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Photoelectrochemical processes have been widely studied for water splitting and dye-sensitized 

solar cells. Lately, a new concept has emerged, the photoelectrochemical redox flow battery. 

A photoelectrochemical redox battery is charged by using a semiconducting electrode to 

convert solar energy into stored chemical energy. Currently, the majority of published 

photoelectrochemical tests are conducted using two-electrode measurements with V4+/V5+ as 

redox couple in the anodic electrolyte. Here, the behavior of a TiO2 photoanode is studied using 

a three-electrode measurement, to gain a greater understanding of the factors which limit 

photoelectrochemical redox batteries. The recorded linear sweep voltammetry measurements 

had two different regions. The first region between 0.4 V to 0.7 V vs Ag|AgCl typically shows 

photo-oxidation of V4+ to V5+, confirmed by UV Vis spectroscopy and oxidation of V3+ to V4+ 

in the dark. The second region was between 0 V and 0.4 V vs Ag|AgCl, wherein 

electrochemical reduction of V4+ to V3+ occurred in parallel with the photoxidation of V3+ 

species to V4+. By changing the deposition process, and the used solvent used, the photoactivity 

of the TiO2 photoanode has been improved for VOSO4 photo-oxidation. The addition of 

titanium isopropoxide formed an interconnection between the TiO2 particles and the substrate. 

Finally, the addition of an underlayer grown directly on the FTO substrate improves the TiO2 

performance by creating a proper contact between the TiO2 film and the FTO substrate (350 

µA cm-2 mg-1). The TiO2 performance can be increased by doping the TiO2 layer or through 

the deposition of gold nanoparticles and nanoclusters: The addition of 1.7 wt% Au 

nanoparticles to a standard photoelectrode leads to the photocurrent enhanced by 30 % and an 

addition of 8.5 wt% of Au6 nanoclusters leads to a photocurrent increase of 50%, due to the 

extension of the absorption range. 

 

http://www.canterbury.ac.nz/
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The effect of different redox couples in hydrochloric acid and an organic solvent was studied. 

A promising redox couple was a standard dye-sensitised redox couple, I3/I
- coupled with 

Fe3+/Fe2+. The Fe3+/Fe2+ was shown to give a photocurrent of 119 ± 8 µA cm-2 mg-1 at 0.5 V vs. 

Ag|AgCl. Therefore, by combining the the materials with the best photocurrent of each study, 

a photocurrent of 82 ± 0.5 µA cm-2 (410.2 ± 0.5µA cm-2 mg-1) could be achieved for VOSO4 

electrolyte at 0.5 V vs. Ag|AgCl with the addition of 8.5 Wt% Au6 nanoclusters to the 

hydrothermal growth film and an additional 85% P-25 15% TTIP film. The triiodide electrolyte 

gave a photocurrent of 99.3 ± 0.2 µA cm-2 (496.3± 0.2 µA cm-2 mg-1) at 0.5 V vs. Ag|AgCl. The 

Fe2+ electrolyte allowed a photocurrent of 107 ± 0.4 µA cm-2 (535 ± 0.4 µA cm-2 mg-1) at 0.5 

V vs. Ag|AgCl 
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1. Introduction 

 

1.1 General Introduction 

 

Over the last century the global electrical energy demands have grown exponentially due to 

the mechanisation and computerisation of every layer of modern society [1]. Usually, this 

electrical energy is generated through the combustion of oil or coal. This approach has two 

main issues. Firstly, the production and release of CO2 in the atmosphere, which is the leading 

cause of climate change, and secondly the depletion of the limited reserves of these oil and 

coal resources[2], [3]. Because of this, a shift towards renewable energy sources such as wind, 

geothermal, hydroelectric and solar energy [4], [5] is required. Solar energy is one of the most 

promising renewable energy sources because of its availability everywhere in the world and 

massive abundance. However, it is an intermittent source of energy due to the day/night cycle, 

hourly and seasonal variation, and weather-related phenomena (e.g. clouds). Two challenges 

therefore exist: improving the conversion of the solar to electrical energy and storing this 

electrical energy for use when the solar energy flow is low. 

 

The photovoltaic effect, discovered by the French scientist Edmond Becquerel, is the transfer 

of energy from a photon (light) to an electron. According to quantum mechanics, electrons 

bound to atoms occur in specific electronic configurations. The highest energy configuration 

(or energy band) that is generally occupied by electrons for a given material is known as the 

valence band, and the degree to which it is filled largely determines the electrical conductivity 

of the material. In a typical conductor (e.g metal), the valence band is about half-filled with 

electrons, which readily move from atom to atom, carrying a current. Semiconductors (like 

TiO2) generally have their valence bands filled, but, unlike insulators, very little energy is 

required to excite an electron from the valence band to the next allowed energy band, because 

any electron excited to this higher energy level is relatively free. This is called the photovoltaic 

effect: a photon that has enough energy to excite an electron from the valence band to the 

conduction band, leaving behind holes in the valence band. It allows the semiconductor to 

convert the energy from the sunlight to electrical energy or chemical energy.  

 

The photovoltaic solar cell is one of the direct applications of this effect. It consists of the use 

of two different semiconductor materials for creating an electron-hole pair at the contact area 
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and setting up a potential difference. However, this technology has to use a separate storage 

device for regulating electrical production over a full 24 hours of production. The photovoltaic 

panels require a battery to transform light to a storable chemical energy. Another method using 

the photoelectric effect is called the photo-electrochemical cell could directly transform the 

light into stored chemical energy. An electron-hole pair is generated in a semiconductor, with 

the electron sent through the electrical circuit, and the hole is driven to the surface of the 

semiconductor. The semiconductor is in contact with redox species, which is capable of 

exchanging an electron with the semiconductor. At the interface, the hole takes an electron 

from the redox species, thus oxidising the redox species. Simultaneously, the electron released 

into the electrical circuit (at a lower potential compared valence band hole) is transferred to 

another redox species in contact with a suitable negative electrode. [6]. The net effect is that 

a redox couple is oxidised at the semiconductor and another redox couple (with a more 

negative potential) is reduced at the negative electrode. These oxidised and reduced couples 

can be then stored, and later allowed to undergo their reverse (spontaneous) reactions to 

regenerate the stored energy. 

 

1.2 Renewable energy market 

 

Renewable energy is the future of global energy production. It is considered as a clean energy 

as it does not pollute the environment, release greenhouse gas and consumes fewer fossil 

resources. However, renewable energy has several barriers that significantly reduce its global 

usage. In 2000, the Collaborating Centre on Energy and Environment in Denmark [7] showed 

the two significant barriers including economic and institutional issues (GDP per capita, 

corruption, CO2 emissions) . Even though renewable energy has started to be competitive on 

the energy market (PV module prices have declined around 80% since 2007: from US $4/W 

in 2007 to US $1.8/W in 2015 [8]), oil and coal are still the primary sources of electricity 

production. The first reason behind this phenomenon is the cost of electricity production in oil 

and coal power plants is less expensive comparing to others due to the lower price of the 

primary materials (especially since the gulf countries are artificially decreasing the oil price 

to less than 50 US$/Barrel [9]), cheap maritime transportation and the existence of widespread 

industrial infrastructure utilising oil and coal. The second reason is the associated lack of 

public and private investment in the renewable energy, due to the high investment required in 

infrastructure for integrated renewable energy. 
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Figure 1: Comparative primary energy consumption over the past 15 years, based on BP Statistical Review of 

World Energy June 2016 data, which comprises commercially traded fuels for primary energy, including modern 

renewables used to generate electricity. Traditional biomass is excluded [8]. 

 

Fortunately, renewable energy generation is making inroads into the global energy market 

and many of the technical barriers are being solved. Significant research and development 

in renewable energy gives an excellent possibility to have less expensive electricity, which 

will lead to further investment and a global transformation of the worldwide energy mix. In 

this case, New Zealand has an essential advantage over the rest of the world, as its electricity 

generation is mostly sourced from hydroelectric and geothermal energy (Figure 2) [10], so 

the investment needed achieve 100% is lower than in many other countries. 
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Figure 2: Electricity generation by fuel for the year 2017 in New Zealand [10] 

 

1.3 Research objectives 
 

The redox couple chosen is the V4+/V5+ couple because it is one of the most known and used 

redox couples in a redox flow battery. The photoanode material chosen is TiO2 since it has a 

suitable bandgap and energy levels compatible with the selected redox couple and is cheap 

and easy to deposit. The main objective of the overall project was to improve the 

photocatalytic efficiency of the photoanode. The first goal was to understand every aspect of 

the reaction at the photoanode: vanadium photo-oxidation, electrochemical reduction and 

water splitting. The second objective was to find a way to deposit the TiO2 materials in a 

reproducible way and obtain a higher photocurrent by tuning the morphology of the film. The 

third objective is to improve the photocurrent of the photoanode by adding gold nanoparticles 

and nanoclusters on the film, to use the plasmonic effect of the gold particles. Finally, the last 

objective was to be able to propose a new redox couple that is more efficient than V4+ as the 

anodic electrolyte.
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2. Background and general literature 

review 

 

2.1 Redox flow batteries 

 

2.1.1 General principle redox flow battery 

 

The redox flow battery is a storage device which can store a large amount of energy. Unlike 

most other batteries, redox flow batteries store energy within a redox couple dissolved in a 

liquid electrolyte rather than storing energy within the electrodes themselves. The advantage 

of this system is the possibility to store the redox active electrolyte in external tanks, which can 

be changed, moved or enlarged for modulating the energy quantity stored in the battery. The 

battery is constituted of two parts, the positive half-cell and the negative half-cell, separated by 

an ion-exchange membrane. These half cells each have an electrode (often porous) and are 

connected to an electrolyte reservoir via a pump, which enables the electrolyte to be pumped 

through the porous electrode.  

 

2.1.2 Redox flow battery cell diagram and reaction 

 

The technology is based on the electrochemical oxidation and reduction of two redox couples 

(Figure 3) [11]. During the discharge process, the redox couple in the positive electrode is 

reduced from a high chemical potential state, an electron is released by the reduction and 

passes through an external circuit. The electron then reaches the negative electrode, where it 

is used to oxidise the redox couple in the negative electrolyte to a higher chemical potential 

state. During the charging process, the current and redox reactions are reversed. The general 

reactions are given as: 

Charge = An+ + xe− → A(n−x)+  Discharge = A(n−x)+ →  An+ +  xe− (1) 

And 

Charge = Bn+ − xe− → A(n+x)+  Discharge = B(n+x)+ →  Bn+ −  xe−  (2) 
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Figure 3: Cell diagram of a redox flow battery during charge and discharge 

 

Redox flow batteries can use different redox couples and can distinguish it into three 

categories: redox couples in an aqueous electrolyte; redox couples in a non-aqueous 

electrolyte and half-solid redox battery. The dissolved redox couple in an aqueous electrolyte 

is the most common technology used industrially, because of its price and its stability. The 

most used and known redox couples dissolved in an aqueous electrolyte are: 

 

• Iron/Chromium:  Fe2+ ⇋ Fe3+ + e–    E = 0.77 V vs. RHE 

               Cr2+ ⇋ Cr3+ + e–    E = -0.41 V vs. RHE 

• Bromide/sulfide: 2Br- ⇋ Br3- + 2e–    E = 1.09 V vs. RHE 

                2S2
2- ⇋ 2S2

4-+ 2e–    E = -0.26 V vs. RHE 

• All vanadium:     VO2
+ + 2H+ + e- ⇋ VO2+ + H2O  E = 1 V vs. RHE 

    V2+ ⇋ V3+ + e-    E = -0.26 V vs. RHE 

• Vanadium/bromide: ClBr2- ⇋ Cl3- + 2Br2- + e-  E = 1.09 V vs. RHE 

                           2VCl2 + 2Cl- ⇋ 2VCl3 + 2e-  E = -0.26 V vs. RHE 

• Hydrogen system:    H2 ⇋ 2H+ +2e-    E = 0 V vs. RHE 

                      H2O ⇋ 4H++ O2 +4e-   E = 1.2 V vs. RHE 
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Table 1: Characteristics, advantages and drawbacks of several redox couples dissolved in an aqueous electrolyte 

[11]. 

Redox couple 

 

Iron 

/chromium 

Bromide 

/sulphide 
All vanadium 

Vanadium 

/bromide 

Hydrogen 

system 

Theoretical 

voltage 
1.18V 1.35V 1.26V 1.35V 1.2V 

Theoretical 

voltage 

Highly 

reversible  

with 

electrolyte 

Good Mixing 

efficiency 

1. Good 

efficiency 

2. Highly 

reversible 

1. High 

energy 

density 

2. Large 

solubility 

1. Oxygen 

reaction 

2. Very slow 

3. Large 

overpotential 

Drawbacks 

1. Electro-

catalysis 

required 

2. Low 

efficiency 

Contamination 

and 

precipitation of 

H2S and Br2 

Energy 

density 

limited by 

precipitation 

of V2O5  

(T or PH) 

Production 

of toxic gas 

1. Use of gas 

as the 

reactant 

2. Need a large 

tank 

3. Low 

efficiency 

 

Table 1 gives the characteristics  advantages and drawbacks of the different redox couple [11]. 

Using a redox couple in a non-aqueous electrolyte increases the operating voltage window, 

but the solvents are usually expensive and polluting. The most known redox couples dissolved 

in the non-aqueous electrolyte are: 

• [Ru(bpy)2]
3 –/[Ru(bpy)2]

2 –:  [Ru(bpy)2]
3 – ⇋ [Ru(bpy)2]

2-+ e–    

                [Ru(bpy)2]
2 – ⇋ [Ru(bpy)2]

 –+ e–    

• V(acac)3/[V(acac)3]
-:  V(acac)3 ⇋ [V(acac)3]

+ + e–   

                       [V(acac)3]
- ⇋ V(acac)3 + e–    

• Cr(acac)3/[Cr(acac)3]
-: Cr(acac)3

 ⇋ [Cr(acac)3]
+ + e- 

             [Cr(acac)3]
- ⇋ Cr(acac)3 + e- 
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Table 2: Characteristics, advantages and drawbacks of several redox couples dissolved in a non-aqueous 

electrolyte [11]. 

Redox  couple 
[Ru(bpy)2]

3 –/ 

[Ru(bpy)2]
2 – 

V(acac)3/[V(acac)3]
- Cr(acac)3/[Cr(acac)3]

- 

Theoretical 

voltage 
2.6V 2.2V 3.4V 

Theoretical 

voltage 

1. No hydrogen 

formation 

2. Large operating  

window 

1. No hydrogen 

formation 

2. Large operating 

window 

1. No hydrogen 

formation 

2. Large operating 

window 

Drawbacks High crossover 

1. High crossover 

2. High ohmic losses 

3. A lot of side reactions 

1. High crossover 

2. High ohmic losses 

3. A lot of side reactions 

 

Table 2 gives the characteristics, advantages and drawbacks of the redox couples dissolved in 

a non-aqueous electrolyte [11]. 

 

Some technologies are a hybrid between a redox flow battery and a traditional battery. In these 

hybrid batteries, one half-cell uses a dissolved redox couple and the other uses a metal / 

dissolved metal couple. The most used and known redox couples for half-solid redox flow 

battery are: 

• Zinc/bromine: 2Br- ⇋ Br2
- + e–   E = 1.09 V vs. RHE 

     Zn ⇋ Zn2+ + 2e–    E = -0.76 V vs. RHE 

• Soluble lead acid: Pb- ⇋ Pb2+ + 2e–    E = -0.13V vs. RHE 

            Pb2++ 2H2O
 ⇋ PbO2+ 4H++ 2e–  E = 1.49 V vs. RHE 

• All iron: Fe ⇋ Fe2+ + 2e-    E = -0.3 V vs. RHE 

   Fe2+ ⇋ Fe3+ + e-     E = 0.77V vs. RHE 

 gives the characteristics, the advantages and, drawbacks of some hybrid redox couples [11]. 
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Lately few new type of electrolytes have been investigated: the organic [12]–[14]and polymers 

based electrolyte[15], [16]. The typical organic redox couples are 1,2-benzoquinone-3,5-

disulfonic acid  and anthraquinone-2-sulfonic acid or others organic materials or polymers of 

the quinone family , the advantage is their rapid kinetics of charge-transfer, and the possibility 

to tune the cell voltage by changing the substituent group. Being an aqueous battery, the voltage 

range for the electrolyte is limited by the oxygen evolution reaction at the positive electrode 

and the hydrogen evolution reaction at the negative electrode (i.e. water splitting). 

Consequently, a maximum cell voltage of 1.23 V is to be expected at room temperature. 

 

Table 3: Characteristics, the advantages and, drawbacks of several half-solid redox flow battery technologies. 

Redox  couple Zinc/bromine Soluble lead acid All iron 

Theoretical 

voltage 
2V 1.6V 1.07V 

Kinetics Good Good Good 

Theoretical 

voltage 

1. High energy density 

2. High cell voltage 

3. Good reversibility 

1. Small tank 

1. No dendrite 

2. Low cost 

Drawbacks 

1. Corrosion of Zn 

electrode 

2. Dendrite/short 

circuit 

3. High self-discharge 

4. Short cycle of life 

5. Low energy 

efficiency 

1. High crossover 

2. High ohmic losses 

3. A lot of side 

reactions 

1. High crossover 

2. High ohmic losses 

3. A lot of side reactions 

 

The most widely investigated material is the Vanadium Redox Flow Battery (VRFB), where 

VO2
+/VO2+ and V3+/V2+ redox couples are used as the positive and negative electrode 

respectively. VRFB was first shown to be a viable RFB system by Skyllas-Kazacos and 

Grossmith [17] where they used 1.5 M vanadium sulfate in 2 M H2SO4 as the electrolyte, 

carbon felts as the electrodes and a polystyrene sulfonic acid membrane as the cation-selective 

membrane. It gave an advantage over other mixed metal redox couples which were prone to 

cross-contamination through the ion-exchange membrane, as the vanadium redox species could 

continue to undergo the appropriate redox reactions even if cross-over occurred. The following 

reactions occur in a VRFB during the discharge process [18]: 
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Anode: V2+  →  V3+ + e−   E0 =  −0.26 V 𝑣𝑠. RHE      (3) 

Cathode: VO2
+ + 2H+ + e−  →  VO2+ +  H2O    E0 = 1.00 V vs. RHE   (4) 

Overall Reaction: V2+ +  VO2
+ +  2H+  →  V3+ +  VO2+ + H2O    E0 = 1.26 V 𝑣𝑠. RHE  (5) 

 

As shown above, the open-circuit voltage of an all-VRFB is 1.26 V vs. RHE which is 

considered relatively high. The energy density of VRFBs is around 19-38 Wh L-1 and is 

dependent on the concentration of vanadium ions dissolved in sulphuric acid with the average 

concentrations of VOSO4 and H2SO4 being around 1.5-2.0 M and 2 M respectively. Given the 

higher energy densities of traditional storage batteries such as lithium-ion/polymer (250-730 

Wh L-1), nickel-metal-hydride (140-300 Wh L-1) and lead-acid (60-110 Wh L-1) systems, there 

has been significant research into increasing the energy densities of VRFBs. The problem exists 

due to vanadium ion instability in higher acid concentrations which can cause precipitation and 

loss of redox activity. Therefore, research has been conducted on stabilising vanadium-based 

electrolytes in concentrated acid solutions. A significant advantage of VRFBs is their very long 

cycle lifetimes which are on the order of 15000-20000 charge/discharge cycles vs solid-state 

batteries which have lifetimes of ~500-4500 charge/discharge cycles.  

 

2.1.3 Vanadium redox flow battery components 

 

Redox flow batteries consist of electrodes, ion-exchange membranes and electrolytes. Both 

electrodes must be stable in the electrolyte, have high oxygen and hydrogen overpotentials 

and a large specific area. A range of graphite and carbon rods, plates, felts and cloths have 

been investigated as anodes and cathodes [19]. These electrodes have good lifetime (several 

months) under regular charge/discharge cycling, but the oxygen evolution reaction during 

overcharging can corrode the positive electrode slowly. The negative electrode stays stable 

even after several months [19]–[21], in contrast to the positive electrode which reduces the 

lifetime of the battery. One solution is to coat the electrode with polyaniline [19] as protective 

layer. However, the electrode still degrades as the electrolyte slowly dissolves this polymer 

protection during the redox reaction. Some lead, gold, titanium, platinum, platinised titanium 

and iridium oxide electrodes were investigated alone or mixed [19]. Unfortunately, lead and 

titanium were passivated due to the potential range of the redox couple. Platinised titanium 

[20], gold, platinum and iridium oxide stay stable, but their cost is high compared to the other 

materials. Carbon felts has been chosen by the majority of scientists and commercial 

developers as the anode and cathode. Carbon felts are more protected against the overcharging 
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than the other carbon electrodes and can be designed to increase the chemical and the 

mechanical resistance. 

 

The electrolyte must be cheap, contain a high concentration of vanadium species and be stable 

for a very long time. Therefore, research has been realised on the vanadium electrolyte at the 

positive electrode. The first work on the full vanadium battery used VOSO4 dissolved in 

sulphuric acid [22], but the price of the VOSO4 precursor was very high. Therefore, some use 

V2O5 as the initial precursor due to his lower price. The stability of the electrolyte shows a 

strong correlation with temperature and acid concentration [23]. Skyllas-kazacos et al. [24] 

have shown that above concentrations of 3 M sulfuric acid, V2O5 precipitates at temperatures 

above 40ºC. However, if the vanadium concentration is increased, the other vanadium 

compounds precipitate at less than 10ºC. Therefore, the operating temperature range is defined 

by 10 ºC / 40 ºC for a 2 M of vanadium electrolyte. The solubility data of vanadium in 

sulphuric acid at concentrations of 0 M to 9 M over the temperatures range of 10 ºC /50 ºC 

were generated by Rhaman and M. Skyllas-kazacos [25]. Recently, others have proposed 

adding hydrochloric acid to sulphuric acid based vanadium solutions to help stabilise the V4+ 

[26]. Consequently, the temperature range could be enlarged at -5 ºC / 50 ºC. 

 

The ion exchange membrane must avoid vanadium and water transfer between the two 

compartments. If the vanadium passes through the membrane, the charge and discharge 

capacity is slowly decreased. If too much water goes through the membrane, the concentration 

in vanadium will be increased in the compartment which loses the water, which can lead to 

precipitation of the vanadium salt. The most commonly used membrane is a Nafion membrane 

[11], [27], [28], which is expensive but has excellent ion conduction and is stable in the acid 

electrolyte. Another option is the Selenion-AMV membrane, but it has poor stability [28], 

[29].  

2.1.4 Redox battery performance: Thermodynamics 

 

The first and easiest way to determine the redox battery performance will be to conduct 

thermodynamics studies on the redox reactions. For the electrochemical reaction, like in the 

full vanadium redox flow battery, the equilibrium potential at a single redox electrode could 

be: 

E = E0 +
RT

nF
 ln(

cox

cred
 .

γox

γred
)     (6) 

• Erev: the potential difference of the reaction in V. 

• E0: standard reduction potential in V. 
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• R: universal gas constant. 

• T: absolute temperature in K. 

• n: number of electrons transferred per mole of species reduced or oxidized. 

• F: Faraday’s constant. 

• cox: ionic concentration of oxidised species in mol L-1. 

• cred: ionic concentration of reduced species in mol L-1. 

• γox: activity coefficient of the oxidised species (deviation of an ion from ideal 

behaviour due to inter-ionic interactions within the solution) in mol L-1. 

• γred: activity coefficient of the reduced species in mol L-1. 

The Nernst equation is derived from the standard changes in the Gibbs free energy associated 

with a redox reaction. The actual free energy change G can be linked to the standard one 

∆Gstandard and the reaction coefficient Q, which corresponds in this case to 
𝑐𝑜𝑥

𝑐𝑟𝑒𝑑
 .

𝛾𝑜𝑥

𝛾𝑟𝑒𝑑
. 

∆G =  ∆Gstandard + RTln(
cox

cred
 .

γox

γred
)   (7) 

E is defined as the decrease in Gibbs free energy per coulomb of charge transferred:  

∆𝐺 = −𝑛𝐹𝐸, so the potential difference is equal to 𝐸𝑟𝑒𝑣 =
−∆𝐺

𝑛𝐹
. As the electrolyte is pumped 

the circulation of the species could be considered having enough for avoiding a yielding of 

the ions, so the γox and γred could be regarded as equal to one. For example, for the all 

vanadium, redox flow battery and based on the half equation present sooner, the Nernst 

equation becomes: 

Erev = E+ − E− =  E0 +
RT

nF
ln(

c
VO2

+

c
VO2

2+
 .

c
V2+

c
V3+

)  (8) 

• E+: positive half-cell potential in V. 

• E-: negative half-cell potential in V. 

The usual form of the Nernst equation does not take into consideration two phenomena, which 

are usually considered as negligible but have an influence on the result: the proton 

concentration at the positive electrode and the Donnan potential across the membrane [30]. 

The proton concentration proceeds to the positive electrode half-reaction of VO2
+. The 

Donnan potential is caused by an unequal proton concentration between the two electrolytes 

and if all these parameters are taking in count, the Nernst equation becomes:  

Erev = E+ − E− =  E0 +
RT

nF
ln(

c
VO2

+ 
.  c

V2+ .(c+
H+)3 

c
VO2

2+  .  cV3+  .  c−
H+

)  (9) 

• c+
H+: positive half-cell potential in V. 

• c−
H+ : negative half-cell potential in V. 
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2.1.5 Redox battery performance: actual cell performance 

 

Unfortunately, a simple thermodynamic study does not include all the different phenomena 

occurring on the batteries. The total performance of the real cell is calculated for the charge 

of the battery as: 

charge: Ecell  =  Erev + |ηcathode|   +  |ηanode|  +  |ηIR|    (10) 

• Ecell : the potential difference of the cell in V 

• |ηcathode|: overpotential l at the cathode in V 

• |ηanode|: overpotential at the anode in V 

• |ηIR|: overpotential of the internal resistance of the cell in V 

The different overpotential increases the energy required for fully charged the battery, but in 

the discharge the overpotential reduces the energy delivered by the battery: 

discharge: Ecell  =  Erev − |ηcathode| − |ηanode| −  |ηIR|   (11) 

This overpotential has a different origin: the activation energy required to initiate a charge 

transfer; the concentration, ohmic and ionic overpotential. 

