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Abstract 

The integration of a photoelectrode into a redox flow battery (RFB) enables direct solar charging 

of the battery. The efficiency of a solar RFB depends on the number of photons that excite the 

electrons and lead to electron transfer reaction. The major obstacles during this process are poor 

light absorption by the photoelectrode, scattering/reflection losses, and rapid recombination of 

photo-generated charge carriers once they are generated within the semiconductors. This study 

addresses these limitations by investigation of the effects of patterning the geometry of nano-

/micro-structures on the photoelectrode as a potential way to modify its optical, electrical and 

electrochemical properties. 

The type of photoelectrode that is considered consists of a layer of TiO2 on top of fluorine-doped 

tin oxide (FTO) coated glass. TiO2 has attracted great interest due to its stability and large band 

gap (3.2 eV) that covers the redox potential of many species. However, this large band gap requires 

the absorption of high energy photons with a wavelength below 400 nm which is a small portion 

of the solar spectrum. Improved light harvesting of ultraviolet photons within the TiO2 occurs by 

suppressing the different ways in which light is lost on the photoelectrode. These are 1) reflection 

from the surface, 2) absorption within the inactive layers, and 3) transmission through the 

photoactive layer. 

Patterning a surface by a nano-sized structure reduces light reflection by causing a gradual change 

of refractive index from the air to the substrate. In addition, a periodic structure with a periodicity 

larger than the light wavelength diffracts the light into several beams. Light behaviour was studied 

on a glass substrate patterned by a periodic pyramidal nanostructure with a periodicity of 670 nm. 

The periodic structure was fabricated through a combination of laser interference lithography and 

nanoimprint lithography. The effect of surface patterning on light reflection and diffraction was 

evaluated using a numerical study based on the Finite-Difference Time-Domain method. The 

periodic structure reduced the light reflection over the whole wavelength range. At wavelengths 

smaller than the periodicity of the structure (λ < 670 nm), the light was diffracted into several 

beams, while at wavelengths higher than the periodicity (λ > 670 nm), the structure acted as a 
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homogenous medium with an equivalent refractive index without causing light diffraction. The 

effect of the optical behaviour of the structure on the photocatalytic activity of TiO2 was probed 

experimentally through photodecomposition of methylene blue at λ=365 nm. The efficiency of 

methylene blue oxidation was higher on patterned substrate as a result of antireflection behaviour 

of the periodic structure and longer light path within the semiconductor material caused by 

diffraction.  

The photo-generated charge carriers have a very short time to undergo the electron transfer reaction 

before charge recombination. Therefore, an effective photon absorption within the TiO2 layer 

occurs at the vicinity of the electrode-electrolyte interface. This limits the thickness of the TiO2 

layer and the absorption of photons. This issue can be addressed by patterning the TiO2 with a 

structure that provides a long dimension for light absorption, while it requires the charge carriers 

to pass a short distance to reach the acceptor species. This patterning will also influence the 

transport phenomena at the electrode-electrolyte interface. To separate the influence of patterning 

the electrode-electrolyte interface on the mass transport of redox species from its influence on the 

light/charge carrier behaviour within the photoactive layer, the mass transfer of redox species was 

investigated using cyclic voltammetry (both numerically and experimentally) on a patterned gold 

electrode in the presence of Fe2+/Fe3+ redox species. It was observed that the effect of electrode-

electrolyte structure on electrochemical performance depended on the size of the structure relative 

to the diffusion layer thickness. By reducing the diffusion layer thickness, the redox species 

concentration profile was affected by the structure. This resulted in a convergent mass transfer of 

redox species towards the electrode causing a nonuniform current density over the electrode 

surface, with it being greater at the tip of the structure and lower at the base. 

Two approaches were employed to pattern the TiO2 photoelectrode-electrolyte interface: 1) by 

direct fabrication of the pattern into the TiO2 layer using imprint lithography, and 2) by coating 

the TiO2 layer on a patterned FTO glass. Direct fabrication by imprint lithography used both a 

polymer-based and an alcohol-based paste to produce an upright pyramidal microstructure. 

Imprinting the polymer-based paste resulted in a higher throughput and more control over the final 

structure. However, annealing caused the polymer-based structure to greatly shrink. In order to 

coat TiO2 onto the patterned FTO glass, a pattern containing micro-holes was fabricated into the 

FTO conductive layer by using photolithography followed by inductive coupled plasma etching. 
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Hydrothermal deposition was then used to grow TiO2 nanorods on top of the FTO layer. Due to 

difficulties with reproducibility of the patterning of the TiO2 layer by imprint lithography, the 

photoelectrochemical study of the patterned electrode was conducted only on the photoelectrode 

with a patterned FTO layer. The photoactivity of the patterned photoelectrode was studied during 

photo-oxidation of V4+ in a three-electrode setup during linear sweep voltammetry under chopped 

illumination. Patterning the FTO layer affected the photoelectrode by changing the light behaviour, 

the ohmic overpotential, the charge recombination rate, and the morphology of the TiO2 layer. 

Overall, etching the FTO layer had a negative effect on the photoactivity of the fabricated 

electrodes, and an increase in the etched area resulted in a lower photocurrent. 

The results showed that patterning technique can be a promising approach to enhance the 

photoactivity of an RFB photoelectrode. However, the presence of a nano-/micro-structured 

pattern can affect photoactivity of the photoelectrode in various ways. In order to obtain the 

maximum photoelectrochemical efficiency the combination of these effects must be considered.  



vi 

Contents 

Acknowledgements ........................................................................................................................ i 

Abstract ......................................................................................................................................... iii 

1 Introduction ........................................................................................................................ 1 

1.1 Solar charging a redox flow battery using TiO2 photoanode ........................................... 1 

1.2 Hypothesis ........................................................................................................................ 2 

1.3 Thesis outline ................................................................................................................... 3 

2 Background information ................................................................................................... 5 

2.1 Renewable energy storage systems .................................................................................. 5 

2.2 Redox flow battery ........................................................................................................... 7 

2.3 The solar rechargeable battery ....................................................................................... 12 

2.3.1 External and internal configurations ....................................................................... 12 

2.3.2 Photoelectrochemical cell/redox flow battery internal configuration ..................... 15 

2.3.3 Band position and band bending ............................................................................. 18 

2.4 TiO2 photoelectrode ....................................................................................................... 20 

2.5 Photocurrent and limiting factors ................................................................................... 24 

2.6 Characteristics of patterned photoelectrodes.................................................................. 27 

2.6.1 Light behaviour on a patterned photoelectrode ...................................................... 28 

2.6.2 Rate of electron transfer reaction on a patterned photoelectrode ........................... 35 

2.7 Lithography techniques .................................................................................................. 36 

2.8 Nanoimprint lithography ................................................................................................ 39 

2.9 Llyod mirror laser interference lithography ................................................................... 40 



vii 

3 Investigation into the effect of periodic nanopatterns on light harvesting ................. 43 

3.1 Introduction .................................................................................................................... 43 

3.2 Experimental methods .................................................................................................... 44 

3.2.1 Nanoimprint lithography ......................................................................................... 44 

3.2.2 Master mold preparation ......................................................................................... 46 

3.2.3 Optical tests ............................................................................................................. 53 

3.3 Results and discussion .................................................................................................... 58 

3.3.1 Characterisation ...................................................................................................... 58 

3.3.2 Optical behaviour .................................................................................................... 61 

3.3.3 Photocatalytic study ................................................................................................ 77 

3.4 Conclusion ...................................................................................................................... 79 

4 The effect of electrode surface morphology on the electrochemical  

behaviour of a redox reaction ......................................................................................... 81 

4.1 Introduction .................................................................................................................... 81 

4.2 Theory ............................................................................................................................ 82 

4.2.1 Cyclic voltammetry ................................................................................................. 85 

4.2.2 Cyclic voltammetry on a rough electrode ............................................................... 89 

4.3 Experimental methods .................................................................................................... 90 

4.3.1 Electrode preparation .............................................................................................. 90 

4.3.2 Master mold preparation ......................................................................................... 91 

4.3.3 Photomask preparation............................................................................................ 93 

4.3.4 Electrochemical studies .......................................................................................... 94 

4.4 Results and discussion .................................................................................................... 96 

4.4.1 Characterisation ...................................................................................................... 96 



viii 

4.4.2 Electrochemical behaviour ...................................................................................... 98 

4.5 Conclusion .................................................................................................................... 117 

5 Patterning the photoelectrode-electrolyte interface and its 

effect on the photoactivity of a TiO2 photoelectrode .................................................. 120 

5.1 Introduction .................................................................................................................. 120 

5.2 Experimental methods .................................................................................................. 121 

5.2.1 Imprint lithography on TiO2 polymer-based paste using a Si master mold .......... 121 

5.2.2 Imprint lithography on TiO2 alcohol-based paste using a PDMS master mold .... 123 

5.2.3 Patterning the FTO conductive layer .................................................................... 125 

5.2.4 Hydrothermal synthesis of TiO2 on patterned FTO .............................................. 126 

5.2.5 Testing the photoactivity of the photoelectrode.................................................... 126 

5.2.6 Resistivity of flat and patterned FTO measured using a four-point probe ........... 127 

5.3 Results and discussion .................................................................................................. 129 

5.3.1 Characterisation of directly fabricated TiO2 patterned substrates ........................ 129 

5.3.2 Characterisation of patterned FTO coated with TiO2 ........................................... 133 

5.3.3 Photoelectrochemical behaviour of the patterned photoelectrode ........................ 136 

5.4 Conclusion .................................................................................................................... 141 

6 Conclusion and recommendations................................................................................ 143 

7 References ....................................................................................................................... 150 

 

 

 

 



1 

 

1 Introduction 

1.1 Solar charging a redox flow battery using TiO2 photoanode 

Growing concern regarding climate change and the future energy crisis has caused human society 

to begin the transition to clean and renewable energy sources, among which solar energy is the 

most viable to meet the global energy demand [1]. However, renewable energy power generation 

suffers from intermittency issues, e.g. solar only generates power during daylight hours and wind 

turbines only generate power when the wind is blowing. To overcome this issue, rechargeable 

batteries can be used for power storage and to create a flexible and reliable electrical grid.   

Great advances have been made in rechargeable batteries for electronic devices such as computers 

and mobile phones [2]. However, there are serious challenges associated with the scale-up of 

batteries for large-scale applications, including limited resources, restricted lifetime, and 

insufficient power [3–5]. Amongst various types of battery systems, redox flow batteries (RFBs) 

have several advantages such as safety, energy stability, acceptable operation and maintenance 

costs, and long lifetimes, and so RFBs are particularly suitable for large-scale electrical energy 

storage [6, 7]. An RFB utilises a pair of soluble redox couples in an electrolyte. In a redox flow 

battery, the electricity is stored by driving redox reactions in the electrolyte at each electrode. The 

charged electrolyte is stored in separate tanks and can be used on demand to produce electricity by 

reversing the redox reactions.  

Because a redox flow battery can be easily coupled to a renewable energy power generator then in 

principle it is feasible to directly charge it with solar energy by utilizing photoelectrochemical 

reactions. It has been stated that: “If a redox flow battery can be regenerated under solar 

illumination, it could lead to a significant breakthrough in the efficient and affordable storage of 

solar energy” [8]. This idea of integrating a photoelectrode in the redox flow battery and configure 

it as a solar redox flow battery has been the focus of several recent studies [8–17], but this is still 

far from being a commercially viable option for large-scale solar energy conversion and storage. 
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These solar redox flow batteries can be improved by overcoming the limitations of the 

photoelectrodes where the solar energy is converted into stored chemical energy via 

photoelectrochemical reactions. All photoelectrodes have some limitations in common.  These are: 

1) Photoelectrodes only work at a specific wavelength range of light. Only photons with 

energy equal or higher than the band gap of the photoactive material excite the electron to 

drive the photochemical reaction. 

2) Some light is lost due to reflection off the optical window of the photoelectrode. 

3) Surface contamination of the optical window of the photoelectrode blocks the incident 

light. 

4) Electron-hole recombination occurs after electron excitation. 

Titanium dioxide (TiO2) is a widely available, nontoxic, and highly efficient photoactive material 

that has attracted great interest for photoelectrochemical applications [18, 19]. However, due to its 

large band gap (3.2 eV [20]), it is only active in the UV range, which is less than 10% of the solar 

spectrum. While it is possible to address this issue by modifying the TiO2 to make it more sensitive 

to visible light, this study focused on improving the photocatalytic efficiency of TiO2 

photoelectrodes in the UV spectrum by use of controlled nano-/micro-structures. 

 

1.2 Hypothesis 

It is proposed that the challenges described above can be overcome by patterning photoelectrodes 

with nano-/micro-structures. Such a patterning can greatly affect the physical behaviour of a 

photoelectrode [21–28].  

This investigation examines whether surface patterning improves the optical and electrochemical 

behaviour of a TiO2 photoelectrode in an RFB. An RFB photoelectrode consists of three layers: a 

glass base (optical window), a conductive layer, and a photoactive layer (Figure 1.1). It is 

hypothesised that surface patterning on each layer of the photoelectrode would affect the 

performance of the system in the following ways: 
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a) Patterning the optical window of the photoelectrode would reduce the photon loss by improving 

the antireflection behaviour of the glass substrate. It would also increase the probability of photon 

absorption by using diffraction effects to increase the path length of light within the absorbing 

layer. 

 b) Patterning the conductive layer would provide more conductive area and would enhance the 

flow of electrons and reduce the electrical resistance, 

c) Patterning the interface of the electrode-electrolyte would enhance the electroactive surface area 

and mass transfer of redox ions present in the electrolyte.  

 

 

Figure 1.1. Schematic diagram of a solar RFB photoelectrode containing three layers: an optical window made of a 

transparent substrate such as glass, a conductive layer, and a photoactive layer. 

 

1.3 Thesis outline 

The focus of this work was to describe how patterning different layers of a TiO2 photoelectrode 

could affect its photoelectrochemical behaviour within an RFB. This thesis is composed of 6 

chapters. The successive thesis chapters are briefly summarised below. 
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Chapter 2 covers the background information about solar redox flow batteries and the current 

challenges of photoelectrodes. It introduces the fabrication techniques and breaks down the 

underlying theory behind the effect of nano-/micro-structured patterns on a solar RFB 

performance.  

Chapter 3 highlights the effect of surface patterning on harvesting UV light within the TiO2 layer. 

A periodic nanostructure was applied on the glass base of the photoelectrode. After describing the 

fabrication technique, numerical and experimental studies were used to elucidate the light 

behaviour within the photoelectrode. 

Chapter 4 focuses on the effect of patterning on the electrochemical behaviour of the 

photoelectrode. To remove the light effect, a model system containing a patterned gold electrode 

was developed. Numerical and experimental methods were used to study how the geometrical 

properties of the electrode-electrolyte interface influences both the mass transport of redox species 

towards the electrode and the kinetics of electron transfer reaction.  

Chapter 5 describes two different approaches to pattern the photoelectrode-electrolyte interface 

and evaluates three possible techniques that can be employed for this purpose. The various effects 

of patterning on a photoelectrode was illustrated and its net effect on photoelectrochemical 

behaviour of the patterned photoelectrode was studied in the presence of vanadium redox species. 

Chapter 6 summarises the most significant findings of this work and puts them in context to each 

other. Suggestions are made for future investigations and their relevance to this field of study is 

discussed. 

The size, periodicity, and the shape of the pattern applied on each layer of the photoelectrode was 

chosen according to the role of that layer and the simplicity of the fabrication. In addition, 

according to the main objectives of each part of the study, different synthesis methods were 

employed for the TiO2 photoelectrode.



 

5 

 

2 Background information 

2.1  Renewable energy storage systems 

Concerns are rapidly increasing about global warming and the lack of fuel sources to supply the 

growing human population. This has resulted in significant research focused on alternatives to 

fossil fuels and on energy carriers coupled to renewable energy sources [29–33]. Renewable 

energy that is sustainable, environmentally friendly, and found over wide geographical areas is 

available as solar [34], hydro [35], wind [36], geothermal [37], and biomass energies [38].  

Utilisation of most of these renewable energy resources is limited by geography and the ecological 

impacts. Solar energy is the most promising alternative for fossil fuels because of its availability 

over a wide geographical area and its accessibility to individual people. However, because of the 

intermittent nature of solar energy, there needs to be a way to store and release it on demand [39]. 

The goal of a fully renewable energy source is achievable if the technology of storage and 

subsequent release of the energy can compete with fossil fuels in terms of cost [40]. 

Solar energy storage technologies that are available for large-scale applications can be divided into 

four types: thermal, mechanical, chemical, and electrochemical. Thermal storage through the 

change of the temperature and phase of a material is a suitable method for on-site storage. An 

example of mechanical energy storage which can be coupled to solar energy is pumped hydro-

electric, and this has the largest storage capacity that is commercially available. While this storage 

technology has low material and maintenance costs, there is the obvious limitation of requiring 

sites of a suitable geography. Solar energy can be stored as chemical energy through driving a 

chemical reaction. An example of this approach is the electrolytic cell in which the system must 

be continuously fed with new reactants. Electrochemical storage systems (rechargeable batteries) 

are based on using solar energy to drive an electrochemical reaction between a photoactive material 

and another substance. This method is the most promising for the integration of solar energy due 

to desirable features such as pollution-free operation, flexible power and energy characteristics, 

low maintenance, and reasonable operation cost [3, 34, 40–43]. The most popular rechargeable 

batteries are lithium-ion batteries [44], lead-acid [45], sodium-sulfur (Na-S) [46], nickel-metal 
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hydride (Ni-MH) batteries [47], and redox flow batteries (RFB) [48]. The main characteristics of 

each battery is presented in Table 2.1.  

 

Table 2.1. Major characteristics of different types of batteries [49–52] 

Technology 
Energy density 

(W h/kg) 
Battery voltage 

(V) 

Efficiency 

% 

Usage 

life 

Response 

time 
Discharge 

time (h) 

Capital cost 

($/kW h) 

Operation 

temperature 

(°C) 

Nickel-metal 

hydride batteries 
90-110 

1.35 
70-90 >5 - >1 - -30 to 70 

Lead-acid 

batteries 
25-50 

2 
75-85 2-3 ms 1 130 18 to 45 

Sodium sulphur 150-240 1.78-2.07 85-90 10-15 s 1 550 300 to 350 

Li-ion batteries 100-200 2.5-5.00 95 5-6 ms 1 600 20 to 65 

Redox flow 

batteries 
10-50 

1.26 
85 5-15 ms 1-10 900 5 to 45 

 

To evaluate a battery two main factors of power quality and energy management are considered 

[49]. The advantages and disadvantages of the most common batteries are presented in Table 2.2.  
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Table 2.2. Advantages and disadvantages of different types of batteries [50, 53] 

Battery type Advantages Disadvantages 

Ni-MH - Long cycle life  

- High energy density 

- High-temperature capability 

- Good charge retention 

- Rapid recharge capability 

- Sealed maintenance-free design 

- Environmentally acceptable and recyclable materials 

- Relatively high cost (compared with lead–acid batteries) 

- Decreased performance at low temperature 

- Nickel-cadmium type contains toxic material 

Lead-acid - Low capital cost 

- Adjustable various sizes and designs 

- High battery voltage 

- High recyclability of battery components 

- Short cycle life 

- Low energy-to-volume ratio 

- Irreversible polarisation of electrodes (sulfation 

generation after long-term storage in a discharged 

condition) 

-Toxic materials and environmental issues 

Na-S - Long cycle life 

- High energy density 

- Pulse power capability 

- High self-discharge resistance 

- High working temperature 

- High cost 

- Chemical handling 

Li-ion - Long cycle life 

- High energy and power density 

- Low maintenance fee 

- Broad operation temperature range 

- Long shelf life 

- Rapid charge capability 

- Relatively high cost 

- Poor high-temperature performance 

- Requirement of protective circuitry 

 

RFB - Long cycle life 

- High safety 

- Low operation cost and maintenance 

- Capability of deep discharge 

- High round trip efficiencies 

- Acceptable costs for large-scale energy storage 

- Scalable 

- Flexible design 

- Long lifetime 

- Requirement of large space 

- Relatively low energy density 

- Chemical handling 

 

 

2.2 Redox flow battery  

RFBs are considered as one of the most promising technologies for stationary energy storage. 

RFBs have many advantages over other types of rechargeable batteries, such as high energy 

storage capacity, scalability and flexibility, low cost, long operation lifetime, high round-trip 

efficiency, high depth of discharge, and low environmental impact. RFBs can be adjusted for wide 
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ranges of operational powers and discharge times, which makes them ideal options for electricity 

generation using renewable sources [54].. 

RFBs are designed to store and release electrical energy through the oxidation and reduction 

reaction between two redox couples without consuming the ions [49, 55]. An RFB consists of 

several cells in series or parallel. Each cell is made of two half-cells that are separated by an ion 

conducting membrane. A schematic diagram of an RFB is presented in Figure 2.1. In each half-

cell, the electrode is in contact with an electrolyte containing redox species. During the charge and 

discharge process, the redox species undergo the electron transfer reaction at the surface of the 

electrode. The charged and discharged electrolytes are stored in two separate tanks and pumped 

continuously through the cells. A membrane prevents the electrolyte in each half-cell from freely 

mixing, while it allows the transport of charge carriers to maintain electrical neutrality and to 

complete the electrical circuit.  

During the discharge process, an electrolyte containing the redox species is pumped through the 

electrode chambers. When the energy of the electrons in the electrode are at a higher level than the 

lowest unoccupied molecular orbital of the acceptor ions, the electron transfer reaction occurs 

between the active sites of the electrode and redox species [56]. The energy of the electrons can 

be modulated by applying voltage to the electrode using an external power source. The general 

reaction in RFBs for each half-cell is as follows:  

Negative* 𝐴𝑛+ + 𝑥𝑒−

charge

⇄
discharge

𝐴(𝑛−𝑥)+           (𝑛 > 𝑥)  

   

Positive Bm+

charge

⇄
discharge

B
(m+y)++𝑒−  

 

* The negative electrode is the cathode during charging and is the anode during discharging. 
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Figure 2.1. Schematic diagram of a redox flow battery: positive and negative half-cells are separated by an ion 

exchange membrane, and negative and positive electrolytes containing the redox species are stored in 

external tanks and are continuously circulated through the system using pumps. 

 

Through the charging process, a power source is utilised to reverse the electrochemical reaction 

and to drive the electrons to the negative half-cell via an external circuit. In RFBs, the system 

storage capacity is determined by the redox couple concentration and the electrolyte volume, while 

the system power is set by the stack size and the arrangement of cells within the stack. Hence, the 

power and the output stored energy can be adjusted independently, and this provides more 

flexibility in setting up a RFB based on the desired design [57–60]. 

The RFB electrolyte consists of redox ions and a supporting electrolyte. The supporting electrolyte 

is a dissolved salt that helps to decrease the solution resistance, balances the charge, and completes 

the electrical circuit for the electron transfer. The supporting electrolyte is chemically and 

electrochemically inert in the conditions of the process in order to eliminate the deleterious 

/undesirable electrode processes [58, 59]. High concentration of supporting electrolyte enhances 

the conductivity of the solution, however, the supporting electrolyte is kept at low concentration 

to prevent it from affecting the electroactive species behaviour and the chemical reaction [61]. In 
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an RFB, self-discharge could occur due to crossover of the electrolyte through the 

membrane/separator or by losing the electrolyte due to the evaporation. Storing electrolyte in air-

tight tanks prevents evaporation and guarantees its very long shelf life [62]. The problem caused 

by cross contamination of redox species through the ion exchange membrane can be eliminated by 

using similar ions in both half-cells [63–69]. This was first proposed by Skyllas-Kazacos et al. 

who suggested that an all-vanadium RFB would remove the crossover problem associated with 

the use of an iron/chromium RFB [65]. 

RFBs are classified based on the redox species used to store the energy. Various soluble species 

have been investigated as redox couples, for instance: iron/chromium [70], polysulfide/bromide 

[71], all-vanadium [72], zinc/bromine [73], zinc/cerium [58], all-lead [59], and all-iron [66]. The 

characteristics of these systems are described in Table 2.3.  

In an RFB, the electrochemical reaction occurs at the surface of the electrode; therefore, the surface 

chemistry and morphology of the electrode have strong influence on the redox reaction. The 

electrode is inert and the redox couple does not react with the electrode and does not transfer across 

the electrode-electrolyte interface [54]. A suitable photoelectrode has a high surface area, 

appropriate porosity, low electronic resistance, stability in the electrolyte, and high 

electrochemical activity to enable high current-density operation [74].  
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Table 2.3. The chemistry of commonly used redox flow batteries 

 

RFB system Reaction E°
cell 

vs. 

