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ABSTRACT 

 

Advanced Decoration of Cost-Effective Transitional Metals for  Photocatalytic Hydrogen 

Production 

 

Shadrack Yimbila 

Throughout history, the energy crisis has predominantly arisen from inadequate supply rather than 

depletion of resources. From the utilization of fire to the development of steam engines and, 

subsequently, the utilization of fossil fuels and renewable energy sources, humanity has 

consistently adapted to meet its energy needs. Particularly noteworthy, hydrogen stands as a 

significant and renewable energy source. However, the demand for hydrogen has tripled since 

1975, and due to technological limitations and high costs, most of its production still depends on 

fossil fuels. Various approaches have been employed to address this issue, one of which is 

photocatalysis, which holds promise in mitigating the adverse effects of fossil fuel production. 

Nevertheless, this method has limitations regarding light absorption and the recombination of 

charged particles. Zero and one-dimensional nanostructures, such as nanotubes, have been 

extensively investigated as potential photocatalysts, as they exhibit unique properties, including a 

high aspect ratio that facilitates the controlled movement of charges in a single direction. In order 

to overcome the aforementioned limitations, modifications have been made to these nanostructures. 

However, conventional methods employed for these modifications have drawbacks, such as the 

extensive use of toxic solvents, limited control over the process, time constraints, and lack of 

reproducibility. In contrast, greener synthesis methods, such as microwave deposition and liquid-

assisted resonant acoustic mixing (LA-RAM), have emerged as viable alternatives due to their 

minimal energy input and reduced reliance on toxic solvents. Moreover, microwave deposition and 

liquid-assisted resonant acoustic mixing offer advantages such as shorter reaction times, controlled 

and uniform deposition, scalability, and improved reproducibility, which address the challenges 

faced by conventional methods. In this study, transitional metals, namely copper and nickel, were 

decorated onto titania nanoparticles using LA-RAM and titanium nanotubes using microwave 

deposition. The individual and combined effects of copper and nickel decoration were investigated 

alongside optimizing some reaction parameters. Compared to conventional noble metal decoration 

and traditional synthesis, the photocatalytic efficiency of the resulting best outcome proved to be a 

practical and effective option. This research is a foundation for further exploration and utilization 

of greener and more cost-effective methods and metals in synthesizing photocatalysts. 
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CHAPTER 1: BACKGROUND INFORMATION 

Globalization and industrialization have contributed to the increased need for energy. Most energy 

is produced from fossil fuels, accounting for approximately 80% of global energy production [1]. 

Despite their critical role in meeting global energy demands, they contribute three-fourths of 

greenhouse gas emissions. CO2, a significant greenhouse gas, is the leading contributor to global 

warming. In 2020 alone, fossil fuels generated 34.8 billion metric tons of CO2 [2]. Aside from the 

negative environmental impact, the continuous exploitation of these sources poses a grave threat 

to energy security in the foreseeable future due to the ever-increasing population. The finite nature 

and its environmental issues have led to a need for renewable and sustainable energy sources to 

replace these dominant conventional ones. Several renewable sources, like solar, tidal, wind, and 

so on, have been investigated and applied in diverse areas. However, they have failed to replace 

conventional sources with fossil fuels because of problems such as intermittency, storage 

challenges, and a costly initial setup [3,4].  

Hydrogen, a feasible energy carrier, shows promise in this shift towards clean and sustainable 

energy. After the oil crisis in 1970, hydrogen emerged as a fuel for energy systems. Nevertheless, 

it garnered much interest and attention after the invention of fuel cell technology in 1990 [4]. The 

reason for this interest is its high energy capacity, and unlike fossil fuels, the byproduct of hydrogen 

combustion is merely water [5]. It is also easy to store and transport in pipes, which is a limitation 

of some renewable sources. Although most of it is currently generated from fossil fuels, it may also 

be produced from water, biomass, and the sun, which are abundant and eternal sources [3].  

Several green hydrogen production methods have been researched; however, photocatalytic water 

splitting is one promising process because of its feedstock's abundant and perpetual nature: water 

and sun [6]. Photocatalysis is the generation of charge carriers from a semiconductor after 

irradiation to undergo a redox reaction. The main constraints of this process are the restricted 

absorption spectrum and the fast recombination of charge carriers. Several approaches, such as 

doping and decorating photocatalysts, have been applied to boost efficiency [7]. Since Honda and 

Fujishima's revolutionary use of TiO2 nanoparticles to split water, titanium  dioxide has been 

mostly used owing to its low cost, chemical stability, and environmental friendliness [8]. Various 

morphologies of TiO2 have been examined with adjustments to optimize its absorption spectrum 

and increase the lifetime of charge carriers [7]. Furthermore, numerous synthetic methods, such as 

the sol-gel method, coprecipitation, hydrothermal, and ball milling, have been explored to produce 

photocatalysts [9]. However, the significant issue with some of these conventional methods is the 

extensive use of solvents and energy. 
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Currently, most noble metals have been used as cocatalysts due to their high work function and 

ability to catalyze hydrogen evolution reactions (HER). However, these noble metals' expensive 

and limited nature has led to the exploration of earth-abundant and cost-effective transitional metals 

such as Cu and Ni. These metals have been found to have a high work function and catalyze 

hydrogen evolution reaction (HER). They can form a Schottky barrier with the photocatalyst, 

which helps spatially separate charge carriers and prevents back reaction of the hydrogen and 

oxygen. Copper, for instance, also exhibits a surface plasmon effect, which helps in improving 

light absorption in the visible range [10-13].  

In this project, the microwave-assisted decoration of titania nanotubes was examined, and liquid-

assisted resonant acoustic mixing was also used to decorate titania nanoparticles. The decoration 

was done with non-noble metals. The goal of this research was to discover green techniques for 

photocatalyst synthesis. 
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CHAPTER 2: LITERATURE REVIEW 

This section provides a concise overview of various renewable hydrogen production methods, 

comparing them based on efficiency, cost, and environmental impact. Following this comparative 

analysis, the focus shifts to the fundamental principles of photocatalysis and the inherent limitations 

associated with current photocatalytic materials. Strategies such as cocatalyst loading and other 

techniques developed to overcome these limitations are also examined, highlighting the potential 

of photocatalysis and the gaps that remain in optimizing its performance. This discussion 

establishes the foundation for exploring innovative synthesis methods aimed at enhancing the 

performance of TiO2 photocatalysts. 

 

2.1 Hydrogen production methods from renewable sources 

2.1.1 Electrolysis 

Electrolysis uses electrical energy to split water into hydrogen and oxygen molecules. This process 

proceeds first by deionizing the water to prevent mineral deposition that could lead to undesired 

side reactions [27]. The passage of this current through the electrodes produces hydrogen and 

oxygen at the anode and cathode, respectively, as illustrated below. 

 

Anode 

H2O → ½ O2 +2H+ +2e- 

Cathode 

2H+ + 2e- → H2 

Alkaline water electrolysis, solid oxide electrolysis, and Proton membrane electrolysis are some of 

the different technologies explored in this process. Alkaline water electrolysis and Proton 

membrane electrolysis have operating temperatures ranging from 50-80°C and operating pressure 

of 30 bars [16]. 

Solid oxide electrolysis, on the other hand, has an operating temperature in the region of 700-

900°C. Therefore, its higher thermal demand requires a higher energy input. This limitation makes 

it unfavorable for large-scale applications compared to alkaline water electrolysis and proton 

membrane electrolysis. However, the cost of hydrogen produced from the promising technologies 

of underwater electrolysis is still higher than that generated from fossil fuels [9]. 

 

2.1.2 Photoelectrochemical (PEC) 

A PEC system consists of an n-type photoanode for the oxygen evolution reaction (OER) and a p-

type photocathode for the hydrogen evolution reaction (HER). In this system, the conduction band 

minimum and the valence band maximum need to be lower and higher than the water reduction 

potential and the oxidation potential, respectively, with an external bias applied to drive the redox 

reaction. 
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When the photoanode is illuminated with a light source, electrons and holes are generated. 

Electrons migrate through the external circuit to undergo HER at the counter electrode, while holes 

also migrate to the surface of the photoanode to carry out OER [6]. 

 

2.1.3 Photovoltaic-Electrochemical (PV-EC) 

PV-EC is the coupling of a photovoltaic and electrochemical cell. The photovoltaic absorbs light 

to generate electricity, which is transferred to the electrochemical system to drive out HER at the 

cathode and OER at the anode, respectively. The EC system is only immersed in water, with the 

PV kept outside to prevent corrosion. It is a commercialized process with an efficiency greater than 

18% [6]. 

 

2.1.4 Thermolysis 

Thermolysis is the thermochemical splitting of water into hydrogen and oxygen at elevated 

temperatures around 2500°C. The primary concern of this process is the separation of the produced 

hydrogen and oxygen since their recombination can create an explosive mixture. Also, the 

exceptionally high temperature makes it challenging to construct a reactor that can withstand such 

temperatures [16, 28]. 

However, there are thermochemical cycles that make it possible for water splitting to be done at a 

relatively lower temperature below 1000°C. These thermochemical cycles also allow water 

splitting to be done in stages, which helps to solve the recombination of gaseous mixtures as well 

[16]. 

 

2.1.5 Biophotolysis 

Biophotolysis is the production of hydrogen from water through a biochemical reaction using 

energy from the sun [29]. There are two types of Biophotolysis: direct and indirect biophotolysis. 

Direct biophotolysis is the splitting of water into hydrogen and oxygen because of photosynthesis 

using hydrogenase, an enzymatic catalyst, under anaerobic conditions of cyanobacteria or 

microalgae. A positive feature of this process is that it occurs at ambient conditions. 

 

REACTIONS 

H2O →  ½ O2 + H2 +2e- 

2H+ + 2e- →  H2 

However, in indirect biophotolysis, carbohydrates build up during carbon dioxide fixing, producing 

oxygen, which is then replaced by hydrogen in the next stage. The substrate produced in the first 

stage serves as a carbon source for the next stage, so the media needs no additional nutrients [16]. 
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2.1.6 Photocatalysis 

Photocatalysis is the phenomenon in which electron-hole pairs are generated to carry out a redox 

reaction when a semiconductor is irradiated with a light source with energy more significant than 

the band gap [30]. When a semiconductor absorbs photons with energy equal to or greater than its 

band gap, holes, and electrons are produced, which undergo the hydrogen and oxygen evolution 

reaction at the conduction and valence band, respectively. Thermodynamics is essential to this 

process and, hence, needs to be satisfied before proceeding. The Gibbs free energy for this process 

is positive, which signifies that it is not a spontaneous reaction but requires energy to proceed. 