 

2.1.6 Redox battery performance: activation energy and kinetics 

 

One of the significant overpotentials in cathode and anode comes from the rate of one or both 

of the redox reactions, i.e. the electron transfer rate between the electrode and the redox 

species, i.e. the kinetics of the electrochemical reaction. This kinetics is directly linked to the 

applied current and the redox species concentration in solution. The slower the kinetics is, the 

higher the applied potential should be, and the more concentrated the solution has to be. 

Therefore, a bigger overpotential for starting the reaction is required. In general, the solution 

is not in equilibrium and the activation energy in both half-cells is different. In this case, and 

if the mass transfer is considered negligible, the Butler-Volmer equation can be used:  

𝐼 = 𝐼0 [𝑒𝛼
𝑛𝐹

𝑅𝑇
𝜂𝑎 − 𝑒−1(1−𝛼)

𝑛𝐹

𝑅𝑇
𝜂𝑎]              (12) 

• I: current in A 

• I0: standard current in A 

• 𝛼: charge transfer coefficient 

• 𝜂𝑎: overpotential due to the activation energy in V 

Finally, the Tafel equation gives the values of the overpotential due to the activation energy: 

𝜂𝑎 =
𝑅𝑇

𝛼𝐹
𝑙𝑛(𝐼) −

𝑅𝑇

𝛼𝐹
𝑙𝑛(𝐼0)             (13) 
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2.1.7 Redox battery performance: mass transfer limitations 

 

Concentration overpotentials are the overpotentials needed to overcome the energy losses 

associated with mass transport limitation effects on electroactive redox species, from the bulk 

electrolyte to the electrode surface and vice versa. The concentration overpotentials can be 

calculated by the following equation (14): 

𝜂𝑐𝑜𝑛𝑐 = 𝜂𝑐,𝑐𝑜𝑛𝑐 + 𝜂𝑎,𝑐𝑜𝑛𝑐 = 𝐸 − 𝐸° +
𝑅𝑇

𝑛𝐹
|

𝑐𝑠𝑢𝑟𝑓

𝑐𝑏𝑢𝑙𝑘
|            (14) 

Where csurf and cbulk are the concentrations of electroactive species at the electrode surface and 

in the electrolyte respectively. 

 

During RFB operation, when the electroactive species in each half cell undergo the appropriate 

redox reactions, the diffusion of reactants to and products from the electrode surface begin to 

change relative to the bulk concentration. Therefore, with sufficient electrolyte flow, the 

concentration of reactants can be maintained so that it resembles the initial concentration of 

reactants near the electrode surface, which somewhat mitigates concentration potentials. 

Besides, increasing the reactant concentration can also mitigate the concentration potentials by 

improving mass-transfer rates. At the electrode surface, however, the reactant and product 

concentrations form gradients that are characterised by diffusional fluxes (movement of species 

from the region of high concentration to low concentration) and the creation of the diffusion 

layer. The diffusion layer is where electrolyte concentration changes happen and where 

diffusion determines reactant and product mobility from the electrode surface. Low 

concentration of reactants at the surface of the half-cell electrodes can have negative effects on 

cell efficiency and power density. Fick’s Law of Diffusion can be used to calculate the diffusion 

flux in the diffusion layer from the following equation: 

𝐽𝑖 = 𝐷𝑖
∆𝑐𝑖

𝛿
= 𝜅𝑖∆𝑐𝑖                 (15) 

Where Ji is the diffusion flux (mol m-2 s-1), Di is the diffusion coefficient (m2 s-1), δ is the 

diffusion layer thickness (m), and κi the diffusion flux constant (m s-1). ∆ci is obtained from ∆ci 

= cbulk - csurf  for reactants as they diffuse from the bulk electrolyte to the electrode surface and 

∆ci = csurf - cbulk for products as they diffuse from the electrode surface to bulk electrolyte. 

 

2.1.8 Redox battery performance: ohmic and ionic loose 

 

The last two overpotentials are the ionic and the ohmic due to the electrical charges: the 

electrical resistance of the different materials. The ohmic contribution is from resistance though 
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the electrode, current collector and the bipolar plate. The overpotential could be written by using 

the Ohm law as: 

𝜂𝑜ℎ𝑚𝑖𝑐 = (𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 + 𝑅𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 + 𝑅𝑏𝑖𝑝𝑜𝑙𝑎𝑟)𝐼             (16) 

• 𝜂𝑜ℎ𝑚𝑖𝑐: overpotential due to the ohmic loose 

• Relectrode: Resistance of electrode 

• Rcollector: Resistance of the current collector 

• Rbipolar: Resistance of the electrode bipolar plate 

The electrolyte and the membrane also oppose the flow of ionic current, so the ionic over 

potential is: 

𝜂𝑜ℎ𝑚𝑖𝑐 = (𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 + 𝑅𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒)𝐼             (17) 

• Relectrolyte: Resistance of the electrolyte 

• Rmembrane: Resistance of the membrane 

 

2.2 Charging redox flow batteries by using solar energy 

 

2.2.3 Photovoltaic solar panel coupled with redox flow battery 

 

RFB can be used for storing renewable energy from wind, hydro or solar energy sources. 

Indeed, it is possible to purchase a commercial solar PV-battery package, PV solar panels are 

traditionally connected to either lead-acid of Li-ion batteries [31]. In comparison, the redox 

flow battery is more cost-effective, has a better life cycle and higher energy [11]. The first use 

of redox flow battery with solar energy sources was a 5 kW/12 kWh VRFB system installed 

in Thailand by Thai Gypsum Products Co., Ltd. in 1994. Two further zinc-bromine batteries 

of ZBB were installed in Australia (500 kWh) and the US (2x50 kWh) in 2002 and 2003, 

respectively [28]. Subsequently the technology has become common and is used around the 

world [32]. Whilst these PV coupled flow batteries are proving to be successful, new research 

is now exploring the direct photoelectrochemical charging of flow batteries [33]. 

 

2.2.4 Direct solar charging 

 

In a solar flow battery, direct photoelectrochemical charging of at least one of the redox 

species occurs at a suitable photoelectrode (Figure 4). This could involve the use a photoanode 

to photoelectrochemically oxidise the positive electrolyte redox species, or a photocathode to 

photoelectrochemically reduce the negative electrolyte redox couple. In the case of a solar 
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flow battery using a photoanode, the negative electrode stays precisely like in a standard redox 

flow battery. Then the photoanode is present in the positive half-cell compartment which 

transforms the light into electron/hole pair, with this hole oxidising the redox couple in the 

electrolyte. 

 
Figure 4: A schematic illustrating the operating principle of a solar redox battery in charging mode a) without 

external bias and b) with external bias. 

 

The charge reaction of the example full vanadium redox flow battery can be written with the 

addition of the photoelectric reaction. The electron is not introduced by the generator but is 

provided by the light via the semiconductor: 

 

electron: hν + SE ⇋ SE + h+ + e-       (18) 

anode (electrode positive): VO2+ + H2O ⇋ VO2 
+ + 2H+ + e–   (19) 

cathode (electrode negative): V3+ + e– ⇋  V2+     (20) 

 

Historically the first device which could be described as a solar photoelectrochemical battery 

was generated by Hodes et al. in 1976 [34]. It was derivede from a photoelectrochemical cell 

(PEC), producing electricity from solar power by moving a chemical which is a shuttle for the 
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charge to flow. A third electrode was used to store the chemical in the solid form, then release 

it into the electrolyte during the discharge step. It was composed of an n-type CdSe 

photoelectrode in an S2-/S electrolyte, an Ag-Ag2S as storage electrode, and carbon felt as an 

anode. A three-electrode configuration and a two-electrode configuration has been tested with 

Ag-Ag2S as storage electrode and anode but without any separator between the electrodes. The 

electrode was supposed to react with sulphide in solution to form a Ag2S on the surface of the 

electrode and release them in the dark. This early photoelectrochemical storage cell had an 

open circuit potential (OCV) ~130 -150 mV, but with poor efficiency due to the lack of 

membrane to exclude S2- ions that would recombine with the Ag-Ag2S anode. 

 

Further improvements were made to this solar photoelectrochemical storage cell (PESC) 

system by using MoSe2 and GaAs as the semiconductor materials for the photoanode, with 

Nafion used as the membrane, resulting in higher solar conversion efficiencies, open-circuit 

voltage and current densities. Other metal couples in later works have replaced the anode: in 

1987, Licht [35], [36] proposed a Cd(Se0:65Te0:35) semiconductor on a polysulfide electrolyte. 

It succeeded to reach a faradic efficiency (also called columbic efficiency) of 95% and an 

overall solar-to-electrical load conversion efficiency of 11.3%, but it was limited by the 

semiconductor due to its price and toxicity. 

 

These early solar PESCs failed to attract much interest in research due to the relatively high 

cost of the semiconductor materials they used, the corrosion processes they underwent during 

cell operation, and low efficiencies. To overcome the problem of corrosion that broadband 

(low band-gap) light-absorbing semiconductors experience during redox processes, research 

began on using more low-cost and stable semiconductors, such as TiO2, that were modified to 

overcome their high band gaps and increase light absorption at longer wavelengths i.e. the 

visible region. Then the concept of solar redox flow batteries appears, with the first true solar 

RFBs were developed in 2013 by the Gao group [33]. The first of these systems was a dye-

sensitised solar cell (DSSC) in tandem with an RFB where the DSSC was made up of Ru 

based dye-sensitised TiO2 deposited on FTO for the photoanode, Li+ glass-ceramic separator 

(LiSICON), and platinised FTO as the cathode. The RFB utilised platinised electrodes as the 

anode and cathode with a LiSICON separator and I-/I3
- and DMFc+/DMFc as the redox 

couple for the DSSC and I3
- /I- and DMFc/DMFc+ as the redox couple for the RFB. 

 

Based on this work, the most commonly used catholyte couple (I3 
– /I– ) employed in solar 

batteries comes directly from the dye-sensitised solar cell [37]–[39]. In these batteries, the 

semiconductor (photoanode) is usually TiO2, and the counter electrode is platinum or WO3 



 

 

18 

 

[40]–[43]. The redox couple is kinetically fast because every photoelectron injected in the TiO2 

appears on the external circuit. The reaction is kinetically complex: I3
– gives a mixture of I2 

and I–; the I2 can be reduced and becomes I2
–. Finally, it can be again reduced to I3 

– and I–, but 

the I2 recombination process is slow because very few I2 are absorbed. I2 is highly volatile and 

corrosive for most metals, so platinum is used to accelerate the anode reaction and protect it. 

A lot of them used LiI in the electrolyte to accelerate the reaction. The test was realised by 

using another redox couple as negative electrolyte: using [Fe(C10H15)2]
+/[Fe(C10H15)2] [43] 

couple, Li2WO4/Li2+xWO4 [41] or, C8H6N2/C8H6N2
– [33] as anolyte. The main advantage of 

this anolyte is a higher working voltage, a lower cost and less toxic, however, the ion 

conductivity is quite low and limits the performances of the system.  

 

Other solar batteries system have been investigated: like Keita and Nadjo [44] investigated a 

quinone-based solar battery in 2016. Sodium 9,10-anthraquinone-2,6-disulfonate/9,10-

anthrahydroquinone-2,6-disulfonate (AQ/AQH2), was used as catholyte and WSe2 as the 

photoelectrode. The complete cell was n-WSe2|I3
-/I-|salt bridge|AQ/AQH2|C, which gave an 

OCV of 150 mV. Interestingly, a p-type WSe2 as the photocathode in a p-WSe2|AQ/AQH2|salt 

bridge|I3
-/I-|Pt cell was successfully tested and presented a longer lifetime. 

 

Betz and his colleagues study [44], realised a solar battery design with Cu3PS4 (n-type 

semiconductor, bandgap: 2.3 eV) as both the Photoelectrode and cathode. It can store and 

release energy through its reversible Cu intercalation and de-intercalation. A 

Cu3+xPS4|CuCl/MeCN|Cu2-yS cell was built, however, due to the severe recombination of Cu+ 

at the electrode-electrolyte interface and poor visible-light absorption of the photoelectrode, 

the solar battery only achieved an OCV of 100 mV. 

 

In 1990 Kaneko et al. [45] designed an all-solid-state device: n-CdS|iron(III) 

hexacyanoferrate(II)|Nafion separator|iron(III) hexacyanoferrate(II)|pt. Upon photocharging, 

the iron(III) hexacyanoferrate(II) on the cathode side was oxidised to iron(III) ferricyanide by 

holes. On the anode side, iron(III) hexacyanoferrate(II) was electrochemically reduced to 

iron(II) hexacyanoferrate(II). The device was able to use 65% of its theoretical capacity and 

had a coulombic efficiency of 36%. 

 

Kanbara et al. [44] proposed an Ag+/AgxV2O5 redox solar battery using p-Si as the 

photoelectrode. An ITO/(p-Si)/SiOx|Ag|Ag6I4WO4|Ag6I4WO4/AgxV2O5 cell was built. 

Ag6I4WO4 act as a solid electrolyte for Ag+ ion conduction. The photocharging process was 

accomplished by reducing Ag+ to Ag on the anode side and oxidising AgxV2O5 to Agx-dV2O5 
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on the cathode side. In the dark, the electric-energy-releasing process happened in the reverse 

direction. The solar battery showed an OCV of 0.55 V vs. SHE and excellent cycling 

performance over 900 cycles. 

 

In 2001, Akuto and Sakurai [46] proposed a metal hydride/air solar battery design with 

LaNi3.76Al1.24, as an anode. The device has a gas-phase cathode of O2/KOH and a 

photoelectrode of SrTiO3. Upon photocharging, the cell's equilibrium voltage is determined by 

the Nernst potential difference between the LaNi3.76Al1.24/ LaNi3.76Al1.24Hn and O2/KOH redox 

couples. Their optimised solar battery had a photocharged OCP of 0.8 V vs. SHE and capacity 

of 950 mAh g-1 for at least 40 cycles. The device used a solid cathodic active electrode and a 

gas-phase anode. Therefore, the theoretical capacity of such a system should be much higher 

than conventional liquid-phase based solar batteries. However, the large bandgap of the 

semiconductor (SrTiO3, Eg = 3.2 eV) led to limited utilisation of the visible light in the solar 

spectrum. 

 

In 2015, Wu and colleagues [47] developed aqueous lithium–iodine (Li–I) solar redox flow 

battery. In their device, dye-sensitized TiO2 and the I3
-/I couple is used in the cathode chamber, 

and the Li+/Li couple is used as the anode. Since the redox potential of the Li+/Li couple (i.e.- 

-3.04 V vs. SHE) is more negative than the conduction band of TiO2, an external voltage input 

is required for the charging process under illumination, make it a photoassisted battery with a 

total energy savings of 20 %. Then, in 2014, Wu and colleagues [46] applied the solar battery 

idea to the lithium-oxygen (Li–O2) battery. They used an I3
-/I- redox couple to integrate a dye-

sensitized TiO2 photoelectrode with the air electrode. The solar energy was used to “pump” 

electrons to a higher energy level to reduce the battery's required charging potential. Their 

device was able to be photocharged at an external voltage of 2.8 V vs. SHE, much lower than 

that of a conventional Li–O2 battery (ca. >4 V vs. SHE). This study introduced a new approach 

to address the overpotential issue in Li–O2 batteries. However, similar to the Li–I solar battery, 

[48] these Li–O2 solar batteries are not able to be fully photocharged. 

 

Finally, one of the most promise solar batteries used the couples V2+/V3+ and VO2
+/VO2+, 

which are based on the redox flow battery [49]–[51]. Their advantage is a significant difference 

of potential with TiO2, no crossover between the species and well-known technology. 

Therefore, it is the couple which corresponds the most to the desired system for a solar redox 

flow battery. In the literature 44], [45], [47]–[49], the highest photocurrent obtained was 15 ± 

0.5 µA cm-2 for a standard TiO2 film of 3 mg, as shown in Table 4. However, by using micro 

channelling, Jiao et al. [52] succeeded to improve the photocurrent until 60 µA cm-2. 
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Table 4: solar vanadium redox flow battery literature summary.  

 

Photoanode 

composition 
Photocurrent Electrolyte 

Counter 

electrode 

Light source 

 
Ref 

compact TiO2 then 

porous TiO2 layer 
60 µA cm-2 

0.1M 

VO2
+/V3+ 

Pt coated carbon 

fiber 
100 mW cm-2 [52] 

0.5g TiO2 P-25, 0.25 

g ethyl cellulose, 

0.062 g PVDF, and 

2.15 g terpineol 

0.1 mA in-2 so  

15 µA cm-2 

0.1M 

VO2
+/V3+ 

Pt mesh AM 1.5 [49] 

0.5 g TiO2 P-25 and 

2.15 g terpineol 

0.1 mA in-2   

15 µA cm-2 

0.01 M 

VO2
+/V3+ 

Carbon paper AM 1.5 [53] 

0.5 g TiO2 P-25, 

0.497 g 

ethylcellulose,  

0.124 g PVDF and 

2.501 g Terpineol 

1 mA in-2  so 170 

µA cm-2 with 

flow back to 0.3 

mA in-2: 46 µA 

cm-2 when the 

flow was cut 

0.01 M 

VO2
+/V3+ 

Pt mesh AM 1.5 [50] 

6.45 cm2:  

1 g TiO2 P-25 and 

2.50 g Terpineol 

60 µA in-2 

10 µA cm-2 

0.01 M 

VO2
+/V3+ 

Carbon paper AM 1.5 [54] 
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2.3 Photoelectrochemical cell 

 

2.3.1 General principle 

 

The ability for a photoelectrode to operate in a solar RFB is based on the photoelectric effect 

phenomena, in semiconductor materials it is referred to as band-gap photoexcitation. In this 

process, when photons with greater energy than the semiconductors band-gap interact with a 

semiconductor, electrons (e-) from the valence band are excited into the conduction band [6]. 

The holes (h+) remaining in the valence band are then able to perform an oxidation reaction 

given the appropriate thermodynamic conditions, whereas the photoexcited electrons in the 

conduction band can perform a reduction reaction given the appropriate thermodynamic 

conditions or contribute to electrical conductivity. 

 

For the reduction to occur the bottom of the conduction band must be at a potential more 

negative than the reaction reduction potential (-E(VNHE)), and the top of the valence band at a 

potential more positive than the reaction oxidation potential (+E(VNHE)). The redox potential 

value is also a determinant of the favourability of a reaction to occur where the possibility of 

more than one reaction occurring in a system exists. An example is that the oxidation of VO2+ 

to VO2
+ occurs at 0.26 V vs SHE whereas the oxidation of H2O occurs at 1.23 V vs SHE, so 

VO2+ oxidation occurs more readily than H2O oxidation. 

 

There are generally two types of photoelectrochemical cells. A tandem cell (Figure 5 a) consists 

of a photoanode in tandem with a photocathode, where the photooxidation occurring at the 

photoanode drives electron transfer to the photocathode combining with the photogenerated 

holes formed there to create a photocurrent. The photooxidation must occur a sufficiently 

positive potential and the photoreduction at a sufficiently negative potential to drive electron 

transfer. A single junction cell (Figure 5 b) [6] consists of a photoanode and a counter electrode 

where the photooxidation occurring at the photoanode drives electron transfer to the cathode 

where the redox species is reduced creating a photocurrent. The working principle is similar to 

each of these cells (Figure 5). As the photoanode absorbs photons, energy of photons absorbed 

dependent on band-gap, Eg, electrons (e-) are promoted from the valence band to the conduction 

band leaving a hole (h+). A depletion region which possesses an electrical field can separate 

these allowing the photogenerated electrons from the photoanode to reach the photocathode 

where they reach the semiconductor-electrolyte interface, increasing the quasi-Fermi potential 

of the photocathode, Ec
QF, to initiate the V3+/V2+ redox couple reduction at a vanadium 

reduction catalysis (VRC) site. The corresponding process occurs in the photoanode cell where 
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photogenerated holes reach the semiconductor-electrolyte interface increasing the quasi-Fermi 

potential of the photocathode, EA
QF, to initiate the VO2+/VO2

2+ redox couple reduction at a 

vanadium oxidation catalysis (VOC) site. The quasi-Fermi potentials at each photoelectrode 

must be sufficiently positive to overcome the oxidation overpotential (ηO) and negative to 

overcome the reduction overpotential (ηR). 

 

Figure 5: (a) tandem photoelectrochemical cell diagram (b) single junction photoelectrochemical cell diagram 

 

The dye-sensitised solar cells (DSSC) is a specific photoelectrochemical cell [37]: the 

photoanode is composed of a semiconductor like photoelectrochemical cell. However, a 
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monolayer of charge transfer dye (usually a ruthenium complex) is attached to the 

semiconductor film. 

 

Upon excitation, the dye injects electrons into the solid with a quantum yield of unity. The 

energy level of the excited state is matched to the lower bound of the conduction band of the 

oxide to minimize energetic losses during the electron transfer reaction. Finally, its redox 

potential should is sufficiently high that it can be regenerated via electron donation from the 

redox electrolyte or the hole conductor [37].  

 

The electrolyte is regenerated in turn by its reduction at the counter electrode with the circuit 

being completed via electron migration through the external load. The voltage generated under 

illumination corresponds to the difference between the Fermi level of the electron in the solid 

and the redox potential of the electrolyte. Overall, the device generates electric power from 

light [55] without suffering any permanent chemical transformation. 

 

The DSSC’ even with the use of a dye, is similar to a solar redox flow battery for its 

photoanode. Indeed, DSSC research [55]–[58] has been conducted to increase the specific area, 

resulting in increased dye absorption on the film. These research projects are beneficial for the 

solar redox flow battery due to the increase of the active site for the oxidation reaction with the 

increase of the specific area. The addition of a metallic nanoparticles has been studied similar 

to the dye in DSSC. 

 

2.3.2 Semiconductor Properties 

 

The band-gap in a semiconductor is the void region between the top of the valence band and 

the bottom of the conduction band. It is created by the sum of ad infinitum repetition of 

molecular orbitals resulting from the hybridisation of atomic orbitals (cationic and anionic) 

from the individual atomic species in the material. An example of this is TiO2 where the O 2p 

bonding (σ and π) orbitals mainly form the valence band and the Ti 3d anti-bonding (σ* and 

π*) orbitals mainly form the conduction band [59]. 
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Figure 6: Band structures of metals (left) and an n-type semiconductor (right). 

 

The Fermi level (EF) (Figure 6), is a measure of the energy of the least tightly held electrons 

within a solid at 0 K. In n-type semiconductors the Fermi level exists closer to the conduction 

band (Ec) as there is a higher density of free electrons as the charge carriers and closer to the 

valence band (Ev) whereas in p-type semiconductors as there is a higher density of holes that 

act as charge carriers. The vacuum level of a material is the minimum energy at which a free 

electron can leave a material. The metal and semiconductor work-functions (ΦM and ΦSC 

respectively) are energies required to enable an electron to leave a solid form the highest filled 

electron state. The ionisation potential (ΦIP) is the energy required to remove an electron from 

the highest filled state (in this case the valence band) to the vacuum level. The electron affinity 

(χSC) is the energy required to move an electron from the bottom of the conduction band to the 

vacuum level [60]. 

 

2.3.3 Semiconductor Interface 

 

The band structure of a semiconductor (Figure 7) [6] is the typical band structure of the material 

at thermal and electronic equilibrium and will remain flat without the interference of outside 

forces, such as solar irradiance or applied electrical fields. In a photoelectrochemical cell where 

an interaction between the semiconductor material and electrolyte occurs, there are four 

outcomes to establish an electronic equilibrium due to the potential difference between the two. 

The first one is the establishment of a flat-band potential (Figure 7 a) as both semiconductor 

and electrolyte possess the same energy level, so the charge on each side of the 

semiconductor/electrolyte interface remains the same [61]. The second one is the formation of 

an accumulation layer (Figure 7 b) as electrons collect at the semiconductor surface when the 
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semiconductor has a lower Ef than the electrolytes redox potential. It creates a space charge 

(SC) region on the semiconductor side with the formation of a Helmholtz (H) layer on the 

electrolyte side with electrons accumulating in the semiconductor space charge region and an 

increase of free hole density at the semiconductor/electrolyte interface in the Helmholtz layer 

[61], [62]. The third one is the formation of a depletion layer (Figure 7 c) at the semiconductor 

surface as electrons move into the electrolyte when the semiconductor has a higher EF than the 

electrolytes redox potential. The free hole density of SC region on the semiconductor side 

increases while electrons accumulate at the semiconductor/electrolyte interface in the H layer. 

If the depletion of electrons reaches a certain point below the intrinsic Fermi level of the 

semiconductor (Figure 7 d), then the space charge region of the semiconductor becomes that 

of a p-type semiconductor, inverting the semiconductor type.  

 

 

Figure 7: Charge and potential distribution at the semiconductor-electrolyte interface 

 

The SC region allows the operation of photoelectrochemical cells to be possible when the EF 

of an n-type semiconductor is higher than the redox potential of an electrolyte solution as 
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shown in Figure 5 a and Figure 7 b. Under these conditions, the electric field of the 

semiconductor is directed from the bulk to the semiconductor/electrolyte interface allowing 

electrons flow from the CB of the semiconductor to the electrolyte. As the semiconductor 

absorbs solar radiation the electron-hole pairs that are formed separate due to this field, the 

electrons move into the bulk while the holes move to the interface allowing them to oxidise the 

electrolyte species and have the electron transfer that will later generate electrical current.  

 

Photocatalytic activity of semiconductor materials is driven by the transport property of photo-

excited carriers from the interior to the surface of photoelectrode. When the light is turned on, 

the electron and hole separate and are driven on the surface to react with the redox couple in 

solution. However, when the light is turned off, the oxidative or reductive charge is trapped on 

the surface trap state and recombined with the others charge driven by the electric field 

produced by the charge trapped. It has been shown that the presence of the trap state can be 

seen by looking at the decrease in the potential in the dark [63]–[66]. If the change of potential 

is almost instantaneous, there is no charge flux and so no trapped charge. However, if the 

decrease is slight, it is corresponding to the slow recombination of the electron and holes.  

 

Ozawa et al. [67] showed that the carrier dynamics were linked to space charge layer (SCL): 

an insulating region in the semiconductor material where the charge carriers have been diffused 

away or have been forced apart by an electric field. It could explain, according to the literature 

[68], [69],that the rapid decay of the anodic photocurrent is the sign of the presence of electron-

hole surface recombination at the surface and band bending decrease. When the light was 

turned off, the conduction band electrons react with the holes trapped at the surface of the 

photogenerated species. In the literature of Tafalla et al. [68], the formation of OH radicals 

which led to the creation of oxygen evolution into alkaline media was observed. It is noticeable 

that an anodic were achieved right after the light was turned on and a cathodic peak right after 

the light was turned off. These two regions could be defined as, (I) the regions with the low 

band-bending when the recombination is important and (II) the high band bending region where 

only the accumulation of charge on the surface of the electrode influences the anodic peak. 