SHE 

Electrolyte Advantages Disadvantages 

Iron/chromium 

[75, 76] 

𝐹𝑒2+ ⇄ 𝐹𝑒3+ + 𝑒− 

𝐶𝑟3+ + 𝑒− ⇄ 𝐶𝑟2+ 

1.17 HCl 

HCl 

- Reasonable surface 

over-potential value at 

a certain current 

- Efficiency and capacity 

loss due to ions cross over   

- Slow kinetics of 

chromium redox couple 

- Low open circuit 

potential 

Polysulfide/ 

bromide [77] 

2𝑆2
2− ⇄ 𝑆4

2− + 2𝑒− 

3𝐵𝑟− ⇄ 𝐵𝑟3
− + 2𝑒− 

1.35 NaS2 

NaBr 

- Abundant and 

inexpensive redox 

species 

- Highly soluble redox 

ions 

- Efficiency and capacity 

loss due to ions cross over 

All-vanadium [54] 𝑉2+ ⇄ 𝑉3+ + 𝑒− 

𝑉𝑂2
+ + 𝑒− ⇄ 𝑉𝑂2+ 

1.26 H2SO4 

H2SO4 

- Ions cross over does 

not cause capacity loss 

- Possibility to 

regenerate the proper 

form of redox ions 

 

- Efficiency loss due to 

ions crossover 

- Low vanadium solubility 

Zinc/bromine [78–

80] 

𝑍𝑛 ⇄ 𝑍𝑛2+ + 2𝑒− 

𝐵𝑟2 + 2𝑒− ⇄ 2𝐵𝑟− 

1.8 ZnBr2 

ZnBr2 

- High energy density 

and reaction kinetics of 

bromine 

- Efficiency and capacity 

loss due to ions cross over  

-Toxicity of bromine 

- Production of highly 

corroding/complexing 

HBr 

Zinc/cerium [58, 81] 𝑍𝑛 ⇄ 𝑍𝑛2+ + 2𝑒− 

2𝐶𝑒4+ + 2𝑒−

⇄ 2𝐶𝑒3+ 

2.4 CH3SO3H 

CH3SO3H 

- High cell potential 

 

- Low electrolyte 

conductivity, stability 

- Slow kinetics of Ce 

redox reaction 

- Low diffusivity of 

Ce(III) 

- Opposite effect of pH on 

solubility of Ce(III) and 

Ce(IV) 

All-lead [82] 𝑃𝑏2+ + 2𝐻2𝑂

⇄ 𝑃𝑏𝑂2 + 4𝐻+ + 2𝑒− 

 

𝑃𝑏2+ + 2𝑒− ⇄ 𝑃𝑏 

1.6 CH3SO3H 

CH3SO3H 

-  Ions cross over does 

not cause capacity loss 

- Short circle problem due 

to the material growth 

across the separator gap 

All-iron [83–85] 𝐹𝑒2+ ⇄ 𝐹𝑒3+ + 𝑒− 

𝐹𝑒2+ + 2𝑒− ⇄ 𝐹𝑒 

1.21 HCl 

HCl 

-  Ions cross over does 

not cause capacity loss 

- Non-hazardous and 

inexpensive material 

- Precise pH control is 

required 

- Low overall cell voltage 

- H2 generation problem 
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2.3 The solar rechargeable battery 

2.3.1 External and internal configurations 

Currently, solar energy can be stored by coupling photovoltaic cells with rechargeable batteries 

through external wiring (Figure 2.2-a). A photovoltaic cell consists of n-type and p-type 

semiconductors to convert the solar energy into electricity but does not have the capability of 

energy storage [86]. Gibson et al. used a high efficiency crystalline and amorphous silicon 

photovoltaic module to recharge lithium-ion battery modules. The system had an overall efficiency 

of 14.5% for conversion of solar energy to electrical energy stored in the battery (the photovoltaic 

system efficiency of nearly 15%, and a battery charging efficiency of approximately 100%) [87]. 

In another study, Gibson and Kelly charged a nickel metal hydride battery using a photovoltaic 

cell, achieving a solar-to-electricity efficiency of 11.7-15.6 % [88]. Urbain et al. combined a high 

photovoltage cell with an all-vanadium continuous-flow battery and reported energy efficiency of 

up to 77.5% for a complete charge-discharge process and an overall solar-to-electricity efficiency 

of 10.46% [89]. Many other studies have been made on optimal battery charging using 

photovoltaic panels [90–93]. These batteries can be used for short or long-term storage for different 

applications, such as portable electronic equipment, electrical vehicles, and aerospace [94, 95].  

External configuration of the rechargeable battery and photovoltaic modules has two problems. 

First, it enlarges the volume and weight of the entire device and results in the additional cost of 

external hardware. Secondly, the out-put of these systems not only depends on the battery 

conversion efficiency, but also on the behaviour of the photovoltaic modules [41, 96].  

The internal integration of photoelectrodes into rechargeable batteries is a potential solution to this 

issue. This approach forms a compact photo-rechargeable system in which a photoelectrode 

induces a redox reaction within the battery, and the same device provides both power conversion 

and energy storage (Figure 2.2-b) [10, 96, 97]. Integrating the energy conversion with the energy 

storage into one device simplifies the entire system, reduces the internal resistance, improves the 

space efficiency and the volume energy density, and results in a stable load base. However, the 

development of these systems has been slowed down by device complexity, conversion efficiency 

inferiority, and links between the power to energy sizing [41]. Additionally, rechargeable batteries 

contain various types of active materials in the organic, aqueous and organic/aqueous systems. 
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Therefore, the internal integration of photoelectrodes into rechargeable batteries needs highly 

compatibility of the chemistry and potential energy of each part [41]. Table 2.4 presents the 

characteristics of some recent solar rechargeable batteries based on internal integration of the 

photoelectrode. 

 

 

Figure 2.2. Schematic diagram of solar rechargeable batteries: (a) external configuration where photovoltaic cells are 

coupled with a rechargeable battery through external wiring (b) internal configuration where a 

photoelectrode is integrated into a rechargeable battery and induces a redox reaction. 
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Table 2.4. Characteristics of various rechargeable batteries with internal integration of photoelectrodes 

Type Photoactive 

material 

Active material 

in anode/cathode 

Capacity Number of cycles (capacity 

retention/ change of photo-

assisted charging voltage) 

Energy 

efficiency* 

Ref. 

Li-ion Dye sensitised 

TiO2 
TiO2/LiCoO2 

_ 
3 (~100% capacity retention) 0.82 % 

[98] 

 LiFePO4/ 

N719 dye 
Li/LiFePO4 340 mAh/g 15 (~100% capacity retention) 0.06-0.08 % 

[99] 

 
TiO2 Li/LiFePO4 137 mAh/g 10 (~97% capacity retention) _ 

[100] 

Li-O2 Dye sensitised 

electrode 
Li/O2 _ 4 (2.72 V→3.1 V) _ 

[101] 

 Dye sensitised 

electrode/ 

C3N4 

Li/O2 600 mAh/g 70 (1.96 V→2.35 V) _ 

[102] 

Li-S Pt-modified 

CdS 
Li/S 792 mAh/g 10 (92.5% capacity retention) _ 

[103] 

Li-I RFB Dye sensitised 

electrode 
Li/I 

32600 

mAh/L 
25 (2.91 V→ 2.93 V) _ 

[14] 

 
α-Fe2O3 Li/I 192 22 (~99% capacity retention) _ 

[104] 

All-

vanadium 

RFB 

TiO2  Vanadium 

0.0042 

µmol/h 

VO2+ 

conversion 

rate 

_ 12 % 

[105] 

 

α-Fe2O3 

Anthraquinon 

compound/ 

K4FeCN6 

_ _ 0.05-0.08 % 

[106] 

 
Dual silicon 

Anthraquinon 

compound/HBr 
730 mAh/L 10 (98% capacity retention) 3.2 % 

[107] 

 
Silicon solar 

cell 

Anthraquinon/ 

benzoquinone 

compounds 

3500 

mAh/L _ 1.7 % 

[108] 

 Dye sensitised 

electrode 
Li2WO4/LiI 19.5 mAh/L 10 (98.6% capacity retention) _ 

[48] 

 Dye sensitised 

electrode 

Hydrogen storage 

alloy/LiI 
26.7 mAh/g 20 (88% capacity retention) <1 % 

[109] 

 Dye sensitised 

electrode 
Na2S4/NaI 240 Ah/cm2 10 (78% capacity retention) 1.7 % 

[110] 

 
TiO2 Na2S/NaI 110 mAh/g 20 (90% capacity retention) _ 

[111] 

 

 

* Photoelectric conversion and storage efficiency 
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2.3.2 Photoelectrochemical cell/redox flow battery internal configuration 

Many studies have investigated the feasibility of rechargeable solar RFBs [8, 9, 11, 105, 112, 113]. 

In a solar RFB, the driving force for the electrochemical reaction is the capture of the energy of 

photons [92]. For this purpose, a photoactive electrode is integrated into the RFB to configure the 

RFB as a photoelectrochemical cell (Figure 2.3). The oxidation (or reduction, or both) of the redox 

species is performed within the battery by the direct action of light.  

A photoelectrode is made of a semiconductor material. Semiconductors possess discrete electronic 

states, which means there is no available energy level between their valence band (the highest 

energy configuration that is occupied by electrons) and conduction band (the lowest unoccupied 

energy level where the electrons have higher mobility). The energy difference between the 

conduction and valence bands is termed the bandgap energy (Eg) and determines the minimum 

energy that is required for electron excitation.  By absorbing photons with an energy equal or 

higher than the band gap energy, the electrons are excited from their valence band to the 

conduction band [114].  If the electrode is in contact with any other material with a different Fermi 

level (i.e. the level at which the probability of occupancy of states with electrons is 1/2 (at T > 0) 

[115]), such as a redox couple, then charge transfer occurs across the junction, and solar energy is 

converted to chemical energy. The principle of the photoelectrochemical reaction is elaborated in 

the next section.  

A solar RFB can be configured as a photoanode/normal cathode, a photocathode/normal anode, or 

a photoanode/photocathode. For a photoanode/cathode, the photoanode would be an n-type 

semiconductor. In an n-type photoelectrode, the holes migrate to the semiconductor surface to 

oxidise the redox species in the vicinity of the electrode-electrolyte interface, and the excited 

electrons move towards the cathode through an external circuit. In a p-type photoelectrode, the 

excited electrons reduce the redox species and the holes combine with the electrons from the 

external circuit. The concept of n-type and p-type photoelectrodes is clarified in Figure 2.4. 

 



Chapter 2. 

16 

 

Figure 2.3: Principle of the photoelectrochemical process (VB = valence band, CB =  conduction band, Ox = oxidant, 

Red = reductant): upon photon absorption the semiconductor’s electrons are excited from VB to CB, and 

the generated charges participate in the electron transfer reaction with the redox species (Ox and Red) 

present in the electrolyte. 

 

  

Figure 2.4: The concept and energy level of (a) n-type photoanode, where the generated holes oxidise the redox 

species, (b) p-type photocathode, where the generated electrons reduce the redox species [116]. 

 

Figure 2.5 presents a schematic diagram of a vanadium solar RFB in which an n-type photoanode 

is integrated into the positive half-cell, while the negative half-cell is the same as that of a normal 

RFB. The general reaction in each half-cell of this configuration is as follows: 
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Negative 𝑉𝑂2+ + 2𝐻+ + 𝑒−

charge

⇄
discharge

V 3+ + 𝐻2𝑂  

   

Positive 𝑉𝑂2+ + 𝐻2𝑂

charge

⇄
discharge

𝑉𝑂2
+ + 2𝐻+  + 𝑒−  

 

The generated holes oxidise the redox species close to the electrode-electrolyte interface, and the 

electrons migrate towards the cathode through an external circuit. The positive charge carriers that 

are produced through the oxidation reaction move towards the negative half-cell through the 

membrane to react with the electrons and maintain the electrical balance in the system. The 

electrical energy is produced on demand by reversing the reactions and discharging the electrolyte. 

 

 

Figure 2.5: Schematic diagram of an all-vanadium solar RFB with an n-type photoelectrode (VB = valence band, 

CB = conduction band): the excited electrons move towards the cathode through an external circuit to 

reduce V4+ to V3+, and the holes oxidise V4+ to V5+ on the photoanode.  
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2.3.3 Band position and band bending  

The photoactive material is a semiconductor with an appropriate band gap. The ability of the 

photoelectrode to undergo the charge transfer process depends on the band energy position of the 

semiconductor and the redox potential levels of the adsorbate species. For the electron transfer 

reaction, the potential level of the acceptor species is required to be more positive than the 

conduction band potential of the semiconductor, while the potential level of the donor species 

needs to be more negative than the valence band edge of the semiconductor [117]. For redox 

couples with the potential slightly more positive than the conduction band edge, cathodic processes 

are possible, whereas anodic processes are kinetically hindered [118].  

The band positions of various semiconductor materials with respect to the standard potentials of 

the V2+/V3+ and VO2+/VO2
+ redox couples (Figure 2.6). 

 

Figure 2.6: Band positions of various semiconductor materials with respect to the standard potentials of the V2+/V3+ 

and VO2+/VO2
+ redox couples. 
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When the semiconductor is in contact with an electrolyte, electric current initially flows across the 

semiconductor-electrolyte interface. As the electrons transfer from the semiconductor, the holes 

stay behind and form a positive space charge. This results in an electric field near the surface of 

the semiconductor which causes the separation of excited electron-hole pairs. The charge transfer 

to the semiconductor surface continues until the electric field becomes too strong for bulk electrons 

to cross [56, 59, 74]. At this point, the Fermi level of the semiconductor electrons is equal to the 

redox potential of the electrolyte and a dynamic equilibrium is obtained. The charge transfer across 

the interface changes the charge distribution and forms a space charge layer on each side of the 

interface. At the electrolyte-side this region is known as the double layer. At the semiconductor-

side, the charge distribution changes the semiconductor energy offset and results in band bending 

near the junction. The band bending depends on the position of the semiconductor Fermi level (Ef) 

with respect to the redox potential. Figure 2.7 presents a schematic view of the electronic energy 

levels at the interface between an n-type semiconductor and an electrolyte. The flat band 

corresponds to the case in which semiconductor Fermi level is equal to the electrolyte redox 

potential and the semiconductor contains a uniform charge distribution (Figure 2.7-a). The 

existence of a positive charge on the interface increases the concentration of electrons in the 

vicinity of the interface and forms a space charge layer. This is called an accumulation layer. In 

this case, the bands of the semiconductor bend down toward the surface as a result of the decrease 

of electron potential energy (Figure 2.7-b). When negative charges accumulate at the interface, the 

electron concentration decreases near the surface of the semiconductor. As a result, a depletion 

layer forms in the space charge layer and the bands bend upward toward the surface (Figure 2.7-

c). With more electron depletion, the Fermi level falls below the intrinsic level and the surface 

region of the semiconductor appears to be p-type while the bulk still exhibits n-type behaviour. 

This space charge layer is called an inversion layer (Figure 2.7-d) [117, 119].  

Changing the voltage of the semiconductor by using a potentiostat causes the semiconductor and 

redox couple Fermi levels to separate, and hence the level of band bending owing to electron 

depletion in the semiconductor will change depending on the applied voltage. At the voltage that 

there is no band bending or charge depletion, the semiconductor is at its flat-band potential [120]. 
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Figure 2.7: n-type semiconductor-solution interface (Ev = valence band energy level, Ec = conduction band energy 

level, Ef  = Fermi level): a) flat band, where no space charge layer exists, b) accumulation layer, where 

excess electrons have been injected into the semiconductor, c) depletion layer, where electrons moved 

from the semiconductor to the electrolyte, d) inversion layer, where the number of electrons is depleted 

below their intrinsic level rendering the semiconductor p-type at the surface [119]. 

  

2.4 TiO2 photoelectrode 

The TiO2 photoelectrode in solar RFB consists a layer of TiO2 coated on a conductive layer on top 

of a glass base. The conductive layer has a high transparency to maximise the  amount  of  light  

reaching  the  photoactive  layer [121, 122]. The most commonly used transparent conductive layer 

is indium-doped tin oxide (ITO), which has relatively high optical transparency and superior 

conductivity. However, many  groups  are  working  to find  a  suitable  replacement  for  ITO due 

to its scarcity, high price, and toxicity [123]. Fluorine-doped tin oxide (FTO) is a low-cost 

alternative that has attracted high attention due to several advantages. Apart from its low resistivity 

and high optical transmittance, it adheres strongly to the substrate, is resistant to physical etching, 

and has high thermal and chemical stability [123–127].  
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TiO2 structure 

TiO2 is a semiconductor material that is widely used for different applications due to several 

advantages, such as suitable valence band and conduction band positions, long-term stability, non-

toxicity, and strong oxidising power. It has three polymorphs, rutile, which is the stable phase, and 

anatase and brookite which are the metastable phases [20]. Brookite is difficult to be synthesised 

and therefore has rarely been used as a photocatalyst. Anatase has a larger band gap (3.2 eV) than 

that of rutile (3.0 eV) and therefore, it has lower absorbance ability for solar light. However, it 

displays much higher photocatalytic activity than rutile [117, 128, 129]. The high photoactivity of 

anatase is related to its structure, crystallite size, specific surface areas, and pore structure. Anatase 

has a higher surface adsorption capacity for hydroxyl groups and a lower charge carrier 

recombination rate than rutile [130, 131]. On the other hand, rutile has a larger grain size and lower 

specific surface areas causing volume recombination of charges [132, 133] and also a worse 

surface adsorption capacity [134, 135]. In addition, the lifetime of photogenerated electrons and 

holes in anatase is about an order of magnitude larger than that of photogenerated electrons and 

holes in rutile. As a result, the photoexcited electrons and holes in anatase have greater chance to 

participate in surface chemical reactions [128].  

Mixtures of both phases of TiO2 exhibit higher photoactivity as well as effective degradation in 

comparison with pure anatase or rutile catalysts [132]. A typical TiO2 powder used in 

photoelectrochemical cells is Degussa P-25 which is composed of 75% anatase and 25% of rutile 

with particle size of 25 nm diameter. It is a cheap and easily processed powder, with a high surface 

area. It has a high photocatalytic activity that some researchers believe is due to the synergistic 

effect of the mixed anatase and rutile [136]. However, it is also suggested that the high 

photoactivity of Degussa P25 is partially due to high crystallinity and a minor Fe3+doping, but 

mainly is derived from its anatase phase [133].  

Film formation 

TiO2 photoelectrodes can be made using a variety of methods for film formation, such as: thermal 

or anodic oxidation of titanium, electron beam evaporation, ion sputtering, chemical vapour 

deposition, sol-gel, and mechanical deposition of a TiO2 nanoparticle slurry using doctor blading, 

screen printing, or airbrush spray deposition. Solvothermal (in a non-aqueous solvent) and 
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hydrothermal (in water) processes are simple routes to obtain TiO2 nanotube/nanorod with high 

length-to-diameter ratio for large scale production. They involve dissolving TiO2 or its precursor 

in a solvent (organic or aqueous) followed by use of an autoclave in which the nanosized 

crystallised TiO2 nanotubes/nanorods form under high temperature and pressure [137].  

Anodic oxidation includes immobilising the TiO2 powder from a solution containing Ti precursor 

chemicals, or a suspension of pre-synthesised powder, followed by densification using thermal 

treatment [138]. This method enables production of ordered TiO2 nanotubes with high length-to-

diameter ratio [139]. 

Electron beam evaporation can be applied to form a thin film of TiO2 (deposition rate < 0.2 nm/s) 

[140, 141]. It uses an electron beam to focus a large amount of energy onto the source 

material. Conventional electron beam evaporation results in a porous film of TiO2 with a refractive 

index of 1.9, which is lower than the refractive index of the bulk. Hence, TiO2 films are commonly 

prepared by ion beam assisted electron beam evaporation. In this technique, atoms deposited on 

the substrate get more energy from ion bombardment, resulting in the formation of a more compact 

structure with higher refractive index [142]. 

Ion sputtering also forms a thin film of TiO2 (deposition rate < 1 nm/s) [143, 144]. This method is 

based on low-energy ion bombardment of a metallic target [145].  

Chemical vapor deposition enables low temperature formation of a thin film of TiO2 (deposition 

rate < 1 nm/s). In this technique, chemical reaction is activated by surface heating of the titanium 

precursor. The activated gas phase molecule is absorbed on a surface and then decomposed to 

produce TiO2 [146, 147]. The composition and structure of the deposited compounds can be easily 

controlled by choice of the deposition condition [148]. 

The sol-gel method involves the evolution of inorganic networks by the formation of a colloidal 

suspension (sol) and gelation of this to form a network in a continuous liquid phase (gel). The 

precursor consists of a metal or metalloid element surrounded by various ligands [149]. This 

technique is used to produce sub-micron TiO2 spheres by controlling the hydrolysis and condensation 

reactions. It allows the possibility of widely varying the film properties by changing the 

composition of the solution [150]. 

https://www.sciencedirect.com/topics/chemistry/ion-bombardment
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Doctor blading consists of the deposition of a viscous slurry, which is spread on a substrate by use of 

a blade. The thickness of the TiO2 film can be adjusted by the distance between the substrate and the 

blade [151, 152]. This method is easy to perform and has a high throughput. However, it is difficult to 

reproduce precisely the same film. Also, a binding agent needs to be used to make a viscous slurry and 

that can diminish the electrical conductivity of the film [153]. 

Screen printing is very similar to doctor blading technique. The only difference is that a mask 

(mesh) is placed on the substrate and by moving the blade, the slurry is deposited on the substrate 

through the openings of the mask [154–156].  

Airbrush spray deposition uses a colloidal solution of TiO2 which is sprayed over a surface. To 

obtain the maximum homogeneity in the final TiO2 film, the slurry solution must be atomised 

[157]. 

After deposition of the TiO2 film, it is usually annealed at 450°C. Annealing allows the TiO2 

particles to interconnect and form a network. Annealing increases the grain size and reduces the 

resistivity of the films which results in enhanced electron transport [158]. The resistivity of the 

film decreases with increasing annealing temperature [159]. During annealing the heating rate 

impacts the surface roughness of the TiO2 film. Surfaces of films prepared at low annealing rates 

(1°C/min) are smoother and more homogeneous. In contrast, a sudden increase of temperature 

leads to decreased coalescence of the particles which increases roughness of the film [160]. 

TiO2 patterning 

The main challenge of a TiO2 photoelectrode is the high band gap of TiO2 (3.2 eV). This limits its 

activity to just the UV range, which is less than 10% of the solar spectrum. As a result, various 

techniques have been employed to enhance the photoactivity of the TiO2 for different applications. 

Some focus on expanding the active spectral rage of TiO2 (e.g. to the visible spectrum). These 

include: doping TiO2 with metallic  and non-metallic species [161, 162, 171, 172, 163–170], 

reducing TiOx photocatalysts [173–177], introducing intermediate band gap by compositing TiO2 

with semiconductors having lower band gap energy (e.g. CdS particles) [178–181], sensitizing of 

TiO2 with dyes (e.g. thionine) [182–184], and doping TiO2 with upconversion luminescence agent 

[185, 186]. Alternatively, patterning is an approach that can be used to improve the photoactivity 
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of TiO2 in the UV spectrum. This can improve the photoanode-electrolyte interface and enhance 

the wettability of the photo-anode active materials by the electrolyte providing more active sites 

for the electron transfer reaction. It also provides the advantages of convergent diffusion of redox 

ion [187], increased path length of photons close to the solution interface, shorter charge carrier 

path [188], and low charge recombination [189]. In a research, by patterning a geometry of 

micropillars on the TiO2 surface in a DSSC, the power conversion efficiency was improved from 

4.05% to 5.33%. This was stable in a prolonged aging test (2000 h at 50 °C) during which it 

maintained 96% of its initial value [21].  

Several approaches have been applied to pattern the TiO2 layer. One technique is using 

photolithography to form a pattern containing an array of pillars or holes in a negative photoresist 

followed by deposition of a TiO2 layer on the surface by electron beam evaporation, sputtering, or 

screen-printing. SU-8 is the most common photoresist used for this purpose, as it enables the 

formation of a thick layer with a high thermal and chemical stability that resists the consecutive 

steps [25]. Calcination of the substrate at 450°C burns the photoresist and leaves an array of holes 

in or pillars out of the TiO2. An inverse opal structure can be fabricated using microsphere 

lithography. This method uses a suspension of polymeric spherical beads (e.g. polystyrene) which 

are deposited on the substrate by various methods such as spin-coating, or dip coating. The voids 

of polystyrene opals are then filled by infiltration of TiO2 using a colloidal solution of TiO2 or a 

solution of titanium precursor (sol-gel) [190–193]. Imprint lithography can be used to fabricate a 

variety of patterns into a TiO2 paste followed by curing the TiO2 layer using heat or UV light [21, 

22, 194–196]. Hydrothermal growth of TiO2 is an efficient method to fabricate dense 

oriented/disoriented single-crystalline/polycrystalline TiO2 nanorods with a wide range of lengths 

up to 10 µm [197–200].  

 

2.5 Photocurrent and limiting factors 

The photocurrent is simply the net rate of electron transfer between the photoelectrode and the 

redox species in the electrolyte when driven by solar energy. To excite the electrons to the 

conduction band, the photon energy must be at least equal to the band gap energy of the photoactive 
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material. This implies that every photoelectrode is active only in a specific range of light 

wavelengths. The maximum wavelength to excite the electrons to the conduction band can be 

calculated using Planck-Einstein equation (Eq. 2.1).  

 𝐸 = ℎ𝜈 = ℎ𝑐
⁄  Eq. 2.1 

 

Where:  

E is energy, 

h is Planck’s constant, 

ν is light frequency, 

c is the speed of light, 

 is light wavelength. 

In order to harvest more photons with appropriate wavelength, the light loss on the photoelectrode 

must be minimised. There are various factors that limit photon harvesting in the semiconductor 

layer (Figure 2.8): 

- Reflection from the outer surface of the optical window 

- Surface contamination on the optical window that blocks the light path 

- Light absorption within the inactive layer or in the photoactive layer away from the 

electrode-electrolyte interface 

- Light transmission through the photoactive layer 
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Figure 2.8: The paths taken by photons  incident on a RFB photoelectrode: (1) incident light, (2) reflection from outer 

surface of the photoelectrode, (3) ineffective light absorption within the substrate, (4) back reflection from 

inner layers, (5) effective photon absorption causing excitation of electrons, (6) transmission through the 

photoactive layer 

 

When photons are absorbed, the resulting electron-hole excitation does not necessarily lead to 

electron transfer reactions. The photoactivity of the semiconductor layer is restricted by factors 

that cause high recombination rates, such as short hole diffusion length and short carrier lifetime. 

Studies on the time scale of charge transfer reaction suggest that photocatalytic reactions could be 

completed within μs to ms after the generation of the electron-hole pair, while the charge 

recombination process is relatively fast and takes a few μs [201–203]. The excited charges can 

follow several recombination pathways (Figure 2.9). The separated electron and hole pairs move 

randomly to the surface of the semiconductor and, on their way, might recombine with the opposite 

charge carriers on the bulk semiconductor (pathway 1). The charges that get to the surface might 

either recombine with charge carriers at the surface trapping sites (pathway 2) or react with the 

redox species at the interface (pathway 3). The bulk recombination can be minimised by reducing 

the distance for charge carriers to reach acceptor species. Hence, for an effective charge transfer 

reaction, absorption of photons must occur close to the semiconductor-electrolyte interface at the 

space charge layer.  



Chapter 2. 

27 

The electron exchange with the redox couple is in competition with electron-hole recombination. 

Therefore, the number of available redox couples at the interface and their speed of reaction with 

the available charges affects the electron-hole recombination rate [203–205]. In other words, the 

charge recombination rate is a function of redox species mass transfer rate and the electron transfer 

reaction kinetics.  