Also, the conduction band minimum of the photocatalyst should be lower than that of HER (H+/H2, 

0V versus normal hydrogen electrode (NHE) and a Valence Balance Maximum (VBM) with 

potential energy more significant than that of the OER (O2/H2O, +1.23 V versus NHE at pH = 0) 

[6] 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Comparison of various hydrogen production methods 

In Song et al.'s Solar-Driven Hydrogen Production Methods: Recent Advances, challenges and 

Future Perspectives, he compared the conventional hydrogen production methods from fossil fuel 

sources with various solar-driven hydrogen production methods based on three critical metrics: 

efficiency, cost, and environmental impacts [6]. Here is a summary of the various processes under 

the cost, efficiency, and environmental impact metrics. 

 

2.2.1 Efficiency 

It is an index that measures the useful output by consumed input. Scientists desire to achieve 

efficiency that is close to unity. However, this is not easy to achieve. The efficiency of hydrogen 

produced from steam reforming and coal gasification, which are all sourced from fossil fuels, is 

74-85% and 30-60%, respectively. Electrolysis, the most used renewable hydrogen production 

method, has an efficiency ranging from 55-80% [16].  
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Also, the efficiency of some of the leading solar-driven hydrogen production methods was ranked 

as follows: Photovoltaic Electrochemical systems (PV-EC) have the highest experimental 

efficiency, which is solar to hydrogen energy of 32%. Photoelectrochemical systems also have an 

efficiency of 19%. Photocatalytic and photobiological systems have efficiency of 1-3%. Solar 

thermochemical systems recorded the lowest efficiency of less than 1% [6]. 

 

2.2.2 Cost 

Cost is an important yardstick for scaling up a process from the lab scale. Cost-effective processes 

are primal in all inventions; hence, cost analysis is done on all processes before their 

commercialization. Cost analysis is done to ascertain if a process is worth it or other alternate cost-

effective processes can fulfill the same objective. Many factors are considered, including 

feedstocks, the main component of systems, energy conversion efficiency, balance of system 

expenses, and operating cost, among others.   

Steam reforming and coal gasification are commercial processes; hence, it is easy to estimate the 

cost. The hydrogen produced through steam reforming costs US$1.83/kg-US$2.15/kg. Hydrogen 

produced using coal gasification costs US$1.77/kg-US$2.05/kg [7]. The cost of electrolytic means 

of hydrogen production is estimated at around US$4.15/kg-US$10.30/kg [7]. 

Finally, the cost of some solar-driven processes was estimated. This cost analysis was done using 

a rough estimate since most of these processes are still in their research stage, and most of their 

key components are unavailable in the market. Therefore, only a rough evaluation can be made. 

These projections provide insight into future hydrogen production. These estimations are called 

the levelized cost of hydrogen production [14-18].  

The Levelized cost of hydrogen production of these processes includes LCOH for PV-EC - 

US$5.78/kg-US$23.27/kg,  LCOH for PEC - US$2.9/kg-US$18.8/kg [11-12]. LCOH was 

calculated for photo-driven processes such as biophotolysis and photocatalysis, with efficiencies 

below 10% calculated based on this threshold for commercialization. Bio photolysis and 

photocatalysis have an LCOH of US$1.42/kgUS$2.13/kg and US1.60/kg, respectively [11,12].  

The LCOH based on current reported STH efficiencies of about 0.7% is US$18.32/kg [14,15]. 

This value is ten times more than that produced from fossil fuels. However, with the realization of 

the 10% STH efficiency threshold, LCOH for  PC, which is US$1.6/kg, is less compared with the  

LCOH for SRM and CG, which has an additional cost for CCS incorporated. This new  LCOH for 

SRM and CG  is US$1.93/kg-US$2.26/kg and US$2.24/kg-US$2.268/kg, respectively [6].  

 

 

2.2.3 Environmental Impact 

Environmental concerns have become a major consideration in process analysis due to the rise in 

global warming and other environmental issues. Efficiency and cost alone are not enough; ideal 

processes should also be environmentally benign. 

H2 is a clean fuel. However, processes and constructions used in its production can lead to the 

emission of greenhouse gases. Environmental impacts are assessed on two main indexes: the 

acidification potential and global warming potential. Global warming potential is assessed based 

on CO2, N2O, and CH4 gas emissions. Acidification potential is measured from SOX and NOX 
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emissions. According to several studies on the environmental impacts on the various hydrogen 

production methods, SRM has the most prominent emissions and poses a significant environmental 

threat. Solar thermochemical processes have also been reported to exhibit significant emissions 

among solar-driven methods, primarily due to the use of CH₄, a carbon-based feedstock. 

Additionally, Photovoltaic-Electrochemical (PV-EC) processes have shown relatively high 

emissions of SO₂ and CO₂, largely attributed to the production of silicon photovoltaic panels. In 

contrast, Photocatalytic (PC) and Photoelectrochemical (PB) processes, which are also solar-

driven, have been reported to exhibit low Acidification Potential and Global Warming Potential 

[6]. 

 

 

 

 

 

 

2.3 Fundamentals of photocatalytic water splitting 

2.3.1 Photocatalytic procedures for splitting water using semiconductors 

A semiconductor possesses an electronic band structure consisting of the Highest occupied energy 

band (valence band) and lowest empty band (conduction band) separated by a band gap. The 

generation of charge carriers is the fundamental principle for semiconductors in photocatalysis. 

Photocatalysis occurs in various steps in the following order such as (i)generation of charge carriers 

by light irradiation with photon energy more significant than the bandgap, (ii) separation and 

migration of generated charge carriers to the surface of the semiconductor, (iii) reduction and 

oxidation of water by photogenerated electrons and holes to produce hydrogen(H2) and oxygen 

(O2) respectively [31,32]. 

 

Figure 1: Schematic diagram of Photocatalytic Water Splitting Process. Reproduced with permission from 

ref. [31] 
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2.3.2 Thermodynamic requirements of photocatalytic water splitting  

Photocatalytic water splitting is subjected to thermodynamic constraints, and therefore, the mere 

illumination and generation of charge carriers are insufficient for this reaction to occur. 

This process is uphill; therefore, for this reaction to proceed, a Standard Gibbs free energy change 

ΔG° of 237kJ/mol is required. 

Therefore, the suitable size of band gaps and positions of the conduction band minimum and 

valence band maximum must be considered. The semiconductor used in this process must have a 

more negative conduction band minimum than the reduction potential of H+/H (0V vs. SHE at 

pH=0) and a valence band maximum more positive than (1.23V vs. SHE at pH=0). 

 H2O →  ½ O2 + H2; ΔG° = +237kJ/mol, E° = 1.23 eV (1) 

2H+ + 2e- →   H2 (E°RED = 0 eV) (2) 

2 H2O → 4H+ + 4e- + O2 (E°OX =1.23 eV)  (3) 

Band gap (Eg,eV) = 
1240

𝜆
      (4) 

 

 

 

 

 

 

 

 

Figure 2: Thermodynamic requirements of photocatalytic water splitting. Reproduced with permission from 

ref. [32] 

 

Extra photon energy is needed to overcome the energy barrier of 1.23 eV in order to achieve this 

nonspontaneous thermodynamic process, with the remaining being converted to chemical energy 

in products. Therefore, photocatalysts must have a band gap more significant than 1.23eV. The 

wavelength absorption should be less than 1000nm according to eqn 4 to achieve water splitting. 

Also, to utilize visible light, which accounts for about 43% of the solar spectrum, the band gap 

should be less than 3eV (i.e. edge wavelength of absorption more significant than 400nm) [31]. 
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2.3.3 Semi-conductors used in photocatalytic water splitting 

Since Honda and Fujishima used TiO2 to split water over five decades ago, several photocatalysts 

have been explored, mainly because of the constraints of light absorption and recombination of 

charge carriers [33]. However, cost, toxicity, stability, and material scalability have also been 

considered [34]. TiO2 is still widely used because of its wide band gap, low cost, chemical stability, 

and nontoxic nature. 

Several other oxides, oxynitrides, oxysulphides, and metal-free semiconductors have been 

explored, and strategies such as doping, cocatalyst loading, and solid solutions, among others, have 

been used to increase their efficiency [9,10]. 

 

Photocatalysts can be grouped into wide band gaps, intermediate band gaps, and lower band gaps. 

Examples of wide band gap photocatalysts include TiO2, ZnO, ZnS, and SrTiO3, while those with 

intermediate band gaps include CdS, C3N4, and Ta3N5. Lower band gap photocatalysts include 

Cu2O, WS2, and MoS2 [34]. 

An ideal photocatalyst should meet the criteria of optimum redox potential, broad wavelength 

absorption spectrum, photochemical stability, toxicity, and cost [33]. 

 

i. Redox Potential 

Redox potential is the driving force behind redox reactions in photocatalytic processes. It is the 

difference between the conduction band and the valence band. For an ideal photocatalyst, the 

photocatalyst should have a conduction band well positioned to facilitate the reduction of protons 

to H2(0.000 V vs. NHE at pH 0) and a valence band with more potential than that required to 

oxidize water into O2 (1.23 V vs. NHE at pH 0) [34]. It is difficult for a photocatalyst to meet these 

stringent criteria. The high CB and deep VB positions can be illustrated by the fall of an object 

from a higher altitude to strike a ball at a lower position. This high acceleration and greater kinetic 

energy resulting from the increase in gravitational force on objects can be likened to the influence 

of redox potential on charge carriers [35]. 

 

Figure 3: Similarity between gravitational potential energy and redox potential on charge carriers (a) fall 

from a higher altitude (b) fall from a lower altitude. Reproduced with permission from ref. [35]  
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ii. Wavelength light absorption 

The solar spectrum comprises 52-55% infrared radiation, 42-43% visible radiation, and only 3-5% 

UV radiation [35-36]. Hence, there is a desire to produce a photocatalyst that uses a more 

significant proportion of the solar spectrum. However, most visible responsive photocatalysts have 

a lower band gap, so the driving force to drive the reaction is insufficient. Also, most are unstable, 

leading to deactivation over multiple cycles. Near-infrared responsive photocatalysts, although 

limited, do not generate reaction yield that is satisfactory as expected [34]. 

