 x 1015 -0.40 -0.60 -1.03 

Ag/ZnO_0.2 mM 2.736 x 1015 -0.42 -0.62 -1.05 

Ag/ZnO_0.4 mM 2.031 x 1015 -0.12  -0.32 -1.04 

Ag/ZnO_1 mM 1.763 x 1016 -0.56  -0.76 -1.07 

Ag/ZnO_2 mM 1.692 x 1016 0.14  0.06 -1.03 

Ag/ZnO_5 mM 1.021 x 1015 0.56  0.36 -1.01 

 

Upon the sensitization of Ag nanoparticles, the ND estimation is getting increased when 

AgNO3 concentration was increased from 0.2 mM to 1 mM as summarized in Table 6.7., 

with Ag/ZnO_1 mM photoanode achieves the highest ND estimation which is almost 3.1 

times higher than pristine ZnO nanopillars photoanode. The sensitization of Ag 

nanoparticles is successfully enhanced the donor density, whereby finally enhanced the 

electrical conductivity as well as the charge transport (Kang et al., 2013). However, the 

ND estimation is reduced AgNO3 concentration was increased from 2 mM to 5 mM. This 

may attributed to the insufficient charge separation due to an irregular shape of secondary 

ZnO nanopillars and may also attribute to the agglomeration of larger particle size of Ag 

nanoparticles that acted as recombination site (Kang et al., 2013) at the interface of 

Ag/ZnO heterostructures. In addition, Ag/ZnO_1 mM photoanode also exhibits the most 

cathodic of Efb value. The negatively shifting of Efb value to the cathodic or negative 

potential range indicates that the photoanode has the better ability to facilitate the charge 

separation in the heterostructures and increase the surface band bending (Kang et al., 

2013; Upadhyay et al., 2014; Hsu et al., 2015). As a results, the Jph density is enhanced. 
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Thus, higher ND value and further negative shift of Efb are another key factor to improve 

the PEC performance. 

As mentioned before, the Eonset is correspond to the Efb and the analysis of overpotential 

can be carried out after the determination of Efb value. By comparing the value of Eonset 

and Efb against Ag/AgCl reference in Table 6.7, it can be proven that all photoanodes 

have more cathodic Eonset values if comparison with Efb values. Thus, this suggest that no 

overpotential occurred  at negative potential range and faster charge transfer happened in 

this range (see Figure 6.8) which then facilitate the separation of photogenerated 

electron/hole pairs. Hence, Jph is generated successfully.  

 

6.4 Summary 

The photoelectrode performance that fabricated by Ag nanoparticles sensitized ZnO 

nanopillars with varied Ag+ ions reduction period and AgNO3 concentration had been 

discussed accordingly through LSV, Nyquist plot and MS plot. Next chapter will discuss 

about the conclusion for current study. 
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CHAPTER 7: CONCLUSIONS AND FUTURE WORKS 

7.1 Introduction 

This chapter will conclude all the as-obtained outcomes based on the research 

objectives that listed in Section 1.5 of Chapter 1. Besides, the future works will be 

suggested for further improvement to attain even more comprehensive outputs. 

 

7.2 Conclusions 

The vertically aligned ZnO nanopillars have been successfully grown on Zn foil at 

lower temperature by using hydrothermal route after some modification had been 

conducted. The sensitization of Ag nanoparticles on the surface of ZnO nanopillars has 

been realized by using two steps hydrothermal method under low temperature condition. 

The sensitization process has been done through two optimized parameters that consisted 

of varying Ag+ ions reduction period and AgNO3 salt concentration. Structural- and 

optical-characterizations have been systematically conducted in order to elucidate their 

co-relationship.  

Based on the PEC performance, Ag nanoparticles sensitized ZnO nanopillars with 30 

min Ag+ ions reduction period and 1 mM AgNO3 concentration exhibit the highest 

photocurrent density (with maximum photoconversion efficiency), which is almost 1.4 

times higher than that of pure ZnO nanopillars. Mott-Schottky analysis indicate that all 

the photoelectrodes exhibit n-type characteristic, where the flat band potential and charge 

carrier density for all photoelectrodes can be derived concurrently. Ag/ZnO_30 min and 

Ag/ZnO_1 mM photoanodes have the highest charge carrier density and possess the most 

cathodic flat band potential value. In conjugation with this, the investigation of oxidation 

process at the electrode surface is analyzed via Nyquist plot. Ag nanoparticles sensitized 

ZnO nanopillars with 30 min Ag+ ions reduction period and 1 mM AgNO3 salt 

concentration show the smallest capacitive arc diameter, which indicates that Ag 
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nanoparticles indeed have greatly enhanced the electron mobility and reduce the charge-

transfer resistance. With respect to the characterization (structural and optical properties 

analysis) and PEC performance (photocurrent generations and PEC behaviours) in 

previous chapters, it can be concluded that after varying the reduction period and 

concentration of AgNO3 salt, the best condition (which give the most promising result) 

to grow Ag nanoparticles sensitized ZnO nanopillars heterostructure is the synthesis 

carried out with 30 min Ag+ ions reduction time with 1 mM AgNO3 salt concentration.  