 

 

Figure 2.9. The possible pathways for excited electron-hole pairs on an n-type semiconductor: (1) bulk recombination, 

(2) surface recombination, (3) electron travelling through an external circuit and hole participating in the 

redox reaction. 

 

2.6 Characteristics of patterned photoelectrodes  

Apart from the inherent kinetics of the photocatalytic reaction, the efficiency of the RFB 

photoelectrode depends on the number of photons absorbed in the semiconductor layer and the 

rate of charge transfer to the redox species. The fabrication of photoanodes with strong light-

harvesting ability, low charge recombination, and optimal interface with the electrolyte is a key 
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challenge in photoelectrochemical devices. Patterning each layer of the photoelectrode can affect 

its photoactivity in different ways.  

 

2.6.1 Light behaviour on a patterned photoelectrode 

The incident light on a photoelectrode can take several paths. Some reflects from the 

photoelectrode, some is absorbed within each layer, and the remainder is transmitted through the 

photoelectrode. Improvements in light harvesting increase the amount of light absorbed within the 

photoactive layer.  

The presence of a nano-/micro-structured pattern in the light path affects light behaviour in several 

ways. Changing the surface geometry of a substrate changes the light reflectivity and refractivity 

and, consequently, the absorption of photons within the photoactive layer. In addition, 

photoelectrodes placed outdoors are always at risk of being fouled by dust and other contaminants 

which block the light path. Surface roughness on the optical window of a photoelectrode reduces 

the surface contamination rate by improving its self-cleaning behaviour during rainfall.  

An improvement in light absorption in the photoactive layer can be achieved by increasing the 

amount of photoactive material. However, there is a thickness limitation as increasing the charge 

carrier path length boosts the volume charge recombination. Therefore, a favourable structure for 

a semiconductor is one that provides a long dimension for light absorption but a short distance for 

charge carriers to reach acceptor species [34]. A high–aspect ratio nanorod array is an example of 

such an structure in which light travels along the axis of each rod to be absorbed by the 

semiconductor while the carriers move radially along the short dimension to be collected as 

electricity [188].   

Antireflection behaviour 

The application of regular and random nanostructures as an antireflection coating has been widely 

studied for various optoelectronic devices [206, 207, 216–221, 208–215].  



Chapter 2. 

29 

Light reflection occurs due to the change of light velocity when it reaches a substance with 

different refractive index. Small differences between the refractive indexes of two media cause 

less light reflection [222]. Light reflection is typically minimised by creating a nanoscale 

roughness on a surface which produces a gradual change of refractive index between two media 

[223] (Figure 2.10). Periodic arrays with a periodicity less than the light wavelength (sub-

wavelength structures) behave as homogenous media [224–226]. In these arrangements, the 

spacing between the elements is small enough to suppress light diffraction caused by their 

periodicity, and light interacts with the whole pattern rather than interacting with each spot [227–

230]. Currently, subwavelength structures are extensively employed to synthesise a wide range of 

refractive indexes [231]. 

 

 

Figure 2.10. Schematic illustration of refractive index (n) increase from air to the substrate for: (a) plane substrate, 

(b) periodic subwavelength structure, (c) porous layers. Gradual change of refractive indexes reduces 

the light reflection from a to c. 

 

The effective refractive index of a subwavelength structure depends on the light wavelength and 

the geometrical properties of the structure [218, 219]. The geometrical properties (Figure 2.11) are 

defined by pitch (periodicity), filling ratio (base diameter-to-pitch), and aspect ratio (height-to-

base diameter). In a periodic structure, a large material filling ratio reduces light reflection from 

an open basal area, and a higher aspect ratio enables a more gradual and continuous refractive 

index change from air to the substrate. However, fabrication of very tall and continuous structures 

is technically challenging and economically inefficient [232]. Many investigations have focused 

on the antireflection behaviour of nanostructured gratings with different geometries, such as moth-
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eye [233–235], inverted pyramids [236], pyramids [237], nanopencils [232], nanorods [238, 239], 

nanopillars [240], nanocones [217, 241], and inverted nanocones [230, 236, 242]. Pyramidal 

nanostructure is one of the features that was highly effective in antireflection [236, 237, 243]. The 

geometry of this structure causes a very gradual change of refractive index profile from air to the 

substrate, and the sharp tip of pyramids minimises top surface reflection and improves light 

transmission down to the base. 

 

 

Figure 2.11. Geometrical properties of a subwavelength structure: Material filling ratio = 
Base diameter

Pitch
 ,                   

Aspect ratio= 
Height

Base diameter
 

 

Diffraction grating 

Light scatters when it passes through the junction of two media with different refractive indexes. 

This changes the light path length through the photoactive material and affects photon absorption 

[27, 28, 244]. Variation of light path length and absorption depth with respect to the 

semiconductor-electrolyte interface and the space charge layer affects the electron transfer rate 

(Figure 2.12). 
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Figure 2.12: The effect of light path length on loss of photons; arrow length represents absorption depth: (1) 

transmitted light when photon absorption depth is larger than semiconductor thickness, (2) photon 

absorption in the space charge layer resulting in an electron transfer reaction, (3) photon absorption 

outside the space charge layer resulting in electron-hole recombination.   

 

Periodic structure with elements separated by a distance comparable to the wavelength of light 

diffracts the light into several reflecting/transmitting beams that travel in different directions [245]. 

Figure 2.13 shows two beams of a monochromatic light with wavelength of λ incident at some 

angle α upon a grating with a pitch of d. In the wavefront A, the two incident beams are in the same 

phase. The difference in the path length of two incident light rays is seen to be 𝑑 sin 𝛼 + 𝑑 sin 𝛽.  

Upon diffraction, if the difference in the path lengths of the two rays is an integral number of 

wavelengths (Eq. 2.2), the beams are in phase at the wavefront B and interfere constructively. At 

all other angles the wavelets originating from the surface will interfere destructively. As a result, 

there will be several discrete angles at which the condition for constructive interference is satisfied, 

and the light is reflected (or/and transmitted) into discrete directions (Figure 2.14) [246]. 

 𝑑 sin 𝛼 + 𝑑 sin 𝛽 = 𝑚 Eq. 2.2 
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Figure 2.13. A monochromatic light of wavelength  incident at an angle  and diffracted by a grating with the pitch 

of d at set of angles [246]. 

 

 

Figure 2.14. Diffraction maxima created by a periodic grating and the beam intensity of each diffraction order (m). 
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The angular location of the principal intensity maxima when light of wavelength  is diffracted 

from a grating of pitch d is derived from the following equation [246, 247]: 

 𝑠𝑖𝑛 𝜃𝑚 =
𝑚𝜆

𝑛𝑑
± 𝑠𝑖𝑛 𝛼 Eq. 2.3 

 

Where: 

λ is the wavelength of light in the air (n ~ 1), 

n is the refractive index of the medium, 

d is the pitch of structure, 

α is the angle of incidence, 

m is the order of diffracted ray called the order of maximum. 

The grating equation reveals that only those spectral orders for which |m/d| < 2 can exist. For 

/d<<1, a large number of diffraction order exists and the case m = 0 leads to  = − [246]. 

Self-cleaning behaviour 

The surface contamination on the optical window of solar panels blocks the incident light and 

reduces the system’s efficiency. This issue is addressed by improving the self-cleaning behaviour 

of the optical window of the photoelectrode [236–238, 248–254].  

The term self-cleaning refers to super-hydrophilicity or super-hydrophobicity of the surfaces. This 

causes water to effectively wash the surface during rainfall. With a super-hydrophilic surface, 

water spreads out and forms a thin film that washes away the dust. In contrast, a super-hydrophobic 

surface minimises the solid-liquid contact area between water droplets and the surface. The 

consequence is that spherical water droplets roll off the surface whilst picking up dust particles 

[255]. 

Surface roughness improves self-cleaning behaviour by making hydrophilic surfaces super-

hydrophilic and hydrophobic surfaces super-hydrophobic [256, 257]. This phenomenon is known 

as lotus behaviour (Figure 2.15). 
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Figure 2.15: The effect of surface roughness on hydrophilicity and hydrophobicity of solid materials. 

  

Self-cleaning behaviour of a surface can be evaluated by measuring its wetting properties. Contact 

angle measurements are often used for this [258]. The sessile drop method is a popular approach, 

in which a liquid droplet is placed on the solid surface and a measurement made of the angle 

between this and the tangent at the drop boundary (Figure 2.16). If the deposited drop stops 

spreading over the surface, the equilibrium contact angle is given by Young’s equation: 

 𝛾𝑆𝑉 = 𝛾𝐿𝑉 𝑐𝑜𝑠𝜃𝑐 + 𝛾𝑆𝐿 Eq. 2.4 

  

Where  

𝜃𝑐 is the equilibrium contact angle, 

𝛾𝑆𝐿, 𝛾𝑆𝑉, and 𝛾𝐿𝑉 are solid-liquid, solid-vapor and liquid-vapor interfacial tensions. 

 

 

Figure 2.16. Schematic illustration of the contact angle formed by a sessile drop on a solid surface, c is the contact 

angle and γSL, γLV, γSV are surface tensions between the three phases. 
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2.6.2 Rate of electron transfer reaction on a patterned photoelectrode 

The electron transfer from the photoelectrode to the redox species is in competition with the charge 

recombination within the semiconductor layer. Patterning the electrode-electrolyte interface can 

affect the charge recombination by reducing the distance that charge carriers pass to get to the 

redox species and increasing the number of available redox species at the electrode surface. 

The morphology of the electrode-electrolyte interface defines the available electroactive surface 

area (EASA) for the reactants. Texturing the surface of the electrode by nano-/micro-structures 

increases its surface area to volume ratio. However, there is a limitation in size reduction as an 

increased surface area to volume ratio is associated with more crystalline defects and this would 

favour charge recombination [259, 260].  Surface patterning is another approach to enhance the 

surface to volume ratio of the material. This improves the number of active sites of the 

semiconductor and allows electrolyte penetration into the whole thickness of the semiconductor 

layer [261, 262]. Furthermore, surface irregularities on the semiconductor-electrolyte interface 

serve as charge carrier traps and help to suppress recombination. This increases the lifetime of the 

separated electron and hole to above a fraction of a nanosecond [117, 263, 264]. 

The morphology of the electrode-electrolyte interface can also affect the redox species 

concentration profile in the solution (Figure 2.17). Radial diffusion to the edges of the structure 

contributes significantly to the overall diffusion. It has been shown that in a micro-structured 

electrode, the spacing between the elements affects the generated current, and the back diffusion 

of products to the neighbouring elements contributes to the efficiency of the system [187].  

The enhanced EASA and mass transport improves the sensitivity of  the electrode and reduces the 

impedance [265–267]. Due to these favourable characteristics, many researches have been 

conducted to fabricate nano-/micro-patterned electrodes for a variety of applications such as 

energy conversion and storage systems [268–271], sensors [272, 273], and electro-synthesis [274].  
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Figure 2.17. Surface morphology effect on redox reactant concentration profile in the solution (dashed lines 

represent the points with equal concentration in the diffusion layer, and vectors show the species flux 

towards the electrode surface). 

 

2.7 Lithography techniques 

Fabrication of nano-/micro-structures has contributed greatly to the improvement of technologies 

such as integrated circuits and microchips [45-56], and high-sensitivity, high-resolution sensing 

systems [275, 276]. Patterning the surface of the photoelectrode with nano-/micro-structures is a 

promising technique to modify its optical and electrochemical properties [113]. By utilizing 

patterning technologies developed in the last three decades, this approach could easily be scaled 

up for manufacturing industrial devices [277–281].  

Fabrication usually consists of two steps: a) lithography which results in a patterned resist (a 

polymeric mixture that is formulated for a given lithography technology) film coated on top of a 

functional material, b) techniques such as etching which transfer the pattern from the resist to the 

top of the functional material. 

Lithography produces precise and complex two-dimensional or three-dimensional structures that 

range in size from a few nanometres up to tens of millimetres. Lithographic printing of the pattern 

in the resist can be performed mechanically, chemically, or by using radiation (photons, electrons, 

or ions). The pattern can either be fabricated directly on the functional substrate or be transferred 

to the functional substrate through a mask [282]. The resist that is used for lithography has to be 

sensitive to the imaging radiation and withstand the etching (or other pattern transfer) step whilst 
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also having some tolerance to process variability such as exposure level. The sensitivity of a resist 

is usually expressed as the dose in millijoules per centimetre squared that brings about the required 

response to the developer. 

Lithography techniques are diverse, of which seven are briefly described below and in Table 2.5. 

1) Electron beam lithography forms a pattern by focusing a beam of ions on the resist and blanking 

the beam at appropriate intervals. This method is used to fabricate structures with ultra-high 

resolution (less than 10 nm wide). However, it is slow, and this limits the throughput which makes 

it inappropriate for mass production.  

2) Focused ion beam lithography uses a beam of ions to create a pattern across a surface, enabling 

the fabrication of high-resolution structures. Due to the problem of shot noise in the beam, its 

application is limited to features with sizes greater than 100 nm [283].  

3) Photolithography patterns a thin layer of photosensitive resist (photoresist) over a substrate by 

exposing it to UV light through a mask (an opaque, patternable film on top of a transparent 

substrate such as glass). In the exposed area, the polymer chains of photoresist break down and 

become soluble in a chemical solution called developer. Removing the exposed photoresist in a 

developer forms the desired pattern into this layer [284–287].  

4) Laser interference lithography [221, 288] uses two laser beams from the same source which 

coincide on the surface of the substrate, and their intensity and phase correlations form a pattern 

of dark and bright spots on a photoresist layer. The final pattern is obtained by developing the 

exposed photoresist. 

5) Nanoimprint lithography [238, 289] is a mechanical approach that fabricates a pattern by 

stamping a mold (template) into a resist. 

6) Nanosphere lithography involves submerging the substrate in a nanosphere suspension (such 

as polystyrene beads suspended in a solvent) and then a self-assembled hexagonal-close-packed 

monolayer of nanospheres is formed by evaporation of the solvent. This layer is used as a 

lithography mask to grow a nanostructure through deposition of the desired material [290, 291]. 

https://www.sciencedirect.com/topics/materials-science/nanospheres
https://www.sciencedirect.com/topics/materials-science/polystyrene
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7) Block copolymer lithography is a chemical technique in which the pattern forms through self-

assembly of a monolayer of molecules on the local surface during thermal or solvent annealing. 

This method offers an attractive alternative patterning technology as self-assembly can occur on 

length scales from a few to hundreds of nanometres [280, 292]. Reactive ion etching is commonly 

used to transfer the self-assembled block polymer pattern into a functional material [293]. 

 

Table 2.5: Specifications of the major lithography techniques 

Lithography 

technique 

Minimum 

feature 

size 

Throughput Limitation Ref. 

Electron beam 

lithography 
< 5 nm 

Very low 

(8 h for a 

chip pattern) 

- Slow 

- High cost 
[294] 

Focused ion 

beam 

lithography 

20 nm Very low 
- Slow 

- High cost 
[295] 

Photolithography  2-3 µm  

Very high 

(60 

wafers/h) 

- Limited resolution 

- Precise control of positions is 

required 

[282, 296] 

Laser 

interference 

lithography 

> 50 nm High 

- Complexity 

- Only for periodic structures 

- Features’ size is limited by the 

light wavelength 

[297, 298] 

Nanoimprint 

lithography 
6-40 nm 

High (> 5 

wafers/h) 

 

- Achieving an imprinted layer 

with a uniform thickness is 

challenging 

[299] 

Nanosphere 

lithography 
>100 nm High 

- Only for a limited range of 

shape and spacing 

- Size limitation due to 

increasing polydispersity by 

reducing the particles’ diameter 

[300] 

Block copolymer 

lithography 
< 10 nm Low 

- Complexity 

- Block-block interaction, 

- Temperature-dependant 

[293] 
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2.8 Nanoimprint lithography 

Nanoimprint lithography was first proposed in 1995 by Chou et al. [301]. In this method (Figure 

2.18), a mold that contains the inverse of the desired feature is stamped into a thin layer of 

polymeric material on the substrate to replicate the pattern through mechanical deformation. The 

curing process depends on the type of polymeric material. Thermoplastic polymers are heated  

whilst photo-polymers are exposed to UV radiation [242, 283]. The mold is then peeled off and 

anisotropic etching is used to remove the residual resist from the compressed area. The patterned 

polymeric layer can be used as: (a) a mask for dry etching if the imprinted polymer is resistant 

enough, (b) a mold to fabricate an upright structure, or (c) a functional substrate assuming the 

polymer has a required functionality such as a conductivity and optical response.  

 

 

Figure 2.18: Process flow diagram of the nanoimprint lithography method; the pattern is transferred from a master 

mold to a UV curable polymer coated on a substrate. 

 

Nanoimprint lithography has many advantages over other lithography techniques. The resolution 

of nanoimprinting is not limited by the factors that limit the other techniques, such as wave 

diffraction, scattering and interference in a resist, and back scattering from the substrate. Therefore, 

it has the potential to create patterns with sizes ranging from several micrometers to sub-25 nm 

over a large area with a high-throughput and low-cost [234, 302]. Furthermore, it enables an 

accurate reproduction of original mold patterns while maintaining smooth vertical sidewalls in the 

imprint resist. 

Despite the simplicity of this approach, nanoimprinting has its own challenges. Direct contact 

between the mask and the wafer makes the technology susceptible to more defects. Any residue of 

resist or dirt on the mold reduces the quality of the pattern. The mold is exposed to heating and 
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cooling cycles and high pressure which reduces its lifetime. It is very common for the mold to be 

damaged during the demolding step. An anti-sticking layer coated on the mold prevents this but 

must be renewed after a number of prints. The number of cycles that an anti-sticking layer can 

survive before being renewed depends on the stability of this layer when exposed to operational 

conditions such as mechanical stresses and high temperatures. It also depends on the strength of 

chemical binding to the master mold [303]. The time required for stamp cleaning and replacement, 

alignment, and coating with an anti-sticking layer reduces the throughput [282]. 

 

2.9 Llyod mirror laser interference lithography 

Interference lithography uses a coherent laser split into two or more beams which recombine at a 

substrate at different angles of incidence. The overlap of the intensities and phases of the beams 

creates a pattern of dark and bright spots on the substrate (Figure 2.19) [304]. The interference of 

two, three and four beams would respectively form 1, 2 and 3 dimensional structures [288]. The 

angles of incidence of the beams can be used to control the periodicity of the pattern. When 

interference involves two beams then the periodicity of the pattern is obtained by the following 

equation: 

 

𝑃 =  
𝜆

sin 𝜃1 + sin 𝜃2
 Eq. 2.5 

Where: 

P is the pattern periodicity,   

 is the beam’s wavelength,  

θ1, θ2 are the angle of incidence corresponding to each beam. 
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Figure 2.19. The overlap of two similar beams with a wavelength of λ but with different phases (different angle of 

incidence of θ1 and θ2) creates a pattern of dark and bright spots with the periodicity of P, where  

P= 
λ

sin θ1+ sin θ2
. 

 

The pattern can be recorded on a photosensitive material. In this case, the laser wavelength is 

chosen based on the sensitivity and absorption of the surface. The laser can be pulsed or 

continuous, however, the beams must interfere in their coherence length. In order to optimise 

interference, the beams’ polarisation vector must be in the same direction. Patterns with high 

resolution can be obtained by using a Lloyd’s Mirror Interferometer (Figure 2.20) to split the laser 

beam [288]. A Lloyd’s mirror interferometer creates a diverging beam by using a laser with a long 

coherent Gaussian beam which passes through a lens and a pinhole. Some of the light directly hits 

the substrate, and some reflects from the mirror, which is perpendicular to the substrate. The beam 

centre is aligned at the intersection of the mirror and the substrate (α1 = α2) to have beams with 

equal intensity. At the substrate, both of the beams have the same angle of incidence which is 

equivalent to the angle of rotation of the stage. Therefore, to calculate the periodicity of the 

structure, Eq. 2.5 is simplified as follows: 
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P= 

λ

2 sin θ
 Eq. 2.6 

 

Where:   

P is the periodicity of the pattern (pitch), 

 is the wavelength of the beam, 

 is the angle of incidence which is equivalent to the angle of rotation of the stage. 

 

 

Figure 2.20. Schematic diagram of Lloyd’s mirror interferometer; the laser beam is split into two coherent beams 

using a lens and a pinhole. One beam travels directly to the substrate, and the other hits a mirror and 

reflects to the substrate. The two beams, which are in different phases, interfere with each other at the 

substrate and form a periodic pattern of spots which are light (where the interference is constructive) 

and dark (where the interference is destructive). The mirror and the substrate are placed on a rotatable 

base that enables control of the periodicity of the pattern by adjusting the incidence angle of beams 

[304]. 
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3 Investigation into the effect of periodic nanopatterns on 

light harvesting  

3.1 Introduction 

The photoactivity of a semiconductor material is highly dependent on the performance of 

harvesting photons within the semiconductor layer. In some applications, a specific range of 

wavelengths of light is preferable, and efforts are made to improve the light harvesting in that 

specific range. Light harvesting is improved by reducing the number of photons that are lost due 

to: 1) reflection from the surface, 2) absorption within inactive layers, and 3) transmission through 

the photoactive layer. This chapter describes an investigation into the effects of a periodically 

patterned optical window on the harvesting of UV light in a TiO2 layer. 

Surface roughness reduces light reflection by causing a gradual change of refractive index between 

two media [223]. Periodic structures with a periodicity less than the wavelength of incident light 

have been employed widely as a coating to reduce the reflection of specific ranges of wavelength 

for different applications, such as solar cells [216, 217, 305], and imaging lenses [306, 307]. It has 

been shown that fabricating a subwavelength structure on the surface of a Si wafer results in 80% 

less light reflection in a wavelength range of 400  ̶  800 nm [308]. Furthermore, the nanoscale 

roughness caused by subwavelength structures improves the self-cleaning behaviour of the surface 

by boosting the surface hydrophobicity or hydrophilicity. This reduces surface contamination that 

would otherwise block the light path [309, 310].  

Photons with an absorption length greater than the thickness of the photoactive layer are 

transmitted through the layer without being absorbed [311]. Therefore, increasing the light path 

length within the photoactive layer would improve light absorption. This reduces the required 

thickness of photoactive layer and as a result, lowers the bulk charge recombination [312]. One 

approach to lengthen the path of photons and reduce light transmission is to use a back-reflector 

scattering layer coated on top of the photoactive layer [313]. Another approach is to apply 

diffraction gratings to manipulate the light path within the photoactive layer. Diffraction gratings 

change the light propagation direction from normal to oblique and prolong the path of the incident 
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light in the active layer [19, 314–316]. In addition, upon diffraction, some photons would travel 

within the photoactive layer at an angle higher than the critical angle which would result in their 

reflection back into this layer [317]. 

In this study, a periodic structure of nanopyramids with a periodicity of 670 nm was fabricated 

from a transparent UV curable polymer coated on the bare side of a fluorine-doped tin-oxide (FTO) 

coated glass substrate by nanoimprint lithography. The effect of the fabricated structure on light 

behaviour was evaluated by measuring the total transmission along with a numerical study based 

on the Finite-Difference Time-Domain (FDTD) method using a software package called 

Lumerical. Then, the conductive side of the patterned and flat FTO glass substrates was coated by 

a layer of TiO2 to study the effect of the patterned optical window on photoactivity of TiO2 through 

photodecomposition of methylene blue (MB). MB is a cationic organic dye which has a redox 

potential located within the energy gap range of TiO2, and its photodecomposition on TiO2 has 

been widely investigated [318–326].  

 

3.2 Experimental methods 

3.2.1 Nanoimprint lithography 

Nanoimprint lithography was used to transfer a pyramidal nanoarray structure from a Si master 

mold onto a thin layer of UV curable polymer. Ormostamp is a commercial UV curable hybrid 

polymer with a refractive index of 1.516, that is highly transparent to UV and visible light. It has 

high thermal and mechanical stability and anti-adhesive properties that make it an appropriate 

candidate for imprinting. Ormostamp was coated onto the bare side of a commercially available 

FTO glass (TEC 10, Ossila) substrate and was patterned by stamping a Si master mold containing 

an array of inverted nanopyramids.  

Prior to imprinting, the FTO glass substrate was cleaned by acetone, methanol, and isopropyl 

alcohol in an ultrasonic bath for 10 min each. After rinsing with deionised (DI) water and drying 

with nitrogen gas, the substrate was exposed to further cleaning using O2 plasma for 10 min. To 

improve the adhesion of Ormostamp to the glass substrate, an adhesion promoter called 
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Ormoprime08 was spin-coated onto the substrate at a speed of 4000 rpm for 1 min. Then, to 

enhance the adhesion between the glass and the Ormoprime08, the substrate was soft baked on a 

hot plate at 200°C for 30 min before cooling down to room temperature. A Si master mold 

containing an array of inverted nanopyramids was prepared as explained in section 3.2.2. The 

master mold was cleaned using acetone, methanol, and isopropanol in an ultrasonic bath for 10 

min each. To improve the demolding capabilities of the Si master mold, an anti-sticking layer was 

coated on its surface by vapor deposition of a silane (trichloro(1H, 1H, 2H, 2H-

perfluorooctyl)silane) inside a vacuum desiccator. The substrate was left to react at room 

temperature for 2 hours and then was baked in an oven at 90°C for 1 h.  

A small droplet of Ormostamp was placed on the bare side of a 1 cm2 FTO glass substrate. By 

pressing the Si master mold on the droplet, the Ormostamp flowed and conformed to the mold 

[237]. To stamp the mold onto the substrate, a vacuum was used to enhance the homogeneity of 

the polymer and to prevent formation of air bubbles (Figure 3.1). The Ormostamp was then 

exposed to UV light through the glass substrate with an exposure dose of 1000 mJ/cm2 using a 

Karl Suss mask aligner system. 

 

 

Figure 3.1. The sample holder designed for the nanoimprint lithography. Application of a vacuum provided the 

appropriate pressure for Ormostamp to flow and conform to the Si master mold. The Ormostamp layer 

is exposed to UV light through the glass substrate.  
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3.2.2 Master mold preparation 

The master mold substrate was a single side polished, Czochralski (CZ) grown, 350 μm thick, 

boron doped p-type silicon wafer with (100) crystal orientation.  