 

iii. Cost/Scarcity 

Noble metals such as Ru, Pd, and Pt are some of the most used cocatalysts for photocatalytic water 

splitting. These noble metals exhibit very high efficiency. However, they are not ideal for large-

scale applications due to their high cost and should be replaced by low-cost and abundant metals 

[34]. 

 

iv. Toxicity 

In most photocatalytic reports, much emphasis has not been placed on toxicity, which has often 

been understudied or even neglected. The photocatalyst used should exhibit null toxicity or a high 

degree of biocompatibility [34]. 

 

v. Material scalability 

The fabrication of an efficient photocatalyst may be done in a single-step or multiple-step process, 

which may be costly or not scalable. Also, recycling and reusability of the photocatalyst should be 

factored in when synthesizing a photocatalyst. For instance, a powdered photocatalyst dispersed in 

a large volume of liquid poses issues associated with recovery and reusability; hence, the 

configuration of the photocatalyst should also be considered in designing a scalable photocatalyst 

for real-world applications [34]. 

 

vi. Stability 

The stability of a photocatalyst is essential in large-scale applications. This is done to assess the 

effect of the oxidation and reduction reaction on the photocatalyst. An ideal photocatalyst should 

last at least ten years. As a result, a reusability test should be performed to ensure its stability. Also, 

structure and morphological changes should be observed to understand the mechanism and changes 

in the photocatalytic performance [34]. 
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2.3.4 Limitations in photocatalytic water splitting 

The challenge of photocatalytic water splitting is that most photocatalysts used do not have the 

suitable band structure needed for the photocatalytic water splitting process, and also, even the 

materials capable of initiating the HER and OER at the conduction band and valence band have 

their efficiencies lower than and far from the efficiency required for commercialization of solar to 

hydrogen (STH) efficiency of around 10% [6]. The main reason for this limitation is that the 

essential stages for this process, such as harvesting light and generation of charge carriers, 

separation of charge carriers and transportation, and the redox reaction at the conduction and 

valence band, need to be more efficient. 

However, a few photocatalysts, such as CdS and CdSe, satisfy these criteria but are plagued by 

photo corrosion, which leads to poor photostability[31].Intense efforts have been made to mitigate 

these limitations by continuously modifying existing photocatalysts and manufacturing new ones 

capable of addressing these limitations [38,39]. 

 

➢ Light harvesting 

Light absorption is the initial stage in photocatalytic water splitting. The number and energy of 

photons absorbed by a semiconductor (photocatalyst) restricts the number of generated charge 

carriers. Consequently, efforts have been made to improve the light absorption properties of 

photocatalysts to absorb much of the sun's radiation in the visible region, which accounts for 43% 

of the solar spectrum [40, 41]. Band engineering, surface sensitization, and localized surface 

plasmon resonance effect are some measures used to improve the light-harvesting abilities of 

photocatalyst [31].  

 

O BAND GAP ENGINEERING 

Band gap engineering is modifying the electronic structure of a photocatalyst. Two main strategies 

are used in this modification, and they can be categorized into: cation or anion doping and the use 

of semiconductor alloys. Wide band gap photocatalyst (UV active) electronic structure can be 

modified to make it visible light responsive. Cationic doping is the introduction of impurity levels 

(donor level above the Valence band or acceptor level below the Conduction band) in the forbidden 

band to narrow the band gap of the photocatalyst [31]. 

Cation-doped photocatalysts do not always increase photocatalytic activity since the impurities 

introduced also act as a recombination site between the photogenerated charge carriers.  

On the other hand, anion doping leads to the introduction of new VB positions and shifts the VB 

edge upwards to narrow the band gap and make it visible and light-responsive. Unlike cationic 

doping, anionic doping has fewer recombination centers, making it more effective for enhanced 

photocatalytic activity [31,42]. 
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Figure 4: Band structure of cationic doping: (a) donor level above the valence band (b) acceptor level below 

the conduction band (c) band structure of anionic doping. Reproduced with permission from ref. [31] 

 

A photocatalyst's band structure can also be modified by forming solid solutions between a wide 

and narrow band gap photocatalyst. To adjust or modify the band gap and position, the ratio of the 

composition of the narrow and wide band gap semiconductor in the solid solution is [31].  

 

 

 

 

 

 

 

 

Figure 5: Band structure of an intermediate solution of a wide and low band gap semiconductor. Reproduced 

with permission from ref. [31] 
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O SURFACE ENGINEERING 

Figure 6: Schematic representation of the principle of dye sensitization. Reproduced with permission from 

ref. [31] 

 

This mechanism was first used in 1991 to manufacture dye-synthesized solar cells. Since this 

report, much research has been done on this in photocatalytic applications. This mechanism 

involves the excitation of the dye molecule adsorbed on the surface of the photocatalyst. After 

absorption of visible light by the adsorbed dye molecule on the surface of the semiconductor to 

generate an excited state, electrons are injected into the semiconductor's conduction band. Dye is 

then reduced into a radical cation dye+ on the surface of the photocatalyst. However, the radical 

cation dye+ can be regenerated by reaction with electron donors from a sacrificial agent [31,42]. 

 

➢ Charge carrier separation 

Aside from light harvesting, the separation and transport of charge carriers are essential for 

enhanced photocatalytic efficiency. 

The recombination rate for the photogenerated electron-hole pairs occurs in the order of 10-9s. In 

contrast, the redox reaction on the surface of the photocatalyst occurs in a much longer time of   10-

8 -10-3s [40]. To enhance the redox reaction occurring on the surface, the photogenerated charge 

carriers should be separated to prevent bulk or surface recombination. Recombination of 

photogenerated charge carriers happens due to the strong coulombic force between the 

photogenerated electron-hole pairs. 

The short lifetime for the recombination of charge carriers to occur can be evidenced by comparing 

the coulomb constant (8.99 x 109 N.m2/c2) to the gravitational constant (6.67 x 10 -11N.m2/kg2) 

The coulombic constant is several magnitudes more significant than the gravitational constant. This 

substantial value of the coulombic constant is responsible for the rate at which the recombination 

of photogenerated charge carriers occurs [35]. 
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Figure 7: Schematic diagram of recombination of charge carriers to fall of objects under gravity. 

Reproduced with permission from ref.  [35]  

 

Some strategies to prevent the recombination of charge carriers and prolong their lifetime are 

semiconductor junctions, such as the formation of heterojunctions and the combination of 

semiconductors with graphene [31]. 

 

O HETEROJUNCTIONS 

The heterojunction is the coupling of different semiconductors with suitable band structures to 

form a band bend at the junction. The band bend formation is caused by the difference in the 

chemical potential of the two different semiconductors. This band bend induces an inherent field 

that facilitates the spatial separation of charge carriers on different sides of the two photocatalysts 

by driving the photogenerated carriers to move in opposite directions[31,36]. 

 

 

 

 

 

 

 

 

 

Figure 8: Band structure of varying suitable photocatalysts used in the photocatalytic water splitting 

process's oxidation, reduction, and overall water splitting. Reproduced with permission from ref.  [36]  
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• TYPE (II) HETEROSTRUCTURE 

Type (II) heterostructure consists of two photocatalysts: photocatalyst I (PC I) and photocatalyst II 

(PCII). Photogenerated electrons are transferred from PC I to PC II when light is irradiated on the 

photocatalysts. Concurrently, there is the transfer of holes in the opposite direction from PC II to 

the valence band of PC I [43-48].  

However, the electron transfer between the photocatalysts is hindered by the existing electrons in 

the CB of the photocatalyst II due to repulsion between the existing electrons and the transferred 

photogenerated electrons. Likewise, the transferred photogenerated holes also encounter repulsion 

from the existing holes in the valence band of PC I. 

Furthermore, the strong coulombic force between electrons and holes on a photocatalyst impedes 

the transfer of charge carriers [35].  

The drawback of this type of heterostructure is that the transferred photogenerated electrons and 

holes, after reaching their target locations, possessed weak redox potentials to undergo reactions 

due to the repulsion [35]. 

 

• S-SCHEME 

The s-scheme consists of a reduction photocatalyst and an oxidation photocatalyst. The reduction 

photocatalyst has a higher CB and VB position than the oxidation photocatalyst. However, it has a 

lower work function than the oxidation photocatalyst. Electrons in the RP spontaneously migrate 

to OP, which leads to electron depletion and electron accumulation layers near the interface in RP 

and OP, respectively, when the two photocatalysts are joined together. The OP is negatively 

charged, while the RP is positively charged. An internal electric field is formed that directs the 

transfer of electrons from OP to RP. The fermi energy of the two photocatalysts should be aligned 

to the same level. This alignment leads to a downward shift in the fermi levels of the OP and, 

conversely, an upward shift in the fermi levels of the RP. 

Photogenerated electrons in the CB of the OP and holes in the VB of the RP recombine at the 

interface due to this band bending. This recombination due to the band bending can be understood 

by the downhill flow of water. The coulombic attraction between holes and electrons drives the 

recombination of the photogenerated electrons and holes at the OP and RP respectively at the 

interface. 
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Overall, the internal electric field, band bending, and coulombic attraction act as a driving force 

for the recombination of the unwanted charge carriers, leaving the potent photogenerated electrons 

and holes at CB of the RP and VB of the OP, respectively [35]. 

 

Figure 9:Schematic diagram of the Type ii(L) and S-scheme heterojunction(R). Reproduced with 

permission from ref. [35] 

 

• Z-SCHEME 

The natural photosynthetic process inspires the Z scheme. Bard was the first to report on this 

mechanism in 1979 [35, 55].  

The Z scheme consists of two photocatalysts, PC I and PC II. The photogenerated electrons in the 

Conduction band of PC I and holes in the valence band of PC II are preserved due to their strong 

reducing and oxidizing abilities, respectively. The remaining charge carriers are then eliminated 

by the redox mediators. 

In the traditional Z scheme, the pointless charge carriers are eliminated by redox ion mediators like 

Fe3+/Fe 2+ and I03
-/I- [50-51]. The main drawback with the traditional Z scheme is that the redox 

mediator-induced back reactions are thermodynamically favorable and can take place quickly due 

to the consumption of the photogenerated electron and holes with substantial reducing and 

oxidizing abilities by the shuttle redox ion pairs. Light shield effect, feasibility confined in solution 

systems, slow charge carrier transfer rate, pH sensitivity of solution are some other limiting factors 

of the traditional Z-scheme [51]. 