This electron-hole has to be minimised to be able to photogenerated a large amount of oxidised 

or reduced species. 
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2.4 Materials for photoactive electrode 

 

The photoactive electrode has been studied for different applications e.g. water splitting, dye-

sensitised solar cell and wastewater cleaning. All of these electrodes are composed of a n- or 

p-type semiconductor and they can be deposited onto a conductive and transparent substrate 

such as ITO, FTO or AZO coated glass. 

 

2.4.1 Types of photoelectrodes 

 

In order to fit the photoactive electrode to the application, it is crucial to determine if the 

desired reaction should be a photo-oxidation or a photo-reduction. As an example, the photo-

oxidation is used in the dye-sensitized solar cell [6]. It is the hole which reacts with the redox 

couple into the anodic electrolyte. In this case, the semiconductor must be an n-type 

semiconductor as it has a more significant electron concentration than hole concentration. The 

photo-reduction can be used in the water reduction where the electron is driven into the 

solution by the electric field at the junction between the water and the semiconductor to 

reduced H+ into H2 [70]. In this situation, the semiconductor must be a p-type semiconductor 

because it has a more significant hole concentration than electron concentration. Different 

semiconductor materials are used depending on the application, their n or p-type, and their 

price. 

 

2.4.2 Materials of interest 

 

The semiconductor should be chosen by considering its specific characteristics while 

matching the semiconductor bandgap and the redox potential of the electrolyte (Figure 8) [5], 

[6], [71]–[74]. In the case of a p-type photoelectrode, the potential of the redox couple should 

be close to the conduction band. Conversely, the potential of the redox couple should be close 

to the valence band for n-type semiconductor. A huge amount of research into photoelectrodes 

has been conducted since the 1970s, with particular emphasis placed on adapting bandgap to 

the redox couple used while maximising the absorption of sunlight (Figure 9). The most used 

semiconductors for the water splitting are the transition metal oxides [75] such as TiO2 

(anatase: 3.3 eV [76], rutile: 2.95 eV [77], mix: 3.0 eV [78]) and ZnO (3.3eV [79]). Several 

other materials have been investigated like WO3 (monoclinic: 2.5-2.6 eV [80], [81], 

orthorhombic: 2.9 eV [82]), BiVO4 (2.45 eV [83]), Fe2O3 (2.1 eV [84]). These last materials 
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are used for water splitting as they have a large enough bandgap to react with a redox couple 

like VO2
+/VO2+. However, the conduction band might be too positive to reduce V3+ in V2+ in 

the counter electrode. In the dye-sensitized solar cell, the mostly used material is TiO2, but 

ZnO [85], [86], SnO2 (3.62 eV) [86]–[88], Nb2O5 (3.2 eV) [89], [90] SrTiO3 (3.25 eV) [91], 

and Zn2SnO4 (3.25 eV) [92] have also been investigated. Overall, most parts of the solar redox 

flow battery published used TiO2 [40]–[43], [93] since it is a known material, which has been 

largely studied in the literature.  

 

A study has been conducted to understand the ion [94] and electron [95] diffusion through a 

TiO2 film. Zerihun Kebede and Sten-Eric Lindquist [94] showed that the I3
– ion diffusion was 

slower in a thin TiO2 film than a thick one and the temperature drove the speed due to the 

viscosity of the solvent. Beside, Fei Cao et al. [95] have studied electron diffusion through a 

TiO2 film. It was found that the photocurrent was composed of an active component, which 

corresponded to the injection of charge carriers close to the contact. However, the rest was 

quite slow: the movement of the electron proceeded to concentration gradients in the film to 

a steady-state value. This second part can be described by a diffusion model where the electron 

diffusion coefficient is dependent on light intensity. The bandgap and the photocurrent result 

of the TiO2 layer could be altered by changing the macrostructure and the nanostructure of the 

TiO2 depending on the deposition process. 

 

One critical aspect of a photoelectrochemical cell is the interface between the semiconductor 

and the electrolyte. When this semiconductor is placed in contact with an electrolyte bulk 

containing a redox couple, an initial electrical current may flow for establishing an equilibrium 

between the Fermi level of the semiconductor and the redox potential of the redox couple in 

the electrolyte. This electron transfer leads to the formation of electric double layers in the 

bulk electrolyte. For the semiconductor, the effect depends on the initial Fermi level compared 

to the redox potential [6]. If the Fermi level is equal to the redox potential, a flat layer with no 

excess charge of each side will be obtained. On the other hand, if the Fermi level is lower than 

the redox potential, an accumulation of electron on the surface occurs. In the case that the 

Fermi level is higher than redox potential, a depletion of electron and the creation of positive 

charge at the interface occurs. 
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Figure 8: scheme of several semiconductor band gap with different redox couple and their redox potential at PH 

7 

 

Figure 9: Solar spectra with some semiconductor with their photocurrent for hydrogen production [75] 
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2.4.3 Crystallographic structure of TiO2 

 

TiO2 is the most common semiconductor used in photoelectrochemical cell and it is known 

that its semiconducting behaviour (as with many other semiconductors) depends on its crystal 

structure. TiO2 can crystallise into three polymorphs: anatase, rutile and brookite (Figure 10): 

the anatase is a tetragonal structure (P42/mnm) formed by edge-sharing TiO6 octahedra. Each 

Ti4+ ion is surrounded by an octahedron of six O2– ions [96]. In anatase, the octahedron is 

distorted, so its symmetry is lower than the orthorhombic structure [97]. The titanium-titanium 

distances in this structure are 3.79, and 3.04 Å and the titanium-oxygen distances are 1.934 

and 1.980 Å. Each atom is surrounding by eight other atoms (four sharing an edge and four 

sharing a corner). The crystal has a bandgap of 3.3 eV, a density of 3.894 g cm-3 and a free 

Gibbs energy of formation of -211.4 kcal mol-1 [97]. With this TiO2 structure, some dye-

sensitised solar cell has been built based on this powder and showed a photocurrent of 14 mA 

cm-2 [98]. 

 

Another crystallographic structure is the rutile with a tetragonal structure (I41/amd) formed by 

edge-sharing TiO6 octahedra, and each Ti4+ ion is surrounded by an octahedron of six O2– 

ions. The octahedron in rutile is not regular, showing a slight orthorhombic distortion [97]. 

The distance between two titanium atoms is lower than anatase (3.57 and 3.04 Å) but has a 

higher titanium oxygen distance (1.949 and 1.980 Å). Each atom is surrounded by ten other 

atoms (two sharing edge oxygen pairs and eight sharing corner oxygen atoms). The crystal 

has a bandgap of 3.1 eV, a density of 4.250 g cm-3 and a Gibbs energy of formation of -212.6 

kcal mol-1 [97]. With this TiO2 structure, some dye-sensitised solar cell has been built and 

give a photocurrent of 10.6 mA cm-2 [98]. 

 

Finally, some brookite structures have been studied. They are an orthorhombic (Pbca) 

structures formed by summit sharing TiO6 octahedra: each Ti4+ ion is surrounded by an 

octahedron of six O2– ions [96]. The distance between two titanium is similar to rutile (3.57 

and 3.04 Å) as the titanium-oxygen distance (1.949 and 1.980 Å). Each atom is surrounded 

by eight other atoms. Unfortunately, this last phase is difficult to obtain due to the 

metastability of the brookite form [96]. 

 

A typical powder used for dye-sensitised solar cells is TiO2 P-25, it is a nanopowder with 

particles of 25 nm diameter, composed of 75% anatase crystalline form and 25% of rutile. It 

is a cheap and easily processed powder, with a high surface area. The two phases are not 

interpenetrated but are still in contact, leading to a synergy effect [99]. However, the P-25 
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shows a lower device efficiency compared to the pure anatase. Although the literature has 

stated a disadvantage of the rutile for diminishing the photoelectrochemical efficiency of the 

P-25 photoanode, lately Kadhim Al-Attafi et al. [100] has shown that the issue comes from 

amorphous TiO2 phase on the powder, which creates a network distortion, thereby creates 

some trap states close of conductive and valence band. 

 

 

Figure 10: Representations of the TiO2 anatase, rutile, and brookite forms [96]
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2.4.4 Nanostructure of TiO2 

 

Another important parameter is the nanostructure of the TiO2 film. The most used film in the 

dye-sensitised solar cell [101]–[103] and solar redox flow battery [40]–[43], [93] is a film 

composed of sintered nanoparticles. The film has a high mesoporosity, a good charge transfer, 

and a high specific area. The use of a nanoparticle film allows the tuning of the layer’s 

morphology by changing the deposition process, the size of the nanoparticles and its porosity 

by adding polymers or other pore-forming agents. The porosity within the TiO2 layer allows 

a better electrolyte penetration and therefore allows TiO2 layers dye-sensitised solar cells to 

adsorb more dye. For example, Gratzel published the first dye-sensitised solar cell [104] with 

a photocurrent of 12 mA cm-2 by using a nanoparticle film. Dong Liu et al. [105] reported a 

photocurrent of 0.2 mA in-2 (31µA cm-2) for a P-25 nanoparticle TiO2 layer photoanode in a 

full vanadium solar redox flow battery. 

 

However, nanoparticle films have a major drawback, an interfacial problem between the film 

and the conductive support, which affects the open-circuit voltage by decreasing the electron 

concentration in the conduction band [106]–[108] and the injection current [107]. Besides, the 

use of a concentrated electrolyte creates a prevent the formation of a macroscopic electrostatic 

potential gradient [101] (as any electrostatic gradients in an electrolyte are almost instantly 

removed due to ultra-fast ion movement). Another issue is the importance of the trapping 

process [109], which includes absorption and release of an electron with the light. It causes 

significant energy loss, especially as there are a large number of grain boundaries [110]. 

 

One solution for solving the problem of electron-hole recombination around a TiO2 core [111], 

depositing nanoparticles on the TiO2 powder before the film coating process [56] or decorating 

preformed TiO2 films with nanoparticles [112]. The core-shell approach is intended to 

increase the physical separation of injected electrons and oxidised red-ox couple and thereby 

retarding the electron hole recombination reactions at the surface of the TiO2( in the DSSC 

the core shell is used to improve the contact between dye and TiO2 but it is not relevant in the 

case of solar redox flow battery). This core-shell could be composed of materials such as 

Nb2O5, ZnO, SrTiO3, ZrO2, Al2O3 or SnO2 [56], [106], [108], [112] with a lower conduction 

band. The secondary materials are used as electronic shell between the electrolyte and the 

TiO2 [112] and create an energy barrier at the interface between them. For dye-sensitised solar 

cells, Yishay Diamant et al. [84] showed an improvement of the photocurrent by 11% with 

Nb2O5 coating. Unfortunately, a lot of uncertainty on the real shell effect is presented in the 
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literature (formation of an energy barrier at the TiO2 surface  [104], [108] vs. a shift of the 

TiO2 conduction band in the negative direction [56]) and the effect changes with the different 

core-shell materials. 

 

A way to solve to the problem of contact between the substrate and TiO2 the nanoparticles is 

to deposit a 1D TiO2 structure. Like TiO2 nanowire array [76], [82], [113]–[115], it consists 

of a wire of TiO2 that grows vertically on titanium foil by anodisation or directly on the 

conductive glass [116]. As these nanowires are single crystals, they can provide direct 

pathways for electron transport and suppress charge recombination [84], [117]–[119]. Feng et 

al. [114] showed a photocurrent of 0.8 mA cm-2 for a TiO2 nanowire array without dye in a 1 

M KOH solution. The nanowire has a direct connection between the point of photo induced 

charge carrier generation with the conductive substrate, but the disposition of the porosity of 

the layer cannot be controlled [114] . 

 

Another 1D TiO2 structure is the TiO2 nanotube [120]. It has a defined diameter, so films 

created from nanotubes have a defined mesoporosity. With these nanotubes, Wang et al. [120] 

have shown that a DSSC using these nanotube photoelectrodes can obtain a photocurrent of 

13.5 mA cm-2. A similar 1 D TiO2 structure investigated is the nanorod [43], [121]. It is an 

array of TiO2 single crystal of several hundred nanometers of thickness. The nanorods are 

usually bigger than nanowires and have a rectangular shape. The growing process parameters 

can control the diameter of the nanorod and the thickness of the layer. 

 

Huang et al. [122] used a hydrothermal solution method to grow TiO2 nanorod layers and 

showed that DSSCs using these TiO2 nanorod electrodes gave a photocurrents between 0.94 

mA cm-2 and 6.88 mA cm-2, with these currents found to be a function of layer thickness and 

layer growth rate. Unfortunately, these nanorods layers are typically quite thin (maximum: 2 

µm) which tends to limit the photocurrent. The same issue could be found in any 1D TiO2 

structure layer [122].  

 

For improving the surface area, the addition of nanoparticles to the TiO2 nanotubes or the 

nanowires array could be realised through mixing. If some nanowires are added to a TiO2 

powder, the layer has a better light absorption than a normal nanoparticle layer [123], [124]. 

For example, Morimoto et al. [100] showed a photocurrent of 12.89 mA cm-2 for dye with the 

addition of 20 wt% nanowires. This photocurrent is higher than the 12.11 mA cm-2 recorded 

without the nanowires on the film. 
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Finally, investigations have studied the influence of the 3D structure of the TiO2 films [115], 

[125], [134], [126]–[133] to allow improved light-harvesting, and good charge transport 

within the high surface area film. The main advantage of these 3D structures is the creation of 

a continuous TiO2 network, which could transport the charges carriers through the entire layer. 

 

One example of 3D structured TiO2 films are based on inverse opals. This approach uses a 

polymer or nanosphere (100 nm to 10 nm) close-packed framework with the gaps between 

these nanosphere filled with TiO2 precursors such as titanium isopropoxide or butoxide 

solutions. The result is an inverse opal network, which allows better diffusion of the electrolyte 

in the layer. Eun et al. [134] reported a DSSC with a photocurrent of 6.42 mA cm-2 with a 

thickness of 12 µm and the use of 1 µm sphere diameter frame. However, due to the 

composition of the TiO2 paste, the amount of TiO2 incorporated in the cells was one third of 

the typical weight for a doctor blade film of the same thickness using the same TiO2 paste. 

Another 3D structure is the forest like TiO2 structure [127] (5.86 mA cm-2 with C101 dye and 

a thickness of 13 µm) with a large surface and a higher porosity allowing a good diffusion of 

electrolyte on the film and an increase of the charge lifetime. Finally, TiO2 aggregates [125], 

[126] have been studied. The TiO2 aggregate is based on the creation of the TiO2 crystalline 

sphere at different orders: nanometer scale and micrometer scale. Micrometer-scale spheres 

are composed of several small nanocrystalline particles. It allows for better electrolyte 

diffusion between micrometer scales TiO2 spheres, so it can diminish the distance required for 

the electrolyte to reach the nanocrystalline particles.  

 

2.5   Photoelectrode preparation 

 

2.5.1 1D structured TiO2 film 

 

To obtain a stable TiO2 film on top of transparent and conductive substrates, the literature 

proposes several methods. They can be separated in three categories: 1D structure, randomly 

packed structure and 3D structure TiO2 films. 

 

Lately, a different deposition process has been used to create 1D structures TiO2 layers, 

based on nanowire, nanotube or nanorod arrays. The first method is the use of a 

hydrothermal growth [76], [82], [113], [114], [135]. Nanowire array synthesis is 
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achieved using a nonpolar solvent and Ti4+ precursor. A small amount of polar water is 

added. With an increase in temperature, to minimise system energy, water will diffuse 

away from the high energy area to the interface phase and aggregates on the hydrophilic 

conductive glass surface. Simultaneously, the Ti4+ precursors will hydrolyse with water 

and create some nuclei on the conductive glass surface.  

 

A method for obtaining a highly structured TiO2 nanotube array is to grow it on a 

titanium foil by anodisation [116], [136]–[142]. The first step is to wash the titanium 

foil, removing impurities. This is followed by polishing, to create a flat layer that will 

reduce the number of cracks in the final film. The foil is then immersed in an electrolytic 

solution with a platinum counter electrode at 20 V vs. Ag|AgCl for 30 min [136]–[140]. 

The voltage and the time determine the thickness of the TiO2 layer. The electrolyte is 

usually a hydrofluoric acid solution [116], [136]–[138], [142] or an ethylene glycol 

solution [139]–[141]. The advantage of HF is the incorporation of fluorine in the layer, 

but its safety and environmental issue are a limiting factor for using this electrolyte. 

After the growth of the nanotube on the titanium foil, the layers are annealed at around 

500ºC [116], [136]–[138], [140] or can be detached from the titanium foil [139]. 

 

For separating the TiO2 from the titanium foil, two methods have been investigated. 

The first one is to leave the foil in methanol overnight and let the methanol evaporate 

before detaching the TiO2 layer. The other one is to use hydrochloric acid to dissolve 

the interface between the titanium foil and the TiO2 [139], [141]. However, the TiO2 

layer is not on a proper substrate (FTO glass). It can be attached to the substrate by 

adding titanium isopropoxide and polymerising it into the TiO2 (Figure 11 a). Finally, 

the layer is annealed at 500ºC to form a junction between the substrate and the nanotube 

array [139].  The easiest solution is to firstly deposit a titanium layer on the substrate, 

then grow the film directly onto it [116] (Figure 11 a b), but the thickness of the titanium 

deposition on the substrate will limit the resulting TiO2 layer thickness. The use of a 

treatment with TiCl4 [139] or decorating the nanotube array with CdS or CdSe 

nanoparticle [142] could be additional ways to improve the photocurrent. A novel post-

treatment using a freeze-drying method has been published [143] and showed an 

improvement of the charge transport on the nanotube arrays. 
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Figure 11: scheme of nanotube array formation a) on the titanium foil and b) directly on the substrate. 
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2.5.2 Doctor blading 

 

For depositing TiO2 nanoparticle-based films, one approach is to use a sol-gel deposition 

process. Consisting of the deposition of a TiO2 nanoparticle slurry by different deposition 

processes. Several deposition processes were used in the literature for the deposition of the 

nanoparticle-based films: doctor blading [5], [38], [54], [95], [104], [144]–[147], screen 

printing [148]–[150] and airbrush spray deposition [151]. The first deposition method used 

was the deposition of a paste by doctor blading on conducting glass such as indium oxide 

doped tin oxide (ITO) or fluorine doped tin oxide (FTO) [5], [38], [54], [95], [104], [144]–

[147]. The doctor blading consists of the deposition of a viscous slurry, which is spread on the 

conductive glass by a blade (Figure 12). 

 

 

Figure 12: Scheme of doctor blading process 

 

This method was used for the first time by Gratzel et al. [104], with the TiO2 powder obtained 

by the hydrolysis of titanium isopropoxide. A viscous solution of TiO2 was prepared and 

spread on the conductive glass and sintered at 450 ºC. The resulting layer had a high surface 

area and could absorb a ruthenium-based dye easily. The (short-circuit) photocurrent obtained 

for the first dye-sensitised solar cell (DSSC) was about 12 mA cm-2.  

 

Grunwald et al. [145] and Cao et al. [95] went into detail about the doctor blading deposition. 

A 10 µm silicon tape is used as the mask, and the slurry is bladed by a glass slide, the film is 

similar to the case of Gratzel et al. [104]. Yu and co-workers [144] even showed that this 

deposition process could be used with a solid electrolyte. Finally, Liu et al. [5], [54] reported 

results for some full vanadium solar batteries using a TiO2 layer deposited by doctor blading. 

The photocurrent obtained with AM 1.5 filter and 100 mW cm-2 sun simulator reach the 80 

µA cm-2. The thickness of TiO2 deposit is an important parameter and has a maximum effect 
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of around 10 µm for the dye absorption and for the TiO2 photocurrent itself. The advantage of 

this deposition process is its ease of implementation and its speed of deposition. Still, the 

drawback is the use of a binding agent to obtain a viscous slurry which can diminish the 

electrical conductivity of the film and the difficulty to reproduce the same film precisely on a 

small surface [145], [151], [152]. 

 

2.5.3 Screen printing 

 

The screen-printing method[148]–[150] is another prevalent deposition process: the slurry is 

deposited on a screen with a mask, and then a blade is passed on the screen (Figure 13). The 

slurry is dropped on the conductive glass under it through the screen, which gives a better 

porosity of the layer but the use of several successive layer deposition is needed for the 

thickness control [150]. 

 

Figure 13: scheme of screen printing method for deposition of a TiO2 layers composed of nanoparticles 

 

In 2003, Wang et al. [153] used this deposition process for testing a new electrolyte. The FTO 

was inserted into a TiCl4 solution before the deposition of the main layer to improve adhesion 

of the TiO2 layer to the FTO. The photocurrent obtained was 10.4 mA cm-2, which is lower 

than the doctor blading deposition process, but of the same order of magnitude. Feldt and his 

co-worker [149] used this deposition process for designing multiple organic dyes. Particles 

between 300 nm and 20 nm where used, with photocurrents between 11.31 mA cm-2 and 13.68 

mA cm-2 recorded. Yum et al. [150] used this deposition process for testing a cobalt complex 

redox shuttle, the detected photocurrent was 13.01 mA cm-2. Lastly, Hao et al. [148] deposited 

two different TiO2 pastes to form the TiO2 layer, by screen printing to obtain a dense TiO2 

film. The photocurrent reached 15.5 mA cm-2 by using a small electron donor in cobalt 

complex electrolyte. 
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The screen printing results shows the advantage of better porosity of the layer attained and the 

possibility to deposit thicker films a few micrometers thick of different materials. Still, its 

main drawback is that it requires the use of some FTO treatments, which are difficult to control 

for obtaining good adhesion of the layer. 

 

2.5.4 Airbrush spraying 

 

Lately, a new deposition process has been investigated: using an airbrush spray gun [151] for 

the deposition of the TiO2 layer. The capacity of depositing the film in a specific area by the 

application of a spray mask is the main advantage of this method. Senevirathne et al. [151] 

published quasi-solid-state electrolyte based on γ-butyrolactone and tetrapropylammonium 

iodide dye-sensitized solar cells. A titanium colloidal solution was sprayed on an FTO glass 

heated at 150ºC on a hot plate. The film was sintered between 500 ºC and 450 ºC to create a 

homogenous film. The photocurrent obtained was 15.7 mA cm-2, similar to the previous 

deposition process photocurrent. 

 

2.5.5 Deposition parameters 

 

In previous methods, the first is to prepare a colloidal slurry of TiO2 nanoparticles. The first 

ingredient for realised a slurry is the TiO2 powder. In the literature, some were prepared in the 

laboratory and were obtained by the hydrolysis of titanium isopropoxide [104]. The majority 

were purchased as pure anatase [55], [150], [153] or P-25 powder  [5], [54], [95], [145]. 

The solvent used for the slurry depends of the viscosity required by the deposition process, 

for example the the doctor blading and screen printing techniques required a viscous paste. 

Not too viscous to spread, but not too liquid that the slurry is lost when the mask is removed. 

In contrast, the airbrush spray coating required a liquid slurry to be atomized. For the slurry 

of airbrush spray deposition process, Senevirathne et al. [151] used a mix of water and ethanol 

as the solvent (TiO2 concentration about 20 wt%). 

 

For the slurry used in doctor blading and screen printing, the solvents used were alcohol or 

water. Gratzel et al. [104], Grunwald et al. [145] and Cao et al. [95] used a water solvent with 

a TiO2 concentration of 0.6 g ml-1, terpineol [5], [54], [55], [144] were used as the solvent due 

to its high viscosity and boiling point [48] (paste between 10 to 30 wt% of TiO2). However, 
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the viscosity of the slurry was challenging to control, so Zhang et al. [55] used an additional 

polymer (ethylcellulose) to bind the TiO2 particle together. Other polymers could also be used 

to control the viscosity of the slurry [55]. Then polymers binders, like polyvinylidene fluoride 

(PVDF) [5] or ethyl cellulose [55], become a standard component of the slurry especially for 

screen printing (typically 5 wt%).  

 

The slurry of TiO2 in water could lead to  agglomeration of the TiO2 nanoparticles. Therefore, 

the use of a dispersive agent, acetylacetone [145] [151] was used to prevent agglomeration of 

the TiO2 slurry. Commonly this dispersive agent makes up 1 % to 2 % of the volume of the 

slurry. Triton X [151] [145] [95], another dispersive agent, was used for dispersing the particle 

all over the substrate surface. 

 

Early investigations into DSSC often focused on the properties and performance of various 

dyes and thus many used TiO2 nanoparticle-based films following the method described by 

Gratzel et al.[104], Grunwald et al.[154].Oskam et al.[146] followed similar approaches but 

incorporated some polyethylene glycol to increasing the porosity of the layer. In 2006, Guo et 

al. [155]showed different and essential parameters relating to the TiO2 layer. The use of 

polyethylene glycol with a bigger chain size could lead to better porosity by increasing the 

pore size, therefore, could improve the electrolyte path inside the layer.  

 

The last step after deposited the slurry on the substrate was to annealed the TiO2 film. The film 

was usually annealed at 450 °C [5], [38], [150], [153], [154], [54], [55], [95], [104], [144]–

[147]. The sintering allows the TiO2 particles to create interconnection, creating a network. 

Porosity of the thin films increased when the temperature is around 450 °C. The grain size 

increased, and the resistivity of the films decreased when the annealing temperature 

increased[156]. The heat treatment of TiO2 photoelectrodes at this temperature result in 

enhanced electron transport. However, it was accompanied with a reduced specific surface area 

compared to lower sintering temperature[157]. Another critical parameter in the sintering step 

is the heating rate. John et al. [158] shown that the heating rate has an impact on the surface 

roughness of TiO2 thin. The surfaces of the films prepared at low annealing rates (1°C/min) are 

more smooth and homogeneous due to enhanced mobility of molecules.in contrary, annealing 

directly from room temperature to the sintering temperature led decreased the particle 

coalescence and agglomeration of the islands and so to an increase of the roughness of the film. 
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2.5.6 Other randomly packed structure 

 

The spray pyrolysis [159] process is a basic method used to growing a TiO2 layer on the 

conductive glass, providing better contact with the substrate and a more compact layer [160]–

[163]. The principle is to prepare a solution of a suitable titanium precursor (titanium (IV) oxy 

acetylacetonate [160] or butoxide [161]). This solution is atomised by a nebuliser and 

deposited on a substrate at 400ºC-500ºC. Okuya et al. [160] published a method of forming a 

TiO2 layer based on titanium (IV) oxy acetylacetonate and aluminium (III) acetylacetonate 

dissolved in butanol. The solution is atomised by a nozzle and some compressed air and 

deposited on a conductive glass heated at between 300ºC and 500ºC. The film is composed of 

anatase TiO2, and some dye is absorbed on it. It gives a photocurrent of 7.2 mA cm-2 for a 

thickness of 10 µm.  