To remove metal and organic contaminants the Si wafer was cleaned by immersion in a mixture 

of H2SO4 and H2O2 (3:1 by volume) for 10 minutes and then rinsed with DI water. The wafer was 

then dipped into dilute hydrofluoric acid in DI water (1:10 by volume) for 10 seconds to remove 

the naturally formed silicon oxide layer. Finally, it was rinsed with DI water and blown dry with 

nitrogen gas. 

To prepare a Si master mold containing an array of inverted nanopyramids, the wafer was coated 

by a layer of photoresist material, and laser interference lithography (LIL) was employed to record 

an initial pattern on this layer. The high reflectivity of the Si wafer interferes with LIL, so to 

counter this, an anti-reflection layer (AZ BARLi II) was applied under the photoresist layer. AZ 

BARLi II is a bottom antireflective layer coating for highly reflective surfaces designed to work 

with positive photoresists‡. The pattern was transferred to the Si wafer through a multi-step etching 

process. At the final step, the inverted pyramidal structure was formed by KOH wet etching. Below 

are described the wafer preparation and the etching processes. 

Preparation of the Si wafer 

After cleaning, the Si wafer was coated with four layers (Figure 3.2), each of which played a 

specific role: 

1. A 100 nm thick SiO2 layer was used as a hard mask for Si during KOH etching. The SiO2 

layer was formed by thermal oxidation at 1000˚C for 12 minutes. The schematic diagram 

of the resistance heated quartz tube furnace used for SiO2 growth is shown in Figure 3.3. 

O2 gas was bubbled through the water at 95˚C into the oxidation tube to perform the 

oxidation in a wet oxygen environment based on the chemical reaction given by: 

 

‡ Positive photoresist is a type of photoresist in which the exposed part is soluble in a suitable solvent (in this case 

alkaline solution is used to remove the exposed part). 
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𝑆𝑖(𝑠)  + 2𝐻2𝑂(𝑣) → 𝑆𝑖𝑂2(𝑠) +  2𝐻2  

 

2. To prevent formation of an undesired optical reflection from the Si surface during LIL, an 

antireflection coating was added to the SiO2 layer.  For this purpose, AZ BARLi II was 

spin-coated at 2250 rpm for 60 s and baked on a hot plate at 200°C for 60 s.  

3. A 50 nm SiO2 layer was deposited on top of AZ BARLi II using vacuum thermal 

evaporation. This layer made the subsequent ion etching much easier and solved the 

selectivity problem between photoresist and AZ BARLi II during O2 plasma etching. 

4. The commercially available i-line§ positive photoresist (AZMiR 701) was used to record 

the periodic fringe pattern during LIL. To improve adhesion between the SiO2 layer and the 

photoresist, AZMiR 701 was spin-coated immediately after spin-coating 

hexamethyldisilazane (HMDS). Spin-coating the undiluted AZMiR 701 resist produces a 

layer with a thickness greater than the 200-400 nm that was required for this study. Therefore, 

the concentrated AZMiR 701 photoresist was diluted with PGMEA (1-methoxy-2-propyl-

acetate) at a ratio of 1:3 by volume and was coated onto the substrate at spinning speed of 

3000 rpm for 60 s. The substrate was subsequently baked on a hot plate at 90°C for 60 s. 

The wafer was cut into 1⨯1 cm samples to be used for LIL.  

 

 

§ An i-line photoresist is a general purpose, multi-wavelength resist designed to cover a wide range of film thicknesses 

(1–10 µm) with a single coat process. 
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Figure 3.2. Si wafer preparation for LIL and consecutive etching processes which were used to fabricate an inverted 

pyramidal structure into the Si wafer. The layers are: 1) the photoresist layer to record the initial pattern, 

2) SiO2 layer for low selectivity between photoresist and AZ BARLi II during the developing process, 

3) AZ BARLi II as an antireflection coating to prevent the high reflectivity of Si interfering with LIL, 

4) SiO2 as a hard mask for KOH etching of Si wafer. 

 

 

Figure 3.3. Schematic diagram of the resistance heated quartz tube furnace used to grow SiO2 layer on Si wafer: O2 

passes through water and flows to the furnace tube to oxidise Si in a wet environment. 
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Laser interference lithography 

A Lloyd’s mirror interference system was used to create an initial pattern on the photoresist layer. 

A 50 mW He Cd laser with a coherence length of 30 cm at 325 nm was employed as a light source. 

A commercial spatial filter consists of a UV objective lens with a focal length of 5.77 mm and a 5μm 

diameter pinhole was used to remove the high frequency noise from the beam to achieve a clean 

Gaussian profile and to create a diverging beam. A UV-enhanced aluminium coated mirror was used 

due to its enhanced reflectance in the UV region over a broad range of angles. The complete optical 

setup was built on an actively damped table in order to prevent vibrations which could affect the 

interference pattern. The centre of the substrate and mirror assembly was located on the optical axis, 

and the angle of incidence was adjusted to 13.25 degrees.  To record the initial pattern, two coherent 

beams were superimposed onto the photoresist and created a series of parallel lines through 80 s 

UV light exposure. Then, the substrate was rotated by 90 degrees and another set of interference 

lines was put on the photoresist. The intersection of these lines gave a series of dark and light spots 

(e.g. Figure 3.4). The exposed part of the photoresist was removed by immersing the substrate into 

diluted AZ 326 MIF developer solution for 30 s. A short O2 plasma etching was performed to 

remove any residual photoresist at the bottom of the holes (power=100 W, time=10 s, pressure= 

100 mTorr). The photoresist layer patterned with an array of holes (Figure 3.5) was used as a hard 

mask for the next etching step. 

  

 

Figure 3.4. SEM images of the patterns recorded on a photoresist material by use of LIL: (a) vertical and (b) horizontal 

series of parallel lines, (c) series of dark and light spots produced by overlap of lines (a) and (b) [327]. 
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Figure 3.5. SEM image of the nanoholes fabricated into the photoresist layer through LIL after developing the exposed 

photoresist at magnification of 1000X. 

 

Pattern transfer 

The pattern transfer to underlying layers occurred through consecutive etching steps. To etch each 

layer, the top layer played the role of a hard mask. The sequence of etching process (Figure 3.6) 

was as follows:  

1. CHF3/Ar plasma etching fabricated a pattern of holes into the SiO2 interlayer while the resist 

pattern produced by LIL served as the etching mask (time =1.5 min, power = 150 W, 

pressure = 100 mTorr). 

2. O2 plasma etching (power = 100 W, time = 13.5 s, pressure = 100 mTorr) transferred the 

pattern into AZ BARLi II. 

3. CHF3/Ar plasma etching transferred the pattern into the thermal SiO2 bottom layer (power 

= 150 W, T = 300 K, pressure = 100 mTorr, t = 3.5 min). 

4. The pattern transfer to the Si layer used KOH wet etching which is elaborated in the next 

section. 
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Pyramids formation by Si anisotropic wet etching 

The pyramidal structure was formed by anisotropic wet etching (Step (e) in Figure 3.6). A Si wafer 

is a single-crystal material and allows very high anisotropic etching. The etching rate depends on 

the crystal planes that are exposed to the etchant. This is related to the number of back bonds that 

must be broken at each crystal plane. To etch the (111) plane of a Si crystal, more back bonds must 

be broken and therefore, the etch rate of the (111) plane is significantly lower than that of other 

planes [328]. Anisotropic properties of silicon cause various structural shapes to form during 

etching, depending on the solution composition [329]. KOH forms an inverted pyramidal structure 

in a (100) oriented Si substrate with an angle of 54.7° between (100) and (111) planes (Figure 3.7) 

[330]. 

The etching rate of a Si wafer is dependent on the concentration and temperature of the etchant 

solution [331]. Wet etching was performed in 30 wt.% KOH diluted in DI water at 80°C for 170 s, 

while SiO2 was used as a hard mask. The etching rates of the SiO2 layer and the (100) and (110) 

planes of the Si wafer measured under this condition were as follows:  

 

Table 3.1. Etching rate of Si and SiO2 in a 30 wt.% solution of KOH at 80°C 

 Etching rate (μm/min) 

Si (100) 1.2  

Si (110) 2 

SiO2 0.4 

 

 

The SiO2 residue was removed by immersing the samples in buffered HF (6:1 volume ratio of 

NH4F solution to 49% HF) for 3 min. The samples were then washed with DI water and dried with 

N2. 
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Figure 3.6. Fabrication of a Si master mold containing inverted pyramidal structure. The initial pattern was formed 

on the photoresist layer using LIL. This pattern was transferred to the Si wafer through a multi-step 

etching process. During etching each layer, the top layer acted as a hard mask. The etching steps included 

(a) development of the photoresist layer, (b) CHF3/Ar plasma etching of the  SiO2 layer, (c) O2 plasma 

etching of  AZ BARLi II, (d) CH3/Ar etching of the  SiO2 layer, (e) KOH etching to form the pyramidal 

structure in the Si wafer. The residue of SiO2 was removed by HF etching. 

 

 

Figure 3.7. (a) Orientation of crystal planes in a Si (100) wafer; the flat edge on the Si wafer indicates orientation 

along (110), (b) pyramidal shape formation during anisotropic wet etching on a Si (100) wafer using KOH 

etchant. 
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3.2.3 Optical tests 

The antireflection behaviour of the fabricated pattern was studied by measuring the light 

transmission while laser light (=325 nm) with an intensity of 30 mW/cm2 illuminated the 

substrate. The detector was placed as close as possible to the sample to enable it to capture the 

total transmitted light including the scattered part (Figure 3.8). 

To observe the effect of periodic pattern on light diffraction, laser light with wavelengths of 325 

nm, 532 nm, and 633 nm illuminated the substrate, and the diffraction maxima were recorded on 

a plane 5 cm away from the other side of the substrate (Figure 3.9). 

 

 

Figure 3.8. Experimental setup to measure light transmission. The detector was placed as close as possible to the 

sample to capture the total transmission including the scattered part. In order to measure the effect of 

angle of incidence, the sample holder was placed on a rotatable base.  
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Figure 3.9. Schematic diagram of the setup used to record the diffraction maxima. Glass substrate containing periodic 

structure split and diffracted the incident light into several beams. The beams were recorded on a plane 

placed 5 cm away from the substrate. 

 

Photocatalytic test 

The effect of the fabricated periodic structure on the photocatalytic behaviour of TiO2 was 

evaluated through the decomposition of MB. The mechanistic scheme leading to the 

photodecomposition of MB is as follows [318, 319]: 

Photon absorption excites TiO2 electrons to the conduction band: 

𝑇𝑖𝑂2 + (ℎ𝑣) → ℎ𝑉𝐵
+ + 𝑒𝐶𝐵

−  

The energised electrons can either recombine with the holes (and then release the absorbed energy 

as heat) or the electron-hole pairs can react with electron acceptors/donors adsorbed on the surface 

of the TiO2. In the latter case, the electrons reduce the oxygen molecules dissolved in the solution 

and form superoxide ions: 

𝑂2 + 𝑒𝐶𝐵
− → 𝑂2

− 

The holes also react with water and form hydroxyl radicals. The hydroxyl radicals oxidise the MB 

molecules:  
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𝐻2𝑂 + ℎ𝑉𝐵
+ → 𝐻+ + 𝑂𝐻⦁  

𝑀𝐵 + 𝑂𝐻⦁ → 𝑀𝐵+ + 𝑂𝐻− (degradation product) 

Superoxide ions can also react with protons and form a hydrogen peroxide intermediate. This 

reaction is followed by the decomposition of hydrogen peroxide and formation of more hydroxyl 

radical. MB oxidises by reacting with the hydroxyl radicals: 

𝑂2
− + 𝐻+ → 𝐻𝑂2 

2𝐻𝑂2 → 𝐻2𝑂2 + 𝑂2 

𝐻2𝑂2 + 𝑒− → 𝑂𝐻⦁ + 𝑂𝐻− 

𝑀𝐵 + 𝑂𝐻⦁ → 𝑀𝐵+ + 𝑂𝐻− (degradation product) 

TiO2 photo-holes do not directly react with MB since MB is cationic and not an electron donor 

[319]. During the experiments, MB decomposition through the path of superoxide ions was 

prevented by using Ar gas to purge O2 from the solution. 

The solution becomes colourless due to the decomposition of MB molecules. The rate of colour 

change of the solution is an indicator of the efficiency of the photocatalytic reaction. The 

concentration of MB is calculated by measuring the optical absorptivity of the solution and using 

Beer-Lambert law that relates the quantity of absorbed light through a medium to the concentration 

of absorbing species and the path length of the beam in the absorbing medium (Eq. 3.1) [325]: 

 𝐴 = 𝜀𝑏𝑐 Eq. 3.1 

 

Where: 

A is the absorbance, 

 is the molar absorptivity (L mol-1 cm-1), 

c is the concentration,  

b is the path length of the beam in the absorbing medium. 
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MB has a pronounced absorption maximum at 664 nm and an absorption  coefficient (ε) of  95000 

L mol−1 cm−1 [332]. The UV-vis absorption spectra of MB solutions at different concentrations is 

illustrated in Figure 3.10. 

 

Figure 3.10. UV-vis absorption spectra of solutions at different concentrations of MB.   

 

Previous research on photodegradation of MB on TiO2 powder showed a pseudo-first order 

kinetics depending on the concentration of both MB and TiO2 [333]: 

 −𝑟𝑀𝐵 = −
𝑑𝐶𝑀𝐵

𝑑𝑡
= 𝑘𝐶𝑀𝐵𝐶𝑐𝑎𝑡 Eq. 3.2 

 

Where: 

rMB is the photodegradation reaction rate, 

k is the rate constant, 

t is time, 

CMB and Ccat are the concentrations of MB and the photocatalyst (in this case TiO2), respectively. 
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For the case where TiO2 concentration is constant the rate equation can be stated with an apparent 

rate constant as follows: 

 −𝑟𝑀𝐵 = −
𝑑𝐶𝑀𝐵

𝑑𝑡
= 𝑘𝑎𝑝𝑝𝐶𝑀𝐵 Eq. 3.3 

   

 𝑘𝑎𝑝𝑝 = 𝑘𝐶𝑐𝑎𝑡 Eq. 3.4 

 

Based on the pseudo-first order kinetics, at a constant light intensity, the concentration of MB 

changes based on the following equation: 

 −𝑙𝑛
𝐶𝑀𝐵

𝐶𝑀𝐵(𝑡=0)
=  𝑘𝑎𝑝𝑝𝑡 Eq. 3.5 

 

The effect of light harvesting on photocatalytic behaviour of TiO2 was evaluated through 

photodecomposition of MB on TiO2. This is a standard model reaction, which is often used to 

quantify the photocatalytic behaviour of TiO2 materials [318–324, 326]. Two sets of substrates, 

with and without the periodic pattern, were coated by a layer of TiO2. To enhance the surface 

adsorption of TiO2 particles, substrates were cleaned by ultrasonication in acetone, methanol and 

isopropanol for 15 minutes each. Further cleaning was achieved using O2 plasma asher for 10 

minutes. A solution containing 0.2 M TiO2 (Degussa P25) and 0.037 M titanium tetraisopropoxide 

in isopropanol was sprayed on the substrate at a rate of 1 ml/min for 2 min while the substrate 

temperature was fixed at 90°C. The TiO2 layer was not annealed due to relatively low thermal 

resistivity of the UV curable polymer.  

The coated substrate with an active area of 1 cm2 (2 ± 0.05 mg TiO2) was immersed into MB 

solution (Figure 3.11) and was illuminated by a collimated LED light at a wavelength of 365 nm 

(M365LP1, Thorlabs). The light intensity was measured using a thermal surface absorber sensor 

(S401C, Thorlabs). The solution was continuously stirred in order to have a uniform concentration 

of MB throughout. To establish an adsorption-desorption equilibrium, the solution was stirred for 
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30 min before illumination while Ar gas was used to purge O2 from the solution. During the 

experiment, Ar gas was continuously flowing over the top of the solution to suppress MB oxidation 

by O2. The concentration of MB before and after photodecomposition was assessed by measuring 

light absorbance of the solution using a VWR UV-1600PC spectrophotometer.  

 

 

Figure 3.11. Schematic diagram of the setup used for photodecomposition of MB. A plane with a hole on the light 

path narrowed down the light beam. 1 cm2 of the photoactive material was in contact with the solution. 

MB solution was continuously stirred and Ar gas was continuously passed over the top of the solution to 

prevent MB oxidation by O2. 

  

3.3 Results and discussion 

3.3.1 Characterisation 

Surface morphology of the Si master mold is illustrated using SEM imaging (Figure 3.12) and 

AFM analysis (Figure 3.13). The structure contained a periodic pyramidal array with a width of 

490 nm, height of 345 nm, and pitch of 670 nm. 

A successful transfer of pyramidal structure onto the glass surface was verified by SEM and AFM 

images (Figures 3.14 and 3.15). 
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Figure 3.12. SEM image of the Si master mold containing inverted pyramidal arrays with a periodicity of 670 nm. 

 

 

Figure 3.13. AFM image of the Si master mold containing inverted pyramidal arrays: (a) 2D view, (b) 3D view, (c) 

cross-sectional trace. 
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Figure 3.14. SEM image of the periodic pyramidal nanostructure fabricated into the Ormostamp layer on top of a 

glass substrate. 

 

 

Figure 3.15. AFM image of periodic pyramidal nanostructure fabricated into the Ormostamp layer on top of a glass 

substrate: (a) 2D view, (b) 3D view, (c) cross-sectional trace. 
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3.3.2 Optical behaviour 

Numerical study 

FDTD Lumerical software package was used to numerically simulate the light behaviour on flat 

and patterned glass, FTO glass, and TiO2-coated FTO glass substrates. Figure 3.16 shows the 

perspective and XZ views of the simulated patterned glass substrate in the Lumerical software 

environment. The part of the system that is periodically repeated (enclosed by the brown rectangle) 

was chosen for the FDTD simulation. The applied boundary conditions were as follows: 

1) Along the direction of the wave propagation (z axis) where there is no light reflection in 

the boundaries, the perfectly matched layers (PML) were set as the boundary condition. 

2)  At normal angle of incidence, both the structure and the electromagnetic fields are periodic 

and symmetric, therefore the symmetric boundary condition was used in x and y directions 

to minimise the simulation time. The type of symmetric boundary condition is determined 

by the direction of the electric and magnetic fields. The electric field polarisation of the 

source shown by the blue arrow indicates that the boundaries in x direction is parallel to 

the electric field and is perpendicular to the magnetic field. Hence, antisymmetric boundary 

condition was applied in x direction. The opposite case happens for the boundaries in y 

direction, and the symmetric boundary condition was applied in these boundaries. 

3) When the periodic structure is illuminated by a plane wave propagating at an angle, there 

will be a phase difference between each period of the device, and the electromagnetic field 

is not periodic. In this case, Bloch boundary condition was set in both x and y directions 

for a plane wave with a single frequency.  

The simulated data was recorded using monitors that were placed at different positions ((3) for the 

light reflection, (4) for the light transmitted through the nanostructure, and (5) for total light 

transmission). The glass substrate was 1.1 mm thick, however, to reduce the computational time 

the glass thickness reduced to 1 micron. Therefore, in the numerical result the light absorption in 

the glass substrate is essentially not considered. 
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Figure 3.16. 3D and 2D views of the simulated glass substrate patterned by periodic pyramidal nanostructures in the 

Lumerical software environment; (1) is the simulated system, (2) is the light source, (3) is the reflection 

monitor, (4) is the in-glass transmission monitor to record light transmitted through the nanostructure, 

(5) is the transmission monitor to record the total light transmitted through the substrate. 

 

The magnitude of the electric field of the incident light into the patterned glass was analysed at a 

wavelength of 250 nm by placing a virtual monitor ((4) in Figure 3.16) at the base of the pyramidal 

patterns (Figure 3.17). These simulations clearly show that the substrate immediately under the tip 

of the pyramidal structure was subjected to a much higher electric field strength than the basal 

areas of the pattern. This suggests that the fabricated structure was successful in reducing light 

reflection. 
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Figure 3.17. FDTD analysis of the electric field distribution recorded at the base of a pyramidal structure (shown by 

a dashed square) while UV light (=250 nm) illuminated the substrate at a normal angle of incidence.  

 

Simulation results (Figure 3.18) showed that light reflection and transmission on flat glass is not 

wavelength dependent, and almost 96% of light passes through the structure. The presence of 

periodic nanostructure caused a very slight improvement in light transmission. On the patterned 

glass, a sudden increase of transmitted light is observed for wavelengths larger than the structure’s 

periodicity where the grating acts as a subwavelength structure. The subwavelength structure 

resulted in less than 1% light reflection. 
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Figure 3.18. Simulated light reflectance (a) and transmittance (b) on patterned (▬) and flat (▬) glass substrates 

with a thickness of 1µm for plane waves at different wavelengths propagating at normal angle of 

incidence. The light illuminates the flat/patterned side of the glass. 

 

The periodical structure split and diffracted the incident light into several beams that passed 

through the glass substrate at different angles (Figure 3.19). Some of these beams do not appear in 

Figure 3.20 which illustrates the transmission spectra after passing through the glass. When a beam 

reaches the surface of a substrate with lower refractive index (n1 > n2) at an angle of incidence 
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higher than its critical angle (c = arcsin (n2/n1)), it does not pass through the surface but is reflected 

back into the substrate. The critical angle of the glass-to-air interface is 41.8 degrees and if light 

propagates at an angle higher than this then internal reflection occurs as shown in Figure 3.21.  

 

 

Figure 3.19. Simulated diffraction order of light after passing through a pyramidal structure (at monitor (4) in Figure 

3.16) at wavelengths of: (a) 325 nm, (b) 532 nm, (c) 633 nm. The position of each beam is shown by its 

diffraction angle. The colour bar represents the diffraction efficiency in a natural logarithmic scale.  
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Figure 3.20. Simulated diffraction order of light after passing through the patterned glass (at monitor (5) in Figure 

3.16) at wavelengths of: (a) 325 nm, (b) 532 nm, (c) 633 nm.  The position of each beam is shown by its 

diffraction angle. The colour bar represents the diffraction efficiency in a natural logarithmic scale. 

 

 

Figure 3.21. The behaviour of diffracted beams within a substrate: (1) direct transmission, (2) beams with an angle 

lower than the critical angle of the substrate would scatter, (3) beams with an angle higher than the 

critical angle of the substrate reflect back into the substrate. 
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The periodic structure acts as a dispersive optical component, and except for the specular order 

(zeroth-order diffraction maximum), the direction of each diffracted beam depends on the 

wavelength. By increasing the wavelength, the angle of diffracted orders increases until the higher 

order beam disappears. This leads to a redistribution of energy between the propagating orders 

[247]. A change in number of diffraction maxima is caused by increasing the wavelength (Figure 

3.22). By using Eq. 2.3 at normal angle of incidence (Eq. 3.6), the wavelength at which a 

diffraction maximum disappears can be calculated. 

 𝑠𝑖𝑛 𝜃𝑚 =
𝑚𝜆

𝑛𝑑
 Eq. 3.6 

A maximum order of m is disappeared when θm = 90 degrees. By applying the refractive index of 

the substrate (n) and the periodicity of the pattern (d), the wavelength at which the maximum order 

of m does not exit the substrate is: 

 λ =
𝑛𝑑

𝑚
 Eq. 3.7 

In a two-dimensional Cartesian system, where the position of the diffraction maxima is defined by 

two values (𝑥′ and 𝑦′ as shown in Figure 3.23), m is calculated by: 

 𝑚 = √𝑥′2 + 𝑦′2 Eq. 3.8 
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Figure 3.22. Simulation of the number of diffraction maxima transmitting through the glass substrate at different 

wavelengths. Diffraction maximum with the order of m disappears at a wavelength of 𝜆 =
𝑛𝑑

𝑚
. 

 

 

Figure 3.23. Diffracted maxima in a two-dimensional Cartesian system. The order of each maxima (m) is defined by 

its position according to 𝑚 = √𝑥′2 + 𝑦′2. 

 

The diffraction maximum of m = (0,1) changes in direction at increasing wavelengths (Figure 

3.24). The beam’s angle is changed as the beam travels from the glass substrate to the air. This 

occurs due to change of light speed that is described by Snell’s law. At wavelengths greater than 

670 nm, the only propagation is from the zeroth-order maximum (direct transmission).  
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Figure 3.24. The angle of diffraction maximum of m = (0,1) after passing through the grating (into the glass) and after 

transmission through the glass (out of the glass). 

 

The presence of FTO and TiO2 layers on the glass substrate changes the light behaviour. Figure 

3.25 shows the XZ views of the simulated patterned glass substrate coated by FTO and FTO-TiO2 

in a Lumerical software environment. In addition to the monitors recording the total reflection (3) 

and transmission (4), a vertical monitor (5) was recording the light behaviour as it passed through 

the substrate. 
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Figure 3.25. XZ views of the simulated glass substrate patterned by periodic pyramidal nanostructure coated by (a) 

FTO, and (b) FTO-TiO2 in the Lumerical software environment; (1) is the simulated system, (2) is the 

light source, (3) is the reflection monitor, (4) is the transmission monitor, and (5) is the cross-sectional 

monitor to track the light behaviour within the system. 

 

Light behaviour was studied when a 700 nm-thick layer of FTO was placed on flat and patterned 

glass substrates (Figure 3.26). The refractive index of FTO for light wavelengths less than 580 nm 

was defined by Eq. 3.9 [334]: 

 𝑛 = (1 + 𝜆2/(0.370 𝜆2 − 0.0105))
0.5

 Eq. 3.9 

Due to the change of refractive index from glass to FTO, some light was reflected from the glass-

FTO interface and, therefore, the total reflection was higher than that of the bare glass substrate in 

Figure 3.18-a. The light reflected from the surfaces of FTO and glass were in different phases 

which, at some wavelengths, resulted in destructive interference, leading to the broad peaks in 

reflection and transmission trends. 

Light behaviour was also simulated for an FTO glass coated with a continuous film of TiO2 with 

a thickness of 600 nm (Figure 3.27). TiO2 refractive index was defined as a function of light 

wavelength presented by Siefke et al. [335]. The reflection from TiO2-FTO interface also 
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interfered with the reflection from the glass surface and the glass-FTO interface. This increased 

the fluctuation of light reflection by changing the wavelength. Due to the large band gap, TiO2 

absorbed all the UV light.  