The solid-state Z-scheme is an upgrade to the traditional Z scheme. Unlike redox ion pairs used in 

the traditional Z-scheme, an electron solid conductor is used as a charge carrier transfer bridge. 

The choice of a suitable electron mediator is essential not only for charge transfer but also for 

stability. Noble metals such as Au and Ag have been used in this mechanism.  

Graphene and CNT, because of their conductive nature, are suitable as electron mediators as well. 

The merits of this scheme over the traditional Z-scheme are the elimination of back reactions and 

its ability to function in both liquid and gas phases [36,52]. 
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2.3.5 Cocatalyst 

Cocatalyst provides the redox potential needed for the reaction at the photocatalyst's surface. Aside 

from the recombination of charge carriers, the redox potential needed to drive the reaction is 

essential. Most times, the redox reaction at the surface is too slow to consume the charges. When 

oxidation and reduction photocatalysts are loaded on photocatalysts, additional active centers are 

incorporated [31]. This loading helps drive the reaction at the surface and prevents back reaction 

[53-56]. Also, the stability of the photocatalyst is improved by how fast the charges are consumed, 

particularly with holes since they are responsible for photo corrosion [54], [57-59]. 

 

➢ Factors affecting the efficacy of cocatalysts 

Cocatalyst loading plays a vital role in photocatalytic water splitting. However, some factors can 

hinder its role as a hydrogen and oxygen evolution cocatalyst. For instance, the loading amount 

size, and structure of the loaded particle can limit the activity of the loaded Cocatalyst. 

Irrespective of the photocatalyst type, synthesis method, and loaded cocatalysts, a volcano-type 

trend exists between the amount of cocatalyst loading and the photocatalytic activity.  

Loading a photocatalyst with a cocatalyst at the initial stage enhances its photocatalytic activity by 

improving the separation of charge carriers and providing active sites for gas evolution reactions. 

However, further loading of the photocatalyst above the optimal value leads to a substantial 

decrease in its activity. 

 

The following factors are reasons for the decrease in activity due to high catalyst loading. 

i) High loading of Cocatalyst blocks the active sites, thereby preventing water or a sacrificial agent 

from accessing them. 

ii) excessive loading of Cocatalyst on the surface of the photocatalyst can shield the photocatalyst 

from incident thereby hindering the absorption and generation of charge carriers inside the 

photocatalyst. 

iii)leads to the formation of large particle sizes, which leads to the loss of surface effects. 

iv) Excess leading of Cocatalyst could introduce many charge recombination centers and, hence, 

decrease the photocatalytic activity 
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Figure 10: The volcano-type relationship between cocatalyst loading and photocatalyst activity. 

Reproduced with permission from ref. [10]  

Also, the size of the Cocatalyst is another crucial factor in cocatalyst loading. Cocatalysts with 

small sizes have large surface areas and more active sites normally at the same loading amount. 

Moreover, recombination of charge carriers is less likely to occur in a bulk small-size loaded 

particle than in a relatively large particle. Also, the exhibition of low barriers for interfacial charge 

transfer is profound in tiny particles in some cases. Small size and high dispersion of loaded 

particles enhances significantly the photocatalytic activity of a photocatalytic system, and this is 

evidenced by numerous research findings [65-69] 

Lastly, the enhanced overall water splitting of the core shell structure of cocatalysts like Ni-NiO 

(NiOx) [65-68]and Rh-Cr2O3 [69], [70].This is a result of these core shells' ability to suppress the 

reverse reaction of H2 and O2 and limit the photoreduction of O2 to shield the metal core from 

corrosion and ultimately enhance the robustness of the Cocatalyst. 

 

➢ Transitional metals used as a cocatalyst 

Transition metals are a viable option for large-scale applications because of their abundance and 

relatively low price. Most noble metals have been used as cocatalysts because of their electron-

trapping abilities. Pt is the most efficient in trapping electrons due to its high work function. Some 

transition metals have been explored and used as cocatalysts and found to have good electron 

trapping ability. Nickel, for instance, has a higher work function than Au and Ag, which makes it 

very efficient in trapping electrons as well, as shown in Table 1 below. Other transitional metals 

such as Cu, Co, and Fe have all been explored as cocatalysts due to their electron trapping ability 

and ability to catalyze the reaction. 
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Metal Work function 
 Pt 5.65[71] 
Pd 5.12[72] 
Au 5.12[11] 
Ni 
Co 

5.15[11] 
5.00[11] 

Cu 4.65[11] 
 

Table 1: Work function of some noble and transitional metals used as Cocatalyst 

 

These metals play a role in separating the charge carriers by forming a Schottky junction with the 

semiconductor, leading to band bending at the interface of the contact between the semiconductor 

and the metal. Photogenerated electrons then migrate to the metal surface under the influence of 

electric field. For electrons to cross the barrier to the surface of the metal, they must possess a 

higher energy. When light is incident on the photocatalyst, photogenerated electrons with sufficient 

energy move from the CB of the photocatalyst to the surface of the Cocatalyst by crossing the 

Schottky barrier until there the fermi levels of the photocatalyst and the Cocatalyst are in 

equilibrium leaving the holes at the Valence band [73]. This migration helps in spatially separating 

the charge carriers (holes and electrons). 

Cu, for instance, also plays an essential role in improving light absorption due to the LPSR effect 

[72,74]. The metal nanoparticle will have strong absorption when the inherent frequency of its 

electron matches that of the incident photon, leading to a collective oscillation of the electrons [73].  

Transitional metal-based cocatalysts are mainly grouped into reduction and oxidation cocatalysts 

based on their charge-trapping abilities. Most of the reported transitional metal-based cocatalysts 

are on reduction cocatalysts. Reduction cocatalysts can be grouped as elemental metals (Ni, Cu, 

CoNi), metal sulfides (MoS2, NiS), metal phosphides ( Ni2P, CO3N), metal carbides (Ni3C, MO2C), 

metal borides (NiB and NiCoB), metal oxides (NiO, CuO), metal hydroxides (Ni(OH)2 and 

Cu(OH)2 [75]. 

 

 

 

 

 

 

 

 

 

Table 2: Categorization of some of the various transitional metals used as reduction cocatalysts in PWS 

[75] 

Transitional metals Examples 
Elemental metals Ni, Cu, CoNi 
Metal sulphides MoS2, NiS 

Metal phosphides Ni2P, CO3N 
Metal carbides Ni3C, Mo2C 
Metal borides NiB, NiCoB 
Metal oxides CuO, NiO 

Metal hydroxides Cu (OH)2, Ni (OH)2 
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Categorization of some of the various transitional metals used as reduction cocatalysts in PWS 

[75] . The few reported cocatalysts used as oxidation cocatalysts include metals(Co, Mn) oxides( 

CoOx and MnOx), hydroxides (Co(OH)2) and Fe(OH)3, oxyhydroxides (FeOOH, CoOOH) and 

phosphates (Co-Pi, CoNi-Pi) [75] 

 

 

 

 

 

Table 3: Various groups of transitional metals used as oxidation cocatalysts in PWS [75] 

 

➢ Cocatalyst Loading Methods 

Photocatalysts have been loaded with cocatalysts using varying methods. These methods used can 

be grouped into direct addition loading and composite loading. 

 

O DIRECT ADDITION LOADING  

Direct addition loading is the direct addition of precursor on the surface of a photocatalyst to grow 

the Cocatalyst (nanoparticle) on the surface. This type of loading leads to the formation of a tight 

interface between the photocatalyst and Cocatalyst. Again, this method allows for the controlling 

of the loading site, particle size, and distribution of the Cocatalyst on the substrate(photocatalyst). 

Also, layer-by-layer loading can be used in the formation of unique structures such as core-shell 

structures. Solvothermal treatment, precipitation, immersion, photo deposition, hydrothermal 

treatment, microwave treatment, inkjet printing, and so on are direct addition loading methods [11]. 

 

O COMPOSITE TYPE LOADING METHOD 

This type of loading begins by synthesizing the desired Cocatalyst and then loading it into the 

photocatalyst. The synthesized Cocatalyst can be loaded by impregnation, physical mixing, 

grinding, and others. The merits of this loading method are that the photocatalyst does not restrict 

the Cocatalyst's synthesis conditions, and the Cocatalyst's microstructure can be precisely 

controlled [11]. 

 

 

 

 

 

Transition metals Examples 
Elemental metals Co, Mn 
Metal oxides CoOx, MnOx 
Metal hydroxides Co(OH)2, Fe(OH)3 
Metal oxyhydroxides FeOOH, CoOOH 
Metal phosphates Co-Pi, CoNi-Pi 
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To sum it up, the literature review(Chapter 2) briefly discussed and compared renewable hydrogen 

production methods, focusing on their efficiency, cost, and environmental impact. It also examined 

the potential of photocatalysis, mainly if the STH efficiency of 10% is realized, as a promising 

method for hydrogen production. 

The fundamentals and limitations of photocatalysis were discussed, along with some solutions to 

improving the light harnessing ability and charge carrier separation. Cocatalyst loading was 

discussed as one measure to help solve this limitation. However, most loading methods often 

require an extensive amount of solvent and are energy-intensive.   

In the next chapter (Chapter 3), Cu and Ni were uniformly decorated on titania nanotubes using 

microwave to address this limitation. The effect of the precursors' concentration and reaction 

parameters like temperature and time was studied to determine the best and most efficient catalyst, 

considering the amount of solvent or reagent used, energy, and time. 
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CHAPTER 3: MICROWAVE-DRIVEN DECORATION OF 

CuNi/TiO2 FOR HYDROGEN PRODUCTION 

 

3.1 Introduction 

The demand for energy has significantly increased in recent decades, driven by population growth 

and rising living standards worldwide. Energy consumption has surged by over 50% in the past 

fifty years.[76], and projections indicate a further 30% rise by 2040 [77]. With the global 

population expected to reach 8.5 billion by 2030, 9.7 billion by 2050, and an estimated 11.2 billion 

by 2100[78], the demand for energy resources is anticipated to increase significantly in the 

foreseeable future. 