 

Abou-helal et al. [161] have built a similar spray pyrolysis chamber with a solution of titanium 

(IV) isobutoxide dissolved in a mixture of HNO3 and methanol (1:9). A 350 L h-1 air volume, 

1.0 mL min-1 solution rate, 450-600ºC deposition temperature range and 5-30 min spray time 

range. Finally, Li and his colleagues published two papers [162], [163] for doping TiO2 layer 

with fluorine, nitrogen and carbon. The solution is composed of TiCl4 and NH4F aqueous 

solution. 

 

A dry deposition process, the vacuum cold spraying, has been investigated for several years. 

It consists of spraying dry powder by using an accelerating gas to project the powder on the 

FTO substrate under vacuum [38], [164], [165]. The advantage of this technique is a more 

precise deposition without solvent and surfactant use. Fan et al. published three papers in 2006 

and 2007 [38], [164], [165] on the vacuum cold spraying TiO2. This vacuum cold spraying is 

composed of an aerosol room contained in a sealed beaker with a P-25 TiO2 powder. This 

powder is transported by a helium gas until the film deposition chamber under vacuum. The 

gas with the aerosol passes through a nozzle and is deposited on the substrate hold on an 

adjustable holder. The photocurrent obtained was 7.3 mA cm-2 for a thickness of 15 µm. 

 

In 2001, Lee et al. [166] modified a non-crystalline TiO2 layer by using a solution of TiCl3 

with NaCl (pH 2-3) and driven the titanium oxidation by photocatalysis of the solution. This 

method gave a better layer coherence and a similar photocurrent (18.8 mA cm-2 with the use 

of dye). This result in a new TiO2 deposition method the electrodeposition. These several 

studies have confirmed that it is possible to deposit some TiO2 by using a mix of TiCl3 [166]–
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[168] in acidic electrolytes driven by the appliance of a current. Lokhande et al. [148] used a 

mixture of TiCl3 in concentrated HCl (1:2 ratio). Its pH was adjusted by using NaHCO3 

solution (7% NaHCO3). An anodic potential of 1 V vs. Ag|AgCl was applied for 10 min. The 

film formed is deposited on CD-SE semiconductor and a current of 200 µA. cm-2 is recorded 

against 1M NaOH. Wessels et al. [167] succeeded to deposit a TiO2 film with dye on a single-

step process using a 50 mM aqueous acidic solution of TiCl3 at 80ºC with the addition of a 

solution containing the dye. The film is anodized at a potential of 0.13 V vs. Ag|AgCl for 30 

min. Leading to a decrease of the preparation time of a photoelectrode for dye sensitised solar 

cell. Finally, Endrodi et al. determined the effect of the temperature and the voltage on the 

electrodeposition of TiO2 using an HCl stabilised solution of TiCl3 (12%) with Na2SO3. They 

received a photocurrent of 2 mA cm-2 without dye for a 50 mM TiCl3 solution at pH = 2.0 and 

room temperature (j = 100 µA cm-2, Σ = 200 mC cm-2). The formation of the TiO2 layer was 

directly grown on the surface, and the current offered the possibility to control the thickness 

of the final layer. These methods can be used for forming ruthenium/TiO2 [169], or silicone 

oxide/TiO2 [170] composite. 

 

2.5.7 3D structure TiO2 film 

 

The most popular way to create a 3D network is the creation of an inverse opal TiO2 structure: 

a highly ordered and porous TiO2 layer with tuneable pore size. The literature has shown the 

use of this inverse opal for DSSC to increase the photocurrent [131], [134]. The preparation 

method is easy but can take a long time. 

 

The first step is to prepare a sacrificial framework composed of a microsphere of polymers 

[115], [128]–[134], [171] or silicate [172]. The most commonly used polymer is polystyrene 

[115], [128], [129], [131]–[134], [171], but polymethyl methacrylate (PMMA) [130] has also 

be used. The polystyrene microspheres can be synthesized by using a polymerization of 

styrene controlled by temperature [171] or obtained commercially [128], [129], [131]–[133], 

[171], [173]. The first step is to make a suspension of polymer microspheres in proper solvent 

(water is usually used [128]–[133], [171], [173]), then ultrasonicates it to break the 

agglomerated particles. 

 

For depositing these microspheres on the substrate (FTO, quartz or simple glass slide), several 

methods are used. The first one is dip coating[115]: the substrate is immersed in the 

microsphere dispersion liquid lifted out of the solution at a preset speed controlled by a 
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continuous motor. This is a fast technique but needs to have a very low speed in order to obtain 

a proper coverage of the substrate [130]. 

 

The vertical deposition method (Figure 14 a). the substrate was left immersed in the solution 

for a long time [129], [130], [132], [133], [171]. Then the solution evaporates and the 

nanosphere is concentrated in the meniscus, thereby the interface slowly decreases down the 

slide and deposit nanosphere on the substrate [129], [130], [132], [133], [171] The immersion 

time and temperature are the two parameters used to control the thickness of the opal layers 

and should be carefully monitored. 

 

The gravity sedimentation [130] consist in a time-dependent deposition of particles due to 

gravity, the substrate is left on the bottom of a beaker into the microsphere dispersion and is 

left a long time to let the sphere fall on the bottom of the beaker on the substrate, but this is a 

slow technique [130]. To diminish the preparation time, the centrifugation technique [130] 

(rotating the sample at high speed which separates the solids suspended in a liquid) produced 

the same quality of template, but only takes 24 hours instead of five weeks.  

 

Finally, they use a specific doctor blading deposition method, like microfluidic doctor blading 

[131], [173] (Figure 14 b) have been studied. The method consists of the deposition through 

a microfluidic glass canal of polymer dispersion solution between a glass slide and the 

substrate, separated by a tape with a thickness of several micrometres. The top part is moved 

slowly over the substrate to evaporate only the solvent in contact with air. This method allows 

the formation of a well-ordered layer in a few hours, and as the top of the layers dries faster 

than the bottom, the top will be more concentrated with microspheres, which increases the 

future TiO2 contact with the substrate. This method allows depositing a binary mixture of TiO2 

and polystyrene microspheres and dries it with a warm airflow for a faster deposition of TiO2. 

 

The polymer on the substrate is maintained at around 80ºC-90ºC for a specified time to 

removing all of the water. A solution containing isopropoxide in ethanol or other alcohols and 

a trifluoroacetic or hydrochloric acid can be used. The solution is deposited as small droplets 

[130], [132], [133], [171], [172] by immersing the template in the solution [115], [129] or by 

centrifugation [131]. The titanium solution infiltrates the framework until covering all the 

interstices. Finally, the layers are heated at around 400ºC-500ºC to calcine the polymer and 

form the porous inverse opal structure (Figure 15). 
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The opal structure has several advantages, the first one is its highly structured periodicity, 

which helps have a good exchange between the electrolyte and the TiO2 with a better 

interconnection of the particles between them, due to the use of isopropoxide. The second 

benefit is the fact that it can be doped with nitrogen and fluorine [172] or loaded with gold 

and fluorine [133]. The only drawback of the structure is an increase in reflectance under the 

visible light, leading to a diminution of the film absorption and of the photocatalytic efficiency 

[133]. 

 

Another 3D structure is the forest-like structure. This TiO2 film is grown on FTO-coated glass 

substrate and is prepared with a pulsed laser deposition method, following a procedure 

published by Sauvage and al [127]. It consisted of the use of a laser to ablate a titanium target 

in a background O2 atmosphere. The thickness was driven by the deposition time. Finally, the 

layer was sintered at 500ºC in air. The film consisted of assemblies of 10 nm nanocrystalline 

particles of anatase TiO2, morphologically resembling a tree with branches approximately 40 

nm in diameter and 500 nm in length. The photocurrent obtained with C101 dye was 8.99 mA 

cm-2 [127]. 

 

Finally, the last investigated 3D structure is the TiO2 aggregate. Sub-micrometre-sized TiO2 

spheres have often been prepared by sol-gel methods controlling the hydrolysis and 

condensation reactions followed by a calcination step. Kim et al. [125] used relatively low  

concentration of titanium (IV) isopropoxide and water solution for forming a highly 

monodispersed and well-defined spherical TiO2 and higher titanium (IV) isopropoxide, and 

water solution for form deformed spherical structure with diverse sizes and shapes. The 

photocurrent of 14.57 mA cm-2 was achieved for a dye-sensitised solar cell. 
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Figure 14: deposition method of polystyrene micro-sphere a) vertical deposition method b) microfluidic doctor 

blading. 
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Figure 15: process of the inverse opal formation. 

 

2.5.8 Photoelectrode preparation: Porous film 

 

Solvothermal and hydrothermal reactions were favoured when specific complex morphologies 

were desired [174]. These processes involve the use of a solvent under high temperature 

between 100°C and 1000°C and high pressure, typically between 1 atm and 10,000 atm. If 

water was used as a solvent, the method was called hydrothermal synthesis and solvothermal 

synthesis if a non-aqueous solvent was used.  

 

Microwave methods use high-frequency electromagnetic waves to induce hydrolysis of the 

titania precursor to form larger ordered structures [174]. Microwave methods are a bottom-up 

approach, whereby titania is synthesised by evaporation following by vapour deposition in a 

cool environment [175]. Combinations of different processes, such as sol-gel processing 

combined with microwave treatment of the resulting powder, allow for the conversion of a 

nanoparticulate sol-gel product with particle sizes of around 9 nm and specific surface areas of 

larger than 550 m2 g-1 to nanocrystalline anatase titania tubes with a diameter of about 5 nm. 

 

Hu et al. [176] prepared spherical and monodisperse nanoparticles from the titanium sulphate 

precursors by the microwave method. The study showed that the power output of microwaves 

affected the particle size. Indeed, the small particles were obtained by a high power while a 

low power led to large particles. Microwave synthesis could allow for better control of particle 

size and morphology [177].  
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2.6 TiO2 photoelectrode improvement 

 

The primary problem with TiO2 based photoelectrodes comes from its absorption band. As 

pure TiO2 P-25 has a bandgap of 3.2 eV [97], it can only absorb photons, which have energy 

greater than 3.2 eV. The conversion between eV and wavelength is given by: 

𝐸 =
ℎ𝑐

𝜆
     (21) 

Where E is the energy of the photon (eV), h is Plank’s constant (4.135667516 x 10 15 eV s), c 

is the speed of light (299792458 m s-1), and 𝜆 is the wavelength of the photon (m). From this, 

it can be seen that only photons with wavelengths below 387 nm will have sufficient energy to 

generate an electron-hole pair. Unfortunately, the majority of light from the sun has much 

longer wavelengths (Figure 16). 

  

Figure 16: The standard solar spectra (AM 1.5) used for photovoltaic performance evaluation. This spectrum 

represents the light power (W m -2) which reaches the earth at an angle of 48.2 in Toledo (latitude: 41.6639 N). 

 

To determine the light intensity of relevance for TiO2 photoanodes, the total power of light 

between 280 nm and 400 nm is calculated by integrating the area under the sun spectra 

between those two wavelengths. This integration was performed numerically using the 

trapezoidal method and yielded a power of 47.24 W m -2. Dividing this value by the total 

power from the AM1.5 spectrum (1000.37 W m -2), shows that pure TiO2 will only absorb 

4.72 % of the solar spectrum. Therefore, the TiO2 layer should be altered to absorb a larger 

fraction of visible light. 
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2.6.1 TiO2 doping 

 

Doping metal oxides (like TiO2) with metallic elements is one way of improving 

photoelectrochemical activity by harnessing the beneficial properties of such elements, 

together with improving the atom economy and reducing costs [178]. 

 

 

Figure 17: Diagram of band level created by dopant in a semiconductor 

 

There are two purposes of doping, either to introduce localised surface states (i.e. trapped) 

(Figure 17) or delocalised electrons for improving conductivity. The localised states occur due 

to electrons from dopants not acting as charge carriers i.e. not being ionised into the conduction 

band, thus allowing an increase in light absorption at higher wavelengths. Delocalised electrons 

can be found throughout a bulk material to increase charge carrier mobility and as a 

consequence, the Fermi level of a semiconductor will increase proportionally to the number of 

free charge carriers, as more accessible energy levels to excited electrons are added in between 

the valence and conduction bands resulting in a decreased bandgap [179]. 

 

The photocatalytic activity is the ability of a material to create an electron–hole pair as a result 

of exposure to UV (which can also be improved by doping if the oxidative or reductive 

potentials of excited charge carriers are reduced). In the degeneration of n-type 

semiconductors, however, the bandgap is widened as accessible states are added above the 

conduction band minimum as carrier concentrations are increased with increasing metal dopant 

concentration. This indicates that lower light energy (i.e. higher wavelength) could excite 

electrons from the valence to conduction band [180]. The layer can be co-doped with nitrogen 

and fluorine [172]: the TiO2 layer is prepared by the inverse opal method with a mixture of 
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titanium isopropoxide, trifluoroacetic acid and HNO3 as the precursor. The layer has a 

reduction of the electronic bandgap due to N–F co-doping: 3.2 eV (387 nm) to 2.56 eV (484 

nm) [172]. 

 

The TiO2 could be loaded with gold and doped with fluorine by using a single precursor [133]. 

This time the precursor was a mixture of titanium isopropoxide, trifluoroacetic acid, 

tetrachloroauric acid and HCl, with the TiO2 film prepared by the inverse opal method. The 

layer has a reduction of the electronic bandgap due to gold and fluorine doping: 3.2 eV (387 

nm) to 3.01 eV (412 nm). In the paper of Xu et al. [172], they used it for hydrogen production: 

the photocurrent I–t responded at a potential bias of 0.3 V vs. Ag|AgCl electrode in 0.1 M 

Na2SO4 solution showed a maximum photocurrent of 2 µA cm-2.  

 

Photoanode design must take into account how the stability and activity of the photoanodes are 

affected by the environment, typically the photoanode is operated under alkaline and acidic 

electrolytes. While research is conducted into solid oxide and ion exchange electrolytes and 

inorganic/organic electrolytes, alkaline and acidic electrolytes are still the most commonly 

used. While highly abundant non-noble metals such as Cu, Ni, and Fe can be employed as 

photoanode materials in alkaline operating environments, less abundant noble and early 

transition metals, such as Ru, Ir, and Ta, show higher resistances in acidic mediums. 

Research into photoanodes is increasingly moving towards the incorporation of multiple 

semiconductor materials into the design of devices, with multiple phase catalysts showing more 

promising results than single-phase semiconductor [181], [182]. Like the electronic 

equilibrium that is established at the semiconductor-electrolyte interface, an equilibrium will 

form at the interface of different semiconductor materials, commonly called a hetero or phase 

junction. By carefully considering the valence and conduction band level positions of 

semiconductors or tuning them in such a way, heterojunction composites (Figure 18) can 

improve charge carrier transfer and charge separation across phase junctions between multiple 

semiconductors, enhancing photoanode activity and efficiency. This is due to the system 

moving to minimise the potential energy of the phase junction, and as a result, electrons will 

tend towards points or increasingly positive potentials (higher to lower Fermi level) in contrast 

with holes towards points of increasingly negative potentials (lower to higher Fermi level) in 

relation to the position of the conduction and valence bands [183]. 
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Figure 18: Types of semiconductor heterojunctions 

 

2.6.2 Nanoparticles vs. nanoclusters 

 

Gold nanoparticles are typically gold particles of a size between 1 and 100 nm. They 

have shown unique chemical properties which depends on their size, shape and protective shell. 

They can have a crystalline phase which can be observed in bulk gold with defined edge 

transitions to others faces. As nanoparticles, the high surface area to volume ratio leads to 

surface atoms with different chemical properties than the central atoms of the nanoparticle. On 

the other hand, clusters are small assemblies of atoms with precisely defined stoichiometries 

and structures that are less than 1 nm. These properties lead to a completely different chemical 

configuration than bulk gold. The clusters show  property changes with only the addition of a 

single gold atom (vide infra)[184], [185]. As with Au nanoparticles, the high surface area to 

volume ratio leads to a unique chemical environment for Au clusters, although in clusters 

nearly all of the atoms are at the surface and might have lower coordination numbers compared 

to their larger nanoparticle counterparts. 

2.6.3 Gold nanoparticles on TiO2 

 

As pure TiO2 has band-gap of 3.2 eV [50], it can only absorb photons which have energy 

greater than 3.2 eV. So only photons with wavelengths below 387 nm will have sufficient 

energy to generate an electron-hole pair. To improve the absorption range of the TiO2 

photoelectrode, Koichi Awazu and co-workers [186] developed plasmonic photocatalysts 

based on silver nanoparticles embedded in titanium dioxide. The photocatalytic activity of TiO2 
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was improved ca. seven-fold by a locally enhanced electromagnetic field induced by surface 

plasmon resonance (SPR) of Ag Nanoparticles. 

 

 Many studies have investigated the metal nanoparticles effect on a semiconductor [57], [187]–

[191]. Nanoparticles such as Ag and Au have the capability to store a few electrons captured 

from photoexcited semiconductor nanoparticles [192], [193]. The double-layer charge inside 

of these nanoparticles leads to a stabilisation of the electron stored inside the metal 

nanoparticles [194]–[196]. This then leads to a charge equilibration and therefore to a decrease 

in the Fermi level.[193]. Another effect was the reduction of the charge recombination at the 

surface of the photoelectrode [197] 

 

In parallel a lot of studies have been conducted on gold catalysis for organics reactions [9]. It 

has been shown that Au plasmon resonances come from the oscillations of the electrons close 

to the surface of the nanocrystals [198], [199]. The plasmon-excited hot electrons in the noble 

metal nanocrystals can be transferred to the conduction band of TiO2 [198], [199]. Finally, in 

the last few years, the plasmonic resonance of Au nanoparticles have used to obtain better 

photoelectrode performance and enhance the absorption range of TiO2 in the visible region 

[200], [201], [210], [202]–[209], 

 

In addition, Au nanoparticles show another interesting effect, due to their electronic and optical 

properties. They show semiconductor properties when the particles size becomes small enough. 

This effect is due to a loss of overlapping electronics bands, usually present in the bulk metal, 

which explains their conductor properties. Instead the gold nanoparticles give rise to discrete 

electronic energy levels [211]. Studies have shown that this transition from conducting to 

semiconducting behaviour occurs at a size below 1.5 nm to 4 nm, as a function of the support 

and the surface coverage [212], [213]. Okazaki et al have shown that with a particle size below 

0.4nm deposited on TiO2 rutile surface, the semiconducting effect was observable with a 

change of adsorption energies and charge transfer based on the stoichiometry of the surface 

[214]. 

 

2.6.4 Gold nanoclusters  

 

The use of ligand stabilised Au clusters yields a better particle size control compared to the Au 

nanoparticles. Au nanoclusters were developed in 1970 [215] to enable better control of the 
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number atoms in the cluster core. These types of Au clusters usually required treatment to 

remove the ligand [216]. Indeed, the ligand that was used for protecting the gold clusters was 

usually detrimental for catalysis, blocking access to light and reactants. However, the removal 

of the ligand can lead to an aggregation of clusters, thus formating of Au nanoparticles. 

Reducing the chance of agglomeration can be done by reducing the cluster density and using a 

high surface area support [215]. 

 

Alvino et al. characterised a collection of ligand-stabilised gold clusters, which were found to 

yield better particle size control compared with top-down approaches, which broke down the 

structure of bulk material [217]. The gold clusters including: Au6, Au8, Au9, Au11, Au6Pd and 

Au7Pt were comprehensively characterised. The study concluded that the binding energy 

increased as the number of gold atoms were increased, the acidic pre-treatment and the form 

of the titanium dioxide support have a strong impact on the degree of agglomeration and ligand 

loss, charge transfer from the gold clusters to titania and the introduction of numerous occupied 

gold states at the valence band edge that extend into the bandgap. 

 

Similarly, Anderson et al. conducted synthesis and characterisation of Au8, Au9, Au11 and Au101 

clusters. The synthesised clusters were doped on P-25 titania support. One of the main factors 

that influenced the reactivity of supported titania systems was the loading of the metal clusters. 

Anderson et al. used a relatively low loading of 0.5 wt% in an attempt to minimise particle 

sintering compared to the typical loading of 3 to 10 wt% [218]. The gold clusters were observed 

to be sensitive to ambient light, leading to the sintering of the gold particles. Acid washing of 

the titania was used in an attempt to control this photosensitivity, in addition to wrapping the 

titania in foil. It was noted that the gold-infused titania nanoparticles had a light purple colour 

that deepened after activation. A range of activation procedures was investigated and briefly 

characterised by electron microscopy, but was limited by the ability to identify the ultra-small 

gold clusters, which were less than 1.4 nm. The photocatalytic and electrochemical 

characterisation could aid in distinguishing between synthesised samples. 
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2.7 Photoelectrochemical measurement 

The first test concerning the photoelectrochemical cell is the measurement of the open circuit 

potential (maximum potential difference when there is no current). Realising this test with and 

without illumination showed the effect of the light on the semiconductor layer, in steady light 

the potential corresponds to the increase of the quasi‐Fermi level of the semiconductor and by 

calculation the band gap could be determined [219]. It gives information on the properties of 

the electron hole recombination process and on the charges lifetime (if switched between light 

and dark).  

The photo-electrochemical measurement requires some analysis to determine the photocurrent 

of the cell. The classic approach consists of doing chronoamperometry at 0 V vs.  the counter 

electrode on the semiconductor layer, with a platinum counter electrode and recording the 

current when the light is on and off. This measurement approach gives information on the 

photocurrent created by the photoelectrochemical cell and its time-related behaviour. 

Unfortunately, Hodes et al. [220] showed that two-electrode measurements can be dependent 

on the counter electrodes performance. However, another test could be conducted using a 

three-electrode measurement by adding a reference electrode. This measurement gives 

photoelectrode efficiencies, without contributions or limitations from the counter electrode. 

 

The result of one test can be simultaneously affected by many parameters, which leads to 

difficulty in measuring the impact of each variable.For example, the composition of thecounter 

electrode or its position could change the photocurrent result between two measurements. So, 

for only determining the impact on the semiconductor electrode, another method is needed. 

This process is the plot of the polarisation curve in dark and light of the semiconductor 

electrode and of the counter electrode separately with a three-electrode measurement for being 

able to analyse them independently. 

 

The polarization curves (Figure 19) show a piece of important information. The plot of the 

inverse of the counter electrode curve creates a cross between itself and the working electrode 

curves. It enables determination of the voltage (E) and current (A) of the photoanode in the 

dark and in the light. However, it does not give the cell voltage, but only an indication of if the 

semiconductor electrode has a higher current than the previous one. This plot will give an 

accurate overview of the effect of the parameters of the semiconductor electrode and will be 
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dissociated from the counter electrode effect. The example shows a high current pair in dark 

and light (Aa and Ab). The photocurrent must logically be higher than the other electrode 

measurements. In the second case, either photoanode (Ac and Ad) or counter electrode (Ae and 

Af) is the poor one. In the last case, both are poor, so the photocurrent is very low (Ag and Ah). 

It is shown in an example that the proper electrode is better than the poor one. Based on this 

test, it can be used to determine parameters influencing the photocurrent. Finally, intensity-

modulated photocurrent spectroscopy, which provides the electron transport time in the device 

coupled with intensity-modulated photovoltage spectroscopy providing the electron 

recombination time and using for showing the quantity of electron-hole recombination in a 

photoelectrochemical cell.  
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Figure 19: scheme of hypothetical polarization curve: the black and red line represents a hypothetical 

photo-electrode in dark (black line) and light (red line) and the dotted line a poor photo-electrode. The 

solid green line represents the inverse of the value of good counter electrode and the dashed green the 

poor one. As the current at the counter electrode will be the same absolute magnitude as the 

photoelectrode but the opposite sign, to determine the operating point of these photoelectrode – 

counter electrode combinations, the currents for the counter electrode curves are inverted, and the 

operating points are the intersections between the photo-electrode and counter electrode curves. The 

couple Aa,Ea; Ab,Eb; Ac,Ec;Ad,Ed; Ae,Ee; Af,Ef are the y and x coordinate of respectively the good 

photo-electrode and the good counter electrode in light and dark, the good photo-electrode and the 

poor counter electrode in light and Dark, the poor photo-electrode and the good counter electrode in 

Light, the poor photo-electrode and the poor counter electrode in Light. 
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2.8 Materials characterisation 
 

2.8.1 Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) is an excellent characterisation technique for imaging 

surfaces and nanostructured materials, using a focused beam of electrons to scan over a sample 

and provide details of its topography, morphology and composition. In a conventional SEM 

(Figure 20), the electron source (commonly referred to as an electron gun) is responsible for 

producing a stable electron beam. It is formed from the application of a strong electric field 

between an anode and a Wehnelt cylinder which contains, most commonly, a tungsten filament 

or wire which acts as the cathode. The negative potential used to produce and accelerate the 

electrons is on the order of 0.1-30 keV, but it requires further focusing given the wide diameter 

of the beam to allow for high-resolution imaging. High vacuum conditions are required to allow 

the electron beam to reach the desired target without being scattered by interaction with air 

molecules. This focusing is achieved through the combination of condenser and objective 

lenses which allow the collimation convergence of the electron beam through the 

implementation of a controlled magnetic field which gives a small, well-defined and focused 

spot size. The condenser lenses can affect the number of electrons that interact with the sample 

through the manipulation of the aperture diameter. Most SEM setups utilise two condenser 

lenses to allow the best demagnification of the electron beam. The objective lens is used to 

alter the position of the point where the electrons are focused on the sample by controlling the 

distance between the objective lens and point at which the electron beam interacts with the 

surface, commonly referred to as the working distance. The x and y scan coils allow the high 

precision rastering of the electron beam as it passes through to give it a defined resolution by 

controlling the current supplied [221].  
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Figure 20: Diagram of the components in an SEM. 