 

 

 

Figure 3.26.  Simulated light reflectance (a) and transmittance (b) on patterned (▬) and flat (▬) FTO glass 

substrates for plane waves at different wavelengths propagating at normal angle of incidence. Each 

substrate consisted of 1 µm-thick glass coated by 700 nm-thick layer of FTO. The light illuminated the 

flat/patterned side of the glass that is uncoated. The light reflected from the surfaces of FTO and glass 

were in different phases which, at some wavelengths, resulted in destructive interference, leading to the 

broad peaks in reflection and transmission trends. 
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Figure 3.27. Simulated light reflectance (a) and transmittance (b) on patterned (▬) and flat (▬) FTO glass 

substrate coated by TiO2 for plane waves at different wavelengths propagating at normal angle of 

incidence. Each substrate consists of 1 µm-thick glass coated by 700 nm-thick layer of FTO, and then 

600-nm thick layer of TiO2. The light illuminates the flat/patterned side of the glass that is uncoated. 

 

The magnitude of the electric field along the light path within the flat and patterned substrates 

(glass-FTO and glass-FTO-TiO2) was analysed at a wavelength of 250 nm by placing a virtual 

monitor((5) in Figure 3.25) across the Z axis (Figure 3.28). The presence of pyramidal structure 

reduced the light reflection and therefore higher light intensity was observed within the glass layer. 

0

0.1

0.2

0.3

0.4

0.5

0.6

200 250 300 350 400 450 500 550 600

T
o

ta
l 

r
ef

le
ct

io
n

Wavelength (nm)

(a)

0

0.2

0.4

0.6

0.8

1

200 300 400 500 600

T
o

ta
l 

tr
a

n
sm

is
si

o
n

Wavelength (nm)

(b)



Chapter 3. 

73 

However, much light was lost by reflection from the glass-FTO interface. All the light transmitted 

through the FTO layer was absorbed at the FTO-TiO2 layer (Figure 3.28-c and d). However, in a 

real scenario, the TiO2 layer consists of a porous structure made of many particles that, depending 

on their size and distribution, scatter the light in different directions. Therefore, effective light 

absorption occurs over a range of distances from the FTO-TiO2 interface.  

The main purpose of patterning the photoelectrode is to maximise light absorption within the 

photoactive layer (TiO2) by minimising light loss that occurs due to light reflection from the 

interfaces and light absorption within the inactive layers (FTO glass). The application of anti-

reflection coating at each interface (the air-glass, the glass-FTO, and the FTO-TiO2) could have a 

significant effect on light harvesting within the photoactive TiO2 layer. However, the effect of a 

fabricated pattern on diffraction and on increasing the light path within an inactive layer does not 

favour the photoelectrochemical reaction. Therefore, a trade-off between lower light reflection and 

higher light absorption should be considered before deciding to pattern the surface of an inactive 

layer. 
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Figure 2.28. A cross-section of electric field intensity along the light path while UV light (=250 nm) illuminated the 

substrate at a normal angle of incidence: (a) and (b) are respectively flat and patterned FTO glass, (c) and (d) are  are 

respectively flat and patterned FTO glass coated with TiO2. Glass thickness = 1µm, FTO thickness = 700 nm, TiO2 

thickness = 600 nm. The coordination of layers on z axis are: glass: -1 to 0, FTO: -1 to -1.7, and TiO2: -1.7 to -2.3. 

The light source is at z = 0.5. The base of the pyramid is at z = 0 and its tip is at z = 0.345. The interfaces are shown 

with dashed lines. 

 

Experimental study 

A laser light (=325 nm) with an intensity of 30 mW/cm2 was used to study the antireflection 

behaviour of the fabricated nanostructures. The intensity of the light transmitted through the flat 
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and patterned FTO glass was measured whilst the light propagated at different angles of incidence 

(Figure 3.29). A portion of the illuminated light was absorbed by the substrate and was released 

as thermal energy, and some part of light was lost due to the reflection. The remaining light 

transmitted through the substrate was measured.  Increasing the angle of incidence enhanced light 

reflection from the substrate. The transmitted light intensity of patterned FTO glass was almost 

5% higher than that of flat FTO glass at a normal angle of incidence, which agrees well with the 

simulation results in Figure 3.26-b. This increase can be explained only by antireflection behaviour 

of the fabricated structure. Although the simulation results (Figure 3.26-b) show a higher 

transmission (about 80%) through both flat and patterned substrates than the experimental results 

(about 20%), the thickness of the simulated substrates was much less than the real samples and the 

numerical results did not include the effect of light absorption within the glass layer. 

 

     

Figure 3.29. The intensity and the percentage of the light transmitted through flat and patterned FTO glass when 

illuminated by laser light (=325 nm) with an intensity of 30 mW/cm2 propagating at different angles 

of incidence. 

 

The patterned substrate propagated different diffraction maxima when light at different 

wavelengths (325 nm, 532 nm, and 633 nm) was used at normal angle of incidence (Figure 3.30). 
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The intensity of each diffraction order maxima was measured for the 325 nm laser light 

illuminating the substrate at normal angle of incidence (Figure 3.31). The zeroth-order beam had 

the highest intensity, and the intensity of the beams reduced with distance from the central beam. 

 

  

Figure 3.30. Diffracted maxima when the patterned glass was illuminated by laser light at wavelengths of (a) 325 nm, 

(b) 532 nm, (c) 633 nm. The sample is specified with a dashed circle, and the screen with the diffraction 

spots is at an angle to the image. 

 

 

Figure 3.31. The intensity of diffraction orders (mW/cm2) when the periodic grating was illuminated by laser light 

(=325 nm) at an intensity of 30 mW/cm2. 
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The patterned glass coated by TiO2 was illuminated by laser light at the intensity of 532 nm and 

633 nm. TiO2 layer was highly dispersive and scattered the light in every direction. Due to the high 

amount of scattering, it was not possible to accurately quantify spatial distribution of the intensity 

of transmitted light. The wavelength of 325 nm was not tested as the substrate could reflect the 

light in every direction and caused a safety issue. 

 

3.3.3 Photocatalytic study 

To evaluate the rate of MB photodecomposition on patterned and flat substrates, the samples were 

immersed in a 14 µM solution of MB and were illuminated by UV light (=365 nm) with an 

intensity of 130 mW/cm2. The experiment was repeated three times on three sets of patterned and 

flat substrates. A linear change of MB concentration occurred over time (Figure 3.32). This 

suggested that the oxidation of MB was independent of the MB concentration. This can occur 

when there is enough MB at the active sites of the substrate to react with the generated charges, 

and therefore, the reaction rate only depends on the light intensity.  If the concentration of MB is 

not enough to react with the generated charges, this condition would not apply and the reaction 

rate would be a function of MB concentration [333]. The rate constants of 0.0109 mol L-1 s-1 and 

0.0191 mol L-1 s-1 were obtained for flat and patterned substrates, respectively, which means the 

rate of photodecomposition of MB on patterned substrate is 1.75 times greater than that on a flat 

substrate. As shown by Eq. 3.2, the apparent rate constant of MB is a function of TiO2 

concentration and, therefore, the excited electron-hole pairs through photon absorption. The 

presence of a nanostructure pattern not only increased the light transmission by 5% but also 

affected the light path length and light scattering within the photoactive TiO2 layer. The 

combination of these effects resulted in higher electron-hole excitation and a faster 

photodecomposition of MB on patterned substrate. The effect of light diffraction could not be 

evaluated because TiO2 particles scatter the light in different directions and affect the path lengths 

of photons.  

The dependency of the photooxidation of MB on the light intensity was evaluated by exposing the 

substrates to UV light (=365 nm) at different intensities and measuring the concentration of 

oxidised MB after 3 hours (Figure 3.33). It can be seen that the concentration of oxidised MB 
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changed linearly with increase in light intensity, for example, doubling the light intensity doubled 

the concentration of oxidised MB.  

 

 

Figure 3.32. Concentration of oxidised MB on TiO2 for patterned and flat glass substrates over time while they were 

illuminated by UV light (=365 nm) at an intensity of 130 mW/cm2. 

 

 

Figure 3.33. The concentration of oxidised MB after 3 h while UV light (λ = 365 nm) at different intensities 

illuminated the substrate. There was a linear increase in the photoactivity of the TiO2 layer with increase 

in the intensity of the incident light. 
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3.4 Conclusion 

Light behaviour was studied on a glass substrate patterned by a periodic pyramidal nanostructure 

with a periodicity of 670 nm. The pyramidal structure was initially fabricated on a Si wafer using 

a combination of LIL and KOH wet etching and was then transferred to a glass-like UV curable 

polymer coated on the bare side of an FTO glass substrate using nanoimprint lithography.  

The fabricated structure affected light behaviour in two ways: 1) causing a gradual change in the 

refractive index from air to the substrate and reducing the reflection, and 2) splitting the light and 

diffracting it into several beams. These two effects were elucidated in a numerical study using the 

FDTD method. Light diffraction occurred at wavelengths smaller than the periodicity of the 

structure (λ < 670 nm). The change in the number of diffracted maxima and their direction at 

different wavelengths were studied numerically. Increasing the periodicity of the structure 

increased the number of diffraction maxima and caused more change in the light path. At light 

wavelengths higher than the periodicity (λ > 670 nm), the structure acted as a homogenous medium 

without causing light diffraction. At the whole wavelength range, the fabricated structure reduced 

the light reflection from the glass surface by causing a gradual change of refractive index from the 

air to the substrate. Higher antireflection behaviour was observed at wavelengths higher than the 

periodicity of the structure. The presence of FTO and TiO2 layers on the glass substrate changed 

the light behaviour. Due to the change of refractive index, some light was lost by reflection from 

each interface. Simulating the electric field distribution over the pyramidal structure showed it had 

a very high intensity at the top of the pyramids and the structure reduced the light reflection. 

However, it also scattered the light and increased the light path, which consequently increased 

light absorption. As the main goal is to maximise light harvesting within the photoactive layer (in 

this case TiO2), patterning the inactive layer requires a trade-off between reduced light reflection 

and increased light absorption.  

The effect of a fabricated structure on light reflection was measured by illuminating the substrate 

by a monochromatic and coherent UV light at wavelength of 325 nm and measuring the light 

transmission. The periodic structure reduced the light reflection by 5%. 
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To study the effect of a patterned optical window on TiO2 photoactivity, the patterned FTO glass 

was coated by a layer of TiO2. The photoactivity of TiO2 was assessed by measuring 

photodecomposition of MB at a wavelength of 365 nm. The rate of MB photodecomposition on 

the patterned substrate was 1.75 times higher than that on the flat substrate. This difference was 

due to reduced light reflection and prolongation of the path of photons within the TiO2 layer. The 

path length was affected by light diffraction caused by the periodic structure and by light scattering 

from the surface of the TiO2 particles. However, the effect of light diffraction and scattering could 

not be distinguished. 
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4 The effect of electrode surface morphology on the 

electrochemical behaviour of a redox reaction 

4.1 Introduction  

In a solar redox flow battery, the redox reaction occurs at the electrode-electrolyte interface. The 

interfacial characteristics of the electrode, such as the presence of various crystal faces, kink sites, 

and the micro-/meso-scale roughness affect this electrochemical reaction [336, 337]. Electrodes 

generally have a nonplanar surface, and flat electrodes, even after polishing, have some surface 

roughness as a result of the manufacturing process. An electrode can also be roughened 

deliberately in a number of ways, such as scratching [266], electrodeposition [338], 

electrochemical roughening [339–342], etching [343], and lithography [344]. In a solar redox flow 

battery (RFB), the characteristics of the electrode-electrolyte interface affect the photon path 

length/scattering properties, the mass transport of redox species to the electrode, and the 

electroactive surface area. Hence, a rational development of electrodes requires knowledge of 

surface structure−activity relationships.  

Several studies have described the electrochemical response of rough electrodes using the theory 

of disordered fractals [345–352]. This provides a general description of the interfacial energy and 

mass exchange at the surface of the electrode. However, most rough electrodes only approximate 

fractal characteristics. The electrochemical response of rough electrodes can also be modelled  

using an interfacial structure with a regular and ordered pattern of well-defined geometry [353–

357]. Regular structures provide an opportunity for an analytical study of the relationship between 

diffusion and the geometrical properties of the electrode’s surface.  

In this part of the study, an electrode containing a well-defined and regular pyramidal micro-array 

was used as a model of a rough electrode in order to study the effect of the electrode’s surface 

roughness on the rate of the electron transfer reaction. On this path, this chapter covers two main 

goals: 

1) understanding the mass transport of redox species over a pyramidal structure,  
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2) understand how the complex mass transfer behaviour at a patterned (rough) electrode 

influences cyclic voltammetry (CV), which is the standard approach for measuring 

kinetics.  

To prepare the electrode, a pyramidal structure was fabricated over a glass substrate using a 

combination of photolithography and nanoimprint lithography and this was then coated with a 120 

nm thick layer of gold. The electrochemical response of the patterned gold was studied using CV 

in the presence of an iron redox couple, with a numerical simulation applied to elucidate the mass 

transport behaviour of the redox species near the electrode surface.     

 

4.2 Theory 

Electrochemistry relates the flow of electrons to chemical changes. This process consists of two 

steps: 1) electron exchange between the electrode and the reactant, and 2) reactant/product 

transport (often by diffusion) to/from the electrode surface. The overall redox reaction rate and 

hence the measured current is defined by the rate of these steps – with the slowest of the two 

processes controlling the overall rate. 

During the electrochemical process, shifting the electrode potential away from the equilibrium 

potential will cause the redox species at the electrode surface to undergo the electron transfer 

reaction which results in a concentration gradient in the electrolyte solution. The redox species 

diffuse from the bulk solution towards the electrode according to Fick’s second law (Eq. 4.1), 

neglecting the mass transport of redox ions due to migration and convection: 

 

𝑁𝑖 = 𝐷𝑖

𝜕𝐶𝑖

𝜕𝑥
 Eq. 4.1 

Where:  

Ni is the diffusion flux, 

Di is component i diffusion coefficient, 

Ci is component i concentration, 

x is position.  
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The electrochemical reaction proceeds only if the consumed species are replaced by redox species 

from the bulk solution. The relative magnitude of electron transfer rate and redox species mass 

transfer rate defines the concentration of redox couple at the electrode surface. For an applied 

potential, if the system has enough time to reach a thermodynamic equilibrium, the concentrations 

of redox species at the electrode surface are described by the Nernst equation (Eq. 4.2): 

 

𝐸 = 𝐸𝑓
0 −

𝑅𝑇

𝑛𝐹
ln (

𝐶𝑅𝑒

𝐶𝑂𝑥
) Eq. 4.2 

Where:  

E and Ef
0 are respectively the applied electrode potential and the formal reduction potential of the 

redox couple, 

CRe and COx are the concentration of the reduced and oxidised form of redox couple in the bulk 

solution, 

R is the universal gas constant, 

T is the temperature, 

n is the number of electrons transferred in the reaction, 

F is the Faraday constant. 

 

The volume of the solution in which the concentration is affected by the electrode is called the 

diffusion layer. In the absence of convection, the diffusion layer thickness is a function of diffusion 

coefficient and time and can be estimated using Eq. 4.3: 

 

 
𝛿 = √2𝐷𝑡 Eq. 4.3 

Where: 

 is the diffusion layer thickness, 

D is the diffusion coefficient of the redox ion, 

t is time. 
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By increasing the time of the electrochemical process, the diffusion layer grows into the bulk 

solution. However, when the thickness of the diffusion layer is sufficiently large, the chaotic 

motion of eddies prevents further thickening of this layer. Therefore, within a distance from the 

electrode, due to the microscopic mixing processes in the solution, the concentration of each solute 

is at its initial bulk value. The thickness of the diffusion layer is reduced if there is macroscopic 

convection within the electrolyte, for instance due to a density gradient within the solution or a 

forced hydrodynamic regime (such as a rotating disk electrode, flow channel systems, vibrations, 

and movement of air near the cell). The diffusion layer thickness can be accurately calculated from 

the concentration profiles. Another widely-used concept to approximate the diffusion layer 

thickness is the Nernst diffusion layer. This is defined as the distance at which a linear 

concentration profile with a gradient equal to the concentration gradient at the electrode surface 

takes its bulk value (Figure 4.1) [358]. The Nernst diffusion layer thickness in a typical 

electrochemical solution is of the order of a few hundred micrometers [359, 360]. 

 

 

Figure 4.1. The real diffusion layer thickness (δreal) corresponding to the real concentration profile (▬) and the 

Nernst diffusion layer thickness (δNernst) corresponding to a linear concentration profile (- - -) with the 

constant gradient equal to the concentration gradient at the electrode surface. 
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4.2.1 Cyclic voltammetry 

CV is a well-known technique to monitor redox behaviour of chemical species within a wide 

potential range. It relies on recording the current while the potential is swept cyclically between 

two limits with a constant rate, called potential sweep rate (Figure 4.2). Applying potential 

provides the driving force for an electrochemical reaction. The redox ions at the electrode-

electrolyte interface participate in the electron transfer reaction, and as a result, the electrons flow 

through the external circuit. By increasing the potential, the reductant concentration is depleted 

near the electrode, with the current controlled by either the diffusion of reductant from the bulk 

solution or the electron transfer rate (Figure 4.2-c). During the scan, the diffusion layer thickness 

grows throughout the scan, and this in turn slows down delivery (mass transfer) of the reductant 

to the electrode surface. The maximum current (peak) is observed at the potential at which the 

reductant mass transfer is highest.  

In CV, the anodic and cathodic peak current and the difference between peak potentials (peak 

separation) provide information about the kinetics of electron transfer reaction and redox species 

mass transport rate [361]. In this regard, CV has been used extensively to study the effect of surface 

morphology on the electrochemical reaction. 

During a CV process, the potential sweep rate defines the thickness of the diffusion layer at each 

potential [362]. By increasing the potential sweep rate, the diffusion layer has less time to extend 

into the solution and hence the diffusion layer becomes thinner.  

The reversibility state of the CV process is defined by competition between the electron transfer 

reaction rate and the potential sweep rate. In this regard, three states of the reaction can occur; it 

can be reversible, quasi-reversible or irreversible. 

Reversible CV occurs when the electron transfer rate is higher than the potential sweep rate. In 

this case, at each potential, the electron transfer reaction has enough time to reach a thermodynamic 

equilibrium, and the redox species concentration at the electrode surface is given by the Nernst 

equation. In the reversible condition, the overall reaction rate is limited by redox species mass 

transfer rate. As a result, CV analysis does not lead to any information about the kinetics of the 
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electron transfer reaction [362]. In this state, the separation of cathodic and anodic peak potentials 

is about 59/n mV, where n is the number of electrons transferred in the reaction [363]. 

 

 

 

 

Figure 4.2. System change during cyclic voltammetry: (a) potential is swept cyclically between two limits with a 

constant rate, (b) the reductant and oxidant concentration at the electrode surface at each potential, (c) the current 

recorded at each potential. The green point on each graph represents the condition at which the maximum current was 

obtained.  
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By increasing the potential sweep rate, the diffusion layer has less time to extend into the bulk 

solution, and redox species mass transfer rate to and from the electrode is increased. At a certain 

redox species mass transfer rate, the rate of the electron transfer is not enough to maintain the 

equilibrium at each potential. In this state, which is called quasi-reversible, both the oxidation and 

reduction reactions contribute to the electron transfer reaction, and the concentration at the 

electrode surface changes based on the following equation [364]:  

 𝑡 > 0, 𝑥 = 0, 𝐷𝑜 (
𝜕𝐶𝑜

𝜕𝑥
) = 𝑘𝑓𝐶𝑜 − 𝑘𝑟𝐶𝑅 Eq. 4.4 

Where: 

CO and CR are respectively oxidant and reductant concentration, 

kf and kr are the heterogeneous electron transfer rate constant of forward and reverse reactions,  

other parameters have their usual meanings. 

The electron transfer kinetics depend on the rate constants (kf and kr) which, assuming Butler-

Volmer type kinetic behaviour, depend on the overpotential applied to the electrodes: 

 𝑘𝑓 = 𝑘° exp (
−𝛼𝑛𝐹

𝑅𝑇
(𝐸 − 𝐸𝑓

0)) Eq. 4.5 

 𝑘𝑟 = 𝑘° exp (
(1 − 𝛼)𝑛𝐹

𝑅𝑇
(𝐸 − 𝐸𝑓

0)) Eq. 4.6 

Where: 

k° is the standard rate constant, 

α is the charge transfer coefficient,  

𝑛 is the number of electrons transferred during the oxidation and reduction reactions, 

F is the Faraday constant,  

𝐸−𝐸f0 is the difference between the cell potential and the formal potential known as the activation 

overpotential,  

other parameters have their usual meanings.  
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The net electron transfer rate at a surface can be calculated using the Butler-Volmer equation [365]: 

𝑖 = 𝐹𝐴𝑘° (𝐶𝑅𝑒𝑥𝑝 (
−𝛼𝑛𝐹(𝐸 − 𝐸𝑓

0)

𝑅𝑇
) − 𝐶𝑂𝑒𝑥𝑝 (

(1 − 𝛼)𝑛𝐹(𝐸 − 𝐸𝑓
0)

𝑅𝑇
)) Eq. 4.7 

 

  

Where: 

𝑖 is the current, 

𝐴 is the surface area of the electrode. 

In quasi-reversible state, the electrochemical reaction is limited by the kinetics of the electron 

transfer reaction, and the separation of peak potentials can be a measure of the standard rate 

constant. In this case, the cathodic and anodic peak occurs later, and the peak separation would be 

higher than 59/n mV. Nicholson has shown a theoretical correlation between peak separations and 

standard rate constant at a specific potential scan rate (Eq. 4.8 and Eq. 4.9) [361]. However, 

Nicholson method is applied for a one-dimensional diffusion of redox species towards a planar 

electrode. Accurate use of the Nicholson method requires the CV to be recorded at multiple sweep 

rates. 

 𝜓 = (
𝐷𝐹𝑒3+

𝐷𝐹𝑒2+
)

𝛼/2

× 𝑘𝑠 (
𝑅 × 𝑇

𝑧 × 𝐹 × 𝐷𝐹𝑒3+ × 𝑑𝐸/𝑑𝑡
) Eq. 4.8 

 𝜓 = (−0.6288 + 0.0021 (𝐸𝑝
𝑎 − 𝐸𝑝

𝑐))/(1 − 0.017(𝐸𝑝
𝑎 − 𝐸𝑝

𝑐)) Eq. 4.9 

In the irreversible state, the electron transfer reaction is in a static equilibrium and the cathodic 

peak does not appear in the CV. In this condition, the concentration of redox species at the 

electrode surface is given by: 

 𝑡 > 0, 𝑥 = 0, 𝐷𝑜 (
𝜕𝐶𝑜

𝜕𝑥
) = 𝑘𝐶𝑜 Eq. 4.10 
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 𝑘 = 𝑘° exp (
−𝛼𝑛𝐹

𝑅𝑇
(𝐸 − 𝐸𝑓

0)) Eq. 4.11 

In the irreversible state, the theoretical approach is very complex and numerical analysis is required 

to study the electrochemical properties. 

As the reversibility state of the CV depends on the potential sweep rate, it is common for a fast 

reaction to show non-reversible behaviour at higher sweep rates [364]. 

 

4.2.2 Cyclic voltammetry on a rough electrode 

Surface morphology of a non-planar electrode can affect the electron transfer reaction in two ways: 

1) changing the electroactive surface area (EASA) of the electrode, 2) changing the concentration 

profile of the redox species in the electrolyte solution. During CV, at low potential sweep rate, 

when the diffusion layer thickness is much larger than the scale of roughness, the effect of 

electrode’s surface structure on the concentration profile is insignificant. Also, if the reaction is in 

reversible state and is limited by mass transfer rate, the EASA does not affect the CV. Therefore, 

under the reversible state, when the diffusion layer thickness is much higher than the scale of the 

roughness on the electrode surface, CV does not provide any information regarding the electrode’s 

surface morphology. 

In the quasi-reversible region, the electron transfer reaction does not have enough time to reach a 

dynamic equilibrium. The electrochemical reaction is limited by the kinetics of electron transfer. 

Therefore, the parameters that affect the rate of the electron transfer reaction (such as the EASA 

of the electrode and mass transfer rate of the redox species) change the peak separation. Increasing 

the potential sweep rate reduces the size of diffusion layer thickness relative to the scale of the 

structure on the electrode’s surface and, as a consequence, the electrode’s surface morphology 

changes the concentration profile. In the quasi-reversible state, larger EASA improves the 

electrochemical reaction rate. Therefore, the peak separation of a rough electrode is different from 

that of a perfectly flat electrode at the same potential sweep rate. For a non-planar electrode in the 

quasi-reversible state where the diffusion layer thickness is large enough to neglect the effect of 



Chapter 4. 

90 

surface roughness on mass transfer rate, the following is the relationship between the apparent rate 

constant estimated through CV and the electron transfer standard rate constant [366]: 

 

𝑘𝑎𝑝𝑝 = 𝛹𝑘° Eq. 4.12 

Where: 

kapp is the apparent rate constant measured through CV, 

and Ψ is the roughness factor and is defined as: 

 

𝛹 =
Electroactive area

Substrate area
 Eq. 4.13 

 

4.3 Experimental methods 

The effect of the electrode’s geometrical feature on the electrochemical reaction rate was 

investigated through numerical and experimental study of CV in the presence of Fe2+/Fe3+ redox 

couple. 

 

4.3.1 Electrode preparation 

The side of the electrode in contact with the electrolyte was patterned with a periodic pyramidal 

microstructure. The structure was fabricated into a layer of UV curable polymer on top of a glass 

substrate using imprint lithography as described in section 2.3.1. Electron beam evaporation was 

utilised to coat the pyramidal structure with a 120 nm layer of gold as an electrically conductive 

material.  

A Si master mold containing an array of inverted pyramids was utilised for imprint lithography. 