Presently, fossil fuels constitute the primary source of global energy supply. However, their non-

renewable nature and environmental impact necessitate urgent exploration of sustainable and 

renewable energy alternatives. Solar energy emerges as a promising solution owing to its abundant 

availability. Despite only a minute fraction of the sun’s energy reaching Earth, it amounts to 

120,000 trillion Watts per hour, capable of meeting global energy demand annually [79]. 

Multiple solar-powered technologies have been developed, among which photocatalytic water 

splitting holds promise as a standout alternative. This process harnesses sunlight to produce 

hydrogen, a highly versatile energy carrier characterized by its high energy density and convenient 

storability, which are essential for mitigating solar intermittency [3-4]. Hydrogen combustion 

yields only water vapor, establishing it as a clean energy option with zero greenhouse gas emissions 

[5].  

Despite its potential, photocatalysts like titanium dioxide (TiO2) are constrained by limitations such 

as narrow absorption of the solar spectrum and rapid recombination of photoinduced charge 

carriers. Titanium dioxide, with its wide band gap of 3.2 eV, predominately absorbs ultraviolet 

radiation, which accounts for only 3-5% of incident solar radiation [35-36]. 

TiO2, first utilized by Honda and Fujishima in 1972 to split water, is the most commonly used 

photocatalyst in photocatalysis [8]. Its chemically stable, nontoxic, and environmentally benign 

nature makes it ideal [80], [81]. Consequently, various morphologies have been explored with 

modifications aimed at increasing absorption and extending the lifetime of charge carriers. Titania 

nanotubes have been extensively studied due to their high aspect ratio and controlled charge 

transfer in a defined direction [82]. 

The synthesis of TiO2 nanotubes has been achieved using diverse methods, such as hydrothermal, 

template, solvothermal, and electrochemical anodization [83]. Electrochemical anodization has 

emerged as a compelling method for producing ordered and aligned nanotubes with a high aspect 

ratio [84]. Furthermore, this method allows for precise control over the dimensions of the nanotubes 

by adjusting key parameters such as voltage, electrolyte composition, pH, and anodizing time [83], 

[84]. 
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Early studies by Zwilling et al. (1999) [85] and Grimes et al. (2001)[86] demonstrated the 

formation of self-organized TiO2 nanotubes using fluoride-based and H2O-HF electrolytes, 

respectively. The advantages of electrochemically grown self-organized TiO2 nanotubes extend to 

their ease of recovery and reusability compared to nanoparticles or nanotubes prepared via 

alternative methods, facilitating practical applications in photocatalysis.  

Furthermore, photocatalyst performance can be effectively enhanced by depositing metal co-

catalysts onto TiO2 surfaces. While noble metals like Au, Pd, Ru, and Pt have demonstrated 

exceptional catalytic properties, their limited availability and high cost have steered attention 

towards more abundant and cost-effective transition metals such as Cu, Ni, and Co [78]. These 

transition metals possess high work functions and can catalyze the hydrogen evolution reaction 

(HER). Deposing these transition metals onto photocatalysts enhances charge separation 

efficiency, decreases overpotential, creates active sites for the HER, and improves light absorption 

[78]. Various techniques have been utilized for decorating photocatalysts with these cocatalysts. 

Microwave-assisted deposition has emerged as a sustainable choice among these methods due to 

its minimal solvent utilization and energy consumption. Moreover, this approach allows uniform 

heating and precise control of crucial reaction parameters [87]. 

In this project, titania nanotubes were decorated with copper and nickel via microwave decoration 

by optimizing the various reaction conditions and investigating the synergistic effect between 

copper and nickel. This work aimed to lay the foundation for green, sustainable, and economical 

hydrogen production methods. 
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3.2 Experimental section 

3.2.1 Materials 

Nickel (II)chloride hexahydrate,99.3%(Thermo Scientific), Triethanolamine (Thermo Scientific), 

trimethylene glycol,99%(Thermo Scientific), Ammonium fluoride(Fischer chemical), Titanium 

foil 99.7% (Strem Chemicals, INC), Copper (II) Chloride,99%, extra pure, anhydrous (Thermo 

scientific) 

 

3.2.2 Growth of titania nanotubes 

Titanium foils (Strem catalog, 0.127mm thickness, 99.7% purity) were degreased by sonicating in 

acetone, ethanol, and distilled water in that order and dried in the air. The foils were then anodized 

in triethylene glycol (TEG) electrolyte containing NH4F (0.30M) and H2O (3wt%) at 60 V for 30 

minutes. XANTREX DC power supply was used to supply the DC potential. The anodized titania 

foil was soaked in ethanol and dried under an air stream. After drying, TiO2 was annealed at 450°C 

in air for 1 hr using a Thermolyne oven (Thermoscientific) with a heating rate of 10°C/min. 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Schematic diagram of the electrochemical anodization of titanium foil 
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3.2.3 Decoration of Cu and Ni nanoparticles 

The TiO2 nanotubes were decorated with copper and nickel via microwave deposition using a 

microwave reactor (CEM Discover 2.0). The titania nanotubes were placed in a reactor vial and 

decorated using varying concentrations of 12.5 (Cu-12.5/TiO2), 25 (Cu-25/TiO2),50 (Cu-50/TiO2), 

and 100 mM (Cu-100/TiO2) CuCl2 precursor 12.5 (Ni-12.5/TiO2), 25 (Ni-25/TiO2), 50 (Ni-

50/TiO2) and100 mM(Ni-100/TiO2) in 10 mL of ethanol for CuCl2 and NiCl2.6H2O precursors 

respectively in a glass reactor vial. The reaction conditions for the initial stage were a reaction time 

of 10 minutes and a temperature of 100°C. The CuNi mixture(Cu-25Ni-12.5/TiO2) is formed from 

12.5 mM of NiCl2.6H2O (Ni-12.5/TiO2) and 25 mMof CuCl2 (Cu-25/TiO2), the concentration 

resulting in the most active photocatalyst, was also decorated with the same initial condition (10 

minutes and 100°C). The best photocatalyst among Cu, Ni, and CuNi was then decorated with 

other temperature and time variations of 75, 125, and 150°C and 5, 10, 15, and 20 minutes, 

respectively. 

After decoration, the decorated TiO2 is rinsed thoroughly with ethanol, followed by distilled water, 

and dried using air. 

 

3.2.4 ICP-MS preparation 

Soak samples decorated samples are to be analyzed using 20% nitric acid for about 8 hours. After 

soaking, the solution was quantitatively transferred to a 10 ml volumetric flask. Top up the volume 

with deionized water. 

The dry foil was weighed before and after the decoration to observe any significant difference in 

weight. There was no significant change in the mass of the samples. If there is a significant change 

in mass, it is recommended to dilute the sample to ensure that the total dissolved content is less 

than 1000 µg/mL. 

 

3.2.5 Characterization 

The crystal phase of the TiO2 nanotube was examined using a benchtop powder X-ray Diffraction 

(XRD ) instrument with a Hypix-400MF 2D hybrid pixel array detector (HPAD) at room 

temperature. The morphology of the photocatalyst was studied using a REGULUS 8230 Scanning 

Electron Microscope. 

Thermo Scientific Talos F200X G2(S) TEM was used to examine the decorated TiO2 

photocatalysts' elemental mapping and HR TEM for interplanar distance. The surface chemistry of 

the TiO2 nanotube was observed using Thermo-scientific K-Alpha.  

Finally, the UV Vis diffuse reflectance spectra were recorded using Carry 5000 UV-Vis  NIR from 

Agilent Technologies, where an annealed Ti foil was used as the standard reflectance. The 

photocatalyst was examined at room temperature from a 250-800nm wavelength. 
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3.2.6 Photocatalytic test 

Photocatalytic experiments were conducted in a 50 mL quartz reactor with 1 ml of TEOA and 9 

mL of water. TEOA is added as a scavenger to scrub off the photogenerated holes, which may 

interfere with the reaction. Before the photocatalytic test, the reactor, containing TiO2 nanotubes 

and water-TEOA mixture, is purged with nitrogen to eliminate air, which may interfere with the 

response and react with the photogenerated electrons. After purging, the reactor is irradiated with 

UV radiation from a customized 4 UV LED cell with an average power of 145 mW (λ=358 nm) in 

an enclosed box for 4 hours. 

Consequently, after the reaction, the products are analyzed by a gas chromatograph (Clarus 590 

GC) with nitrogen as the carrier gas. 

    

 

Figure 12: Schematic diagram of the photocatalytic test setup 
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3.3 Results and Discussion 

The phase composition of the annealed Titania nanotube was analyzed using a Benchtop Powder 

X-ray Diffraction (XRD) instrument with Hypix-400 MF 2D hybrid pixel array detector (HPAD) 

together with a 600 W X-ray source, and the results can be seen in fig 1. The sample showed an 

intense peak around 25.3°, indicating the anatase phase formation. Also, the decorated TiO2 was 

analyzed, but no additional peak corresponding to the copper, nickel, or its oxide phases was 

detected. The peak profile remained the same as the bare TiO2 nanotube, indicating that the particle 

size of the metals and their amounts might be too small to be detected. 

Figure 13: XRD analysis of the bare TiO2 nanotube and the various decorated TiO2 nanotube 

 

The morphology of the titania nanotube was observed using REGULUS 8230 Scanning Electron 

Microscope, and the results can be seen in Fig 1 below, which shows ordered and aligned spaced 

titania nanotubes. The length of the tube was found to be around 3 m and a diameter of around 

200 nm. Again, the morphology of the various decorated samples was also analyzed after 

microwave treatment, and there was no noticeable difference between the fresh TiO2 nanotube and 

the decorated nanotube. This also suggests that the particle size of the decorated metals is too small 

to be detected by SEM analysis. 
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Figure 14: SEM images of TiO2 nanotube 

 

Subsequently, ICP MS was done using ICP 7500ce (Agilent Technologies) to evaluate the efficacy 

of the microwave deposition. The loading of the metals on the nanotube's surface was analyzed for 

different concentrations of copper to observe the correlation between the concentration of the 

precursor solution used and the loading. CuCl2 solution with varying concentrations of 12.5 mM, 

25 mM, and 50 mM resulted in loadings of 42.990 µg, 55.170 µg, and 373.500 µg, respectively, 

for Cu. This confirms the presence of the deposited metals on the surface of the TiO2 nanotubes. 

Also, it can be observed that the loading concentration increased with the increase in the 

concentration of CuCl2 solution used. 