 

7.3 Recommendations for Future Works 

In this research, a unique broccoli-like structure of Ag/ZnO photoelectrode has 

successfully grown after modifying the reduction period of Ag+ ions, whereby this 

structure was fabricated at lower temperature (50 °C) and without any additional capping 

agents. In fact, Zn foil itself became a reducing agent to reduce Ag+ ions and formed the 

Ag nanoparticles. Interestingly, final wastes of the synthesis are merely water and mild 

acid nitric. This kind of procedure and method had created new concept or viewpoint, in 

which had realized great finding in terms of semiconductor synthesis and fabrication. 

However, some modification and improvement are needed to be done in terms of PEC 

performances.  In order to improve the findings in this research study, there are few 

suggestions for future works that are expected to assist the development of field for 

photoelectrochemical study as-listed below:  

 Regarding to this research findings, the properties and performance in PEC 

application is influenced by the sensitization of Ag nanoparticles. The 

agglomeration as well as the larger particle size of Ag nanoparticles had reduced 

the photocurrent density. For instance, Ag/ZnO_240 min sample that possessed 

larger and longer secondary branches of ZnO nanopillars. However, its ability to 

absorb more solar lights in the visible range due to its larger surface area is hindered 
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by the agglomeration of larger particle size of Ag nanoparticles. On the other hand, 

its structure cannot be fully utilized in order to enhance the PEC performance. In 

order to overcome this matter, it is recommended that the sensitization of Ag 

nanoparticles is conducted by using photoreduction or sputtering method to avoid 

agglomeration as well as for obtaining smaller size of nanoparticles with good 

distribution. 

 However, hydrothermal approach that used in this research has its own benefit such 

as facile and easy to prepare sample. Thus, the sensitization process is suggested to 

be conducted by using surfactant or by utilizing formamide as a medium to 

synthesis Ag nanoparticles instead of water (in this research). Formamide is widely 

used in synthesizing noble metals as reported by Xu et al. in 2013. Additionally, 

formamide is used to fabricate ZnO as well, in which ZnO nanotubes has 

successfully fabricated on Zn foil as reported by Yu et al. in 2005. Hence, by 

implementing formamide in this research procedure, probably a well-distribution 

of small size of Ag nanoparticles and nanotubes structure of ZnO can be produced. 

In fact, it is more amazing if the structure of secondary branches of ZnO nanotubes 

is managed to grow. All these will boost up the total surface area for better 

interaction during PEC process. 

 The PEC performance in this research is evaluated via LSV and other analysis 

which provide the information about the production of Jph. It is suggested that this 

research should include the H2 and O2 production as well, so that the findings is 

more convincing and strong. However, the current PEC cell used in this current 

research is not suitable to perform the H2 and O2 production test. Thus, designing a 

new and well-confined PEC cell with feasibility for gas sampling further suggested. 

 The analysis of Nyquist plot should be further performed, which is the Randles 

circuit of each photoanodes should be generated and the value of resistance as well 
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as capacitor should be calculated from the Randles circuit. This can be performed 

by fitting the semicircle in Nyquist plot by using NOVA software. Hence, 

mechanistic insight and more detailed understanding of the PEC phenomena can be 

well explained. However, the fitting and analysis of this matter need wide and deep 

knowledge about EIS as well as theory of electronic circuit. Hence, it is 

recommended for future works. 

 ZnO-based photoelectrode is easily to undergo photo corrosion when exposed with 

light and may degrade the structure as well. Thus the performance of photoelectrode 

may decrease also. However, the sensitization of Ag nanoparticles on the surface 

of ZnO can reduce the degradation and photo corrosion process. In order to study 

and evaluate the stability of structure for Ag/ZnO photoelectrode, the recyclability 

test must be performed so that the findings of this research is more convincing. 

Hence, the stability test is suggested for future works. 

 The computational technique of finite-difference time-domain (FDTD) to simulate 

the plasmonic Ag noble metal on the surface of semiconductor nanostructures is 

highly recommended so that the explanation with respect to the special effect of 

SPR can deeply understand and discuss.  
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