To prepare the master mold, photolithography was employed to record an initial pattern on the 

photoresist layer coated on the Si wafer, and the pattern was transferred to the Si wafer using a 

multi-step etching process.  
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4.3.2 Master mold preparation 

The first stage in photolithography was to put a layer of photoresist over a commercial 100 nm 

SiO2 coated Si wafer. The Si wafer was cleaned by sonication in acetone, methanol, and isopropyl 

alcohol for 10 min each. Then, it was rinsed with deionised (DI) water and blown with nitrogen 

gas. Further cleaning was achieved by use of an O2 plasma asher for 10 min. Hexamethyldisilazane 

(HMDS) was immediately spin-coated on the substrate at a speed of 4000 rpm for 30 s to improve 

the adhesion between the photoresist and SiO2 layer. A layer of positive photoresist of AZ1518 

was immediately spin-coated at spinning speed of 4000 rpm for 60 s. The wafer was then soft 

baked on a hot plate at 90°C for 1 min.  

To transfer the pattern to the photoresist, 405 nm UV light with an exposure dose of 55 mJ/cm2 

was used to illuminate the Si wafer through the photomask using a Karl Suss mask aligner system. 

The photomask preparation process is elaborated in the next section. The exposed photoresist was 

removed by immersing the wafer in AZ 326 MIF developer for 1 min. The developer was 

thoroughly rinsed with DI water to ensure there was no residue left on the surface that would 

interfere with the subsequent etching steps. Then, the Si wafer was post-baked on a hot plate at 

120°C for 6 min. The pattern was transferred to the SiO2 layer by immersing the wafer in  40% 

buffered HF (6:1 volume ratio of NH4F solution to 49% HF) for 80 s (etching rate of SiO2 in 

buffered HF is about 80 nm/min), while the photoresist worked as a mask for the SiO2 layer. To 

remove the photoresist layer, the wafer was sonicated in acetone, methanol, and isopropyl alcohol 

for 10 min each, and then rinsed with DI water. The inverted pyramidal structure on a Si (100) 

substrate was fabricated by wet etching in 30% KOH solution at 80°C for 255 sec (etching rate of 

Si (100) in KOH at 80°C is about 1.2 μm/min). The etching steps to fabricate the inverted pyramidal 

structure into the Si wafer is presented schematically in Figure 4.3. The microscopic image of the 

Si wafer after each etching step is shown in Figure 4.4. 
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Figure 4.3. Schematic diagram of Si master mold preparation. The initial pattern was recorded on the photoresist layer 

using photolithography and was transferred to the Si layer through a multi-step etching process. For each 

layer, the layer above it worked as a hard mask. KOH etching was used to produce the pyramidal structure 

in the Si wafer. 

 

 

Figure 4.4. Images of the Si wafer at each step in preparation of the Si master mold:  (a) the exposed photoresist was  

dissolved in developer, (b) the pattern was transferred to the SiO2 layer by etching with buffered HF 

solution, (c) the pyramidal structure was etched into the Si wafer using KOH. 

 

(a) (b) (c) 
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4.3.3 Photomask preparation 

The photomask used in photolithography was a chrome metal on soda lime glass plate containing 

a periodic array of square-shaped openings of 7⨯7 μm and pitch of 14 μm. This pattern was 

designed by L-edit software and was written on a 4 inches chrome-coated glass (4x4x .060 SL LRC 

10M 1518 5k, Nanofilm) using a Heidleburg micro PG laser mask writer equipped with a laser of 

405 nm wavelength. The commercial chrome glass that was used for this purpose contained a layer 

of a positive-tone photoresist (AZ1518). During mask writing, the photoresist was exposed by 

light. The exposed photoresist was dissolved by immersing in AZ 326 MIF developer for 40 s. 

Then, the chrome layer was etched for 45 s in a solution of 0.3 M ammonium cerium (IV) nitrate 

and 0.15 M perchloric acid in DI water. After rinsing with DI water, the photoresist was removed 

by 30 min sonication in acetone. A schematic diagram of the photomask preparation process is 

shown in Figure 4.5, and a microscopic image of the prepared photomask is presented in Figure 

4.6. 

 

 

Figure 4.5. Preparation of a photomask containing an array of square-shaped openings. The initial pattern was printed 

on the photoresist layer using a mask writer. After developing the photoresist, it acts as a hard mask for 

the chrome layer during the etching process, after which, the photoresist layer is dissolved in acetone.  
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Figure 4.6. An image of the photomask used in photolithography and a microscopic image of its pattern which consists 

of an array of square-shaped openings (each being 7⨯7 μm and with a pitch of 14 μm). 

 

4.3.4 Electrochemical studies 

The CVs of the gold-coated patterned electrode were compared with those of a flat electrode. The 

flat electrode was a glass substrate coated with a 120 nm layer of gold using electron beam 

evaporation. All experiments were conducted at least in duplicate. The electrochemical cell (Figure 

4.7) was a three-electrode setup including a working electrode (1⨯1 cm), a Pt counter electrode, 

and an Ag|AgCl reference electrode. Inlets at the top of the cell were used to introduce the working 

electrode, Pt counter electrode, reference electrode, and gas line port for argon purging of 

electrolyte solutions.  

To measure the patterned electrode’s EASA, CV was carried out in an aqueous solution of 0.5 M 

sulfuric acid. The potential limits were set to prevent the onset of hydrogen and oxygen evolution. 

Before starting the process, dissolved oxygen was purged from the electrolyte solution by bubbling 

argon through the gas inlet. During measurement, CV was performed in a static solution, argon 

was no longer bubbled through the electrolyte, but was released above the surface. Before 

recording the CV, the electrode surface was first brought into a reproducible state by applying a 

few fast potential scans that resulted in electrochemical surface cleaning. The potential was 
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scanned from 0 to 1.7 V vs. Ag|AgCl, at a sweep rate of 0.1 Vs-1. The CV scan starts at the 

estimated open circuit potential of 0.5 V vs. Ag|AgCl.  

The electrochemical behaviour of the electrodes was studied in the presence of a Fe2+/Fe3+ redox 

couple. Only Fe2+ species were initially present in the electrolyte. An electrolyte containing 1 mM 

Fe2+ in 0.5 M H2SO4 was prepared by using iron (II) sulphate heptahydrate as the precursor. Prior 

to the CV scan, the electrolyte was purged by Ar gas to remove the dissolved O2, and during CV 

Ar gas was released on top of the electrolyte. Before measurements, the electrode surface was 

electrochemically cleaned by running a few fast voltammetry cycles. The potential was swept at 

different rates between the limits of 0 V and 1V vs. Ag|AgCl. 

 

 

Figure 4.7. Schematic diagram of a three-electrode cell including the working electrode (WE), reference electrode 

(RE), counter electrode (CE), and a gas inlet for the purge of oxygen using Ar. Potentiostat injects the 

current into the cell through the counter electrode, while maintaining a constant potential difference 

between the working and reference electrodes. No current passes through the reference electrode; it has a 

constant potential which is used to as a reference to measure the potential of working electrode. 
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4.4 Results and discussion 

4.4.1 Characterisation 

The size and morphology of the Si master mold containing an inverted pyramidal microarray is 

determined using SEM (Figure 4.8) and AFM (Figure 4.9). The gold-coated pyramids fabricated 

in this work were found by SEM (Figure 4.10) to be consistent in shape, with a height of 5 µm, a 

width of 7 µm, and a periodicity of 14 µm. 

 

  

Figure 4.8. SEM image of the Si master mold containing an inverted pyramidal microarray at magnifications of 1000X 

and 8000X. 
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Figure 4.9. AFM image of the Si master mold containing an inverted pyramidal microarray: (a) 2D view, (b) 3D view, 

(c) cross-sectional trace. 

 

 

 

 

Figure 4.10. SEM image of a gold electrode patterned by an upright pyramidal microarray. The pattern was fabricated 

into an Ormostamp layer coated on top of a glass substrate and was coated by a 120 nm layer of gold. 
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4.4.2 Electrochemical behaviour 

Experimental measurement of roughness factor 

CV of gold has well defined regions that have been well explained previously [367]. These regions 

were observed in CV scan of the gold-coated flat and patterned electrodes (Figure 4.11). As the 

potential was scanned during the anodic sweep, the gold oxide started to form at around 1.1 V vs. 

Ag|AgCl. In the cathodic sweep, the gold oxide reduced to metallic gold below 1 V vs. Ag|AgCl. 

The area under the reduction peak in the plotted CV (shaded area in Figure 4.11) is equivalent to 

the charge required to fully reduce the gold oxide surface of the fabricated electrode to a metallic 

gold surface. By measuring this value and by considering the charge of 400 μC/cm2 as that 

necessary to form a single monolayer of AuO on the Au (100) face [368], the EASA and roughness 

factor of the fabricated electrodes can be estimated. Using this method, the roughness factor of 

gold-coated flat and patterned electrodes was found to be 1.93 and 3.26, respectively. The 

roughness of the flat electrode corresponded to only the nanoscale irregularities of the gold coating, 

while on the patterned electrode the roughness was caused by both the nanoscale irregularities of 

the gold coating and the microscale pyramidal structure.  

EASA of an electrode can also be estimated by measuring the electrode’s double layer capacity. 

In the double layer region, the current results from the charging of the electrode’s double layer at 

the electrode-electrolyte interface based on Eq. 4.14 and depends on the EASA of the electrode.  

 

𝑗 = 𝐶𝑣 Eq. 4.14 

Where: 

j is the current density, 

C is the capacitance, 

v is the scan rate. 

For both flat and patterned electrodes, CVs at different potential sweep rates were recorded in the 

region where no significant faradic reaction occurred (Figure 4.12), and the current was plotted 

versus potential sweep rate as shown in Figure 4.13. The slope of the interpolated line is equivalent 
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to the double layer capacity of the electrode. With a double layer capacity of 20 µF/cm2 for a 

perfectly smooth gold electrode [369], the calculated roughness factors were 1.520 for the gold-

coated flat electrode and 3.175 for the gold-coated patterned electrode.  

The roughness factors obtained from the two methods agreed pretty well (1.93 vs. 1.52 for the flat, 

and 3.26 vs. 3.175 for the patterned electrode). The regular structure of the pyramids made it 

possible to calculate the geometric area of the patterned electrode. The pyramidal structure 

provided 1.19 times more surface area than the flat electrode, whereas the experimental results 

showed that the surface area of the patterned electrode was 1.69–2.08 times greater. This suggests 

that the effect of patterning on the roughness factor is not only because of the microscale structure 

but is mostly due to the nanoscale roughness formed during gold deposition. On the patterned 

electrode, the gold layer was deposited onto the Ormostamp layer, while on the flat electrode, it 

was coated onto a glass substrate. This could be the reason of higher nanoscale roughness on the 

patterned electrode.  

 

 

Figure 4.11. CV scan of gold-coated flat and patterned electrodes in an electrolyte solution of 0.5 M H2SO4 recorded 

at a potential sweep rate of 0.1 V s-1. The shaded area represents the charge required for full reduction of 

gold oxide at the surface of the patterned electrode. By measuring the integrated area under the reduction 

peak a roughness factor of 1.93 and 3.26 was obtained for flat and patterned electrodes, respectively. 
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Figure 4.12. CV scan of 1⨯1 cm gold-coated (a) flat and (b) patterned electrodes in contact with an electrolyte solution 

of 0.5 M H2SO4 in the double-layer region at different potential sweep rates: 

▬ 0.02, ▬ 0.4, ▬ 0.06, ▬ 0.08, and ▬ 0.1 V s-1. 

 

 

Figure 4.13. Current value in the double-layer region as a function of scan rate for 1⨯1 cm gold-coated flat and 

patterned electrodes in an electrolyte solution of 0.5 M H2SO4. The slope of each plot represents the 

double layer capacitance of each electrode. 
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Numerical study 

Numerical simulations based on finite elements analysis were conducted using COMSOL software 

in order to study the CV of gold electrode patterned with upright pyramidal structure in the 

presence of Fe2+. The results were compared with that of a flat electrode.  

The simulation system was defined for part of the pattern that is periodically repeated. A schematic 

diagram of the simulated system including the applied boundary conditions is presented in Figure 

4.14. The defined parameters and boundary conditions used in the numerical simulation are 

presented in Table 4.1 and Table 4.2, respectively. Only Fe2+ was initially present in the solution. 

By sweeping the potential, the redox species near the electrode’s surface participate in the electron 

transfer reaction and create a concentration gradient within the solution. The electron transfer 

reaction at the surface of an electrode is described by the Butler-Volmer equation which relates 

the current density to the electrode’s potential as follows: 

𝑗𝑙𝑜𝑐 = 𝑛𝐹𝑘0  (𝐶𝐹𝑒2+ exp (
(𝑛 − 𝛼)𝐹(𝐸 − 𝐸°)

𝑅𝑇
) − 𝐶𝐹𝑒3+ exp (−

𝛼𝐹(𝐸 − 𝐸°)

𝑅𝑇
)) Eq. 4.15 

Where: 

Jloc is the local current density, 

and the other parameters have their usual meanings. 

Fick’s second law was used to calculate the rate of mass transfer to and from the electrode surface, 

assuming the mass transfer due to convection and migration is negligible. The bulk position (Table 

4.1) is defined as a product of the diffusion layer thickness calculated by Eq. 4.3. While the bulk 

position must be at a distance from the electrode’s surface where the solution’s concentration is 

not affected by the electrode, a very high distance would increase the size of the system and the 

computational time. 
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Table 4.1. Defined parameters used for numerical simulation 

Parameter Value 

bulk position H = 3×√2 D
Fe3+×|V2-V1|/v 

Fe2+ diffusion coefficient DFe
2+ = 6.13⨯10-6 [cm2/s] [370] 

Fe3+ diffusion coefficient DFe
3+  = 5.28⨯10-6 [cm2/s] [370] 

Fe2+ initial concentration CFe
2+  =1 [mmol/L] 

Fe3+ initial concentration CFe
3+  = 0 [mmol/L] 

standard rate constant k°  = 0.0448 [cm/s] 

double layer capacitance CDL = 0.2 [F/m2] 

formal potential Ef  = 0.47 [V] 

temperature T = 298 [K] 

charge transfer coefficient α = 0.5 

potential sweep rate v 

initial potential V1 

final potential V2 

 

 

 

Table 4.2. Defined boundary conditions used for numerical simulation 

Boundary Condition 

Electrode Surface Butler-Volmer equation 

Bulk solution CFe
2+  =1 [mmol/L]; CFe

3+  = 0 [mmol/L] 

Sides of system 
∂

2
C

Fe2+

∂x
2 =0; 

∂
2
C

Fe3+

∂x
2 =0 
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Figure 4.14. Schematic diagram of the simulated system: due to the concentration gradient, the redox species (Ci) 

diffuse from the bulk solution towards the electrode to participate in the electron transfer reaction at the 

surface of the electrode. Mass transfer occurs within the system and there is no flux from outside the 

boundaries. 

 

Mesh optimisation 

In the finite element analysis, the size and type of the mesh plays an important role in defining the 

accuracy of the results and calculation time. Generally, the denser the mesh, the greater the 

simulation time, which is unnecessary if changes in the physical properties are minimal in well-

meshed regions. Hence, there is a trade-off between the time of calculation and the accuracy of the 

result. The optimum meshing was chosen by running the simulation at high potential sweep rates 

which are more sensitive to the mesh structure due to steep variation of physical properties.  

For the flat electrode, three types of swept, distributed swept, and tetrahedral meshes were tested 

by observing how these mesh types influenced the peak current density during simulated CV. A 

sweep rate of 10 V s-1 was chosen for the comparison as this creates the thinnest diffusion layer 

which in turn is most sensitive to the mesh type. The swept mesh creates hexahedral elements 

which start at a source boundary and sweep along to a destination boundary distributed uniformly 

along the system. In distributed swept mesh, the size of the elements grows at a constant rate over 

the geometry to create a denser mesh in the domain with high variation of physical properties. 
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Tetrahedral mesh is well suited for complex-shaped geometries requiring a varying element size 

as it creates an unstructured mesh with irregular connectivity. It forms very small elements in tight 

spaces and very large elements in more open spaces without creating problems in the solution 

algorithms. The effect of meshing on the current density and the final meshing structure 

(distributed swept mesh) that were chosen for numerical study of a flat electrode are presented in 

Figure 4.15. The distributed swept mesh with 300 elements automatically distributed within the 

system provides a reasonable accuracy over a wide range of mesh size. For a mesh size smaller 

than 1 µm, similar results were observed for all type of meshes. 

 

   

Figure 4.15. (a) the effect of mesh sizes of three mesh types (swept ■, distributed swept ●, and tetrahedral ▲) on the peak 

current density of a flat electrode at potential sweep rate of 10 V s-1, (b) A 2D image of a distributed swept 

mesh that was used for numerical studies.   

 

Due to the specific geometry of the patterned electrode, tetrahedral mesh is automatically chosen 

by COMSOL. In the tetrahedral mesh, the shape of the elements and the angles between them 

provide a great chance of reaching more accurate results at the sharp tip of the electrode. The effect 

of tetrahedral mesh size on the current density of the patterned electrode was studied at potential 

sweep rate of 10 V s-1 (Figure 4.16). For mesh sizes below 1 µm, the size of the mesh had negligible 
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influence on the calculated CVs. Hence, a mesh size of 0.5 µm was chosen for further calculations. 

However, using this size of mesh caused the calculation time to be increased drastically. To reduce 

the calculation time, the system was divided into two mesh domains by using a partition: a) 

tetrahedral mesh for the domain close to the electrode where the physical properties of the system 

are affected by the surface geometry of the electrode, b) distributed swept mesh for the domain in 

which surface geometry does not affect the concentration gradient. The patterned electrode’s 

meshing structure is shown in Figure 4.17-a and the effect of partition distance from the electrode 

is presented in Figure 4.17-b. For further numerical studies on the patterned electrode, a partition 

was placed at a distance of 10 µm from the electrode’s base in order to separate two domains, one 

of a tetrahedral mesh with a size of 0.5 µm, and a second of a distributed swept mesh containing 

300 automatically distributed elements. 

The accuracy of the results using this mesh structure was tested by comparing the numerical and 

experimental CV of flat and patterned electrodes at a potential sweep rate of 0.5 V s-1 (Figure 

4.18). 

 

 

Figure 4.16. The effect of tetrahedral mesh size on the current density of a patterned electrode at a potential sweep 

rate of 10 V s-1. 
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Figure 4.17. (a) An image of the mesh structure used for the patterned electrode (the system is divided into two mesh 

domains by using a partition), and (b) the effect of mesh partition distance from the base of the electrode 

on the peak current density.  

 

    

Figure 4.18. Numerical (- - -) and experimental (▬) CV (first cycle) of (a) flat and (b) patterned electrode in an 

electrolyte containing 1 mM Fe2+ at potential sweep rate of 0.5 V s-1.   
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Numerical and experimental study of surface roughness effect on electrochemical reaction 

In CV, the peak separation is defined by kinetics of the electron transfer reaction relative to the 

rate of redox species mass transfer. On a patterned electrode, changing the potential sweep rate 

changes the concentration profile over the system and therefore affects the mass transfer rate and 

the availability of the EASA. As a result, the peak separation varies with potential sweep rate.  The 

change of peak separation by potential sweep rate was measured for flat and patterned electrodes 

(Figure 4.19). As expected, at low potential sweep rate (thick diffusion layer) for a reversible 

electron transfer reaction, peak separation of flat and patterned electrodes was the same, and the 

CV did not give any information regarding the electrode’s EASA. However, due to higher EASA 

on the patterned electrode, the transition from a reversible to a quasi-reversible state occurred at a 

higher potential sweep rate. In a quasi-reversible CV, because of higher EASA of the patterned 

electrode, the kinetics of the electron transfer reaction dominated the mass transfer at a lower 

potential, therefore, the peak separation of the patterned electrode was smaller than that of the flat 

electrode.  

At very high potential sweep rates, the behaviour of the patterned electrode came close to that of 

the flat electrode (explained later in this section). By visualising the concentration profile of the 

redox species on the patterned electrode (Figure 4.20), it can be observed that the maximum 

difference between the flat and patterned electrode occurred at the potential sweep rates that caused 

a convergent diffusion of redox species towards the pyramids. 

The sensitivity of the system to environmental noise at very low potential sweep rates, and high 

double layer overpotential at very high potential sweep rates caused the deviation of experimental 

results from those of the numerical simulation. 
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Figure 4.19. Numerical and experimental peak separation of the CV of flat and patterned electrodes at different 

potential sweep rates. 

 

The concentration profile of the patterned electrode at peak potential was simulated at potential 

sweep rates of 0.002, 0.5, 1, and 10 V s-1 (Figure 4.20). Depending on the potential sweep rates, 

four different case of diffusion were observed. At very low sweep rate, when the diffusion layer 

thickness was much larger than the structure’s scale, there was a small concentration gradient from 

the base to the top of the pyramid, and the redox species diffusional area was equal to the 

electrode’s projected area. Therefore, a perpendicular diffusion of redox species occurred through 

the system, which was similar to the diffusion towards a flat electrode with an EASA equal to the 

electrode’s projected area (Figure 4.20-a). When the diffusion layer thickness was small enough, 

the electrode’s surface structure affected the redox species concentration profile (Figure 4.20-b). 

In this case, the diffusional area was larger than the electrode’s projected area. The redox species 

diffusion was convergent towards each pyramid and overlapped with that of neighbouring 

pyramids. Higher potential sweep rate reduced the overlap of the concentration profile of each 

pyramid (Figure 4.20-c). When there was no overlap in the concentration profile of each pyramid, 

the redox species diffusion was perpendicular to the surface of each pyramid with a diffusional 

area equal to the EASA (Figure 4.20-d). This shows that at super-high potential sweep rates, the 

patterned electrode would be expected to behave as a flat electrode with a larger area than 

calculated from a 2D projection.  
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Figure 4.20. Concentration profile of the pyramidal pattern at the peak potential of the simulated CV at potential 

sweep rates of: (a) 0.002 V s-1, (b) 0.5 V s-1, (c) 1 V s-1, (d) 10 V s-1. For each case, the contour diagram 

shows the regions with equal concentration (dashed lines) and the direction of redox species diffusion 

(arrows). 

 

The CVs of patterned and flat electrodes were simulated at a super-high potential sweep rate of 50 

V s-1, while the current densities were normalised by the electroactive surface area of each 

electrode (Figure 4.21). The patterned electrode showed a slightly higher peak current and slightly 

smaller peak potential than that of a flat electrode. The reason can be explained by plotting the 

local current density of the patterned electrode at the peak potential (Figure 4.22). The current 

density was uniform over the patterned electrode except at the tip of the pyramid and along the 

edge of the base. At the tip, the convergent mass transport of the redox species caused a high 

current density (akin to the high mass transport to a micro hemi-spherical or microdisc electrode), 

while at the edge of the base the current density was almost zero as a result of divergent mass 

transport. The behaviour of the tip and base edge through the CV affected the average of local 

current density at the surface of the electrode (Figure 4.23). In comparison to the base edge, the 

tip of the pyramid caused a higher peak which occurred at higher overpotentials. At the base of the 

electrode, the divergent mass transport of the redox species lowered the current density and causes 
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the peak current to occur at potentials closer to the reversible potential. This divergent mass 

transport is similar to that seen for thin-layer electrolyte systems where the peak separation can be 

much smaller than 59/n mV [371].  

 

 

Figure 4.21. Simulated CV of a pyramidal patterned and a flat electrode at potential sweep rate of 50 V s-1. The current 

was normalised by EASA of each electrode. 

 

 

Figure 4.22. The local current density of the pyramidal structure at the peak potential of the simulated CV at potential 

sweep rate of 50 V s-1; At the tip of the pyramid, the convergent mass transport of the redox species 

caused a high current density, while at the base edge of pyramids the current density was almost zero as 

a result of divergent mass transport.  
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Figure 4.23. The current density at the tip and the base edge of the pyramid and the average current density over the 

patterned electrode during the simulated CV at potential sweep rate of 50 V s-1. In comparison to the 

base edge, the tip of the pyramid caused a higher peak which occurred at higher potential. 

 

To confirm that the behaviour of rough electrodes is identical to that of flat electrodes when the 

sweep rate is high enough that the diffusion layer follows the electrode morphology, a “rough” 

electrode with smooth features was simulated at 50 V s-1 (Figure 4.24). The shape of the roughness 

was designed to eliminate the divergent and convergent diffusion of redox species to the surface 

of the electrode. The normal diffusion towards the surface resulted in a uniform concentration 

profile over the surface of the electrode. In this case, the CV of the patterned electrode, while the 

current density was normalised by the EASA, was exactly the same as that of a flat electrode 

(Figure 4.25).  
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Figure 4.24. The concentration profile of a round and a flat electrode at the peak potential during the simulated CV 

at potential sweep rate of 50 V s-1. The uniform concentration profile over the round structure caused a 

normal diffusion of redox species towards the electrode surface. 

 

 

Figure 4.25. Simulated CV of a round and a flat electrode at potential sweep rate of 50 V s-1. The current was 

normalised by EASA of each electrode. 
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Surface roughness scale 

An electrode’s roughness is defined as roughness factor which relates the scale of roughness to the 

EASA. However, structures with the same roughness factor can have different scales of roughness 

(Figure 4.26). 

 

 

Figure 4.26. Two structures with the same roughness factor (EASA), but with different scales of roughness. 

 

Apart from changing the electrode’s EASA, surface roughness affects the concentration profile of 

the redox species in the electrolyte solution. To focus on the effect of surface roughness scale on 

redox species mass transfer, the CVs of the patterns with the same EASA (roughness factor) but 

different scales were numerically modelled in a 2D environment. The concentration profile of three 

different structures at the peak potential of the simulated CV at potential sweep rate of 1 V s-1 is 

shown in Figure 4.27. When the size of the structure is much smaller than the diffusion layer 

thickness, the diffusional area is equal to the electrode’s projected area. This is similar to a case 

where CV is run at a slow potential sweep rate. By increasing the scale of the structure, surface 

roughness had more effect on the redox species concentration profile. This showed that the redox 

species concentration profile depended on the relative scale of the structure to the diffusion layer 

thickness [357].  
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Figure 4.27. Concentration profile at the peak potential of the simulated CV of three electrodes of different sizes but 

the same EASA at the potential sweep rate of 1V s-1. By increasing the structure’s scale from (a) to (c) 

the surface roughness had increasing effect on the concentration profile of the redox species.  