 

The electrons are captured by a number of detectors depending on the nature of their interaction 

with a sample and will produce either secondary electrons, backscattered electrons or 

characteristic X-rays, which are then processed into an image. The penetration depth of the 

electron beam is dependent on the accelerating voltage of the beam, the composition and 

density of the sample. Secondary electron scattering is the most commonly used method in 

sample imaging, where a secondary electron detector captures the inelastic scattering of low 

energy secondary electrons from conduction or valence bands of atoms located up to a few 

nanometres in depth. Backscattered electron detection is a less common method, where the 

elastic scattering of high energy electrons occurs from the interaction of the electron beam with 

heavier elements and can provide information by contrasting areas with different chemical 

compositions as lighter elements are more prone to inelastic scattering. The characteristic X-

rays produced from the interaction of the electron beam with a sample are used for energy 
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dispersive X-ray spectroscopy (EDS), which are useful for mapping individual element 

abundance and distribution within a sample.  

2.8.2 Powder X-Ray Diffraction 

Powder X-ray diffraction (PXRD) is a method used for characterising polycrystalline materials. 

It is considered as a bulk characterisation method that provides information on the phase 

(polymorph), preferred crystal orientation and crystallinity of material as well as other 

structural details such as particle size, internal strain, and defects. It differs from single-crystal 

XRD, which is used for absolute structure determination of a single crystal from the bulk of a 

material, as it can provide exact atomic positions in a sample and thus interatomic distances 

and angles.  

In XRD, a Cu or Mo source located in an X-Ray tube is generally used to produce a 

monochromatic (single-wavelength) X-ray beam, which is electromagnetic radiation of a short-

wavelength. At ~0.1-100 Å, these short-wavelengths are around the same order of magnitude 

as the spacing between the atomic planes in a sample, which will allow the generation of a 

diffraction pattern. A collimator is used to focus the X-ray beam directed at the sample. 

Diffraction in XRD occurs from the elastic scattering of X-ray photons, which is primarily 

caused by the interaction with an atom’s electrons, with the atoms themselves forming a 

periodic lattice. Using Braggs relationship (Equation 22), the derivation of lattice spacing is 

possible in from the coherent and incoherent scattering (which gives constructive and 

destructive interference respectively) of X-rays as they interact with the lattice planes in a 

sample.  

 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                  (22) 

In single-crystal XRD, the diffractive X-ray gives the angle of maximum intensity of 2θ when 

the incident X-ray interacts with an atom electron density in a crystal. Although the process of 

PXRD is the same as in single-crystal XRD; however, the maximum intensities of diffractive 

X-ray are measured as a function of the angle 2θ, which exists between the beam axis and the 

diffractive X-ray (Figure 21). In a polycrystalline powder sample, the X-rays interact with a 

small fraction of the powder particles, which are orientated in random directions. Because of 

this random orientation of powder particles, there is a requirement that an atomic plane must 

be at a certain angle in relation to the beam axis for constructive interference to be observed. 

Rotation of the sample during data collection increases the likelihood of this condition being 

met, meaning a higher percentage of particles can contribute to diffraction. This diffraction 
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leads to the formation of a circular diffraction pattern which is processed to give a 2-

dimensional powder plot [222].  

 

Figure 21:Diffraction in Single-crystal XRD (Left) and Powder XRD (Right) where: λ is x-ray wavelength, d is 

the distance between two lattice planes, θ the incident angle and n is the order of reflection. 

 

PXRD patterns of samples deposited on FTO slides in this work were collected at room 

temperature on a Rigaku Smartlab diffractometer. General data collecting was conducted in 

Bragg-Brentano focusing mode utilising Cu Kα (1.5418 Å) radiation, operating at a tube 

voltage of 40 kV and tube current of 30 mA passing through a Cu Kβ filter, with a Cross Beam 

Optics Bragg-Brentano selection slit, 10-mm length limiting slit, 5.0° Soller incident and 

receiving parallel slit. The detector was a Rigaku D/tex Ultra 250 1D. The data collected was 

in the 10- 90 2θ range conducted at 5°/min. 
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3. Photo electrochemistry and 

electrochemistry of the vanadium solar 

redox flow battery 

3.1 Introduction 

 

The most used catholyte couple employed in solar batteries comes directly from the dye-

sensitised solar cell, the I3
- /I- [6], [38], [39]. The semiconductor used was typically a form of 

TiO2 and the counter electrode was eiter platinum or WO3 [40], [42], [43], [93], [223].This 

couple has been studied through kinetics and electrochemical study to understand the photo 

electrochemical reactions at the photo electrode [40], [42], [43], [93], [223]. The redox couple 

was kinetically slow, because every photo-electron injected in the TiO2 appears on the external 

circuit. The reaction was kinetically complex, and create a I2 ion wich is highly volatile and 

corrosive for metal. 

 

Two of the most promising couples are the V2+/V3+ and VO2 
+ /VO2+ couples, which were 

based on the vanadium redox flow battery. Their main advantages are a large difference of 

potential with TiO2,no crossover between the species and a well-known technology [49], [50], 

[54]. While all-vanadium photoelectrochemical batteries have been investigated previously 

[3,5–7] and displayed ability to produce a photocurrent, there has been limited studies focused 

on understanding the photoelectrochemical reactions at the photoanodes and the subsequent 

limitations. Therefore, this work investigates the factors of the photoelectrodes which limit the 

photocurrent, their origins and the issues which need to be solved to increase the vanadium 

photoelectrochemical redox batteries performance. 
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3.2 Experimental 

3.2.1 TiO2 deposition process 

 

Sixteen TiO2 coated FTO slides were prepared simultaneously. The FTO glasses (FTO type: 

NSG TEC 10, size: 1.1mm x 20 mm x 15 mm, FTO thickness 750 nm, resistance: 9.39 ± 0.38 Ω 

FTO work function: 4.4 eV - 4.7 eV, transmission 83.4%, Provider: Ossila) were first cleaned 

by ultrasonication in DI water and isopropanol (UNIVAR, analytical grade). The slides were 

then further treated under a UV-ozone cleaner (MTI corporation, compact UV-ozone cleaner, 

with 55 W UV lamp of 254 nm and 185 nm maxima of irradiation with peak UV intensity of 

4.6 mW·cm-2) for 20 min. 

  

The FTO slides were then placed on a temperature-controlled plate at 90°C and covered with 

an aluminium mask with a 1.13 cm diameter opening (A=1 cm2) over each slide. These slides 

were then spray coated with ink containing 20 mg mL-1 TiO2 P25 (Degussa) and 71 mg mL-1 

titanium isopropoxide (Aldrich 97%) in isopropanol. The spray process was conducted using 

an ultrasonic atomiser (Sonozap) at 60 kHz mounted on a microprocessor-controlled X-Y 

carriage and fed by a syringe pump at 1 mL min-1. Once coated, the TiO2 coated FTO slides 

were sintered in air at 450°C for 30 min with a heating and cooling rate of 7 ºC/min. 

The completed TiO2 coated FTO slides had a TiO2 loading of 0.7 ± 0.1 mg/cm2. 
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3.2.2 Photoelectrochemical measurements 

 

Figure 22: Experimental setup used to perform the different photoelectrochemical measurements reported in this 

work. 

 

The photoelectrochemical performance of TiO2 photoanodes was measured by mounting the 

TiO2 coated FTO slides in a custom made glass cell (Figure 22). This cell had two chambers 

separated by a 117 Nafion membrane, with a platinum wire used a counter electrode in one 

chamber, and the TiO2 coated FTO slide (working electrode) as well as Ag|AgCl used in the 

other chamber. The cell was illuminated through an electro-mechanical shutter with either a 

xenon arc lamp (SLS401, Thorlabs) equipped 1.5 AM filter or a 365 nm LED lamp (M365LP1, 

Thorlabs), with the light intensity measured using a thermal power meter (S401C, Thorlabs). 

The system was configured so that the TiO2 was illuminated through the backside of the FTO 

glass to minimise absorption of the light by the strongly adsorbing vanadium electrolytes. 

Both two and three-electrode photoelectrochemical measurements were performed using a 

Gamry Reference 3000 potentiostat, which was also configured to control the light shutter via 

the potentiostats I/O connector. For the two-electrode measurements, the cell potential (i.e. 

between the TiO2/FTO working and Pt counter electrodes) was controlled at 0 V vs. Pt counter 

electrode and the cell current measured as the under chopped light conditions (20 s light / 20 s 

dark). The two-electrode measurements simulate the charging of the photoelectrochemical 

battery under zero-bias conditions. During these measurements, the potential of the TiO2/FTO 
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working electrode (and counter electrode) was measured between photoelectrode and the 

Ag|AgCl reference electrode.  

Linear sweep voltammetry and chronoamperometry at the TiO2/FTO photoelectrode in three-

electrode measurement mode were made under constant illumination, chopped illumination 

and dark conditions. The concentration and speciation of the vanadium in the working electrode 

chamber was determined before and after chronoamperometry measurements using UV-Vis 

spectrophotometry (VWR, UV-1600PC).  

3.3 Results and discussion 

3.3.1 Two-electrode measurements  

 

Under chopped illumination with the cell controlled under a zero-bias condition (i.e. two-

electrode mode, with the cell potential between the photoelectrode and the counter electrode 

set to 0 V vs. pt counter electrode) a photoanodic current is observed during the light periods 

and approx. zero currents is found during the dark periods (Figure 23). This indicates that the 

light is driving the oxidation of some species at the TiO2/FTO photoelectrode. 

 

Figure 23: Two electrode current densities measurement in the dark and under AM 1.5, 1 sun light of anodic and 

cathodic electrolyte 0.1 M VOSO4 in 0.5 M H2SO4. 

 

As the potential of the photoelectrode and the counter electrode are identical during these 

measurements, the potential of the counter electrode must be such to enable the reduction of 

some species at the same absolute current as observed at the photoelectrode. In these 

measurements, it is not possible to determine if the current is thus limited by the photoelectrode 
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or the counter electrode (three-electrode measurements are needed to address this). Despite 

this, two-electrode measurements are often conducted as a proof-of-concept for 

photoelectrochemical systems [49], [50], [53], [54].  

A series of measurements were conducted using a TiO2/FTO photoelectrode in 0.1 M VOSO4 

-0.5 M H2SO4 (pH = 0) and the counter electrode in either H2SO4, VOSO4 or VCl3 electrolytes 

(pH = 0), to illustrate how the counter electrode reaction influences the two-electrode 

measurements. As oxygen reduction could occur at the Pt counter electrode, measurements 

were made with air-saturated and deaerated (Ar was bubbling through the electrolytes prior to 

the measurements). As the cell voltage (between the TiO2/FTO and Pt counter electrode) was 

set at 0 V vs. Pt counter electrode by the potentiostat. The potential of the photoelectrodes was 

measured in the same time against an Ag|AgCl electrode placed in the working photoelectrode 

chamber using the auxiliary analogue input on the potentiostat. 

When VOSO4 is used in the counter electrode chamber, the photoanodic current under 

illumination was approximately 10 µA cm-2 and 4 µA cm-2, when the counter electrode-

electrolyte was saturated with air or deaerated respectively (Figure 24 a). This difference can 

be explained by the difference in electrode potential, which was significantly lower when the 

electrolyte was deaerated (Figure 24 b). When O2 is present in the counter electrode chamber, 

the O2 reduction reaction can occur at potentials below 1.03 V vs. Ag|AgCl [6], and on the 

platinum counter electrode, this reaction is expected to occur quite readily. In contrast to this, 

the V4+ present in the counter electrode is unable to be reduced to V3+ as the potential at the 

counter electrode (approx. 0.28-0.35 V vs. Ag|AgCl ) is more positive compared to the standard 

reduction potential of V4+ to V3+ (Eo=0.143 V vs. Ag|AgCl). When this solution is deaerated, 

as the O2 reduction reaction can no longer occur, the potential decreases to just below the 

standard reduction potential of V4+, and thus the counter electrode reaction is now the reduction 

of V4+ to V3+, and the kinetics of this reaction are slow [224]. The photocurrent is lower than 

when the O2 reduction reaction can occur. Interestingly, it is observed that the deaeration of 

the counter electrode-electrolyte results in a rapid increase in the current, followed by a slow 

decrease when the photoelectrode is first illuminated. This phenomenon will be investigated 

later in this study. It is also observed that when the photoanode is illuminated the potential 

decreases in an exponential fashion (Figure 24 b), which may correspond to the presence of 

trap sites [63]–[66], that not participate in the charge transport any more (i.e. the photocurrent 

decays). 
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With VCl3 in counter electrode chamber electrolyte, when this is saturated with air, the 

potential of the electrodes (Figure 24 d)  is more negative compared with the case of the counter 

electrode chamber containing VOSO4. The potential will be lower as the VCl3 reduction is 

much more negative than the O2 reduction reaction and thus the potential is a mixed potential 

between the V3+ reduction and O2 reduction reactions. As the air saturated electrolyte in the 

counter electrode will facilitate O2 reduction, as discussed above, the photocurrent (Figure 24 

c) in this situation is almost the same as when VOSO4 is in the counter electrode chamber. The 

photocurrent drops significantly to approximately 1.2 µA cm-2 when the VCl3 solution is 

deaerated, as the potential (approx. 0.12 V vs. Ag|AgCl, Figure 24 d) is not negative enough to 

reduce V3+ to V2+ (Eo=-0.457 V vs. Ag|AgCl [225]). As a small photocurrent is still measured 

during this test, suggesting that a small quantity of either O2 or V4+ may be present in the 

counter electrode chamber to facilitate the reduction process which must happen at the counter 

electrode. 

Finally, when only 0.5 M H2SO4 is used in the counter electrode, in the presence of dissolved 

O2, the photocurrent (Figure 24 e) was equal to 7 µA cm-2 and approx. 0 µA cm-2 without O2 

(Figure 24 e). It confirms that O2 reduction is indeed a significant reaction to consider when 

performing two-electrode measurements. Furthermore, as the potential (Figure 24 f)  is 

generally more positive when dissolved O2 is present in the counter electrode chamber, it also 

means that the potential is more positive on the photoanode. As more positive potentials on 

photoanodes will improve charge separation (and thus photocurrents) [226], care must be taken 

when interpreting the significance of two-electrode measurements.   
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Figure 24: Two electrode current densities and working electrode potential measurement in the dark and under 

AM 1.5 1 sun light of different cathodic electrolyte with and without deaerated the electrolyte. Cathodic electrolyte 

0.1 M VOSO4 in 0.5 M H2SO4 (V4+ electrolyte)  a) current densities, and b) working electrode potential. Cathodic 

electrolyte 0.1 M VCl3 in 0.5 M H2SO4 (V3+ electrolyte) c) current densities, and d) working electrode potential. 

Cathodic electrolyte 0.5 M H2SO4 (blank electrolyte) e) current densities, and f) working electrode potential.  
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3.3.2 Polarisation curve of the photoelectrode 

 

To further understand the two-electrode measurements, the polarisation curves for the TiO2 

photoelectrode (in light and dark) and the Pt counter electrode were measured in a conventional 

three-electrode mode. Theoretically, the two-electrode potential and current are defined by the 

intersection of these polarisation curves [226]. – i.e. the potentials and absolute currents must 

be equal. Under illumination, as the current from the photoelectrode is positive, the current at 

the counter electrode will be the same magnitude but negative. 

Polarisation curves for TiO2 in the dark were measured between -0.3 V vs. Ag|AgCl to 1.1 V 

vs. Ag|AgCl (Figure 25 a). Below 0.23 V vs. Ag|AgCl, the negative current suggests that V4+ 

is reduced to V3+. This is consistent with the standard reduction potential of this reaction being 

0.143 V vs Ag|AgCl (the standard potential is corresponding to the state where V4+ and V3+ are 

at equal activities). Thus, assuming ideal solution behaviour, at 0.23 V vs Ag|AgCl, according 

to the Nernst equation, the molar ratio of V4+ to V3+ at equilibrium would be around 30:1. As 

the solution used in the test contained only V4+, it should be expected that an oxidation current 

would only occur once the potential was high enough to drive either the V4+ → V5+ reaction 

(E0=0.8 V vs Ag|AgCl) or oxygen evolution reaction (E0=1.0 V vs Ag|AgCl). However, as the 

potential in this measurement was swept from -0.3 V vs. Ag|AgCl to 1.1 V vs. Ag|AgCl, above 

0.23 V vs. Ag|AgCl the V3+ generated at lower potentials is oxidised to form V4+, giving rise 

to a small but positive current above 0.23 V. Above 1 V vs. Ag|AgCl the oxidation current 

increases more rapidly, most likely due to the V4+ 
→ V5+ or oxygen evolution reactions. 

For the TiO2 polarisation curve under illumination (Figure 25 a), the light-induced electron-

hole separation should drive the photooxidation of V4+ to V5+ at potentials above the flat band 

potential (the potential required to bring back the semiconductor band edges to their flat band 

position from the bending position at the semiconductor/electrolyte junction [227]). For rutile 

and anatase the flat band potential at pH = 0 are reported to be -0.155 V vs. Ag|AgCl and -

0.355 V vs Ag|AgCl [228]. Thus, over the potential range examined here, it is expected that 

anodic currents will be observed as the valence band potential will be significantly more 

positive than the standard potential for the V4+ → V5+ reaction (E0=1.0 V vs Ag|AgCl). Indeed, 

this is what occurs with an almost constant oxidation current observed above approximately 

0.1 V vs. Ag|AgCl. Below this potential, a cathodic current is found, suggesting that the 

electrochemical reduction of V4+ to V3+ still occurs. 
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On Pt, as expected between 0 V vs. Ag|AgCl and 1.0 V vs. Ag|AgCl, the current in V4+ is almost 

zero (Figure 25 b). This curve also indicates that the electrochemical reduction of V4+ to V3+ 

between -0.2 V vs. Ag|AgCl and 0.2 V vs. Ag|AgCl is very slow on Pt, which is consistent with 

literature reports [224]. Below -0.2 V vs. Ag|AgCl, the cathodic current increases rapidly, 

which would be consistent with either the electrochemical formation of V2+ from V3+ or V4+ or 

the hydrogen evolution reaction. As the performance of a zero-bias solar redox flow battery 

will depend on both the photoanode and the negative electrode, more active negative electrodes 

for the reduction of vanadium species will be required. 

The intersection between the platinum curves and the TiO2 polarisations curves (Figure 25 c) 

should correspond to the previous two-electrode experiments. There is good agreement with 

the observation that the potential of the system decreases when the photoanode is illuminated. 

The potentials correspond to the value found in the two-electrode measurements without 

deaeration (in dark: intersection value = 0.4 ± 0.01 V vs. Ag|AgCl / two-electrode value = 0.36 

± 0.01 V vs. Ag|AgCl, in light: intersection value = 0.24 ± 0.01 V vs. Ag|AgCl / two-electrode 

value = 0.26 ± 0.01 V vs. Ag|AgCl). 
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Figure 25:a) Polarisation curves of the TiO2 photoanodes in dark and light and in the presence of 0.1 M VOSO4 

between -0.3 V vs. Ag|AgCl to 1.1 V vs. Ag|AgCl. b) Pt counter electrode in the presence of 0.1 M VOSO4 

between -0.3 V vs. Ag|AgCl to 1.1 V vs. Ag|AgCl. c) Polarisation curves of the TiO2 photoanodes in dark and 
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light and the inverse current of the Pt counter electrode in the presence of 0.1 M VOSO4 0 V vs. Ag|AgCl and 0.7 

V vs. Ag|AgCl. 

3.3.3 Polarisation curves of TiO2 photoelectrodes under chopped illumination 

 

Linear sweep voltammetry was measured between 0 V vs. Ag|AgCl to 0.7 V vs. Ag|AgCl in 

different electrolytes containing different concentrations of V4+ under chopped illumination 

(20 s dark, 20 s light, AM1.5 illumination at 1 sun). The measurements performed in 0.1 M 

V4+ (Figure 26 a) show two regions. Between, 0 V vs. Ag|AgCl to 0.15 V vs. Ag|AgCl a 

reducing current is observed in the dark. This reducing current is attributed to the reduction of 

V4+ to V3+, which is thermodynamically possible below approx. 0.143 V vs. Ag|AgCl. [225] 

Above 0.15 V vs. Ag|AgCl, as the electrolyte contains no species which can be readily oxidised 

(other than the small amount of V3+ produced by the reduction occurring below 0.15 V vs. 

Ag|AgCl) the pseudo-steady-state current is close to zero in the dark. Under illumination and 

above 0.15 V vs. Ag|AgCl, it is found that an oxidation current is observed which is either due 

to V4+ or water oxidation.  

As the band-gap for TiO2 is approximately 3.2 eV [50], the effective potential of the valence 

band (where the oxidation reaction occurs) will be 0.15 + 3.2 = 3.35 V vs. Ag|AgCl which is 

easily high enough to drive both of these oxidation reactions. Below 0.15 vs. Ag|AgCl, the 

potential of the valence band is still above the thermodynamic requirement for V4+ and water 

oxidation, but now the potential of the conduction band (which is almost the energy level 

controlled by the potentiostats) is low enough to reduce V4+. The sum of these processes is the 

net current measured, and as the V4+ reduction to V3+ increases as the potential decreases from 

0.15 V vs. Ag|AgCl, once the potential is low enough (approx. < 0.08 V vs. Ag|AgCl), the net 

current under illumination becomes negative.  

Similar observations were found at 0.01 M V4+ (Figure 26 b), but with much smaller currents. 

When the concentration of V4+ is decreased further to 0.001 M (Figure 26 c) the photooxidation 

current is almost the same as found at 0.01 M, although no significant reduction current is 

found below 0.15 V vs. Ag|AgCl in the dark. This suggests that almost no V4+ reduction to V3+ 

occurs, possibly because of mass transfer limitations. The fact that the photooxidation current 

is essentially unaffected when the V4+ concentration is decreased from 0.01 M to 0.001 M 

suggests that at these concentrations the dominant reaction contributing to the photooxidation 

current is water oxidation (oxygen evolution). This is confirmed by performing the same 

experiment in only 0.5 M H2SO4 (Figure 26 d). In this experiment, as there are no vanadium 
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species to oxidise or reduce, the only reactions which can occur are water splitting processes 

(i.e. hydrogen and/or oxygen evolution) [229].  

Assuming that the presence of vanadium will not influence the water-splitting reaction, the 

fraction of current contributing to V4+ oxidation has been calculated by subtracting the 

oxidation current in (Figure 26 d) from those in (Figure 26 a-c). This shows that the V4+ 

oxidation is constant at around 85% across the potential range (Figure 27) for 0.1 M. This 

decreases to 55-60 % and 35-40% for V4+ concentrations of 0.01 M and 0.001 M respectively. 

However, according to the Nernst equation and  the vanadium oxidation should be 9% for a 

V4+ concentration of 0.01 M and 0.9% for a V4+ concentration of 0.001 M. This difference could 

be explained by a lack of reproducibility in 0.5 M H2SO4, indeed a slight change of the 

photocurrent could lead to completely different results. So unfortunately, no conclusion on the 

percentage of water splitting in the reaction can be made at this point. 

 

 The presence of the water-splitting reaction means that some energy from the photon will be 

lost (to gas evolution reactions) and not be retrieved during the discharge of the battery. 

Furthermore, the water-splitting reaction could form bubbles in the TiO2 film, blocking some 

pores and preventing the diffusion of the V4+ species inside the film. The linear sweep 

voltammetry could be separated into two regions, one beside 0.4 V vs. Ag|AgCl where there 

was no sharp peak and the photocurrent was constant and one below 0.4 V vs. Ag|AgCl where 

a reductive current occurs in the dark and some sharp peaks occurred when the light was 

switched on or off. These two regions were investigated to explain the different phenomena 

happening at the photoelectrode.  
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Figure 26: polarization curves between 0 V vs. Ag|AgCl and 0.7 V vs. Ag|AgCl realised on a 0.7 mg TiO2 film 

with an electrolyte of: a) 0.1 M VOSO4 in 0.5 M H2SO4, b) 0.01 M VOSO4 in 0.5 M H2SO4 c) 0.001 M VOSO4 

in 0.5 M H2SO4 and, d) 0.5 M H2SO4 

 

Figure 27: Percentage of charge used for vanadium oxidation with different VOSO4 concentration of the 

electrolyte, assuming that the vanadium concentration does not influence the water-splitting reaction. 
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3.3.4 UV-Vis spectroscopy to confirm the oxidation and reduction of 

vanadium species 

 

UV-Vis spectroscopy was used to confirm that V4+ oxidation does contribute to the 

photocurrents around 0.15 V vs. Ag|AgCl. In these measurements, both the photoanode 

chamber and the counter electrode chamber were filled with 0.01 M VOSO4 in 0.5 M H2SO4 

to avoid concentration changes in the photoanode chamber caused by diffusion across the 

membrane separator. In order to increase the rate of oxidation and to minimise experimental 

duration, the photoanode was illuminated with a 365 nm LED at a power density of 130 mW 

cm-2. Initially, the current was found to be > 400 A cm-2 and slowly decreased to an almost 

steady-state current of 150 A cm-2. Based on the changes to the UV-Vis spectrum (Figure 28 

b), the V4+ (peak at 780 nm [230]) concentration was calculated to decrease by 12%. By 

integrating the charge measured and assuming 100% of this charge results in V4+ oxidation, the 

concentration of V4+ in the photoanode chamber should decrease by 15% ± 1%, implying that 

in these experiments, the water oxidation reaction consumes approximatively 20% of the 

current. Comparing this with the data measured in 0.01 M VOSO4 + 0.5 M H2SO4 vs. only 0.5 

M H2SO4 (Figure 26 and 27) suggests that the assumption that the V4+ and water oxidation 

reactions occur independently from each other is most likely wrong – i.e. the presence of VO2
+ 

can suppress (but not completely remove) the water oxidation reaction, possibly by competing 

for the same active sites on the TiO2 surface.  

The slow decrease in the photocurrent during this measurement could be due to several possible 

effects. Some of the initially high currents may be due to double-layer charging (as the potential 

is stepped from an open circuit potential of ~ 0.3 V vs. Ag|AgCl to 0.5 V vs. Ag|AgCl) [231], 

although normally such charging currents decay within the order of a few seconds. The second 

hypothesis could be the competition between water splitting and vanadium oxidation taking 

place inside the porous layer. Initially, when the photoelectrode is illuminated, the active 

porous layer will contain V4+ at the same concentration as a bulk solution. This would be 

readily oxidised without significant diffusion limitation (as the path length within the porous 

layer is small). As this V4+ in the layer is oxidised, the concentration in the layer will decrease, 

and the concentration of the V4+ in the layer will increase. To balance these changes in 

concentration, V4+ from the bulk will diffuse into the porous layer, and the newly generated 

V5+ within the layer will diffuse into the bulk solution. Concentration gradients are therefore, 

established within the layer and at the layer-bulk solution interface. If the mass transport of 
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vanadium species is insufficient, the current density will decrease over time until it reaches a 

pseudo-steady state based on the mass transport characteristics. In parallel with this, as water 

splitting also occurs in these pores, the bubbles formed may partially block pores off, impeding 

the transport of vanadium species either within the porous layer or between the porous layer 

and the bulk solution.  