 

Table 4: ICP-MS  results for Cu and Ni decorated TiO2 nanotube 

 

 

 

 

Photocatalyst Cu loading(µg) Ni loading(µg) 
Cu-12.5/TiO2 42.990 - 

Cu-25/TiO2 55.170 - 
Cu-50/TiO2 373.500 - 

Ni-12.5/TiO2 - 3.039 
Ni-100/TiO2 - 4.269 

Cu-25Ni-12.5/TiO2 8.946 0.804 
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Moreover, Thermo Scientific Talos F200X G2 (S) TEM was used for EDS mapping analysis (Fig 

15) and HR TEM (Fig 16) to determine the dispersion of the decorated metal nanoparticles on the 

titania nanotubes and changes in the morphology of TiO2 nanotubes after decoration. Traces of 

very small copper and nickel nanoparticles were evenly dispersed on the nanotubes and in the 

spaces between them. 

  

Figure 15: EDS mapping of decorated TiO2 nanotube  

 

The decorated TiO2 HR TEM (Fig 16) was also analyzed to determine any additional phases of the 

TiO2 or decorated metal nanoparticles or changes in the interplanar distance that can result from 

these small particles occupying interstitial spaces in Ti or creating defects in the Titania structure. 

The interplanar distance was ~ 3.4Å, corresponding to (101) anatase phase crystallographic plane, 

further confirming the results from the XRD spectra [88,89]. 

 

 

 

 

 

       

      

 Figure 16: HR-TEM and interplanar distance of TiO2 

 

 

 Ti Cu
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Furthermore, XPS analysis was done using Thermo-scientific K-Alpha to determine the chemical 

state of elements present on the surface of the TiO2 nanotube for all the decorated samples. It is 

observed that the surface chemistry of the titanium (IV) oxide reveals a single state, which is 

characteristic of Titanium (IV) oxide of Ti 2p 3/2 peak energy of around 459.3eV (Fig. 17a) [90], 

[91]. This confirms that the microwave decoration process did not alter the structure of the TiO2. 

Again, the constant binding energy observed also validates that the decoration occurred on the 

surface only and that there was no doping. 

Fig 17c shows the XPS analysis for the decorated Cu/TiO2. The spectral analysis of the Cu 2p 3/2 

reveals a peak energy of ~933eV, which is one of the chemical states of copper and characteristic 

of Cu(0) metal [12], [92]. 

Also, (Fig. 17d) shows the spectral analysis for Ni/TiO2 which shows peak of 856.5eV for Ni 2p 

3/2 which is characteristic of Ni2+ [93], [94].  

The oxygen spectral shows O 1s peak at 530.5eV and ~531.9eV, which is characteristic of the O 

in TiO2 and Ni(OH)2, respectively [93, 95]. This suggests that Ni(OH)2 decoration was obtained on 

the surface of the TiO2 nanotube. The formation of nickel hydroxide could be due to the reaction 

between nickel and adsorbed water molecules on TiO2 (Fig. 17b) [92, 95]. Also, the precursor 

contained free water molecules that could be dissolved in the ethanol. This hydroxyl group could 

react with the nickel (II) to produce Ni(OH)2. This reaction was more favorable than the reduction 

of the Ni (II) ions, hence the resulting observation. This could be justified because ethanol is a 

weak reducing agent, and therefore, lowering conditions needed for reduction might be weaker 

than the energy required for the formation of Ni(OH)2. On the other hand, the decrease in the 

intensity of the oxygen in the decorated TiO2 nanotube spectra compared to that of the pure TiO2 

nanotube can be evidenced by the decoration or shielding of the Ni(OH)2 loading. 
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Finally, the XPS spectra for the bimetallic decoration of CuNi/TiO2 were studied (Fig. 17 e, f &g). 

The Ni (II) spectra peak characteristic of Nickel hydroxide was observed, and the identical spectra 

signal obtained for the Ni/TiO2 was observed in the bimetallic decoration (Fig. 17f). The oxygen 

spectral for the CuNi/TiO2 was then analyzed without additional signal. However, the XPS signal 

for the Ni(OH)2 was still observed. This frther confirms our observation that the surface chemistry 

of the nickel remained unchanged in the mixture.  Nonetheless, a new spectra signal was identified 

in the copper spectra (fig17g). This peak of ~933.3eV for Cu 2p 3/2 was determined to be 

characteristic of the CuO spectral signal.[96], [97]. 

Figure 17: (a & b) XPS signal of Ti and O in TiO2 (c) Cu XPS spectrum in Cu/TiO2 (d) XPS signal of ni in 

Ni/TiO2 (e) O 1s signal of Ni(OH)2 and TiO2 in CuNi/TiO2  (f) XPS signal of Ni in CuNi/TiO2 (g) Cu XPS 

spectrum in CuNi/TiO2 

 

 

(a) (b) 

(d) (e) (f) 

(c) 

(g) 
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To sum up, Carry 5000 UV-Vis NIR from Agilent Technologies was used for the UV-VIS DR 

study to evaluate the optical properties of the bare TiO2 nanotube and the various decorated TiO2 

samples using an annealed titanium foil as a reference (Fig. 18) 

The spectra region was from 200 nm to about 800 nm. However, some portions were cut off due 

to excessive noise in the preceding areas. It can be observed that the reflectance of TiO2 increased 

gradually to around 389 nm and then began to decrease. This decrease in the reflectance around 

400nm can be associated with the increase in the light absorption by TiO2 (band gap of 3.2 eV) due 

to the electron interband transition of TiO2 [92, 98]. The absorption peak around 600 nm in the 

visible spectrum can be attributed to the low-content carbon impurities in the layers [99]. The 

improved absorption of Ni/TiO2 can be explained by the d-d transition of  Ni(II) [98, 100]. Above 

~400 nm, Cu/TiO2 is known for its good absorption due to surface plasmon resonance, with a 

characteristic peak around 600 nm.[92, 101]. 

Overall, CuNi showed much better absorption in the UV and visible regions. This enhanced 

absorption is due to the cooperative abilities of the Cu-containing compound and the Nickel-

containing compound. Notably, copper oxides also exhibit surface plasmon effects, hence the 

observance of the characteristic peak around 600 nm.[102].Again, the absorption above ~450 nm 

in CuNi/TiO2 is characterized by the d-d transition of Cu(II) (CuO) which is present in the 

mixture.[92, 103]. Again, this stronger absorption in the visible region can be associated with a 

narrow band gap of CuO, which is ~1.8 eV[104]From the spectra, it is evident that Ni/TiO2 showed 

a better absorption in the UV-ViS range from around 400-525 nm, while Cu showed even a much 

higher absorption around 600 nm, with ~60% absorption of the visible light. Hence, this 

cooperative absorption ability of CuNi/TiO2 can be justified by the unique absorption abilities of 

the individual components of the alloy. 

Figure 18:UV-Vis diffuse reflectance spectra of bare TiO2, Cu/TiO2, Ni/TiO2 and CuNi/TiO2 photocatalysts 

 

 

 



  33 
 

Finally, a photocatalytic test was conducted to assess the activity of the various decorated 

photocatalysts. First, photocatalytic tests for the individual mono metallic photocatalysts (Cu/TiO2 

and Ni/TiO2) were performed by varying concentration and keeping temperature and time constant. 

The ideal concentration that yielded the best activity was Cu-25/TiO2 with HER of 0.821 

µmol/cm2. h (Fig. 19a). Ni-12.5/TiO2 also gave the best activity with HER of 0.725 µmol/cm2. h 

(Fig. 19b). The optimum copper and nickel loading that yielded the best activity was ca. 55.17 µg 

and ca.3.04 µg per sample, respectively. The ideal loading and uniform dispersion of the metal 

nanoparticles can explain the enhanced activity by the two best photocatalysts. It can be observed 

that higher concentrations resulted in decreased activity, which can be attributed to the fact that 

there was an aggregation of the metal nanoparticles or shielding of the TiO2 surface as a result of 

excessive loading, which hindered incident light from getting to the TiO2 surface, thereby limiting 

the amount of generated charge carriers [10]. 

 Notably, the control test was done in the same conditions without light, and no hydrogen was 

produced. Again, water and TEOA with no photocatalyst were subjected to the same incident light 

radiation for the same duration, and there was no HER(Fig. 19e). This was done to ensure that the 

hydrogen produced was only from the water-splitting process. Bimetallic loading of the most active 

monometallic photocatalysts was made using the same precursor concentrations. This was done to 

harness the synergistic effect of the various transitional metals. Nickel has a high work function 

comparable to some noble metals and forms a Schottky barrier with the photocatalyst, which helps 

in the spatial separation of charge carriers by preventing recombination of charge carriers and back 

reactions. On the other hand, Cu-containing compounds exhibit a surface plasmon resonance effect 

and help exhibit enhanced absorption, particularly in the visible region. The impact of this 

cooperative effect is observed in the activity of CuNi/TiO2. A substantial activity of 1.426 

µmol/cm2.h was observed (Fig. 19e). The individual loadings of Cu and Ni in the mixture were 

ca.8.946 µg and ca.0.804 µg per sample, respectively. The minimum loading of Ni shows a strong 

affinity between TiO2 and Cu. This can be explained by the standard reduction potential of 

copper(+0.34 V) and Ni(-0.25 V) [13]. The positive potential of copper makes it favorable for 

gaining electrons to be reduced; hence, the reduction reaction is more profound for Cu/TiO2 than 

that of Ni/TiO2.  

Similarly, the temperature was varied for the CuNi/TiO2 photocatalyst, and temperature @125 ºC 

yielded the best activity of 2.40 µmol/cm2. h (Fig. 19c). This suggests that an optimum loading was 

obtained at @125 ºC. A further increase in the temperature to 150 ºC resulted in a lower activity of 

1.133 µmol/cm2.h, which can be justified by excessive loading at that temperature. 

Lastly, the ideal time that yielded the best activity for the CuNi/TiO2 was 10 minutes, suggesting 

that the best loading was at 10 minutes with an activity of 1.426 µmol/cm2. h (Fig. 19d). After the 

best time of 10 minutes, the photocatalyst's activity began to decrease, which can be attributed to 

aggregation of the deposited nanoparticles, shielding effect, or creation of recombination centers 

due to excess loading [10]. 