 

The anodic scan of CV at the potential sweep rate of 1 V s-1 was simulated for structures with 

different heights (Figure 4.28). Due to convergent diffusion, the rate of redox species mass transfer 

towards the electrode increased according to the height of the structure and resulted in higher 

current. 

 

 

Figure 4.28. The anodic current of simulated CV for electrodes with different scale of structures (h = height of the 

structure) at potential sweep rate of 1 V s-1.  
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The change of peak separation by potential sweep rate was measured for each structure (Figure 

4.29-a) and was compared with that of a flat electrode (Figure 4.29-b). On a patterned electrode, 

the area through which the redox species diffuse changes as a function of distance away from the 

electrode surface. Close to the electrode surface, the diffusional area is large and approaches the 

true surface area of the electrode, and as a result the flux of the redox species decreases. In this 

case, the behaviour of the patterned electrode was not uniform along the surface. For example, on 

a pyramidal structure, the tip of the pyramid was exposed to a high mass transfer of redox species 

due to convergent diffusion, while the base edges received a small mass transfer. For a small-scale 

structure (e.g. h = 3 µm), increasing the potential sweep rate caused the peak separation to increase 

continuously due to lower diffusion layer thickness and higher mass transport of redox species 

(Figure 4.29-a). In contrast, for a large-scale structure (e.g. h = 24 µm) an increase in the potential 

sweep rate resulted in a change from a reducing to an increasing peak separation. Using h = 24 µm 

at potential sweep rate of 0.002 V s-1 as an example, the rate in which the diffusional area was 

changing through the diffusion layer thickness was higher than for a smaller structure, therefore, 

the electron transfer reaction was limited by the redox species mass transport at lower potential 

causing a smaller peak separation.  By increasing the potential sweep rate up to 10 V s-1, the redox 

species had even less time to reach the base of the structure, and therefore the peak separation 

decreased. At sweep rates higher than 10 V s-1, the change of diffusional area along the diffusion 

layer was lower, and redox species could reach the base of the electrode faster. This resulted in the 

electron transfer reaction being limited by redox species mass transport at higher potential causing 

a larger peak separation. Ultimately, at a very high potential sweep rate of 10 V s-1, the whole 

surface of the electrode was uniformly engaged in the reaction (Figures 4.21 and 4.22) and the 

structure behaved almost as a flat electrode with an extended EASA.  
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Figure 4.29. (a) The peak separation of patterned structure and (b) the deviation from that of a flat electrode at different 

potential sweep rates for structures with different sizes (h = height of the structure):  

▬ h = 3 µm, ▬ h = 6 µm, ▬ h = 12 µm, ▬ h = 24 µm, ▬ h = 48 µm. 

 

The patterned electrode’s behaviour at different potential sweep rates depended on the relative 

magnitude of the diffusion layer thickness to the scale of roughness. To get a better understanding, 

the peak separation of each structure at a different ratio of height to diffusion layer thickness and 

its deviation from that of a flat electrode were measured (Figure 4.30). The diffusion layer 

thickness was approximated by using (Eq. 4.3). At high ratios, the surface roughness had more 

effect on the electrochemical reaction and there was higher deviation from the flat electrode. 

However, regardless of the structure’s scale, there was a turning point after which the behaviour 

of a patterned electrode started to approach that of a flat electrode. For all the structures, the turning 

point occurred at the same ratio (h/ =0.25). 
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Figure 4.30. (a) The peak separation of patterned structure and (b) the deviation from that of a flat electrode at different 

ratios of the structure’s height (h) to diffusion layer thickness (δ) for structures of different sizes:  

▬ h = 3 µm, ▬ h = 6 µm, ▬ h = 12 µm, ▬ h = 24 µm, ▬ h = 48 µm. 

  

4.5 Conclusion 

This part of the study investigated the effect of an electrode’s surface morphology on the mass 

transport behaviour of redox species and how this affected the cyclic voltammetric response. The 

surface roughness of the electrode was modelled as a regular structure to enable numerical as well 

as experimental studies. The patterned electrode was prepared by fabricating a periodic pyramidal 

microstructure (height 5 μm, width 7 μm, periodicity 14 μm) into a UV curable polymer using 

lithography, and then coating the structure with a 120 nm layer of gold as a conductive layer. The 

electrochemical behaviour of the patterned electrode was compared with that of a gold-coated flat 

electrode.  

Although the geometrical surface area of the patterned electrode was only 19% higher than the flat 

electrode, it provided 70% higher EASA than the flat electrode. This suggests that the pyramidal 

structure affected the nanoscale roughness formed during the gold coating using electron beam 

evaporation. 
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The effect of electrode’s surface roughness on the electron transfer reaction was studied using CV 

technique in the presence of 1 mM Fe2+. Along with the experimental results, the CV of the 

electrodes were analysed using a finite element method (COMSOL software). The simulation was 

carried out with optimised meshing structure to enhance the accuracy of the results and reduce the 

calculation time. However, deviation from experimental results was observed due to experimental 

error such as sensitivity of the system to environmental noise at very low potential sweep rates, 

and high double layer overpotential at very high potential sweep rates.  

The peak separation of a cyclic voltammogram can be used as an estimation for the electrode’s 

EASA. In the reversible state, the peak separation of a patterned electrode is equal to that of a flat 

electrode (59/n mV) and the CV does not give any information regarding the electrode’s surface 

roughness. The low sweep rate CV on a structure with low roughness results in a reversible 

condition, and even a 1 µm roughness caused by very poor polishing can give a CV similar to that 

of a flat electrode. 

In quasi-reversible state, surface roughness affected the electron transfer reaction by providing 

more EASA and changing the redox species mass transfer. The tips of the structure play an 

important role, as they cause convergent mass transport, and hence much higher current density. 

If the tips can also enhance the rate of the electron transfer reaction on a photocatalyst, then 

maximising the number of tips could be a way to promote a photoelectrochemical reaction. 

However, the tips need to be sufficiently distant from each other to promote convergent mass 

transport. The enhanced mass transport on a rough electrode can be useful while measuring the 

rate constant of a fast reaction, which is currently measured by use of micro-disc electrodes [372, 

373]. 

The effect of surface roughness on redox species mass transfer was studied by simulating the CV 

of structures with different sizes but the same EASA. Surface roughness causes the diffusional 

area to change within the diffusion layer according to the distance from the electrode; it becomes 

larger closer to the electrode’s surface.  In the quasi-reversible state, the change of diffusional area 

within the diffusion layer causes a nonuniform current density over the electrode surface with it 

being greater at the tip of the structure and lower at the base. The change in diffusional area is 

greater when larger structures are used. When the potential sweep rate is high and the whole 

diffusion layer is affected by the structure, the structure’s base would be more accessible for the 
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redox species. At very high potential sweep rate, the behaviour of a patterned electrode becomes 

very close to that of a flat electrode with an extended area.  

The effect of surface roughness depends on the thickness of the diffusion layer relative to the scale 

of roughness. To get a better understanding, measurements were made of the peak separation of 

each structure at different ratios of height to diffusion layer thickness, and of their deviation from 

that of a flat electrode. At high ratios, the surface roughness had more effect on the electrochemical 

reaction, and higher deviation from the flat electrode was observed. However, regardless of the 

structure’s scale, there was a potential sweep rate above which the behaviour of a patterned 

electrode started to approach that of a flat electrode. For all structures, this turning point occurred 

at the same ratio (h/ =0.25). This result could be useful in optimisation of the shape and scale of 

a rough electrode. 
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5 Patterning the photoelectrode-electrolyte interface and its 

effect on the photoactivity of a TiO2 photoelectrode 

5.1 Introduction 

The photoelectrode-electrolyte interface of a TiO2 photoelectrode can be patterned either by 

fabrication of a structure into the TiO2 or by coating TiO2 onto a patterned conductive glass. 

Various methods to pattern the TiO2 film have been elaborated in section 2.6. To make a pattern 

conductive glass, one approach is to deposit the transparent conductive layer on a patterned glass 

substrate. In previous research [1-3], a patterned glass substrate has been coated with fluorine-

doped tin-oxide (FTO) using spray pyrolysis, and then coated with a semiconducting material. The 

FTO conductive layer can also be patterned by etching/deposition through a hard mask [24, 374–

378]. The patterned FTO layer contributes to efficient light harvesting and increases the effective 

electrode surface area [24, 374, 375, 379–381]. 

This chapter focuses on patterning the TiO2 photoelectrode-electrolyte interface by 1) direct 

fabrication of the pattern into the TiO2 layer using imprint lithography, and 2) coating a patterned 

FTO layer with TiO2 (Figure 5.1). Two methods were used for the direct fabrication of an upright 

pyramidal microstructure: 1) imprinting a polymer-based paste using a Si master mold, and 2) 

imprinting an alcohol-based paste using a PDMS master mold. In order to coat TiO2 onto the 

patterned FTO glass, a pattern containing micro-holes was fabricated into the FTO conductive 

layer by using photolithography followed by inductive coupled plasma (ICP) etching. The 

patterned FTO layer was then coated by TiO2 using the hydrothermal method. In this method, a 

micro-hole structure was chosen due to the simplicity of the fabrication process. 

The photoelectrochemical behaviour of the patterned photoanode was studied in the presence of a 

vanadium redox couple, and the results were compared with that of a flat electrode. Due to 

difficulties with reproducibility of the patterning of the TiO2 layer by imprint lithography, the 

photoelectrochemical study of the patterned electrode was conducted only on the photoelectrode 

with a patterned FTO layer. 
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Figure 5.1. Schematic diagram of patterning the TiO2 photoelectrode-electrolyte interface by (a) direct fabrication of 

the pattern into the TiO2 layer, and (b) coating a patterned FTO layer with TiO2. 

 

5.2 Experimental methods 

5.2.1 Imprint lithography on TiO2 polymer-based paste using a Si master mold 

A polymer-based paste was prepared by dispersing commercial TiO2 powder (P25, Degussa) into 

a UV curable polymer (Ormostamp). To prepare a paste containing 10 vol% TiO2 nanoparticles 

(density of 4.26 g/cm3), 0.71 g TiO2 was dispersed in 5 ml isopropanol using 15 min sonication at 

room temperature. 1 ml dichloromethane was then added to the suspension. 1.5 ml polymer was 

added to the mixture and the solution was stirred on a hot plate at 50°C until the solvents 

evaporated. 

Imprint lithography was used to transfer a periodic pyramidal microstructure to the TiO2 paste 

coated on the conductive side of a commercially available FTO glass (TEC 10, Ossila). For this 

purpose, a Si master mold containing inverted pyramidal structure with a height and periodicity of 

5 µm was prepared as described in section 4.3.2. 

The FTO glass substrate was cleaned by successive washing in acetone, methanol, and isopropyl 

alcohol in an ultrasonic bath. After rinsing with deionised (DI) water and drying with N2 gas, the 

substrate was cleaned further using an O2 plasma asher for 10 min. A small droplet of the paste 

was placed on top of the master mold and imprinting lithography was performed as described in 

section 3.2.1. The polymer was cured by exposing the substrate to 405 nm UV light at a dose of 

900 mJ/cm2 using a Karl Suss mask aligner system. UV exposure caused the polymer molecules 

to link between the TiO2 particles. This enabled detachment of the Si master mold without 



Chapter 5. 

122 

deformation of the structure. The substrate was then heat-treated in the air at 450°C for 3 h at a 

heating rate of 1°C/min. This heat treatment burned off the polymer and annealed the TiO2.  

Challenges 

For KOH etching on a Si wafer, SiO2 can be used as a hard mask due to the high selectivity of the 

etchant (refer to section 4.3.2). This works well for etching patterns with small details, but when 

this approach is used to etch large patterns, the long etching time resulted in undercutting at the 

SiO2-Si interface and detachment of the SiO2 mask. The initial pattern in this study contained 

squares with a spacing of 5 µm. By considering the etching rate of Si (110), this periodicity is 

relatively small for the time required to etch pyramids with a height of 5 µm. Therefore, the etching 

time had to be precisely calculated, and all the steps before KOH etching had to be done perfectly 

in order to prevent from any interference with the calculated time. In order to achieve this, after 

developing the exposed photoresist, the substrate was rinsed enough to remove any residue of 

photoresist, and enough time was provided for HF etching to remove all the SiO2 layer within the 

square-shaped openings. This ensured that KOH etching time was not prolonged due to residue of 

photoresist or SiO2. To enhance the resistance of photoresist to a longer period of HF etching, it 

was post-baked for 6 min.  

Another factor that can interfere with the calculated etching time is the alignment of photomask 

edges with crystallographic directions of Si during photolithography. This plays an important role 

in defining the final fabricated structure [382]. Figure 5.2 illustrates how the alignment of the photo 

mask during photolithography can affect the shape and arrangement of the fabricated structure. 

Misalignment of the photomask increases the width of pyramids and reduces the distance between 

them. This causes total removal of the Si under the SiO2 layer. 
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Figure 5.2. Schematic images of the pyramidal structure fabricated into Si wafer after KOH etching: (a) cross-section 

of the wafer, (b) photomask well-aligned with the Si wafer crystallography, (c) photomask not well-

aligned with the Si wafer crystallography. The flat edge on the Si wafer indicates orientation along Si 

(110).  

 

5.2.2 Imprint lithography on TiO2 alcohol-based paste using a PDMS master mold 

An alcohol-based TiO2 paste was made by dispersing TiO2 nanoparticles (P25, Degussa) into α-

terpineol. A paste containing 30 vol% TiO2 was coated on the conductive side of an FTO glass 

substrate and was patterned by an upright pyramidal structure using imprint lithography. A gas 

permeable PDMS master mold was used to let the alcohol evaporate.  

A double-casting process (Figure 5.3) was used to replicate a PDMS master mold from a Si master 

mold identical to the one used in section 5.2.1. An anti-sticking layer was coated onto the Si master 

mold by vapor deposition of a silane (trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane) inside a 

vacuum desiccator. A mixture containing Sylgard™ 184 A and 184 B with a ratio of 10 to 1 (by 
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weight) was degassed in a vacuum desiccator for 20 min to remove the air bubbles. It was then 

poured onto the Si master mold and again degassed. The solution was cured on a hotplate at 80°C 

for 2 hours and then peeled off. This PDMS layer contained an array of upright pyramids and was 

used as a mold for the second PDMS casting to form a PDMS layer with inverted pyramidal 

structure identical to those on the Si master mold. To prevent PDMS-to-PDMS adhesion and to 

facilitate the demolding process, the PDMS mold was placed in silane vapor in a desiccator for 3 

h. Due to the strong hydrophobicity of the PDMS surface, prior to applying the anti-sticking layer, 

the surface of the PDMS mold was activated by oxygen plasma asher. This promoted silane 

bonding to the surface [194, 383, 384]. After silane deposition, a PDMS mixture with a ratio of 10 

to 1 (by weight) was degassed and then poured on the PDMS mold. This layer was cured, peeled 

off and cut into 1×1 cm pieces which were then used in patterning the TiO2 paste.  

TiO2 paste was prepared by the method of Ito et al. [154]. 1 ml acetic acid and 1 ml DI water was 

added to 6 g TiO2 followed by grinding in a mortar for 5 min. Adsorption of acetic acid on the 

surface of TiO2 prevented aggregation of particles. Additionally, because of the presence of water, 

the surface of TiO2 was covered by hydroxides which improved the connection between TiO2 

particles and the FTO surface. Three successive 1 ml aliquots of ethanol were then added to the 

mixture with grinding for 5 min after each addition. The mixture was transferred to a beaker by 

flushing with additional ethanol and was then sonicated for 15 min at room temperature. 20 mg α-

terpineol was added, and the solution was placed on a hot plate at 70°C to remove the ethanol. 

The paste was dispersed onto an FTO glass substrate by doctor blading, and the PDMS master 

mold was gently pressed on it to let the paste fill the pattern by capillary action. To dry the paste, 

the substrate was heated to 90°C at a rate of 1°C/min and was left at this temperature for 2 h. 

Heating needed to be slow to prevent bubble formation in the structure. After drying, the PDMS 

master mold was detached and the substrate was sintered in air at 450°C for 2 h with a heating rate 

of 1°C/min. 
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Figure 5.3. Double casting process to fabricate a PDMS master mold containing an inverted pyramidal structure: a Si 

master mold containing an inverted pyramidal structure was used as a template for the first casting process 

to form a PDMS layer patterned by an upright pyramidal structure. The surface of this layer was treated 

and then used as the template for the second casting process.  

 

5.2.3 Patterning the FTO conductive layer 

A periodic microstructure was fabricated by photolithography onto the FTO layer of a 

commercially available FTO glass substrate (600 nm FTO). The FTO glass substrate was cleaned 

by sonication for 10 min in each of acetone, methanol and isopropanol. It was then rinsed with DI 

water and blown with N2 gas. Further cleaning was achieved by use of O2 plasma asher for 10 min. 

Hexamethyldisilazane (HMDS) was immediately spin-coated on the substrate at 3000 rpm for      

30 s. This layer was used to improve the adhesion between the FTO and the photoresist. A layer 

of positive photoresist consisting of AZ 1518 was then immediately spin-coated onto the HMDS 

at 3000 rpm for 60s. The substrate was then soft baked at 90°C for 60 s. The photoresist was 

exposed to 405 nm UV light at 110 mJ/cm2 through a chrome mask containing an array of square-

shaped openings of 5⨯5 µm and pitch of 10 µm. The chrome mask was prepared as described in 

section 4.3.3. The substrate was immersed in AZ 326 MIF developer for 60 s. The exposed part of 

the photoresist was dissolved leaving an array of holes in this layer. The substrate was then baked 

on a hot plate at 110°C for 6 min.  

The FTO layer was patterned using inductively coupled plasma etching in the presence of Ar gas.  

During etching, the patterned photoresist acted as a hard mask for the FTO layer. The Ar flow rate 

was 20 cm3/min at a pressure of 5 mbar. The high frequency and ICP power were set at 100 W and 
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1000 W respectively. Etching was at a rate of 240 nm/min for AZ 1518 and 70 nm/min for FTO. 

After etching, the photoresist layer was lifted off by sonication in acetone for 30 min. This 

procedure was also tried for AZ 12XT-20PL photoresist (coated at a spinning speed of 4000 rpm 

for 60 s) as the hard mask, and an etching rate of 65 nm/min was obtained. Due to the similarity 

of etching rates of FTO and AZ 12XT-20PL, the thickness of the photoresist needed to be greater 

than the depth of pattern in the substrate. 

 

5.2.4 Hydrothermal synthesis of TiO2 on patterned FTO 

A 1.5 µm layer of TiO2 was coated on a patterned FTO substrate using hydrothermal deposition. 

First, the patterned FTO glass substrate was cleaned by sonication for 10 min in each of acetone, 

methanol, and isopropanol followed by rinsing with DI water and drying under N2 flow. The 

substrate was placed in a 25 ml Teflon liner on a larger custom Teflon base. 5.5 ml toluene and 

3.5 ml HCl were added into the liner. The liner was transferred to a glovebox where 10 ml 

Ti(OBu)4 was added to the mixture. The liner was sealed in an autoclave and then placed in an 

oven at 180°C for 2 h. The autoclave was cooled to room temperature and the substrate was then 

thoroughly washed with ethanol and dried in air. The TiO2 layer was calcined in a tube furnace at 

450°C for 2 h with a ramp rate of 4°C/min.  

 

5.2.5 Testing the photoactivity of the photoelectrode 

The photoelectrochemical efficiency of the fabricated photoelectrode was evaluated in the 

presence of vanadium in a three-electrode setup (Figure 5.4). The cell consisted of two chambers 

that were separated by a Nafion 115 membrane.  In the negative half-cell, 1 cm2 of the 

photoelectrode was in contact with an electrolyte solution of 0.1 M vanadyl sulfate in 0.5 M 

sulfuric acid, and in the positive half-cell, the Pt counter electrode was in contact with 0.5 M 

sulfuric acid. The electrolyte was stirred for 30 min before illumination while Ar gas was used to 

purge O2 from the solution. During the experiment, Ar gas was continuously flowing over the top 

of the solution to prevent O2 from interfering with the redox reaction. The photoelectrode was 

illuminated using a solar simulator (xenon lamp with AM 1.5 filter) at 100 mW/cm2. An electro-
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mechanical shutter controlled by the potentiostat was placed between the light source and the cell 

to create chopped illumination; it was closed for 20 s and opened for 20 s repeatedly. Linear sweep 

voltammetry was conducted at a potential sweep rate of 0.5 mV s-1 between potentials of 0 to 0.7 

V vs. Ag|AgCl, and the cell current was measured under chopped light conditions.  

 

 

Figure 5.4. The three-electrode setup used for the photoelectrochemistry test, and a diagram showing the connection 

of the electrodes to the potentiostat; WE = working electrode, RE = reference electrode, CE = counter 

electrode. The photoactive layer of the photoelectrode (TiO2) is in contact with the electrolyte, and the 

glass side of the photoelectrode is illuminated. 

 

5.2.6 Resistivity of flat and patterned FTO measured using a four-point probe 

Before coating the TiO2 layer, the sheet-resistivities of the FTO substrates were measured using 

the four-point probe method. In this technique, four sharp probes contact the surface of the FTO 

layer at points that lie in a straight line and are equally spaced (Figure 5.5). Current is passed 

through the two outer points, and the potential is measured between the inner pair. The four-point 

probe device was connected to a potentiostat and the current was recorded at different potentials 

during a linear sweep voltammetry with a potential sweep rate of 0.1 V s-1. In order to use the 



Chapter 5. 

128 

potentiostat in a four-point probe technique, the outer probes were connected to Working and 

Counter leads, which carried the current, and the inner probes were connected to Working Sense 

and Reference leads, which measured the potential. By using a four-point probe device and running 

the linear sweep voltammetry the current was measured at different potentials. When the thickness 

of the conductive layer is much smaller than the probe spacing (s), the sheet resistivity is calculated 

by the following equation (Eq. 5.1) [385]: 

 
𝑅𝑠 =

𝜌

𝑡
=

𝜋

𝑙𝑛 2
(

𝑉

𝐼
) 

Eq. 5.1 

Where:  

Rs is the sheet resistivity (Ω/square), 

ρ is the sheet resistivity (Ω.m), 

t is the conductive film thickness, 

and the other parameters have their usual meaning. 

 

 

Figure 5.5. Schematic diagram of a four-point probe connected to a potentiostat and used to measure the resistivity 

of a conductive layer with a thickness of t. The four-point probe consisted of 4 sharp probes that were in 

a straight line and equally spaced (s). The outer probes were connected to Working (W) and Counter (C) 

leads, which carry the current, and the inner probes were connected to Working Sense (WS) and Reference 

(R) leads, which measured the potential. 
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5.3 Results and discussion 

5.3.1 Characterisation of directly fabricated TiO2 patterned substrates 

SEM images showed the effect of photomask alignment with the crystallographic direction of the 

Si wafer during UV exposure (Figure 5.6). Misalignment between the photomask and the 

crystallographic direction of the Si wafer (Figure 5.6-a) reduced the distance between the squares. 

In this configuration, KOH had enough time to remove the whole Si underlying the SiO2 layer 

before formation of a full pyramid. In the absence of SiO2, the Si was removed uniformly from all 

over the surface and the inverted pyramids did not form. However, upright pyramids appeared 

when the edges of the neighbouring squares touched. Successful fabrication of a Si master mold 

containing an array of inverted pyramids (Figure 5.6-b) occurred when the photomask was aligned 

with the Si wafer crystallographic orientation.  
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Figure 5.6: SEM image of a Si wafer after KOH etching showing the effect of alignment of the photomask with the 

crystallographic direction of the Si wafer during UV exposure. (a) Misalignment of the photomask 

reduced the distance between the openings in SiO2 and caused sufficient time for KOH to remove the 

SiO2 layer. This prevented formation of a full inverted pyramid (the dashed square (1) shows where the 

inverted pyramid was meant to be). An upright pyramidal shape appeared where neighbouring squares 

met (indicated by the dashed square (2)). (b) Alignment of the photomask resulted in inverted pyramids 

with the same pattern as that of the photomask. 

 

(b) 

(a) 
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The fabricated structure on the PDMS layers after each step of the double casting process were 

visualised using SEM images (Figure 5.7).  

 

 

Figure 5.7. SEM images of the fabricated structure at each step of PDMS using the double casting process with a Si 

master mold containing an inverted pyramidal structure: (a) PDMS master mold containing upright 

pyramids resulted from the first step of casting which was used as the template for the second step of 

casting, (b) PDMS master mold containing inverted pyramids resulted from the second step of casting. 

Magnification of 500X. 

 

SEM images of the TiO2 patterned with upright pyramids using a polymer-based (Figure 5.8) and 

an alcohol-based paste (Figure 5.9) were taken before and after annealing. Due to a low percentage 

of TiO2 (10 vol%) in the polymer-based structure, burning the polymer and sintering the TiO2 

caused shrinkage of the structure while keeping the pyramidal shape. This issue could be solved 

by increasing the TiO2 concentration. However, at higher concentrations of TiO2, the amount of 

polymer used was not enough to link between the particles during the UV curing process. 

 Minimal shrinkage was observed in the alcohol-based structure containing 30 vol% TiO2. Due to 

the softness of the PDMS master mold, imprint lithography was performed by application of slight 

pressure that did not cause structure deformation. This resulted in a very thick continuous layer of 

(a) (b) 
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TiO2 (approx. 10 µm) being formed under the pyramids. In contrast, when using the polymeric 

paste, the Si wafer was under vacuum during imprinting and as a result the polymeric structure 

was thinner. Although a thick TiO2 layer enhances light absorption, if the thickness is higher than 

the effective UV absorption depth, the excited electron-hole pair undergo volume charge 

recombination. An absorption depth of 15 µm was reported for P25 TiO2 coated on an ITO glass 

substrate using doctor blading and sintered at 450°C for 1 h [386]. However, the effective 

absorption depth can be much smaller than this value. An optimum thickness of 5 µm was found 

for photocatalytic activity of a porous film of P25 TiO2 [387]. The effective absorption of TiO2 

film depends on several parameters such as the size, distribution, crystallinity and abundance of 

the particles [388]. 

 

 

Figure 5.8. SEM image of the upright pyramidal structure fabricated into the polymer-based TiO2 paste using a Si 

master mold: (a) before sintering (horizontal substrate), and (b) after sintering (tilted substrate). 