 

 

Figure 28:  a) Current density over time and b) initial, and after 30 min in light, UV VIS spectrum of the 0.01 M 

vanadium (IV) electrolyte in photoanode wherein the photoanode is held at 0.5V vs. Ag|AgCl, while illuminated 

by a 365 nm, LED at 130 mW cm-2.  

A third option to explain the slow decay in the photooxidation current is related to the changing 

light adsorption profile of the photoactive layer. As V4+ and V5+ absorb different wavelengths 

of light (300 to 350 nm and 780 nm for V4+ and 300 to 400 nm for V5+ [230]), as the V4+ in the 

layer is oxidised to V5+ the light adsorbed by the vanadium species within the layer will change 

over time. This will alter the light reaching the TiO2 and thus the photooxidation current. To 

estimate the magnitude of these possible effects, a simplified model was considered (Figure 

29). This model is based on the assumption that the porous photoactive layer is 10 µm thick 

with 50% porosity, giving an effective TiO2 thickness of 5 µm and an electrolyte layer 

thickness of 5 µm. Using the absorption behaviour of TiO2, 0.1 M V4+ and 0.1 M V5+, the 

fraction of light with wavelengths between 280 - 405 nm could be estimated. Based on these 

calculations, the FTO glass adsorbs 12% of the light illuminated onto the photoelectrode. A 

further 45% of the light will be absorbed by an equivalent 5 µm thick layer of 0.1 M V4+ 

electrolyte. If this electrolyte is converted to V5+ the fraction of light (which transmits through 
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the FTO glass) adsorbed by the electrolyte increases to 92% (as V5+ adsorbs significant more 

UV light than V4+). While this suggests that the electrolyte will adsorb significant amounts of 

UV light, similar calculations have been conducted on the TiO2 film as a function of the 

thickness using literature the absorption coefficient at 405 nm [232]. This calculation (Figure 

29 b) shows that almost all of the light at 405 nm is adsorbed by the 200 nm thick TiO2 film. 

The maximum absorption of the visible light by TiO2 is only 10%, so the visible light passes 

through the film whatever the thickness. In conclusion, the absorbed light by the electrolyte is 

negligible relative to that by TiO2 in the film.  
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Figure 29: a) Model of light power densities changes when passing through the photoelectrode. The TiO2 film 

was considered a surface at 5 µm of the FTO surface with 0.1M VOSO4 electrolyte between the FTO and the TiO2 

surface. b) Absorption of the light of the TiO2 film at 405nm wavelength. 

 

Similar UV-Vis spectroscopy was performed to confirm that V4+ reduction occurs at potentials 

below 0.15 V vs. Ag|AgCl. In these measurements the potential was set at 0 V vs. Ag|AgCl for 

20 h in the dark. During this measurement, an almost constant reduction current of 10 µA cm-

2 was found over the entire 20 h experiment (Figure 30 a). The UV-Vis spectra measured before 

and after this experiment (Figure 30 b) shows a decrease of 8.78 % in the concentration in V4+ 

(740 nm peak) and an increase of 7% for the V3+ (400 nm) peak. The small difference between 

these values most likely occurs due to diffusion across the membrane (separating the 

photoelectrode and counter electrode chambers) and experimental uncertainties. Based on the 
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charge passed over the 20 h experiments (0.72 C) one would expect the concentration of V4+ 

in the photoelectrode chamber to decrease by 7.84%, which is consistent with the measured 

decrease, confirming that the reduction current below 0.15 V vs. Ag|AgCl is entirely due to the 

reduction of V4+ to V3+. 

 

 

Figure 30: UV VIS spectrum of 0.01 M V4+ electrolyte in the photoelectrode chamber in the dark at 0V vs. Ag|AgCl 

over 20 hours.  0.01 M VOSO4 was used as the cathodic electrolyte. For comparison a spectrum of a solution of 

0.01M VOSO4 mixed with 0.01 M VCl3 1:1 were realised. 

3.3.5 Understanding the current peak upon illumination  

 

In many experiments, it was observed that the current exhibited a sharp peak or spike 

immediately following illumination (e.g. Figures 24, 25, 27 and 29). Following this spike, the 

current is seen to slowly decrease, with this proposed in the previous section to be due to 

double-layer charging or concentration gradients within the porous photoelectrode layer. The 

effects of a concentration gradient within the photoelectrode layer could reduce the 

photocurrents due to the accumulation of oxidised species within the layer. When the 

photoanode is illuminated the V4+ inside the TiO2 film is rapidly oxidised to V5+ leading to an 

accumulation of V5+ within the film. The diffusion of V4+ species back into the film is slow 

due to the porosity of the film and diffusion layer at the outside surface of the photoanode. The 

low concentration of V4+ within the film would then result in V4+ oxidation only occurring on 

the outer-most surface of the TiO2 film. 
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To test this hypothesis, experiments were performed wherein the photoanode was illuminated 

with chopped light with different lengths of dark periods. During the dark periods oxidation of 

V4+ does not occur and V4+ will diffuse back into the film, with a longer dark period allowing 

a higher percentage of the film to receive a fresh solution. These measurements were performed 

at multiple light intensities and V4+ concentrations.  

 

Figure 31: Constant light chronoamperometry of 600 s with A.M 1.5 at 1 sun with a 0.1 M VOSO4 electrolyte. the 

red area represents the calculated charge of the peak in comparison of the rest of the chronoamperometry acting as 

steady-state current density 

 

During the tests with constant light we observe a large peak (Figure 31) which increases as a 

function of the light power (Figure 32 a) (Increasing from 1 mC cm-2 to 20.5 mC cm-2  for an 

increase from 3.3 mW cm-2 to 100 mWcm-2 in UV light intensity for a 0.1 M electrolyte) and 

the concentration of the electrolyte (Increasing from 13 mC cm-2  for a 0.5 M H2SO4 / blank 

electrolyte to 20.5 mC cm-2  for 0.1 M VOSO4 for a UV light of 100 mW cm-2). The increase 

of the peak with light power could be linked to the creation of higher diffusion layer or higher 

potential photoinduced (ie- higher double layer charging). The increase of the peak with a 

concentration of the electrolyte could be linked to the creation of higher concentrated blocking 

layer or higher concentration for the formation of a double layer [233]. 

When the light from the solar simulator (Figure 32 b) is chopped no trends occur except a 

difference between with and without chopping light. The charge densities jump from for 

constant light to for a dark period of one second with a 0.1 M VOSO4 electrolyte. However, 

the increase of the dark periods has no effect (plateau around from 2 s to 40 s). The difference 

between with and without chopping light was due to a charge pumping difference [234]–[236]: 
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when the light is turned on some photoinduced charge carrier with a lifetime of few seconds 

were created (similar but with a longer lifetime than the one record with time-resolved terahertz 

spectroscopy [235]: about few picoseconds). Besides the different concentration (Figure 32 b) 

of the electrolyte show that the blank electrolyte did not seem to be affected by the 

photoinduced charge carrier with a lifetime of few seconds, due to the difficulty of water 

splitting compared to V4+ oxidation. Allowing more time for the V4+ to diffuse back into the 

film and removing the hypothetical V5+ blocking layer, do not affect the overall charge 

densities. In conclusion, the hypothesis seems to show a lack of evidential support. However, 

it is possible that the solar simulator is not powerful enough (ie- not creating a thick blocking 

V5+ layer, which will take more than 1 second to remove) for being able to see any change in 

the charge densities.  

Therefore, the test was repeated with four different UV light intensities (3.3 mWcm-2, 10 

mWcm-2. 50 mWcm-2, and 100 mWcm-2) (Figure 32 c-f). The same phenomena (ie- no trends 

occurs except a difference between with and without chopping light) occurs for each UV light 

intensity. Even increasing the photocurrent and charge densities had no effect asthe blocking 

layer refill could not be observed. In conclusion, the hypothesis was false: the peak is not due 

to the layer concentration effects, but is due to the double layer charging. 

 

To further test this option, a series of measurements were performed wherein the length of light 

/ dark periods was varied (Figure 33). In some cases (e.g. Figure 24), the sharp spike 

immediately following illumination could be a direct result of photochemistry or due to the 

photoinduced change in electrode potential. To separate these effects, the potential was stepped 

from the open circuit potential (OCP, approx. 0.3 V vs. Ag|AgCl) to 0.5 V vs. Ag|AgCl under 

dark conditions. This results in a sharp peak in the measured current which is attributed to only 

double layer charging effects as at 0.5 V vs. Ag|AgCl in the dark. No other significant effect 

can occur (the exception being the oxidation of the small quantity of V3+ present in VOSO4 

electrolyte as shown previously). Once the potential is held at 0.5 V vs. Ag|AgCl, upon 

illumination, while the current rapidly increases (i.e. a photoanodic current is generated) and 

slower decreases, the very sharp spike in current observed in Figure 24 does not occur. This 

behaviour is also seen during chopped illumination LSV measurements above approx. 0.3 V 

vs. Ag|AgCl (Figure 26). 

The fact that at 0.5V vs Ag|AgCl a double layer is observed is not a critical effect in the case 

of the experimentation (even if the tests is realised at 0 bias when the light is switched off the 
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potential between the photoelectrode and the counter electrode is 0 V vs Ag|AgCl ). However, 

in the case of a real battery will be at OCP, thus when the light is turned on again the possibility 

to have a double layer is high. 
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Figure 32: a) Double layer charge densities in function of the light power density. Charge densities in function of 

the dark pulse time of a TiO2 film at 0.5V vs. Ag|AgCl under b) A.M 1.5, 1 sun or 365 nm UV LED illumination 

at c) 3.3 mW cm-2, d) 10 mW cm-2, e) 50 mW cm-2, f) 100 mW cm-2 with different electrolyte ( 0.1 M VOSO4 , 

0.01 M VOSO4, 0.5M H2SO4). 
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Figure 33:Current densities in the function of time: Open Circuit Potential test of 40 second, a chronoamperometry 

at 0.5 V vs. Ag|AgCl during 300 seconds ( 100s in dark then 200s in chopped light), an Open Circuit Potential test 

of 40 second, another chronoamperometry at 0.5 V vs. Ag|AgCl of 200 seconds. The test was realised under 

chopped light (10 seconds dark, 10 seconds under sun simulator light). The cathodic electrolyte used was 0.5 M 

H2SO4, and the photoanode electrolyte was 0.01 M VOSO4 (in 0.5 M H2SO4. The red box highlights the current 

spikes attributed to double-layer charging 

 

3.3.6 Explanation of the peak in dark and light in the linear sweep voltammetry below 

0.3 V vs. Ag|AgCl 

 

To be able to determine what the phenomenon is occurring below 0.3 V vs. Ag|AgCl, which 

gave a sharp peak when the light is turned on or off was, a series of chronoamperometry and 

OCP tests were recorded (Figure 34). After the first OCP, we observed a sharp peak. Like 

previously, as the photoelectrode was still in the dark, this peak was due to the formation of a 

double layer at the surface of the electrode, as a result of the change in potential between the 

OCP voltage (0.3 V vs. Ag|AgCl) and the 0.15 V vs. Ag|AgCl of the experiment. Additionally, 

a negative current appears in the dark and reduces over time, due to the reduction of the V5+ 

present in the VOSO4 solution.  

When the light was turned on, a cathodic peak (ie- a positive peak) occurs and when the light 

was turned off an anodic peak appears (ie- a negative peak). According to the literature [68], 

[69], the rapid decay of the anodic photocurrent is a sign of the presence of electron-hole 

surface recombination and a decrease in band bending. These two phenomena occur on the 

active site of the film (ie- the site of contact between the TiO2 and the electrolyte). When the 
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light was turned off the conduction band electrons react with the holes trapped at the surface 

of the photogenerated species. In the literature [68], Aplicada et al. study the formation of OH. 

radical which leads to the creation of oxygen evolution in alkaline media. However, in the case 

of VOSO4 in H2SO4 the photogenerated species where mostly V5+.  

If the electron-hole recombination process was occurring in this study, an increase of the steady 

state current should be observed when the potential was increased, until the steady state current 

is equal to the anodic peak value. However, as the polarization curves (Figure 26) show, the 

steady state current was unchanged and only the double layer charging peak disappeared. 

Therefore, the most probable explanation is that V3+ species form in the dark, which are then 

oxidised instantly in the light by the photocurrent and then reduced back to V3+ in the dark. 

The peak appears until 0.3 V, which is consistent with a small amount (V3+ to V4+ = 1:1000) 

of V3+ present in the solution. 

 

The test has been repeated with different vanadium concentrations (Figure 35 a). Firstly, the 

increase of vanadium concentration leads to a higher stationary photocurrent and to a higher 

reductive current in the dark. As shown by the comparison between the linear sweep 

voltammetry and the dark polarisation curve of 0.1 M VOSO4, the reductive current was linked 

to the reduction of V4+. The use of only H2SO4 as electrolyte leads to a small anodic peak and 

an almost non-existent cathodic peak. Tafalla et al [68] have shown that this small anodic peak 

is only due to the accumulation of positive charge on the surface, which is used to split the 

water. The cathodic peak for 0.1 M VOSO4 has a similar charge density to the one from 0.01 

M VOSO4  (Figure 35 b). It is shown that the number of V3+ generated in the dark are similar. 

The anodic peak behaviour was different: the anodic peak for 0.01 M VOSO4 was higher than 

the one for 0.1 M VOSO4 (Figure 35 b). The reason could be that in the 0.01 M VOSO4 the 

majority of the V4+ have been electrochemically reduced to V3+, so when the light is turned on 

all the V3+ are oxidized in V4+ and very few V5+ species are photogenerated. 
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Figure 34: Current densities in the function of time: Open Circuit Potential test of 40 seconds, a 

chronoamperometry at 0.15 V vs. Ag|AgCl during 300 seconds ( 100s in the dark then 200s in chopped light), an 

Open Circuit Potential test of 40 seconds, another chronoamperometry at 0.5 V vs. Ag|AgCl of 200 seconds. The 

test was realised under chopped light (10 seconds dark, 10 seconds under sun simulator light). The cathodic 

electrolyte used was 0.5 M H2SO4, and the photoanode electrolyte was 0.01 M VOSO4 (Alfa Aesar 99.9%) in 0.5 

M H2SO4. 

 

 

Figure 35: Single light-dark step at 0.15 V vs. Ag|AgCl with 0.1 M VOSO4 , 0.01 M  VOSO4 and 0.5 M H2SO4 

electrolyte. Charge densities of the anodic and cathodic peak in the function of the electrolyte concentration. 
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3.4 Conclusion 
 

This study allows a better understanding of all the reactions which could occur at the 

photoelectrode of a full vanadium solar battery (Figure 36). So, in the hypothesis where the 

device was measured with a 0 bias. Firstly, in the counter electrode chamber, the presence of 

oxygen will shift the working potential and induce an oxygen reduction instead of V4+ or V3+ 

reductions. In the photoelectrode when the light was off the potential is at 0.35 V vs. Ag|AgCl 

(when VOSO4 is used in the non-deaerated counter electrode chamber without) or 0.3 V vs. 

Ag|AgCl (when VCl3 is used in the non-deaerated counter electrode chamber. When the light 

was turned on two phenomena, occur, firstly the formation of a double layer due to the change 

between the open circuit potential to the light-induced potential. This double layer vanished in 

a few minutes. The second phenomena were an anodic peak due to the electron-hole 

recombination by the reduction of the photogenerated V5+ species at the surface of the 

electrode. However, after a few seconds, the photooxidation reaches an equilibrium and the 

photocurrent a stationary state. Some water splitting was also observed and led to a release of 

gas into the system. Finally, when the light was turned off again, a cathodic current occurs due 

to the recombination of the hole at the surface of the V5+ with the electron still in the surface 

of the semiconductor occurs, and so more V5+ were reduced. 

 

Figure 36: polarisation curves between 0V vs. Ag|AgCl and 0.7V realised on a 0.7 mg TiO2 film with an electrolyte 

of 0.1M VOSO4 in 0.5 M H2SO4.  
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In the hypothesis of bias of 0.5 V vs. Ag|AgCl as an example: in the dark, the V3+ present in 

the VOSO4 solution was oxidised very slowly in V4+. When the light was on the V4+ 

photooxidation takes place, and only the double layer was formed during the process. When 

the light was turned off, the oxidation of V3+ still takes place if it was not totally consumed. All 

of these phenomena can influence the design of a solar vanadium redox flow battery, and the 

tests need to be carried out to identify the efficiency. 
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4.Tuning photoactivity of TiO2 film by 

changing its macroscopic structure 

 

4.1 Introduction 

 

Several methods have been developed to create TiO2 thin films, mostly for dye-sensitised solar 

cells. The most commonly utilised method was the deposition of a titania paste by doctor 

blading on conducting glass - indium oxide doped tin oxide (ITO) or fluorine-doped tin oxide 

(FTO) [38], [95], [153], [164], [165], [237] The first step was to prepare a slurry of TiO2 

nanoparticles. Some TiO2 particles were dispersed in a solvent, such as water, or in a slurry of 

terpineol and ethanol [38], [94], [95], [237]. Some surfactant may be added to increase the 

stability of the suspension. Addition of some polyethylene glycol can also increase the porosity 

of the TiO2 film: the porosity of the layer is proportional to the molecular weights of the 

ethylene glycol used [38], [155], [165]. The slurry is finally deposited on the substrate on an 

area delimited by a tape mask with a defined thickness. The surplus of slurry is removed with 

a blade. Another way to deposit the same slurry is to use the screen printing method [153]. The 

slurry is put on a screen with a mask few centimetres above the substrate with a mask, and a 

blade is passed on the screen: the slurry passes through the pore of the screen to land on the 

FTO under it. This method gives a better porosity of the film, but to control the thickness one 

needs to use several successive layer depositions [153]. Another of the investigated methods 

was vacuum cold spraying. It involves spraying dry powder by an accelerating gas onto the 

FTO substrate under vacuum [38], [164], [165], [237]. Unfortunately, all these different 

deposition methods have limitations. The macroscopic morphology of the TiO2 films deposited 

using these techniques are of low quality: the vacuum cold spraying does not use solvent, so 

the morphology of the TiO2 films cannot be changed by controlling evaporation temperature 

[38], [164], [165], [237]. The doctor blading method uses different solvents. However, the 

solvent is typically limited to ethanol-terpineol mixture or water due to the need of a viscous 

slurry limiting film morphology tuning by solvent evaporation temperature [38], [94], [95], 

[237].  

Presented here study investigates a way to tune the TiO2 films by using the wet spray deposition 

technique based on the work of Halme et al. [238] and a new deposition method the ultrasonic 

spray technique to control the TiO2 film macrostructure. The effects of the nature of the solvent 
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and evaporation temperature have been studied for the ultrasonic spray coating. The goal is to 

obtain an improved photocurrent for the TiO2 photoanode by controlling the morphology 

structure of the film. To achieve control of the morphology different deposition methods of the 

TiO2 film have been used and the performance of obtained films have been systematically 

tested. 

 

4.2 Experimental 

 

4.2.1 Commercial film 

 

The commercially available TiO2 film has been purchased to the company Solaronix. The 

photoelectrodes were composed of: a soda-lime glass slide of size 50 x 50  x 2 mm, an FTO 

(fluorine-doped tin oxide, SnO2:F) film with a resistivity of 7 Ω and a transmission >70% from 

470 to 1100 nm, an active area of 40 x 40 mm composed of Ti-Nanoxide D/SP TiO2 paste (15 

- 20 nm anatase particles with terpineol and organic binders; concentration in TiO2 of the film: 

18 wt%) which has been screen-printed and fired at 500 °C for 30 min. The films were broken 

into four pieces of roughly 25 x 25 mm. Before being tested the films were cleaned by UV-

ozone for 20 min (MTI corporation, compact UV-ozone cleaner, with 55 W UV lamp of 254 

nm and 185 nm maxima of irradiation with peak UV intensity of 4.6 mW·cm-2). 

 

4.2.2 Preparation of suspensions  

 

Suspensions of TiO2 P-25 (Degussa) with a concentration of 20 mg·mL-1 of TiO2 were prepared 

in different solvents: methanol (Fisher) absolute ethanol (Fisher), propan-2-ol (UNIVAR, 

analytical grade), butan-2-ol (UNIVAR), butan-1-ol (UNIVAR) and Milli-Q water. For the 

doctor blading deposition, a viscous slurry was prepared by dispersing 0.3 g of titanium oxide 

P-25 (Degussa) in 7 mL of ethanol, followed by the addition of 1 mL of terpineol and the 

evaporation of the ethanol by heating the slurry at 90 ºC on a hotplate (referred to as terpineol 

slurry). 

 

In addition, two other slurries were prepared to determine the effect of the organic binders in 

the doctor blading deposition method. First, two test tubes were filled with 8 mL of water each; 

then 0.035 g of Carboxyl Methyl Cellulose (CMC) was added to the first tube (CMC/Water), 
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0.035 g of CMC + 1 mL of Styrene Butadiene Rubber (SBR, MTI corporation, 50 wt% water 

suspension, Viscosity: 100 ~ 350 mPa.S) to the second (CMC/SBR/Water). The two tubes were 

ultrasonicated for two hours. In parallel, two glass vials were prepared with the same solution 

compositions, but this time they were stirred at 80 ºC during 1 hour. Titania-containing CMC 

and CMC /SBR slurries were obtained by the addition of powder of TiO2 P-25 (Degussa) (320 

mg of TiO2) to achieve final concentrations of 40 mg·mL-1 in these vials. However, as the 

slurries turned out to be not suitable for doctor-blading an extra slurry has been made with 38 

wt% of CMC (38%CMC): 0.2 g of CMC was added to 8 mL of the previously sonicated 40 

mg·mL-1 aqueous TiO2 dispersion (320 mg of TiO2 P-25 in 8 mL of water), and the resulting 

mixture was stirred at 80 ºC for 1 hour. Finally, an additional slurry has been obtained with a 

7:3 CMC/SBR ratio at 38 wt% (38%CMC/SBR). 

 

Suspensions of the titanium isopropoxide (TTIP) and the TiO2 powder were prepared as follow: 

TiO2 P-25 (Degussa) was dispersed in propan-2-ol to give 20 mg·mL-1 mixture. Then titanium 

isopropoxide (TTIP, Aldrich 97%) was diluted in propan-2-ol to obtain a mixture with a 

concentration of 71 mg·mL-1. This concentration would be equivalent to a TiO2 concentration 

of 20 mg·mL-1, under the hypothesis that all of the TTIP is transformed into TiO2. Finally, the 

two solutions were mixed (at various ratios tested) and put on a sealed test tube to avoid 

hydrolysis of TTIP by ambient moisture before the deposition. 

 

4.2.3 FTO cleaning 

 

FTO glasses (FTO type: NSG TEC 10, size: 1.1mm x 20 mm x 15 mm, FTO thickness 750 nm, 

resistance: 9.39 ± 0.38 Ω FTO work function: 4.4 eV - 4.7 eV, transmission 83.4%, Provider: 

Ossila) were cleaned by immersion in Milli-Q water and ultrasonication for 30 min followed 

by ultrasonication in propan-2-ol for 30 min. Finally, they were treated in a UV-ozone cleaner 

(MTI corporation, compact UV-ozone cleaner, with 55 W UV lamp of 254 nm and 185 nm 

maxima of irradiation with peak UV intensity of 4.6 mW·cm-2) for 20 min. 

  

4.2.4 Preparation of underlayer 
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An underlayer could be deposited before the deposition of the main film. The first type of the 

underlayer was made by dipping the FTO glass for 30 min in 40 mM TiCl4 aqueous solution 

maintained at 70 ºC according to the literature [239], [240].  

 

Alternatively, mesoporous thin films have been realized by our collaborators (Paula C. 

Angelomé , Gerencia Química & Instituto de Nanociencia y Nanotecnología, Centro Atómico 

Constituyentes,CNEA-CONICET, Buenos Aires, Argentina). It was produced by spin-coating 

taking advantage of the evaporation-induced self-assembly (EISA) strategy [241], [242]  using 

an inorganic precursor (titanium(IV) ethoxide Ti(OEt)4, Sigma Aldrich), a template (Pluronic 

P123, Sigma Aldrich) and an inhibitor (HCl, 37 % w/w concentration, Merck) in 1-butanol 

(Panreac). The preparation of titania sol was performed adapting a procedure reported 

elsewhere [243]. Firstly, 1.6 g of HClconc was slowly added to 2.1 g of Ti(OEt)4 at room 

temperature under vigorous stirring. Separately, 0.65 g of Pluronic P123 was dissolved in 12 g 

1-butanol, and then added to the HCl/Ti(OEt)4 mixture, under stirring. The molar composition 

of the final mixture was 1 Ti(OEt)4:1.8 HCl:0.012 P123:6.1 H2O:17.6 1-butanol. This mixture 

was subsequently aged with stirring at room temperature for 3 h before film casting. Films 

were prepared by spin-coating 75 µl of the solution onto an FTO substrate at 8000 rpm. 

Immediately after the deposition procedure, a 1 mm wide area was removed from one of the 

film edges using a cotton swab dipped in ethanol, to create a film-free FTO contact area. The 

as-prepared film was aged for 48 hrs in a chamber at 80 % relative humidity (obtained using a 

saturated KNO3 solution). Finally, the films were calcined in air using a two-step procedure: 

first, they were heated at 17 °C min–1 until 200 ºC and then, were heated at 1°C min–1 until 450 

°C, holding the chosen temperature for 2 hrs. 

 

The third alternative underlayer was fabricated by my colleague Sam Nesbitt (chemical and 

process engineering department, university of Canterbury, Christchurch, New Zealand) using 

the hydrothermal growth method. The slides were placed on a Teflon base (6 mm high) in a 

custom-made Teflon liner at an angle with the conductive side facing down. Toluene (11 mL) 

and concentrated HCl (1.0 mL) were added into the liner, and the liner was transferred to a 

glovebox where Ti(iOPr)4 (1.0 mL) was added. The liner was then sealed in the stainless steel 

autoclave and placed in an oven that had been preheated to 180 °C. Total heating time was 2 

hrs 20 mins before cooling naturally in the oven (baffle closed) to room temperature. Slides 

were washed twice with EtOH, dried in air and then calcined in a tube furnace under static air 

at 450 °C for 2 hrs with a ramp rate of 4 °C/min and cooled naturally in the furnace at the end. 
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For spraying, the samples were placed on the heater support (hotplate) and a stainless steel 

mask with an opening of 1 cm2 over each slide was placed on top of them.  