It is noteworthy that Pd/TiO2, a proven and effective noble cocatalyst also synthesized at the same 

conditions with a loading of ca. 5.308 µg, yielded an activity of 0.477 µmol/cm2. h. The activity 

for the bare TiO2 nanotube was 0.103 µmol/cm2. h. The activity of the best photocatalyst at the 

same condition, CuNi, was ca. 14 times higher than that of the bare TiO2 nanotube. Again, 

CuNi/TiO2 was ca. three times more active than Pd/TiO2. 
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However, the concern with CuNi/TiO2 was that it was unstable, as seen in (Fig 20). The stability 

test was done in four cycles: washing the photocatalyst, drying and replacing the water and TEOA, 

and purging again with nitrogen, which was done before each cycle. This instability could be 

associated with CuO photo corrosion since it has been reported to be susceptible to photo corrosion 

[105], [106], [107]. Also, the metals might leach into the solution because they are not properly 

bound to the nanotube.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: (a) Varying concentrations decoration of Cu/TiO2 (b) activity of varying concentrations of 

Ni/TiO2 photocatalyst. (c) optimizing varying deposition temperatures (d) optimizing varying deposition 

time (e) overall activity of photocatalysts used 
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 Figure 20: Stability test of CuNi/TiO2 

 

3.3 Conclusion 

The best photocatalyst obtained after systematic optimization of concentration, time, and  

concentration was CuNi. This photocatalyst harnessed the synergistic effect of Ni's electron 

trapping ability and improved Cu's light absorption. However, the issue of stability after 16 hours 

needs further investigation. It was discovered that the photocatalyst was operating at an efficiency 

of ~35% after four cycles (16 hours). To solve this stability problem, annealing the photocatalyst 

under an inert atmosphere or exploring other metal alloys in binary or ternary forms would be 

examined. Overall, best concentration, time, temperature, and loading were investigated to obtain 

a CuNi/ TiO2 photocatalyst with an improved activity ~14 times that of the bare TiO2 nanotube 

using green and sustainable principles. This research paves the way for the cost-effective synthesis 

of photocatalysts, demonstrating the potential of environmentally friendly principles such as 

limited solvent and energy usage. 

Microwave-assisted decoration of Cu and Ni on TiO2 nanotube photocatalyst achieved a significant 

and uniform deposition of the photocatalyst. However, the challenge of this method is the possible 

localized overheating and scalability issues. Building upon this, in the subsequent chapter (Chapter 

4), LA -RAM, a novel mechanochemical process that uses acoustic frequency is  was used in the 

loading of Cu and Ni on TiO2 powders using just 500µL of solvent (water). This process's rapid 

and intense mixing leads to the homogenous mixing of the TiO2 with the metal precursors. Unlike 

microwave decoration, this technique is favorable for scale-up because reaction conditions used in 

the laboratory scale need no re-optimization when scaling up to larger batches. The objective of 

this project is not just to produce an effective photocatalyst considering the catalytic performance 

but also the scalability and practicality of each synthesis technique. 
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CHAPTER 4: SCALABLE AND GREEN SYNTHESIS OF 

Cu-Ni/TiO2 FOR HYDROGEN PRODUCTION USING LA-

RAM 

4.1 Introduction 

The use of pestle and mortar to induce chemical reactions is an agelong practice often referred to 

as grindstone chemistry. There is no detailed account of how this process first came to light. 

However, Theophratus, in a short booklet dubbed “On stones,” first reported the reduction of 

cinnabar to mercury by grinding in a copper mortar with a copper pestle in 315 BC [108-109]. This 

process is easy to operate in most laboratory settings because no specialized equipment is needed. 

Nevertheless, it is not practical for long reaction times. Again, the reproducibility of this technique 

is a significant issue as it is hinged on the operator's physical strength. Since then, much work has 

been done, and numerous developments have occurred in designing techniques that offer control 

of input energy, reproducibility, and safety to its operators [110]. William Ostwald first coined the 

term mechanochemistry in 1891 [111-112]. However, Gerhard Heinkle introduced its accepted 

definition as the field of chemistry characterized by physical and chemical changes due to the 

application of mechanical energy in 1984 [112].  

The emergence of this field has become promising in addressing the limitations of conventional 

synthetic processes, which involve heating and the use of expensive hazardous chemicals [112]. 

Solvents are essential for dispersing, dissolving, or transporting chemicals in a reaction. However, 

efficient mixing techniques such as ball milling or grinding can offer an alternative and efficient 

route for the reaction between solid mixtures [113]. Nonetheless, even in solventless mixing or 

grinding, solvents are essential for separating the reaction product in its pure form. Notably, liquid-

assisted grinding with limited amounts of solvent is reported to be more time—and energy-efficient 

than dry milling [112]. Mechanochemistry has become particularly common in catalysis, where it 

is used to synthesize supported metal nanoparticles, metal oxide nanoparticles, composite particles, 

etc.[112], [114-115]Ball milling and twin-screw extrusion methods have often been used [116].  

Nascent technologies such as ultrasonic or acoustic frequency sample agitation have recently been 

explored for cocrystal formation [116]. However, LA-RAM, a ball-free, cleaner, simpler, and 

easily scalable method, is one emerging promising method that can compete with the existing 

mechanochemical methods [117-118]. This process uses limited liquid, similar to liquid-assisted 

grinding, inducing chemical reactions by resonant acoustic mixing. It has succeeded in 

synthesizing some nanomaterials, such as ZIF-L MOFs, which was impossible with conventional 

mechanochemical processes [116]. 

TiO2 is the most used photocatalyst since its first use by Honda and Fujishima in splitting water[8]. 

This is due to its nontoxicity, chemical stability, and suitable redox potential for photocatalytic 

water splitting [80-81].  

However, it still has limitations, such as narrow absorption and recombination of charge carriers, 

due to its wide band gap of around 3.2 eV. Its light absorption has been restricted to the UV region, 

which comprises only 3-5% of solar radiation [36-37]. Cocatalyst loading is one of the methods 

explored to address the limitations of recombination and minimal light absorption [11,75]. 

However, noble metals such as Pt, Pd, Au, etc, are often used and have been found to enhance 

significantly the activity of TiO2 when loaded [11,73].  
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This is due to high work function. Pt is good at trapping electrons due to its high work function to 

prolong the lifetime of charge carriers [119], [120].  

On the other hand, due to the surface plasmon resonant effect, Au has also improved the light 

absorption of photocatalysts [121].  However, due to their expensive and limited nature, they are 

not ideal for industrial processes. Hence, low-cost and earth-abundant transition metals have been 

explored to replace them [10]. Transitional metals such as Ni also have a high work function and 

can form a Schottky barrier to help restrict the recombination of charge carriers. Copper has also 

shown excellence in improving the light absorption abilities of photocatalysts [11,13,75]. Several 

methods have been explored in the loading of photocatalysts. However, conventional methods have 

limitations due to the extensive use of solvents and are energy-intensive [112]. Hence, efforts have 

been made to use green and sustainable ways of synthesizing photocatalysts. LA-RAM, a 

mechanochemical synthesis method, offers promise due to the limited solvent use, minimum 

energy, and ease of scale[116,117]. 

In this project, we used different copper loadings to decorate TiO2 to find the best loading that 

yields the best activity. Additionally, we explored a mixture of copper and nickel loading on TiO2 

to exploit this mixture's synergistic effects. The decoration process was carried out using Liquid-

Assisted Resonant Acoustic Mixing. This study aimed to discover low-cost, scalable, green, and 

sustainable methods for synthesizing photocatalysts. 
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4.2 Experimental section 

 

4.2.1 Materials 

Titanium (IV) oxide, 98+%, anatase powder(Thermo Scientific Chemicals), Copper (II) nitrate 

trihydrate, 99%, pure(Thermo Scientific Chemicals), Nickel (II) nitrate hexahydrate,98%(Thermo 

Scientific Chemicals), Sodium borohydride,98%(Thermo Scientific Chemicals), Ascorbic acid, 

99% (Thermo Scientific Chemicals), and Triethanolamine,98+%( Thermo Scientific Chemicals). 

 

4.2.2 Loading of Cu and Ni on TiO2 

TiO2 with a mass of 0.95 mg is weighed. The Cu-TiO2 has different mass ratios of 0.025, 0.050, 

and 0.10, and the Cu and Ni mass ratio is 0.025 each on CuNi/TiO2. These mixtures are labelled as 

0.025Cu/TiO2, 0.050Cu/TiO2, 0.10 Cu/TiO2 and 0.025 CuNi/TiO2.Ascorbic with the same mole 

ratio as the metal precursors is added to the mixture. Sodium Borohydride is also examined and 

used in the same mole ratio as the Cu(NO3)2.3H2O in the 0.025 Cu/TiO2 mixture. 500 µL of water 

is added to each mixture and mixed in the LabRAM II-Resodyn at an acceleration of 95 g for 1hr. 

The resulting mixture is washed with water four times in a sonicator to isolate the reaction product 

from unreacted reactants. It is then dried in an oven at 70°C and left overnight. The dried sample 

is then ground in a mortar using a pestle to obtain finer particles. 

 

4.2.3 Characterization 

The crystal phase and composition of the TiO2 powder and metals were examined using a benchtop 

powder X-ray Diffraction (XRD ) instrument with a Hypix-400MF 2D hybrid pixel array detector 

(HPAD) at room temperature. The morphology of the decorated TiO2 powders with LA RAM and 

Coprecipitation was studied using a REGULUS 8230 Scanning Electron Microscope. 

The surface chemistry of the decorated TiO2 was observed using Thermo-scientific K-Alpha. 

Finally, the UV Vis diffuse reflectance spectra were recorded using Carry 5000 UV-Vis  NIR from 

Agilent Technologies, where pure TiO2 powder was used as the baseline. The photocatalyst was 

examined at room temperature from a 250-800 nm wavelength. 