Magnification of 1200X. 

 

(a) (b) 
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Figure 5.9. SEM image of the upright pyramidal structure fabricated into the alcohol-based TiO2 paste using PDMS 

master mold: (a) before sintering (horizontal substrate), and (b) after sintering (tilted substrate). 

Magnification of 1200X. 

 

5.3.2 Characterisation of patterned FTO coated with TiO2 

The SEM image of the patterned FTO layer showed circular holes with a diameter of 5 µm and 

depth of 300 nm (Figure 5.10). The patterned FTO was successfully coated with a layer of TiO2 

nanorods with a diameter of less than 0.1 μm (Figure 5.11). The vertically aligned TiO2 nanorods 

on the non-etched area of the substrate were denser than those grown in random directions on the 

etched area. The alignment of TiO2 nanorods could have a significant effect on light scattering 

behaviour. 

 

 

(a) (b) 
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Figure 5.10. SEM images of the FTO substrate patterned by nanoholes using ICP: (a) horizontal substrate at 

magnification of 1500X, (b) tilted substrate at magnification of 5000X, (c) cross-sectional of substrate 

at magnification of 5000X showing the thickness of the etched and non-etched part of the FTO using 

dashed lines. 

 

(a) (b) 

(c) 



Chapter 5. 

135 

 

Figure 5.11. SEM image of the TiO2 nanorods formed on the patterned FTO layer using a hydrothermal method at 

magnifications of 2500X (left) and 10000X (right). The dashed yellow lines show the border between the 

etched holes and non-etched part. TiO2 nanorods were denser on the non-etched part of FTO. 

 

The XRD patterns of the etched and non-etched FTO layers coated by TiO2 nanorods exhibited 

strong diffraction peaks at 26°, 36° and 51° from the FTO substrate which has a rutile crystal 

structure (Figure 5.12) [130, 389]. The small peak at 27° in the patterned substrate could belong 

to the (110) phase of rutile TiO2. 
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Figure 5.12. XRD diffraction of TiO2 on FTO for a patterned ▬ and flat ▬ substrate. The majority of the 

peaks come from the FTO substrate. The small peak at 27° is from the (110) phase of rutile TiO2. 

 

5.3.3 Photoelectrochemical behaviour of the patterned photoelectrode 

There were some challenges in the study of the photoactivity of photoelectrodes with a patterned 

semiconductor layer produced using nanoimprint lithography. Reproducibility of the fabricated 

structure was a major challenge. Photoactivity depended on the thickness of TiO2. By changing 

the pressure applied to the master mold during imprint lithography, TiO2 layers of different 

thickness were produced. Also, the amount of TiO2 coated on the surface was not controllable. 

These reproducibility issues meant that the photoanodic response (which is known to depend on 

the TiO2 layer thickness [387]) will be prone to misinterpretations. Therefore, the 

photoelectrochemical tests were conducted only on photoelectrodes with a patterned FTO layer 

coated by TiO2 nanorods using the hydrothermal method. However, the size of the fabricated 

structure was not large enough to affect the concentration profile of the redox species. Fabrication 

of larger scale structures required greater thickness of FTO. Efforts were made to increase the 

thickness of the FTO layer by coating the substrates with further FTO using sol gel and sputtering. 

These methods failed due to low conductivity of the coatings. 
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By patterning the FTO layer using ICP etching, some of the conductive material was removed, and 

this reduced the conductivity of the FTO layer. Therefore, the photoelectrochemical behaviour of 

the patterned photoelectrode was compared with two flat photoelectrodes with different 

thicknesses of the FTO layer. The as-received FTO substrates were used as the “flat” surface with 

a 600 nm FTO layer thickness (flat-600) and a FTO substrate which had half the FTO layer 

removed by etching – leaving behind a 300 nm thick layer of FTO (flat-300). The thickness of 300 

nm was selected as this is the FTO thickness in the region under the patterned TiO2 (Figure 5.10) 

and 600 nm is the thickness of the FTO at the non-etched part of the patterned FTO. 

Before growing the TiO2 nanorods, the resistivity of the three FTO glass substrates (patterned, flat-

300 and flat-600) were measured by using a four-point probe device and running a linear sweep 

voltammetry (Figure 5.13). The substrate with the thinnest FTO layer (flat-300) had the highest 

resistance (43.24 Ω/square), and the substrate with the thickest FTO layer (flat-600) had the lowest 

resistance (18.54 Ω/square). The resistance of the patterned substrate, which was mostly coated by 

600 nm layer of FTO but in some regions was etched to the thickness of 300 nm, lay in between 

these limits (24.26 Ω/square).  

 

  

Figure 5.13. Linear sweep voltammetry on a four-point probe device with a potential sweep rate of 0.1 V s-1 used to 

measure the resistivity ( 
Voltage

Current
 ) of FTO substrates: ▬ patterned, ▬ flat-300, and ▬ flat-600.  
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The diffraction pattern caused by the periodic microstructure was visualised by illuminating the 

substrate with laser light with a wavelength of 532 nm (Figure 5.14). As the periodicity of the 

structure was much larger than light wavelengths in both the visible and UV spectrums, the 

diffraction pattern would be the same at all wavelengths. Light diffraction affected the path of 

photons within the semiconductor material. However, the effect of light diffraction on 

photoelectrochemical behaviour of the fabricated photoelectrode was not evaluated.  

 

 

Figure 5.14. Diffracted maxima when the patterned FTO glass was illuminated by laser light (λ = 532 nm) at a normal 

angle of incidence.  

 

The photo-response of the patterned photoelectrode was compared with that of a flat-300 (Figure 

5.15-a) and a flat-600 (Figure 5.15-b) in a three-electrode setup using linear sweep voltammetry 

in the presence of V4+ ions at a potential sweep rate of 0.5 mV s-1 under chopped illumination (20 

s dark, 20 s light). In this arrangement, the intention is to photochemically oxidise the V4+ when 

the photoelectrode is illuminated: 

V4+ + hole → V5+ 

By applying a potential higher than the TiO2 flat band potential, the light-induced electron-hole 

pairs will drive the photooxidation of V4+
 to V5+ [118]. The flat band potential of rutile and anatase 

at pH = 0 are respectively ˗0.155 V and ̠ 0.355 V vs. Ag|AgCl [390]. Thus, over the potential range 
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examined here, an anodic current is expected to occur under light illumination due to 

photooxidation of V4+, which is what is observed on all electrodes tested above 0.2 V (Figure 

5.15). 

In addition to this light-induced reaction, the V4+ can also undergo a series of electrochemical 

reactions:  

1) V4++ e- → V3+           E0 = 0.143 V vs. Ag|AgCl 

2) V5++ e- → V4+           E0 = 0.803 V vs. Ag|AgCl 

The negative current below 0.2 V vs. Ag|AgCl is believed to be the net effect of two redox reaction 

proceeded in parallel: 1) the reduction of V4+ to V3+ which is thermodynamically possible below 0.143 

V vs. Ag|AgCl, and 2) the photoelectrochemical oxidation of V4+ to V5+.  

When the photoelectrode is suddenly illuminated, an anodic photocurrent spike attributed to bulk 

separation of photogenerated electron-hole pairs appeared. Immediately, a photocurrent decay due 

to surface recombination and/or band-bending decrease occurred until a stationary photocurrent 

was attained. When the light was switched off, a cathodic spike occurred due to the back reaction 

of the conduction band electrons with the holes trapped at the surface of the photoelectrode. The 

sharper spike of patterned photoanode is a sign of higher electron-hole surface recombination 

and/or decrease in band bending. In this regard, two well-defined regions can be distinguished: 1) 

below 0.43 V vs. Ag|AgCl, where the small spikes could be attributed to the band-bending decrease 

due to charge carrier accumulation at the electrode–electrolyte, and 2) at potentials above 0.43 V 

vs. Ag|AgCl, where sharp spikes could be resulted from surface recombination [391]. 

Etching the conductive layer reduced the photoactivity of the TiO2 film. The lowest photoactivity was 

observed for the electrode with higher etched area (flat-300). There are several parameters that could 

cause this behaviour such as lower surface concentration of TiO2 nanorods at the etched area, increased 

ohmic resistance, and higher charge recombination. Patterning the photoelectrode caused the formation 

of charge trapping sites which in dark condition improved the electrochemical reaction of the redox 

species (V3+ and V5+) and enhanced the rate of surface charge recombination. 
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Figure 5.15. Linear sweep voltammetry of a patterned photoelectrode in comparison with: (a) flat-300 photoelectrode, 

and (b) flat-600 photoelectrode, at a potential sweep rate of 0.5 mV s-1 under chopped illumination (20 s 

dark and light intervals) using a solar simulator at 100 mW/cm2. 
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5.4 Conclusion 

The semiconductor side of the photoelectrode was patterned by 1) fabrication of a structure into 

the TiO2 layer, and 2) coating the TiO2 layer on a patterned substrate. A pyramidal structure was 

formed into the TiO2 layer using imprint lithography on both alcohol-based and polymer-based 

pastes. 

The polymer-based paste was a solution containing 10 vol% TiO2 dispersed into a UV curable 

(Ormostamp). The paste was patterned using a Si master mold and was cured by UV light 

exposure. Due to low concentration of TiO2, annealing caused the structure to greatly shrink whilst 

still maintaining the pyramidal form. At higher concentrations of TiO2, the polymer molecule 

could not link between TiO2 particles. The alcohol-based polymer was made by dispersing TiO2 

into α-terpineol. Imprint lithography was performed using a gas permeable master mold (PDMS) 

that let the alcohol evaporate. In this approach, a solution with a concentration of 30 vol% TiO2 

produced a pyramidal structure with minimal shrinkage during the annealing process. Imprinting 

the alcohol-based paste required precise control of temperature and pressure to prevent bubble 

formation (Figure 5.16), therefore, it was much slower to imprint using the alcohol than the 

polymer-based paste. The alcohol-based structure was 10 times thicker than that based on polymer. 

This is because the soft PDMS master mold was not exposed to high external pressure as it could 

cause structural deformation, while for the polymeric paste, the Si wafer was under a vacuum 

during the imprinting process.  

 

 

Figure 5.16. Patterned TiO2 layer coated over 1 cm2 of an FTO glass substrate using: (a) polymer-based solvent, (b) 

alcohol-based solvent. The polymer-based paste resulted in a uniform layer over the substrate whilst the 

alcohol-based film was damaged due to bubble formation during solvent evaporation. A black 

background has been placed around the photographs of the TiO2 films for clarity purposes. 
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To coat the TiO2 layer on a patterned substrate, the FTO layer of a commercially available FTO 

glass substrate was patterned with an array of holes (diameter 5 μm, pitch 10 μm, depth 300 nm) 

using photolithography followed by ICP etching in the presence of argon gas. The FTO substrate 

was then coated by a layer of TiO2 by hydrothermal deposition. The TiO2 nanorods on the non-

etched area of the substrate were vertically aligned and had a denser structure than those grown in 

random directions on the etched area. The alignment of TiO2 nanorods could have a significant 

effect on light scattering behaviour. 

Due to a reproducibility issue of patterning the TiO2 layer by imprint lithography, the 

photoelectrochemical study of the patterned electrode was only conducted on the photoelectrode 

with a patterned FTO layer. The photoactivity of the patterned photoelectrode was studied during 

photo-oxidation of V4+ in a three-electrode setup while linear sweep voltammetry was performed 

at a potential sweep rate of 0.5 mV s-1 under chopped illumination (20 s dark, 20 s light) using a 

solar simulator at 100 mW/cm2. The photo-response of the patterned photoelectrode was compared 

with two flat photoelectrodes, one with a 300 nm thick FTO layer (equal to the thickness of 

patterned FTO in the etched part) and the other with 600 nm thick FTO layer (equal to the thickness 

of patterned FTO in the non-etched part). Patterning the conductive layer affected the 

photoelectrode in several ways: 

1) The periodicity of the fabricated structure was greater than the light wavelength and, as a 

result, it diffracted light into several beams. Therefore, the path length of photons was 

changed within the semiconductor layer of the patterned photoelectrode. 

2) Removing FTO by etching increased the electrical resistivity of the current collector (FTO) 

which, as a consequence, increased the ohmic overpotential of the substrate.  

3) Etching the FTO affected the alignment and the concentration of TiO2 nanorods, and this 

affected the photoactivity of the TiO2 layer.  

The measured photocurrent was affected by all of these factors but the contribution of each was 

not studied. Overall, etching the FTO layer had a negative effect on the photoactivity of the 

fabricated electrodes and, by increasing the etched area lower photocurrents were obtained. In 

addition, patterning the FTO layer caused the formation of charge trapping sites and enhanced the 

charge recombination rate. 
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6 Conclusion and recommendations 

The integration of a TiO2 photoelectrode into a redox flow battery (RFB) for a direct solar charging 

of the battery requires overcoming the challenges of: 1) large band gap of TiO2 which requires the 

absorption of ultraviolet photons (λ < 400 nm), and 2) rapid recombination of photo-generated 

charge carriers within the TiO2 layer. This study has focused on improving the photoactivity of a 

TiO2 photoelectrode in the UV spectrum using controlled nano-/micro-structures. The TiO2 

photoelectrode consisted of three layers: a glass base, a conductive fluorine-doped tin-oxide (FTO) 

layer, and a photoactive TiO2 layer. Each of these layers was patterned with a periodic nano-

/micro-structure and its effects on the photoactivity of TiO2 were described.  

This chapter presents the main conclusions of the experimental and numerical studies. Some 

suggestions are presented to direct future research in this field. 

Main outcomes 

The behaviour of photoelectrodes can be improved by reducing the losses of light due to: 1) 

reflection from the surface, 2) absorption within the inactive layers, and 3) transmission through 

the photoactive layer. By adding surface patterning to the photoelectrode, the behaviour of the 

light within the photoelectrode can be altered to reduce these losses.  

Light behaviour was studied on a glass substrate patterned by a periodic pyramidal nanostructure 

with a periodicity of 670 nm. The pyramidal structure was initially fabricated onto a Si wafer using 

LIL followed by a multi-step etching. Then, nanoimprint lithography was employed to transfer the 

pattern to a glass-like UV curable polymer coated on a glass substrate. The light behaviour was 

evaluated by a numerical study based on the Finite-Difference Time-Domain method.  

The effect of the periodic nanostructure on light behaviour was wavelength dependant. At 

wavelengths smaller than the periodicity of the structure (λ < 670 nm), the light was diffracted, 

while at wavelengths higher than the periodicity (λ > 670 nm), the structure acted as a homogenous 

medium without causing light diffraction. Light diffraction increased the light path length within 

the substrate, which consequently caused more light absorption. The photoactivity of the 
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photoelectrode was improved by reducing the light absorption within the inactive layers and 

maximising the absorption within the TiO2 layer.  

Over the whole wavelength range, the periodic nanostructure reduced light reflection from the 

glass surface by causing a gradual change of refractive index from the air to the substrate. Higher 

anti-reflection behaviour was observed at wavelengths greater than the periodicity of the structure. 

Considerable light was also reflected from the glass-FTO and FTO-TiO2 interfaces. The light 

reflected from these interfaces were in different phases which, at some wavelengths, resulted in 

destructive interference leading to fluctuations in reflection and transmission. At some 

wavelengths, the periodic nanostructure resulted in greater overall reflection. Therefore, 

fabrication of nanostructure at the other interfaces can improve light harvesting. However, 

patterning each of the interfaces requires a trade-off between reduced light reflection and increased 

light absorption within the inactive layers. To study the effect of a patterned optical window on 

TiO2 photoactivity, a patterned FTO glass was coated by a layer of TiO2. The photoactivity of 

TiO2 was assessed by measuring photodecomposition of MB at a wavelength of 365 nm. The rate 

of MB photodecomposition on the patterned substrate was 1.75 times higher than that on the flat 

substrate. This difference was due to reduced light reflection and prolongation of the path of 

photons within the TiO2 layer. The path length was affected by light diffraction caused by the 

periodic structure and by light scattering from the surface of the TiO2 particles, but the effects of 

diffraction and scattering could not be distinguished.  

There is a very short period in which photo-generated charge carriers can undergo the electron 

transfer reaction before charge recombination. Therefore, effective photon absorption within the 

TiO2 layer occurs at the vicinity of the electrode-electrolyte interface. This limits the thickness of 

the TiO2 layer and the absorption of photons. This issue can be addressed by patterning the TiO2 

with a structure that provides a long dimension for light absorption while requiring the charge 

carriers to cover a short distance to the acceptor species. This patterning would also influence the 

transport phenomena at the electrode-electrolyte interface. A model system was developed to 

separate the influence of patterning on the light/charge carrier behaviour in the photoelectrode 

material from the influence of the pattern on the transport of redox species at the electrode-

electrolyte interface. This involved using both numerical and experimental cyclic voltammetry 

(CV) on a patterned gold electrode to investigate how patterning the electrode-electrolyte interface 
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affects the kinetics of a redox couple in the electrolyte. To prepare a patterned gold electrode, a 

pyramidal structure with a height of 5 μm was initially fabricated onto a Si wafer using 

photolithography followed by KOH etching. This pattern was then imprinted into a UV curable 

polymer coated on a glass substrate. After curing, this was coated by a 120 nm layer of gold. 

During CV, the fabricated structure affected the electrochemical reaction by providing more 

electroactive surface area (EASA) and changing the mass transfer rate of the redox species towards 

the electrode. These effects were dependant on the applied potential sweep rate which defines the 

thickness of the diffusion layer and the reversibility state of the reaction. The effect of EASA was 

evaluated by measuring the peak separation of the cyclic voltammogram. In a reversible state, the 

rate of electron transfer reaction is limited by mass transfer and higher EASA does not affect the 

CV. Low potential sweep rate up to 0.02 V s-1 resulted in a reversible condition and the CV did 

not give any information regarding the electrode’s surface roughness. Therefore, slight roughness 

resulting from poor polishing can give a peak separation similar to that of a flat electrode. 

In the quasi-reversible state, surface roughness affected the electron transfer reaction by providing 

more EASA and changing the redox species mass transfer. The patterned structure caused a 

nonuniform current density over the electrode surface. The tips of the structure caused a 

convergent mass transport, and hence much higher current density, while the base of the structure 

was less accessible for the redox species which resulted in a low current density. Therefore, 

maximising the number of tips could be a way to promote an electrochemical reaction and also a 

photoelectrochemical reaction, but the tips need to be sufficiently distant from each other to 

promote convergent mass transport. The enhanced mass transport caused by the tips could also be 

a useful method to facilitate the measurement of the rate constant of fast reactions.  

The effect of patterning the electrode-electrolyte interface on the mass transfer rate of redox 

species was specified by numerical study of structures with the same EASA but with different 

ratios of height to diffusion layer thickness. At high ratios, the surface roughness had more effect 

on the electrochemical reaction, and higher deviation from the flat electrode was observed. The 

deviation from the flat electrode occurred because of the patterned structure affecting the diffusion 

layer. Surface roughness causes the area through which the redox couple diffuses to change as a 

function of distance from the electrode. It becomes larger closer to the electrode’s surface. 

Regardless of the structure’s size, there was a potential sweep rate above which the behaviour of 
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a patterned electrode started to approach that of a flat electrode. For all structures, this potential 

sweep rate occurred at the same ratio (h/ =0.25).  

Understanding the effect of surface roughness on redox species concentration profile within the 

diffusion layer is important when using cyclic voltammetry to extract kinetic information from 

rough electrodes. The standard Nicholson method is only applicable for a one-dimensional 

diffusion of redox species towards a planar electrode and clearly cannot be used at a low ratio of 

height to diffusion layer thickness where the diffusion of redox species is convergent. At high h/, 

the base of the structure would be more accessible for the redox species and the behaviour of a 

patterned electrode becomes very close to that of a flat electrode with an extended area. This result 

could be useful to optimise the shape and scale of a rough electrode.  

Two approaches were employed to pattern the photoelectrode-electrolyte interface: 1) direct 

fabrication of the pattern into the TiO2 layer using imprint lithography, and 2) coating the TiO2 

layer onto a patterned FTO glass. Imprint lithography was employed to fabricate a pyramidal 

structure into both alcohol-based and polymer-based pastes. The polymer-based paste was a 

solution containing 10 vol% TiO2 dispersed into a UV curable polymer. The paste was patterned 

using a Si master mold and was cured by UV light exposure. Due to low concentration of TiO2, 

annealing caused the structure to greatly shrink. At higher concentrations of TiO2, the polymer 

molecule could not link between TiO2 particles. The alcohol-based polymer was made by 

dispersing TiO2 into α-terpineol. Imprint lithography was performed using a gas permeable PDMS 

master mold that let the alcohol evaporate while the mold was held in place. In this approach, a 

solution with the concentration of 30 vol% TiO2 produced a pyramidal structure with minimal 

shrinkage during the annealing process. Imprinting the alcohol paste was much slower than that of 

the polymer-based paste and required precise control of temperature and pressure to prevent bubble 

formation. The overall thickness of the alcohol-based structure was 10 times greater than the 

polymer-based structure. This is because the soft PDMS master mold was not exposed to high 

external pressure as this could have caused structure deformation, while for the polymeric paste, 

the Si wafer was under vacuum during imprinting. Imprinting lithography on the polymer-based 

paste resulted in a higher throughput and a more uniform layer over the whole area of the substrate. 

In addition, after curing, the polymer formed a strong bond between the particles which is 

beneficial for the fabrication of a variety of structures with different height and aspect ratio. 
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To coat the TiO2 layer on a patterned substrate, a commercially available FTO glass substrate was 

patterned with an array of holes (diameter 5 μm, pitch 10 μm, depth 300 nm) using 

photolithography followed by ICP etching in the presence of argon gas. The FTO substrate was 

then coated with a layer of TiO2 using hydrothermal deposition. 

Due to difficulties with reproducibility when patterning the TiO2 layer using imprint lithography, 

the photoelectrochemical study of the patterned electrode was conducted only on the 

photoelectrode with a patterned FTO layer. The photoactivity of the patterned photoelectrode was 

studied during photo-oxidation of V4+ in a three-electrode setup during linear sweep voltammetry 

under chopped illumination using a solar simulator at 100 mW/cm2. Patterning the conductive 

layer affected the photoelectrochemical results in different ways. The fabricated structure had a 

periodicity greater than the light wavelength, and hence affected the scattering behaviour of light 

within the substrate. In addition, removing FTO by etching increased the ohmic resistivity of the 

substrate. Etching the FTO layer also affected the morphology of the TiO2 nanorods. On the non-

etched area of the substrate, these were vertically aligned and had a denser structure than those 

grown in random directions on the etched area. The photocurrent was affected by all these factors. 

Overall, etching the FTO layer had a negative effect on the photoactivity of the fabricated 

electrodes, and an increased area of etching reduced the photocurrent. In addition, patterning the 

FTO layer caused the formation of charge trapping sites and enhanced the charge recombination 

rate. 

 

Recommendations 

The results of this study suggest the following recommendations for direction of future research 

on the application of surface patterning for improvement of photoelectrode performance. 

• The effect of a nanostructured surface in improving the optical behaviour of TiO2 

photoelectrodes could be investigated further by studies on optimisation of periodicity of 

structures for a maximised photon absorption within the TiO2 layer. A periodic 

nanostructure could also be applied at the other interfaces (glass-FTO and FTO-TiO2) to 

reduce the back reflection by causing a gradual refractive index change between the layers. 
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Achieving optimal light harvest requires consideration of the light absorption within the 

inactive layers. 

 

• To maximise photon absorption within the TiO2 layer, it would be useful to investigate the 

effect of coating the TiO2-electrolyte interface with a scattering layer that reflects the non-

absorbed photons back to the TiO2 layer. 

  

• The periodic pyramidal structure could be used for further electrochemical studies such as 

impedance analysis on a patterned electrode which would provide information about ohmic 

resistance of the electrolyte solution, double layer capacitance and electron transfer 

resistance [392]. The patterned electrode could also be studied in a rotating disk electrode 

system. This would limit the diffusion layer thickness and provide well-defined flow 

conditions along the disk surface. This method enables to distinguish between the 

influences of charge and mass transfer on the electrochemical reaction [393].  

 

• The tips of the pyramids caused a high current density due to a convergent mass transport 

of redox species towards the electrode. Further study could aim to optimise the number of 

tips and their periodicity for a fast electrochemical reaction. Enhanced mass transport on 

the tips could be a way to promote a photoelectrochemical reaction. 

 

• Patterning the conductive layer with microstructures combines the advantages of light 

diffraction, gradual change of refractive index, and structuring the electrode-electrolyte 

interface. Further studies could investigate the effects of structures of different shape and 

size. Structures with different height and aspect ratio could be obtained using 

photolithography [378]. The height of the structure could be adjusted by forming a thick 

layer of FTO using techniques such as sputtering and sol-gel. The effect of geometrical 

features and the amount of conductive material could be distinguished by comparing the 

patterned FTO with a flat electrode that has the same resistivity. Patterning a periodic 

nanostructure that requires minimal etching of the FTO would result in a small change in 

the resistivity of the conductive layer and would enable the study of the effect of patterning 

the FTO-TiO2 layer on light behaviour and photon absorption within the TiO2 layer.  
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• Although the periodic pyramidal microstructure was successfully formed on the surface of 

the semiconductor layer, a reproducible fabrication method is required to conduct validated 

photoelectrochemical tests. Imprinting a polymer-based paste using a hard Si master mold 

under a controlled pressure would provide more control on the thickness of the structure 

resulting in a higher reproducibility. In this method, the paste could be made by dispersing 

TiO2 into a conductive UV/thermal curable polymer that provides intimate contact between 

the photo-active particles. This conductive polymer could function in the charge-collection 

phase and facilitate movement of electrons towards the external circuit [394].  

 

• Having a large-scale pyramidal pattern on the semiconductor that can affect the redox 

species mass transfer rate would increase the thickness of the semiconductor layer and 

cause high volume charge recombination rate. To benefit from an extended surface area 

while preventing increase of the layer thickness, the TiO2 layer could be coated on an FTO 

layer patterned with a pyramidal microstructure.  

Completion of these suggested investigations could result in greatly improved efficiency of TiO2 

photoelectrodes for the application in redox flow batteries which could contribute to reduction in 

carbon dioxide emissions from use of fossil fuels. 
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