 

4.2.5 Deposition process 

 

In this study, two deposition processes have been investigated: the airbrush spray coating and 

the ultrasonic spray coating. The first one involves spraying the suspension with an airbrush. 

The suspension was put in a small tank on the top of the airbrush; then it drops on a chamber 

swept by an airflow. The solution is propelling through a nozzle of 0.2 mm, forming a cone of 

a fine mist. This mist of droplets hits the pre-heated FTO glass, and the solvent was evaporated 

under various temperatures studied. This method was improved further using the airbrush spray 

robot, with airbrush mounted on an x-y stage and programmed to follow a repeatable pattern 

over the mask and, thus, capable of depositing the desired amount of suspension onto the FTO. 

The second method utilised an ultrasonic atomiser (Sonozap) operating at 60 kHz with titania 

suspension fed by a syringe pump (New Era Pump System Inc.) at 1 mL·min-1. This method 

also gave rise to a fine mist being deposited onto FTO. This ultrasonic spray-gun was mounted 

on the x-y robotic stage and followed a pre-programmed pattern over the top of the mask placed 

over FTO slides. To compare with the most frequently used deposition method, doctor blading, 

TiO2 films have been deposited by doctor blading using a 10 µm thick tape mask attached to 

FTO glass. Some TiO2 slurry prepared as described above was dropped on FTO covered by the 

mask, and the excess of the slurry was removed using a scalpel blade. Finally, the TiO2 films 

were sintered: heating ramp of 7 °C·min-1, to the target temperature of 450 °C at which samples 

were kept for 30 min in static air then the temperature was ramped down at 5 °C·min-1. 

 

4.2.6 Photoelectrochemical tests 

 

The TiO2 films were placed in contact with a 0.1 M VOSO4 (Alfa Aesar 99.9%) electrolyte in 

0.5 M H2SO4: the films were clipped to a glass cell with the TiO2 film inside the electrolyte 

chamber as described in the previous chapter (Figure 22). Redox couple V4+ / V5+ was used for 

a model redox reaction. This choice is motivated by its potential (E0 = 1 V vs. RHE) close to 

the thermodynamic potential matching band gap of TiO2 photoanodes (3.0 eV. In addition, it 

is a widely used redox couple in the field of solar photoelectrochemical storage cell [33], [49], 

[50], [244], [245] A the Ag|AgCl reference electrode was placed in this electrolyte. The second 
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half cell was formed by a platinum wire, acting as the counter electrode, dipped inside a 0.5 M 

H2SO4 solution. The cell was sealed by using a Nafion 117 membrane to separate the two half-

cells (Figure 22). Polarisation curves were recorded by linear sweep voltammetry using Gamry 

600 potentiostat with scanning between 0 V vs. Ag|AgCl and 0.7 V vs. Ag|AgCl at a scan rate 

of 0.5 mV s-1.  

 

The light source was furnished by a solar simulator (Xenon lamp) at 100 mW.cm-2 with a 1.5 

AM filter placed 35.5 cm from the cell, and a shutter was placed between the light source and 

the cell. This shutter was controlled by the potentiostat: it was closed for 20 seconds and then 

opened for 20 seconds repeatedly. The curve obtained in this way was showing current 

densities corresponding to the periods of no illumination (“the dark”) and followed by the 

periods under illumination (“the light”) superimposed within the function of the potential of 

the photoelectrode on a single curve. The photocurrent was calculated at 0.5 V vs. Ag|AgCl, in 

the previous chapter it had been shown that this value (> 0.4 V vs. Ag|AgCl) is on a plateau 

where there is almost no electrochemical oxidation or reduction in the dark (the current 

recorded will be only due to the exposure of the photoelectrocatalyst to the light. Besides at 

0.5V vs Ag|AgCl the phenomenon of anodic peak (peak of current of few seconds when the 

light is turned on ) and cathodic peak (peak of negative current of few seconds when the light 

is turned off) does not occurs: the photocurrent stays constant during illumination (Figure 36). 

This potential allows a reproducibility of ± 0.2 µA between two consecutive linear sweep 

voltammetry tests. 

 

In this way, it was possible to obtain information about the electron-hole recombination as 

shown as was discussed in the previous chapter. 

 

4.2.7 Error studies 

 

For the commercial film samples, the photocurrents at 0.5 V vs. Ag|AgCl were calculated for 

each film by averaging the value recorded on two consecutive linear sweep voltammetry tests. 

The potential of 0.5 V vs. Ag|AgCl has been chosen because the linear sweep voltammetry 

shows a constant current without any peaks due to the electron-hole recombination and due to 

the absence of reductive current in the dark (see the previous chapter). The error bars were 

calculated as 95 % confidence intervals for the same sample (i.e. same film) on two consecutive 
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linear sweep voltammetry tests. Then the average of the ten film samples was calculated, and 

the error bar was given as the 95 % confidence interval for all the film samples. 

 

The films deposited by doctor blading, airbrush spray coating and ultrasonic spray coating were 

deposited by batches of three. The photocurrent plot shows the average photocurrent of the 

three TiO2 films measured with two consecutive linear sweep voltammetry test per film at 0.5V 

vs. Ag|AgCl and the error bars were the 95 % confidence intervals of these three layers with 

two consecutive linear sweep voltammetry tests per each film. 

4.2.8 Surface analysis 

 

Surface analysis was carried out using an SEM microscope (JEOL 7000F FE-SEM, parameters: 

magnification x1000, 15 kV) on the TiO2 film after the photoelectrochemical test. These SEM 

images were processed by Image J to obtain a 3D surface plot: the luminance of an image is 

interpreted as height for the plot. Internally the image is scaled to a square image using nearest 

neighbour sampling. The distances were calculated by using the Image J measurement tool. 

PXRD patterns of samples deposited on FTO slides in this work were collected at room 

temperature on a Rigaku Smartlab diffractometer. General data collecting was conducted in 

Bragg-Brentano focusing mode utilising Cu Kα (1.5418 Å) radiation operating at a tube voltage 

of 40 kV and tube current of 30 mA passing through a Cu Kβ filter, with a Cross Beam Optics 

Bragg-Brentano selection slit, 10 mm length limiting slit, 5.0° Soller incident and receiving 

parallel slit. The detector was a Rigaku D/tex Ultra 250 1D. The data collected was in the 10 - 

90 2θ range conducted at 5°/min. 

 

4.3 Results and Discussion 

4.3.1 Commercial films 

 

The use of a commercial film was motivated by the need to have an independent film standard 

for comparison with the performance of the samples made using different deposition methods. 

 

These films have been deposited by screen printing using a paste composed of terpineol, 

organic binders and TiO2. The advantage of the screen printing method (Figure 13) is that it 

gives a high porosity of the film; however, the use of several successive layer depositions is 
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often needed for the thickness control [150]. This deposition method has been widely used for 

dye-sensitized solar cells [148]–[150]. 

 

 The high magnification SEM images show some agglomerates (diameter 32 to 56 µm) 

dispersed on the surface of the film (Figure 37 a). However, at medium magnification (Figure 

37 b) the film has some TiO2 particles inside its matrix (some agglomerates of 1.3 µm, but the 

majority of particles are smaller than 100 nm). There are also visible zones looking like drop 

silhouettes (diameter 2.3 to 11 µm). These drop silhouette zones when the image is zoomed in 

(Figure 37 c) again are formed of TiO2 particles (about 100 nm in size) under the surface, which 

pushes the top layer up and forms a half-sphere (diameter ca. 40 nm). Some even break the top 

surface layer. According to the literature, examples of screen printed films without binders 

[246] do not show such smooth surface, but a rougher surface composed of merged particles. 

Therefore, the top layer is probably formed of a binder-rich layer which is on top of a dense 

TiO2 film.  

The plot of the surface in 3D at the low magnification shows (Figure 37 d) low roughness: Ra 

= 5 greyscale. Ra is the arithmetic average value of the deviation of the trace above and below 

the center line of the film surface. The greyscale corresponds to a measure of the brightness of 

pixels from black to white. The scale goes from 0 (black) to 255 (white), the 3D plot is in colour 

for a higher clarity but correspond to this scale. Unfortunately, it is difficult to transform this 

scale in distance, but it is sufficient to be able to compare the roughness of the different films. 

When the magnification is increased (Figure 37 e), the magnified local roughness of the layer 

becomes more visible, but overall, it stays low. However, only when we focus and zoom even 

further (Figure 37 f) on the drop silhouette, some high peaks appear. Yet, such features are 

relatively small since the highest magnification is required to discern them. These observations 

suggest that the top layer of the film surface is overall smooth, which results in a flat surface 

being in contact with the electrolyte (an important reference point for comparison with more 

structured films made in this study).  

The linear sweep voltammetry on these commercial samples (Figure 37 g) is similar to the one 

discussed in the previous chapter (Figure 36). However, a small difference could be seen: there 

is no anodic peak (but a cathodic one is present) even below 0.15 V vs. Ag|AgCl. It could be 

due to the fact than the binders shield the TiO2 particles and so provide fast surface 

recombination under illumination. Besides, The TiO2 powder is different compared to the one 

used in the previous chapter. Unfortunately, without complete information on the composition 

of the TiO2 paste used, it is impossible to make a solid conclusion regarding surface electron-

hole recombination. 
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The commercial films show a reproducibility of 70 % with only three samples giving values 

outside of the 95 % confidence interval (Figure 37 h). This 30 % of samples out the range could 

be due to a small variation of the thickness of the “as purchased” Solaronix film samples. 

However, it was possible to determine the TiO2 loading of each sample by weighting the sample 

then carefully removed the TiO2 thin film by scratching the surface and weight the sample 

again. Then as the TiO2 paste used by Solarnix contains 18 wt% of TiO2, it was possible to 

determine the approximate TiO2 loading of each sample 

 

 The average photocurrent is 8 ± 1 µA cm-2 mg-1, in comparison the usual photocurrents for the 

full redox flow batteries reported in the literature [49], [53], [54] were 15 µA cm-2 for a 3 mg 

film, giving normalised by weight photocurrent of 5 µA cm-2·mg-1. The photocurrent for 

commercial films observed in this study is slightly higher than the literature values. Still, it is 

in a similar magnitude range so that these films could be considered as a proper standard for 

this study. 
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Figure 37: SEM images of commercial TiO2 films at various magnifications. Scale bars: a) 200µm, b) 20µm, and 

c) 600 nm. Surface roughness analysis of the commercial TiO2 films on a surface of d) 168.2 x 103 µm2, e) 1620.4 

µm2, and f) 1.98 µm2. 

g) linear sweep voltammetry (scan rate 0.5 mV s-1 between 0 V vs. Ag|AgCl and 0.7 V vs. Ag|AgCl) of a 

commercial TiO2 films  

h) Photocurrent densities at 0.5 V vs. Ag|AgCl of 10 commercial TiO2 films and the average photocurrent. 
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4.3.2 Doctor blading 

 

Doctor blading method is the most common method used in the literature [5], [38], [54], [95], 

[104], [144]–[147].The method was used for the first time by Gratzel et al. [94]. A viscous 

slurry of TiO2 in water was prepared by evaporation and spread on the conductive glass and 

sintered at 450 ºC. In their respective publications, Grunwald et al. [128] and Cao et al. [85] 

provided more details on the doctor blading deposition method. The TiO2 P-25 powder was 

suspended in water (12 g TiO2 in 4 mL of water) with 0.4 mL of acetylacetone added to avoid 

aggregation. 0.2 mL Triton X was added to help the nanocrystals to disperse on the substrate. 

A tape mask was used, and the slurry was bladed by a glass slide. The film was similar to the 

case of Gratzel et al.; lately, the better solvent mixtures have been used to disperse TiO2 in the 

slurry: some polymers in water [5] or terpineol [48], [126], [127], similarly to the case of 

commercial samples studied here, are used for forming the slurry.  

Based on this slurry recipe, films made using a doctor blading method have been prepared for 

the comparison of their performance with that of the commercial ones. The initial experiments 

were performed with an aim to find the best way of obtaining a good titania slurry, with first 

screening experiments aimed at establishing the best slurry matrix without actually using TiO2. 

One alcohol and two polymers were tested: the terpineol was chosen because it used for several 

TiO2 films preparations in the literature [48], [126], [127]; The SBR and the CMC have been 

chosen because they have been previously investigated as binding agents (i.e. polymer which 

binds the TiO2 particles together) for nanocrystalline anatase TiO2 anode in Li-ion battery 

electrode [247].  

 

Unfortunately, the slurry matrix was too liquid (it would wash off when the mask was removed) 

in the case of CMC/Water and CMC/SBR/Water. Nevertheless, CMC and CMC/SBR slurries 

were investigated further. After an additional 1 hour of stirring no significant visible changes 

to the consistency of these slurries occurred. An extra CMC (0.5 g) was added to the CMC 

slurry and this time the slurry became too solid. 

 

According to the literature for lithium-ion batteries, to obtain a proper slurry, a weight ratio of 

CMC/SBR of 7:3 is required, and the binders should represent 10 wt% of the slurry [247]. 

However, as there is only CMC, no carbon black and that the support is different, the quantity 

of binders (i.e. CMC + SBR) was increased to 38 wt% of the slurry. The slurry obtained in this 
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way was deemed to have acceptable consistency (it was possible to deposit it on the FTO glass 

without forming a solid half-sphere on the surface and without spreading out when the mask 

was removed) and thus this wt% of binders was used in the follow-up experiments. However, 

because the as CMC is a rather stiff and brittle binder [247] (i.e. polymer which binds the TiO2 

particles together), the addition of a more flexible and elastomeric binder, such as SBR, was 

required to obtain a homogenous film [247], so the 38%CMC/SBR slurry has been made with 

the same wt% of binders and it has shown an acceptable consistency too.  

 

Three FTO glasses were covered by doctor blading with 38%CMC slurry, 38%CMC/SBR 

slurry, and terpineol slurry for comparison. The slurry made using CMC alone did not adhere 

efficiently enough to the FTO after sintering, but for the one made with CMC/SBR, the 

adhesion and the homogeneity were better. 

The SEM images show very homogenous top layer with particle size below 1 µm, but with a 

large, round half drop shape going out of the surface (diameter of 22 µm, 1 per image) and 

some cracks (maximum width of 2.3 µm, 3 per image) on the surface for the film made using 

slurry with terpineol (Figure 38 a). The cracking could arise due to the difference in thermal 

expansion between TiO2 and FTO film [267]. 

 

The film of CMC/SBR (Figure 38 b) is composed of large TiO2 particle agglomerates (from 

1.6 to 3.8 µm in diameter) and show lack in homogeneity and variability of thickness. The 

commercial sample had a very homogenous top layer with particle size about 100 nm (Figure 

38 c). The surface in 3D show a large difference of roughness: the use of terpineol results in 

(Figure 38 d) a low roughness of the layer if we exclude the half-sphere protruding out of the 

surface and cracks (Ra = 6 greyscale) (Figure 38 e). The use of CMC/SBR as binders leads to 

higher roughness (Ra = 18.6 greyscale). Use of the terpineol as a solvent yields a film with the 

high homogeneity in terms of roughness at the small scale: the particles are all the same size, 

and not a lot of agglomerates were formed in comparison to the commercial sample, which 

shows a few big agglomerates but still has a majority of tiny particles on the surface (Figure 

38 f). 

 

Comparison of the photocurrents at 0.5 V vs. Ag|AgCl (Figure 38 g) shows that the titania film 

made using terpineol-containing slurry has a higher photocurrent when normalized by weight 

(6.0 ± 0.2 µA cm-2·mg-1) than the film made using CMC/SBR slurry (1.6 ± 0.2 µA cm-2·mg-1). 
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The terpineol-based film shows a photocurrent of 18 ± 0.8 µA cm-2 and a photocurrent 

normalized by weight of 6 ± 0.2 µA cm-2 mg-1. In comparison, the commercial films show a 

lower photocurrent of 3.6 ± 0.8 µA cm-2, but a higher photocurrent by weight (8.3 ± 0.2 µA 

cm-2 mg-1). In the literature [53], the photocurrents of a TiO2 film deposited by doctor blading 

with a terpineol slurry were 15 ± 1 µA cm-2 for a 3 mg film (5 ± 1 µA cm-2 mg-1). It confirms 

the choice of terpineol as a good solvent for the doctor blading deposition. 

 

The use of polymer binders was not effective at improving the photocurrent of the photoanode. 

It could be explained by the partial coverage of TiO2 particles by these polymers and especially 

SBR, which has some insulating properties [248], prohibiting the charge to pass from one TiO2 

particle to another. The reproducibility of the doctor blading could be low and is based on the 

capability of the person depositing the film (required two failed slides before three acceptable 

films which can be tested have been obtained). Besides, the use of a slurry limits the possibility 

to change the deposition parameters (limited to viscosity and TiO2 loading in terpineol) to 

obtain TiO2 films with different macrostructure. Hence, a more reproducible, automated and 

more tuneable with respect to deposition parameters deposition method was required. 
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Figure 38. SEM images at x1000 magnification (scale bars of 20 µm) of a) terpineol-based doctor bladed TiO2 

film, b) 38 % CMC/SBR slurry-based doctor bladed TiO2 film, and c) commercial TiO2 film. Corresponding 3D 

surface plots: d) terpineol, e) 38 % CMC/SBR, and f) commercial. g) photocurrent densities at 0.5 V vs. Ag|AgCl 

of the different TiO2 films. 

 

4.3.3 Spray coating  

 

As the doctor blading method shows a lack of reproducibility and tuneability, two other 

deposition processes were investigated: the airbrush spray and the ultrasonic spray. The 

airbrush spray has been used by Senevirathne et al. for deposition a TiO2 film for dye-sensitized 

solar cells with success [151]. The capacity of depositing the films in a specific area by the 

application of a spray mask and the possibility to control the films morphology including 

aggregation domain size [249] are the main advantages of this method. Senevirathne et al. 

[151] used a mixture of titania colloidal solution (20 mL, 20.5 % by volume of TiO2 in water), 

acetic acid (5.5 mL),  Triton X-100 (5 mL), and ethanol (20 mL) which was sprayed on an FTO 

glass heated at 150 ºC on a hot plate. 

 

The ultrasonic spray method is a small variation of the airbrush spray method which employs 

a different source of propulsion for the TiO2 colloidal solution. In the airbrush spray, the mist 

was formed at the nozzle by using a compressed airflow. The colloidal solution mist was 

projected by the same airflow on the mask and the FTO glass. In the ultrasonic spray, the 

creation of the mist is realized by an ultrasonication (60 kHz) of the solution at the nozzle, and 

airflow is projected around the nozzle not to propelled but to focus the mist to the desired 
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surface by creating a boundary that the mist ca not pass. Overall the ultrasonic spray shows 

better control over the area of deposition (0.5 cm2 minimum deposition spot size with ultrasonic 

spray over 1.2 cm2 with an airbrush spray) and removed parameters which could lead to a 

decrease of the film reproducibility and external contamination (i.e. the compressed air used 

by the airbrush spray). However, to be able to obtain a reproducible film, both devices were 

mounted on an x-y robotic stage controlled by computer, which allows a precise definition of 

the desired deposition area. 

 

To investigate the effect of the solvents used in the common TiO2 film preparation, water and 

a selection of alcohols with different boiling points was studied. Indeed ethanol (boiling point 

temperature: Tb.p = 78 ºC [250]) and water (Tb.p = 100 ºC [250]) have been widely used for 

dispersing the TiO2 particles in the slurry for the doctor blading [85], [94], [128]. Propan-2-ol 

(Tb.p = 80 ºC [250]) has a boiling point close to that of the ethanol. However, the TiO2 dispersion 

was more stable over a long time in propan-2-ol (could be still used after three days instead of 

1 day in ethanol and a few hours in case of water). Besides, as the goal was to obtain a liquid 

suspension suitable for spraying, thus, the concentration in TiO2 particles has been set at 20 mg 

mL-1 (a lower TiO2 concentration than the 40 mg·mL-1 used for doctor blading). Photoanodes 

were prepared from TiO2 P-25 with these three different solvents using the two different 

deposition processes (Table 5). 
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Table 5. Summary of the titania suspension compositions used for the depositions and different deposition 

processes used in this study. 

 

 

Surface analysis was carried out using an SEM microscope on the different TiO2 films 

obtained. These films were compared with the TiO2 films deposited using doctor blading 

approach and the commercial films. The TiO2 films obtained using titania suspensions in 

selected three solvents and the various deposition processes (Figure 39) show a vast diversity 

of morphology. 

  

The eth/LAF (Figure 39 a) formed a homogenous layer (no extra-large agglomerates on the 

surface, but large particles 2 to 1 µm merged together) without any deep cracks but quite a 

rough surface. In comparison, the iso/LAF film (Figure 39 b) present a large number (16 on 

Deposition method Suspension composition Short name 

Doctor blading 0.3 g mL-1 in 1 mL of terpineol Doctor 

blading TiO2 P-25 slurry. Hot plate 

temperature: 90 ºC 

D B 

Airbrush spray coating 

with 1.2 m·s-1 airflow 

20 mg mL-1 of TiO2 P-25 in ethanol as a 

solvent. Hot plate temperature: 90 ºC 

eth/LAF 

Airbrush spray coating 

with 1.2 m s-1 airflow 

20 mg mL-1 of TiO2 P-25 in propan-2-ol as a 

solvent. Hot plate temperature: 90 ºC 

iso/LAF 

Airbrush spray coating 

with 1.2 m s-1 airflow 

20 mg mL-1 of TiO2 P-25 in water as a 

solvent. Hot plate temperature: 120 ºC 

wa/LAF 

Airbrush spray coating 

with 3 m s-1 airflow 

20 mg mL-1 of TiO2 P-25 in ethanol as a 

solvent. Hot plate temperature: 90 ºC 

eth/HAF 

Airbrush spray coating 

with 3 m s-1 airflow 

20 mg mL-1 of TiO2 P-25 in propan-2-ol as a 

solvent. Hot plate temperature: 90 ºC 

iso/HAF 

Airbrush spray coating 

with 3 m s-1 airflow 

20 mg mL-1 of TiO2 P-25 in water as a 

solvent. Hot plate temperature: 120 ºC 

wa/HAF 

Ultrasonic spray coating 20 mg mL-1 of TiO2 P-25 in ethanol as a 

solvent. Hot plate temperature: 90 ºC 

eth/sonic 

Ultrasonic spray coating 20 mg mL-1 of TiO2 P-25 in propan-2-ol as a 

solvent. Hot plate temperature: 90 ºC 

iso/sonic 

Ultrasonic spray coating 20 mg mL-1 of TiO2 P-25 with water as a 

solvent. Hot plate temperature: 120 ºC 

water/sonic 
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this image) of agglomerates (diameter of agglomerate from 4.7 to 8.5 µm, made of small 

particles below 100 nm merged together) on the top of a homogenous layer. The formation of 

agglomerate on any TiO2 film is due to high surface area and interfacial energies of TiO2 

particles [251], in the case of iso/LAF the lower surface tension ( propan-2-ol 21.7 mN·m−1 < 

ethanol 22.3 mN·m−1) can explain the formation of numerous agglomerate (lower surface 

tension so faster evaporation linking to a larger chance to form agglomerate [252]). Finally, 

when the water is used as the solvent (wa/LAF) (Figure 39 c) the film shows two larger 

agglomerates (diameter of agglomerates ca. 12 µm compared to the 4.7 to 8.5 µm in iso/LAF), 

the rest of the film was composed of small agglomerate of 1 µm. 

On the 3D surface plot, the roughness of the eth/LAF (Figure 39 d) is evident (Ra = 22.41 

greyscale ). However, the distribution of the particles is homogenous. The iso/LAF (Figure 39 

e) film shows a much lower roughness of the layer over the agglomerate (Ra =15.17  greyscale). 

However, it is still rougher than the film deposited using doctor blading (Ra =6  greyscale) 

(Figure 38 d). Finally, the 3D surface plot analysis of wa/LAF (Figure 39 f) film shows that it 

is rougher than the SEM picture was showing: the surface is full of high peaks with a small 

diameter. 

 

The solvent has an effect on the aggregation domain size and the overall film morphology 

because of the difference in surface tension (water 72.75 mN·m−1> ethanol 22.30 mN·m−1> 

propan-2-ol 21.7 mN·m−1 [250]). When a droplet is about to be formed, two force occurs the 

Bernoulli pressure, which is the internal pressure of the droplet and the surface tension of the 

solution, which is opposite to the internal pressure. The droplets are finally formed when these 

two forces reached an equilibrium. In the initial stage, large droplets will be broken into smaller 

ones with decreased surface tension [253]. When Bernoulli pressure equals to surface tension, 

droplets remain at the equilibrium state and do not break. The choice of the solvent will lead 

to a difference in the equilibrium size of the droplets and finally when the droplets dry will 

result in a difference in morphology of the film. In the deposition process, the droplets will 

spread out into a spherical cup shape specified by the contact angle with the substrate [254], 

[255], and form laminar spot mark after drying. A significant number of spots accumulate as 

cascade and turn into a thin film ultimately. The morphology of the film is dependent on the 

size of droplets and thickness difference between the center and edge of the spot mark [254], 

[255]. 

 

When airbrush spraying was used with airflow of 3 m s-1 eth/HAF film (Figure 39 g), a large 

network of cracks was found (from 2.3 µm to 12.0 µm width and more than 112 µm in length) 
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all other the surface of the film with agglomerates (diameter 1 to 5 µm, 20 per image) the rest 

of the film is composed of particles smaller than 100 nm. In the case of iso/HAF, the film is 

crack-free with some agglomerates (11 per image with a diameter from 7 to 10µm) and a 

surface composed of 500 nm particles, however, compared to the eth/LAF (Figure 39 h) the 

agglomerates are much more integrated within the top layer. Finally, the (Figure 39 i) wa/HAF 

shows a homogenous film (fine grain surface features smaller than 100 nm) surface with small 

cracks spread over the surface (20 per image, 1 µm maximum width and 30 µm maximum 

length). 

The 3D surface plot (Figure 39 j) shows correctly the cracks going deep inside the eth/HAF 

film, while the rest of the surface is quite rough (Ra =27.3 greyscale with the cracks). The 

iso/HAF 3D surface plot (Figure 39 k) confirm the roughness of the surface and the presence 

of agglomerate particles (Ra =21.5  greyscale). Finally, the wa/HAF  (Figure 39 l) is looking 

very flat, but due to the presence of the cracks, overall, it has a similar roughness as the iso/HAF 

(Ra =22.6 greyscale).  