 

4.2.4 Photocatalytic test 

20 mg of photocatalyst was weighed and transferred into a quartz reactor, along with 9 mL of 

distilled water and 1 mL of TEOA. The reaction was then purged with nitrogen for 30 minutes to 

remove any interfering oxygen. The reaction occurred in an enclosed box with a customized LED 

cell of UV ( placed on a magnetic stir plate. After 4 hours, the HER was analyzed using a Clarus 

590 gas chromatograph. 
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4.3 Results and Discussion 

First, the photocatalyst's morphology was studied using a Phenom ProX Scanning Electron 

Microscope (SEM) with EDS capability. The mixture particles in the co-precipitation method were 

individual, ordered, and smaller(Fig. 21c). However, the particles in the LARAM were less ordered 

and formed agglomerates (Fig. 21a & b) 

Figure 21: SEM images of (a) 0.025 Cu/TiO2  (LA-RAM),(b)  0.025 CuNi/TiO2 (LA-RAM), and (c) 0.050 

Cu/TiO2 (co-precipitation) 

 

Furthermore, XRD analysis was used to analyze any defects or phase changes in the mixture using 

XRD. The anatase and rutile phase of TiO2 was still seen at ~25.3° and 27.4° respectively which 

corresponds to the characteristic peak for anatase and rutile [122]. However, the intensity of the 

peak decreased significantly in the LA-RAM synthesized composites, and there were rutile peaks 

detected; this could be a result of  the local heating and high pressure due to the acoustic mixing, 

which initiated the phase transition [123,124]. Peaks for Cu2O were seen on the XRD spectra for 

0.025 Cu/TiO2 (Fig. 22). There was Cu2O(111) signals and  signals detected on 

0.025CuNi/TiO2(Fig. 22). However, the XRD spectra for the co-precipitation synthesized 0.050 

Cu/TiO2 showed signals for CuO (111) and phase (Fig. 22). 

 

 

 

 

 

 

 

(a) (b) (c) 
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Figure 22: XRD spectra of  0.025Cu/TiO2(LA-RAM),  0.025 CuNi/TiO2(LA-RAM), 0.050 

Cu/TiO2 (cp) and TiO2 

Moreover, SEM-EDS was used to analyze the dispersion of the copper and nickel particles on the 

TiO2. The copper and nickel particles were not evenly distributed on the surface of TiO2 but were 

detected at various points on the surface of TiO2. The weight percentage of Cu in the 0.025 Cu/TiO2 

was 0.96 wt%. 0.025 CuNi/TiO2 also had a weight percentage of 0.89 wt% for Cu and 0.22 wt% 

for Ni. The amount of copper detected in the coprecipitation synthesized 0.050 Cu/TiO2 was 4.10 

wt% for Cu. This also further confirms the presence of copper and nickel in the TiO2 mixture, 

confirming that the decoration was successful but not evenly distributed in both the LA-RAM and 

coprecipitation methods. 

 

 

 

 

 

 

 

 

Figure 23: EDS of  (a) 0.025 Cu /TiO2 ,(b) 0.025 CuNi/TiO2  and  (c) 0.050  Cu/TiO2 

 

 

(a) (b) (C) 
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In addition, XPS analysis was done using thermoscientific K-Alpha to determine the mixtures' 

chemical state and surface composition. The XPS analysis was done for the most active 

photocatalysts: 0.025 Cu/TiO2 and 0.025 CuNi/TiO2.  

For, 0.025 Cu/TiO2, there was a peak detected at 933.4eV(Fig. 24c) which corresponds to CuO 

[96], [97]. Again,  the peak for Ti was the same at ~459.7eV(fig a), and oxygen also had its 

characteristic peak at 530.5eV[125], [126]. However, there was a signal at ~531eV, which 

corresponds to the hydroxyl group(OH) (fig b). This can result from the small amount of water 

added or the free water molecule in the precursor [95]. 

On the other hand, for 0.025 CuNi/TiO2, a characteristic CuO peak at 933.4eV was also detected. 

However, there was no extra oxygen peak besides the characteristic one at 530.6eV. Ti also showed 

its characteristic signal at 459.4 eV [125], [126]. This shows no change in the chemical state of the 

titanium and oxygen. No nickel signal was detected by the XRD. This can be due to XPS's 

sensitivity to surface composition only, whereas XRD detects bulk composition [127], [128].  

 

 

  Figure 24: XPS of (a) Ti in TiO2 ,(b) o in 0.025 Cu/TiO2 ,(c) Cu in Cu/TiO2 and (d) 0.025CuNi/TiO2 

 

 

 

(a) (b) 

(c) (d) 
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Furthermore, the optical properties of the photocatalyst were studied for the most active 

photocatalysts synthesized by LA-RAM and the conventional coprecipitation method to investigate 

their ability to light-harnessing abilities. The spectra region was from 200-800 nm. 

There is a characteristic peak around 385 nm, which corresponds to the TiO2 band gap energy of 

3.2 eV [129]. The LA RAM synthesized composites had improved light absorption compared to 

the one synthesized by Coprecipitation. There was improved light absorption from around 450-800 

nm, with a characteristic peak of copper or copper-containing compounds around 600 nm due to 

the effect of surface plasmon resonance [102]. Again, the improved visible light absorption can be 

explained by the narrow band gap of CuO (1.8eV) [104]. 

Figure 25: UV-VIS diffuse reflectance of the most active photocatalysts in LA-RAM compared to that 

synthesized by coprecipitation. 

 

Finally, the photocatalytic assessment was performed to investigate the activity and the loading 

that yielded the best activity in Cu/TiO2. Again, CuNi/TiO2 was also analyzed to study the 

synergistic effect of copper and nickel loadings using this method, as was done earlier via 

microwave decoration. This assessment was done in both UV and visible light. Firstly, the reaction 

was done in the dark to ensure only light initiated this process. The water and TEOA were irradiated 

to light for 4 hours to make sure the photocatalyst solely initiated the hydrogen produced. 

The 0.025 Cu/TiO2 catalyst was the most active in the UV region (Fig. 25a). This might result from 

achieving uniform loading, which leads to enhanced activity. Also, it could be seen from the graph 

that synthesized photocatalysts exhibited an enhanced activity of several magnitudes compared to 

the bare TiO2. This confirms the effective loading of copper on TiO2 by the LA-RAM. Studies 

show a synergistic effect between rutile and anatase, which leads to enhanced activity. This could 

also partly account for this improved activity [130], [131]. 
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Again, the 0.050 Cu/TiO2 (SB) using Sodium borohydride as a reducing agent showed significantly 

enhanced activity compared to ascorbic acid. This could be because sodium borohydride has a 

better-reducing potential than ascorbic acid. However, in visible light, they exhibited similar 

activity. Hence, more data would be needed to justify this. 

0.025 CuNi/TiO2, on the other hand, showed higher activity than 0.050 Cu/TiO2, as seen in Fig 

(25a). This enhanced activity, as shown by 0.025 CuNi/TiO2, results from the synergistic effect 

between copper and nickel in enhanced light absorption and electron trapping, respectively. 

In the same way, CuNi/TiO2 was the most active for visible light(Fig. 25b). This is due to copper's 

improved light absorption in the visible region due to the surface plasmon effect and nickel's 

electron trapping abilities. Additionally, 0.025 Cu/TiO2 also showed improved activity, indicating 

that it had the optimum loading of copper. 

Notably, despite being less active in the UV region, the coprecipitation synthesized photocatalyst 

0.050Cu/TiO2(CP) showed a slight increase in activity than the bare TiO2 in the visible light. This 

could be due to the shielding of most of the TiO2 surface since it is the part that absorbs UV. This 

is further evidenced by identifying an ideal loading of ~0.96 wt% for 0.025Cu/TiO2 to yield an 

enhanced activity. However, from the SEM-EDS, the loading of Cu in 0.050 Cu/TiO2 from 

Coprecipitation was 4.10 wt%. This excessive loading might cause reduced activity even lower 

than bare TiO2 in the UV region. 

 

 

Figure 26: Photocatalytic H2 generation of various samples  under (a) uv light and (b) visible light 

 

 

(a) (b) 
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4.4 Conclusion 

In summary, photocatalysts with UV and visible light activity, specifically 0.025 Cu/TiO2 and 

0.025CuNi, were synthesized using liquid-assisted Resonance Acoustic Mixing, a novel method 

for synthesizing photocatalysts. The UV-active photocatalyst showed significant activity of 

7424.5467 µmol/g·h, approximately 12 times the activity of bare TiO2. The 0.025 CuNi, which 

was most active in the visible region, also demonstrated a substantial increase in visible light 

activity of 3.64 µmol/g·h, about 6 times that of TiO2 alone. The enhanced activity is attributed to 

the synergistic effect of Cu's light harvesting and Ni's electron trapping abilities. Additionally, the 

introduction of the rutile phase by the process led to mixed phases, likely triggered by local heating. 

This synergistic effect between the anatase phase and the rutile phase is reported to contribute to 

improved photocatalytic activity. Overall, the research successfully explored the use of liquid-

assisted resonant acoustic mixing to produce an  efficient and cost-effective photocatalyst using 

environmentally friendly principles. 
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CHAPTER 5: CONCLUSION AND OUTLOOK 

To sum it up, this study investigated the synthesis of cost-effective photocatalysts that were UV 

and visible active using environmentally friendly principles. 

Initially, microwave deposition was used to decorate TiO2 nanotubes with Cu and Ni. The 

individual activity of Cu and Ni were studied initially. The resulting best Cu and Ni were then 

combined and loaded on a TiO2 nanotube to form CuNi/TiO2. CuNi/TiO2 exhibited the highest 

activity of about 12 times that of the bare TiO2 nanotube. However, after 4 consecutive cycle runs, 

it exhibited just 35% of its initial activity. This instability highlights the need for further study 

either by annealing in a reduced atmosphere like H2 or forming alternative metal mixtures.  

To build on this, a novel process in photocatalyst synthesis, LA-RAM, was also explored in the 

synthesis of CuNi/TiO2. Cu's varying loadings were examined before mixing it with Ni to examine 

the synergistic effect between Ni’s electron trapping ability and Cu’s improved light absorption. 

0.025 Cu/TiO2 was found to be the most active in the UV region, while CuNi/TiO2 exhibited an 

enhanced visible light absorption about 6 times that of the bare TiO2. Again, it was discovered that 

the mixed phase of TiO2 after LA-RAM decoration, which might be due to induced local heating, 

also has been reported to exhibit a synergistic effect, which helps preserve the lifetime of charge 

carriers. 

 

To conclude, this research lays a solid foundation for developing cost-effective and efficient 

photocatalysts using environmentally friendly methods: microwave-assisted and LA-RAM 

methods. Significant improvements in photocatalytic activity were achieved through careful 

optimization of concentration, time, temperature, and metal loading. Future efforts will prioritize 

enhancing the stability of these materials and exploring alternative material systems to translate 

these findings into practical, durable solutions not only for renewable energy applications but also 

for environmental remediation. 
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