 

It is noteworthy that cracking is more pronounced in the case of eth/HAF film sample. Which 

could be explained by the hypothesis that the droplets reach the surface faster without losing 

as much solvent, as in the case of lower flow rate and hence the growing film at the surface is 

oversaturated with solvent, fast evaporation of which results in cracking. The cracking could 

arise due to rather vigorous evaporation of residual ethanol (lowest Tb.p. in series) from the film 

during deposition resulting in the build-up of the capillary pressure and hence rupturing of the 

surface [256], [257]. In the case of water, the airflow did not dry the droplet as much as in the 

case of alcohols with lower boiling points (Tb.p.: water 100 ºC cf. isopropanol 82.5 ºC and 

ethanol 78.37 ºC [250]) and enthalpy of vaporization (ΔvapH
o: water 44.0 kJ/mol cf. isopropanol 

45 ± 3 kJ/mol and ethanol 42.3 ± 0.4kJ/mol [258]). Therefore, the large droplets were landing 

onto the surface, losing the individual droplet shape by merging with slurry-like TiO2 film 

which dried much slower (cf. alcohol-based formulations) on the FTO. This hypothesised 

process could explain the formation of the smoother and more ordered TiO2 films. It is 

noteworthy that films obtained at higher flow rate of air are smoother, implying that the 

growing films were more rich in water allowing more even distribution of titania particles and 

resulting in some minor cracking (1 µm maximum width and 30 µm maximum length) upon 

evaporation of the solvent from within the film. 

 

In the case of the ultrasonic deposition using titania suspension in ethanol eth/sonic (Figure 39 

m), SEM image shows the homogenous TiO2 film covered with numerous agglomerated 
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particles (4 to 8 µm diameter, 30 per image). In the case of the iso/soni (Figure 39 n), the TiO2 

film was rough with agglomerated particles (4 to 24 µm diameter, 20 per image) and 

pronounced cracks (1 to 4 µm width, up to 86 µm long) can be observed. The mechanism of 

formation of such features should be similar to the case of eth/HAF (fine grain below 100 nm 

size). The capillary pressure increase inside the film and when sintered create some cracks in 

the film. Finally, the wat/soni (Figure 39 o) shows soft (fine grain below 100 nm size) but 

wavy-like top surface with intermingled flat-looking wave-tops punctuated by shallow and 

wide crack-like (1 µm width, 4 µm long) features (unlike in any other sample in these series). 

The morphology is due to the same effect that the wa/HAF, however, this time the saturation 

of the surface in solvent has been higher (more liquid concentrated on a smaller surface). So 

the suspension finally has formed a single layer across all surface which had been evaporated 

slowly. 

 

The 3D plots show a rough layer (Ra =27.34  greyscale) for eth/soni (Figure 39 p). The cracks 

were observed for the iso/soni film (Figure 39 q), leading to more irregular film (Ra =28 

grayscale) overall. Finally, the wa/soni (Figure 39 r) show a smoother top layer (Ra =20 

greyscale ) with cracks (57 µm of length and 1 µm width) quite visible on the 3D surface plot. 

Compared to the film deposited by doctor blading (Figure 38 a) and the commercial one (Figure 

38 c), all the films made by spraying were rougher and so, potentially could present higher 

surface area to the electrolyte. Besides, the absence of polymer binders leads to direct intrinsic 

contact between the TiO2 particles and between the particles and the liquid electrolyte. 

 

Thus, by changing the deposition procedure, the macroscopic morphology of the TiO2 film 

could be changed, which could, eventually, lead to a better tunability of the surface 

morphology. The cracks allow a higher surface area and provide high diffusion pathways 

penetrating deep inside the film which could be useful in helping the transport of the electrolyte 

within the film in contrast to the case of a continuous layer [259]. The solvent is an additional 

parameter which can be tuned to change the morphology of the film. The solvent can be 

changed, creating different dispersion, mist droplet size and evaporation/wetting behaviour 

[260], [261], which results in different deposition behaviour as discussed above. The tunability 

of the TiO2 films has been realized in the order of micrometres. However, some 

photoelectrochemical tests are required to determine if this TiO2 films tuning have an impact 

on the photoelectrode efficiency. 
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Figure 39: SEM images x1000 magnification (scale bars of 20 µm) and surface 3D plot of the films made using 

TiO2 P-25 suspensions with a concentration of 20 mg mL-1 dispersed in different solvents and deposited using the 

different deposition processes. SEM images: a) eth/LAF, b) iso/ LAF, c) wa/ LAF, g) eth/HAF, h) iso/ HAF, i) 

wa/ HAF.m) eth/sonic, n) iso/sonic and o) water/sonic. Surface 3D plots: d) eth/LAF, e) iso/ LAF, f) wa/ LAF, j) 

eth/HAF, k) iso/ HAF, l) wa/ HAF, p) eth/sonic, q) iso/sonic and r) water/sonic. 

 

The photoelectrochemical tests have been conducted on these TiO2 films (Figure 40). It is 

important to mention here that the photocurrents (Figure 40) are normalized by the weight of 

the titania film. Changing the morphology of the TiO2 films affects the result of the 

photoelectrochemical test. Surprisingly, in the case of eth/HAF, the appearance of cracks and 

the increase of the roughness seems to have decreased the photocurrent. It may be due to a 

loose of contact with the substrate at the bottom of the film (the cracks seems to be deeper than 

the water-based one) however no clear conclusion could be made. For the propan-2-ol-based 

suspensions, the variations in the deposition process had no significant effect on the 

morphology of the TiO2 films surface and the photocurrent. The water-based suspensions 

deposited by ultrasonic spraying show the maximum of photocurrent in the studied series: 10.  

± 1 µA cm-2 mg-1. The current is twice the one published in the literature, 5 ± 1 µA cm-2 mg-1 

[49], [53], [54], but only 2 µA cm-2 mg-1 higher than that for the commercial films. 

Interestingly, in the case, water-based suspensions differences in film morphology between the 

different samples imply the importance of film structuring, with the smoothest film (wa/LAF) 

showing worst performance, which is in line with the literature [262]. Performance improves 

with the appearance of narrow cracks (wa/HAF) and reaches a maximum for the series for the 

highly corrugated top surface with wide and shallow crack-like features (ultrasonic spraying). 

In conclusion, it seems that the water solvent is a good candidate to obtain a high photocurrent, 

but the water must be used with care: any small change on the deposition process could lead to 

a drastic change of efficiency of the TiO2 film. Propan-2-ol was the solvent which gave rise to 

the least variation in the surface morphology of the TiO2 films, which correlated well with very 

similar photocurrents observed for all the films made using this solvent. Indeed, photocurrent 

of 6 ± 1 µA cm-2 mg-1 was observed for airbrush sprayed film using 1.2 m s-1 airflow rate, 6.1 

± 0.1 µA cm-2 mg-1 for a 3 m s-1 airflow deposition and finally 5.6 ± 0.3 µA cm-2 mg-1 for 

ultrasonic deposition (similar to the one published in the literature: 5 ± 1 µA cm-2 mg-1 [49], 

[53], [54])  
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Figure 40: Summary of the photocurrents (black – total per sample, red – normalised by weight of titania) of TiO2 

films deposited by different methods and using different solvents at 0.5 V vs. Ag|AgCl. 

The effect of the solvent on the photocatalytic activity of the TiO2 thin films could be due to 

the difference in the dispersion of TiO2 particles and different structure of the film surface and 

other films properties resulting at least in part due to varying rates of evaporation of solvents. 

Hence, it was decided to explore the effect of solvent evaporation efficiency during film 

deposition by using solvents with different boiling points and by changing the temperature of 

the hotplate. 

 

4.3.4 Tuning by changing the molecular structures of alcohol solvent 

 

The influence of the molecular structures of alcohol solvent in relation to evaporation 

conditions has been studied. The goal is to determine how the evaporation conditions (droplets 

size and shape and solvent evaporation speed) will affect the TiO2 film macroscopic structure. 

The different solvents (alcohols) have been chosen for their availability and their broad range 

of structure, boiling point temperatures, surface tension and polarity (Table 6). For the 

deposition process, the ultrasonic spray coating was used due to better control of the deposition 

area. Finally, the substrate was heated at 120 °C, which is a temperature high enough to 

evaporate butan-1-ol – solvent with the highest boiling point within the selected solvent range. 

The important characteristics of the different alcohols are presented in Table 6. 
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Table 6: Summary of evaporation temperatures, enthalpies of evaporation, surface tensions and polarities of 

alcohols used in this study. 

 

Solvent Boiling point  

temperature (ºC) 

[250] 

Enthalpy of 

vaporization 

(kJ mol-1)  

[258] 

Surface tension 

(mN·m−1)  

[250] 

Polarity 

(water 

100) [250] 

Methanol 64 37.6 ± 0.5 22.6 76.2 

Ethanol 78 42.3 ± 0.4 22.3 65.4 

Propan-2-

ol 

80 45.0 ± 3 21.7 54.6 

Butan-2-ol 108 48.0 ± 5 22.8 55.2 

Butan-1-ol 118 52.0 ± 3 24.6 60.2 

 

The boiling point temperature and the enthalpy of vaporization will affect the surface 

morphology by changing the speed of evaporation of the solvent. Indeed, a solvent with a low 

boiling point and a low enthalpy of evaporation will evaporate very quickly compared to a 

higher boiling point and low enthalpy alcohol. 

The surface tension and polarity of the alcohol will affect the surface morphology by changing 

the drop shape when landing on the substrate. Indeed, a solvent with a low surface tension will 

form small droplets [263] and a low contact angle [254], [255], [260] with the substrate. 

Besides the high polarity of a solvent could lead, on a hydrophilic surface like FTO [263] or 

TiO2 films, to a low contact angle with the substrate [264]–[266]. 

These four parameters could affect the deposition process at two moments. First, when the 

droplet is sputtered on the surface, it can start to evaporate before landing Kebarle et al [263] 

have shown that the solvent evaporation in the air reduces the volume of the droplets and leads 

to fission of the droplets. It will change the size of the droplets landing on the substrate, and so 

influence the formation of agglomerates [252] (Figure 41 a). In this case, the surface tension, 

the boiling point temperature and the enthalpy of vaporization are an important factor: the 

boiling point temperature and the enthalpy of vaporization will determine if the droplets can 

be evaporated in the air (probably it will occur for methanol, ethanol and propan-2-ol) [263], 

the surface tension will determine the size of the droplets forming at the nozzle and the one 

landing at the substrate [263]. 



 

 

111 

 

Then, when the droplets land on the substrate. In the literature [254], [255], [260] it’ have been 

shown that the droplet when landing will first spread out and form a cuvette shape before 

eventually come back to a half-sphere shape. However, if the evaporation speed is fast, the 

droplet will not have time to return to a half-sphere shape. Accumulation of nanoparticle in the 

edge of the droplets will occur and dried slower than the centre resulting in the slight excess 

accumulation of nanoparticle were the edge of the droplet were, leaving a mark behind (Figure 

41 b). In this case, the four parameters are essential: the boiling point temperature and the 

enthalpy of vaporization will determine if the droplets evaporate fast enough to form the 

accumulation of particles on the substrate [254], [255], [260], the surface tension [254], [255], 

[260] and the polarity [264]–[266] of the alcohol will determine the size of the droplets 

silhouette left behind. 
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Figure 41: droplet landing and evaporation process leading to: a) the formation of TiO2 agglomerate on the 

substrate , b) the formation of droplets silhouette on the substrate. 

 

The SEM micrograph images (Figure 42) show a diversity of surface morphology of the 

samples in these series. The TiO2 particles dispersed in methanol (Figure 42 a) solvent formed 

a TiO2 film (~500 nm fine grain) with some agglomerated particles (1 to 3 µm of diameter, 20 

agglomerate per image) and some droplet silhouettes at the surface (57 µm of diameter) formed 

of fine-grain below 500 nm size. Methanol has a low boiling point temperature (64 ºC for a hot 

plate temperature set at 120 ºC), a low enthalpy of vaporization (37.6 ± 0.5 kJ mol-1), a 
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relatively medium surface tension (22.6 mN·m−1) but a high polarity (76.2). Therefore, 

according to the previous hypothesis, the droplets have been probably evaporated in air, and so 

the droplets have diminished in size compared to the one in the nozzle. Some droplets have a 

high TiO2 particle concentration resulting in the formation of agglomerates. However, the 

majorities are still dispersed correctly: when the drop landed on the substrate, the solvent 

evaporates and form the drop silhouette observed on the SEM. In comparison, the previous 

experiment with different deposition process does not show that drop silhouette due to a lower 

temperature of the hot plate in case of ethanol and propan-2-ol leading to much slower 

 

The SEM image of the sample obtained with ethanol (Figure 42 b) shows a homogenous film 

with agglomerated particles (1 µm of diameter, 20 agglomerate per image). A silhouette of the 

droplet shape is visible on the surface (calculated diameter of the droplet silhouette of 52 µm 

for the largest, 8 µm for the smallest). Propan-2-ol-based film (Figure 42 c) has a similar 

morphology. However, a qualitative comparison of the size of droplet silhouette shows that 

these are larger in the case of propan-2-ol as a solvent: 61.25 µm for the propan-2-ol > 57 µm 

for methanol > 51.8 µm and 23.8 µm for the ethanol. However, based on the surface tension 

values shown in Table 6, it could be inferred that the mist of small droplets was formed in the 

case of propan-2-ol  due to its lower surface tension: propan-2-ol 21.7 mN·m−1 < ethanol 22.3 

mN·m−1 < methanol 22.6 mN·m−1. However as the boiling point temperature and the enthalpy 

of vaporization are higher than methanol and ethanol (Tbp  propan-2-ol: 80 ºC > Tbp ethanol: 78 

ºC > Tbp methanol: 64 ºC , ΔvapH
o propan-2-ol: 45.0 ± 3 kJ mol-1 > ΔvapH

o ethanol: 42.3 ± 0.4 

kJ mol-1 > ΔvapH
o methanol: 37.6 ± 0.5 kJ mol-1) the droplets will be less evaporate in the air, 

and the size of the droplets will stay bigger than the methanol and ethanol one. 

The 3D plot confirm the previous observation for the sample made using methanol (Figure 42 

d): a droplet silhouette with a rough surface (Ra =22 greyscale). Compared to an ethanol-based 

film (Figure 42 e), methanol-based one as a higher roughness (Ra =17 greyscale for ethanol < 

Ra = 22 greyscale for methanol). However, the sample made using propan-2-ol as a solvent 

(Figure 42 f) shows a rougher film than the two previous ones (Ra =24 greyscale). 

 

The surface tension of the solvent explains the fact that samples made using ethanol as a solvent 

have the smallest droplet silhouettes amoung theseries studied here. The methanol due to its 

highest surface tension should form bigger droplets in air and on the substrate. However, due 

to its lower evaporation boiling point temperature and the enthalpy of vaporization, it should 
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have an inverse effect than propan-2-ol and splitting the large drop into smaller one. However, 

methanol has a high polarity (methanol 76.2 > ethanol 65.4 > propan-2-ol 54.6). As seen 

previously, the FTO and TiO2 film are hydrophilic (formed a low contact angle with polar 

solvents), so the drops when landing on the substrate will spread on the surface and formed a 

large cuvette shape in comparison of its size droplets [264]–[266]. 

 

In comparison, the previous experiment with different deposition process does not show that 

drop silhouette. It is due to a lower temperature of the hot plate in case of ethanol and propan-

2-ol (90 ºC for the previous experiment against 120 ºC for this experiment) leading to much 

slower evaporation and the formation of agglomerate on the surface (Figure 39 a, b, g, h, m, 

and n), and some cracks (Figure 39 g and n). For the water, the hydrophilic of the FTO and 

TiO2 film leads to the formation of a liquid thin film which has been evaporated slowly forming 

a smooth surface (Figure 39 c, i, and o). 

 

The butan-2-ol film (Figure 42 g) shows surface morphology composed of large droplet 

silhouettes (diameter: 66 µm) and some holes (diameter: 38-10 µm) on an otherwise flat surface 

(fine grain size of less than 100 nm). The butan-2-ol has similar polarity value than propan-2-

ol (propan-2-ol 54.6, butan-2-ol 55.2) with higher surface tension (24.6 mN·m−1) than all the 

previous alcohol tested. Its boiling point temperature (Tbp butan-2-ol: 108 ºC , ΔvapH
o butan-2-

ol: 48.0 ± 5 kJ mol-1) and its enthalpy of vaporization (ΔvapH
o butan-2-ol: 48.0 ± 5 kJ mol-1) 

are too high to affect the size of the droplets in the air so it’s resulting in a big droplet size 

which land on the substrate create a large cuvette shape and dried. 

The creation of the hole could be explained by shrinkage of the film during the annealing step 

due to remaining solvents on the surface: Golobostanfard et al [267] show some similar shape 

for a mixed solvent of propan-2-ol and propan-1-ol solvent ( even if in their publication the 

crystallisation of the TiO2 particle happens in the same time that their deposition process).  

Finally, the butan-1-ol (Figure 42 h) TiO2 film shows a similar shape that butan-2-ol: larger 

droplet silhouette (72 µm diameter) and some massive cracks (3 -10 µm width, length > 100 

µm). The butan-1-ol has a higher polarity value than butan-2-ol (butan-1-ol 60.2, butan-2-ol 

55.2) with the highest surface tension (22.8 mN·m−1). Its boiling point temperature (Tbp butan-

2-ol: 118 ºC) and its enthalpy of vaporization (ΔvapH
o butan-2-ol: 52.0 ± 3 kJ mol-1) are the 

highest of the series. The butan-1-ol will formed the larger droplets of the alcohol series (larger 

drop silhouette). The increase of saturation in solvents of the film (higher boiling point means 
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a longer time of evaporation, so higher amount of solvent in the film [268]) leading to a high 

capillary pressure which in turn leads to the formation of cracks 

 

Butan-2-ol-based films (Erreur ! Source du renvoi introuvable. i) do not show a flat surface 

without agglomerate (Ra =10  greyscale). The holes are clearly visible in 3D plots: they have 

significant depth (81 greyscale) and an elevation of the edge probably due to the shrinking of 

the film. Butan-1-ol-based film (Figure 42 j) shows a smooth surface (Ra =12  greyscale) with 

the presence of the drop silhouette and deep cracks which seems to be lifted on their edges.  

The photoelectrochemical tests have been conducted on deposited TiO2 films deposited using 

different alcohols (Figure 43). Changing the alcohol molecular structure, affected the 

morphology of the TiO2 film, which in turn should affect the photocurrent of the photoanode. 

The photocurrent by weight decreased in the following order: methanol (6.2 ± 0.7 µA cm-2 mg-

1) < propan-2-ol (5.6  ± 0.3 µA cm-2 mg-1) < ethanol (4 ± 1 µA cm-2 mg-1) < butan-2-ol (3.5 ± 

0.3 µA cm-2 mg-1) < butan-1-ol (3.1 ± 0.4 µA cm-2 mg-1). The value for methanol propan-1 ol 

, propan2-ol and ethanol stays very close to the one reported in the literature (5 ± 1 µA cm-2 

mg-1) [49], [53], [54] and in the order of the commercial films (8.3 ± 0.2 µA cm-2 mg-1). Except 

for ethanol, the photocurrent by weight decreased when the boiling point temperature increased 

(consistent with the decrease in the overall roughness (Ra) of the film with an increase of the 

boiling point temperature). The lower photocurrent by weight of ethanol could be linked to the 

small number of agglomerates at the surface. The diminution of the film surface presented to 

the bulk electrolyte can explain the decrease of photocurrent with the increase of solvent 

evaporating temperature. However, the cracks, which should help the electrolyte to circulate 

better into the film, were not beneficial in the case of butan-2-ol: the shrinking of the film 

during the creation of the crack could lead to a loss of contact between the TiO2 particles and 

the FTO film around these cracks [269]. 

 

In conclusion, the best solvents for a maximum photocurrent was methanol and propan-2-ol 

due to their low boiling point temperature (films with the roughest surface). Hence, the example 

of butan-2-ol has shown the importance of proper contact between the substrate and the film. 

One way to improve the contact between the FTO and the TiO2 film is to use a TiO2 precursor 

instead of using an already formed powder. The precursor will form TiO2 directly on the 

substrate surface and will establish better contacts between pre-formed TiO2 particles within 

the film and with the FTO substrate [270]. 
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Figure 42: SEM images x1000 magnification (scale bars of 20 µm) of TiO2 films prepared by ultrasonic spray 

deposition at 120 ºC with different solvents: a) methanol, b) ethanol, c) propan-2-ol, g) butan-2-ol and, h) butan-

1-ol. Corresponding 3D surface plots: d) methanol, e) ethanol, f) propan-2-ol, i) butan-2-ol and, j) butan-1-ol. 
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Figure 43: Photocurrent (black – total per sample, red – normalised by weight of titania) of TiO2 films deposited 

with different alcohol solvent at 0.5 V vs. Ag|AgCl. 

 

4.3.5 Tuning by addition of titanium isopropoxide 

 

To provide better contact between the substrate, growing a TiO2 film from a titania precursor 

could be a solution [270]. 

The titanium tetra-isopropoxide (TTIP) has been used in literature to produce TiO2 powder 

[271]–[274] and TiO2 films [270]. The titanium isopropoxide reacts with water to form TiO2 

and propan-2-ol: 

Ti(OCH(CH3)2)4(l) + 2 H2O →TiO2(s)+ 4 (CH3)2CHOH (l)   (24) 

 

 A mixture between the TTIP and P-25 in propan-2-ol as a solvent should form a TiO2 film 

upon exposure to ambient water from air (according to the reaction equation 24) comparable 

to the previous films studied here, but with better connection with the substrate and between 

particles. 

 

 PXRD diffractograms (Figure 44) have been obtained for pure P-25 and for films made using 

a mixture of the TTIP and the P-25 in propan-2-ol. The TiO2 formed by hydrolysing TTIP 

during film growth and subsequent heat treatment of the films has an anatase crystalline 

structure. Indeed, the intensity of the peaks corresponding to anatase is higher in the presence 

of TTIP than with only P-25. 
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Surface analysis on TiO2 films deposited by ultrasonic airbrush at 90 °C hotplate temperature 

with a propan-2-ol as a solvent with different amounts of P-25 and TTIP was carried out using 

SEM micrographs (Figure 45). The images of the film made using titanium isopropoxide alone 

(0% P-25 / 100% TTIP) (Figure 45 a) film shows an interesting macrostructure: the film was 

composed of independent flakes or TiO2 islands (3600 µm2 and below in area, with flakes 

separated by  20 to 40 µm, 4 per image). This morphology is typical of titania films grown via 

titanium isopropoxide hydrolysis [156], [275]. 

 

The flakes could be formed due to a Volmer–Weber growth [269]. It occurs when the smallest 

stable TiO2 clusters (i.e. small particles) nucleate on the FTO surface and then grow in three 

dimensions. It happens because the newly formed TiO2 building blocks have a higher affinity 

to the existing TiO2 nuclei than to the FTO substrate [269]. Besides, the large gap between the 

flakes could be due to tensile stress from the capillary pressure of solvent evaporation and film 

densification before the step of crystallization of the amorphous film [268] during the sintering 

of the film at 450 ºC. Unfortunately, the film was not mechanically stable and often 

disintegrated when it was placed in contact with the electrolyte. 

 

The film made using 5 % of P-25 and 95% TTIP mixture (Figure 45 b) shows (similar flake 

sizes, spaces between them and flake numbers per image as for the film made using pure TTIP. 

The mechanical stability was similarly unsatisfactory as in the case of the film made using pure 

TTIP. 

 

The use of 15% P-25 and 85% TTIP mixture (Figure 45 c) increased the mechanical stability 

of the TiO2 film. The size of the flakes diminished (1800 µm2) their number increased to 5 per 

image, and the space between them stayed constant. 

 

The 3D plot of the film made using pure TTIP (Figure 45 d) shows a high and homogenous 

layer representing the top surface of the flake then a cliff representing the side of the flakes, 

and in the bottom another very smooth layer of FTO. Similar structural motifs were even more 

pronounced in the 3D plot of the samples made using 5% P-25 and 95% TTIP (Figure 45 e) 

and 15% P-25 with 85% TTIP (Figure 45 f).  

 

The films made using 25% P-25 and 75% TTIP films (Figure 45 g) show a diminution of the 

size of the flakes (1700 µm2), an increase of their numbers (10 per image), and a diminution of 

the gaps between them (20 µm in average). An increase in the percentage of P-25 powder seems 
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to decrease the size of the flakes and the gap. It could be due to an increase of the nucleation 

site with more TiO2 P-25 particle creating crystallization point. However, as the TTIP 

hydrolyse and crystallization is not perfectly homogenous, the Sem image could represent a 

specific region which has more island than the previous SEM picture. 

 

The samples made using 50% P-25 and 50% TTIP mixture (Figure 45 h) show usual flakes 

(1700 µm2, 8 per image, 20 µm between the flakes) and a large number (>100) of particles on 

the FTO between the flakes. The film made using 65% P-25 and 35% TTIP mixture (Figure 45 

i) shows a notable shift in the morphology: the flake surface morphology has been changed to 

a fine grain film (sub-100 nm) like in the case of the film obtained using pure P-25 (Figure 45 

u). There is still deep cracks and a separation between the flakes, but it has significantly 

decreased (5 to 10 µm). The surface looks more like the film perforated with cracks, rather than 

a collection of flakes as in the case of lower P-25 loadings. Such-morphology have been 

observed previously in the case of film eth/HAF (Figure 39 g). or deposited with butan-1-ol 

solvent and P-25 powder (Figure 42 i).  

 

The 3D plot of the surface of the film made using 25% of P-25 and  75% TTIP mixture (Figure 

45 j) shows a similar cliff as in the case of the previous film (Figure 45 f). However, its 

boundaries are lifted compared to the surface of the flakes. This could be due to the shrinking 

of the flake during heat treatment [268]. The surface plot of the film made using 50 % P-25 

and  50 % TTIP mixture (Figure 45 k), and that of the sample made using 65% P-25 and 35% 

TTIP mixture (Figure 45 l) show the same phenomenon – lifted up edges of the flakes. 

Moreover, these surface plots confirm the decrease in the distance between the flakes. 

 

The film made using 75% of P-25 and 25% TTIP mixture (Figure 45 m) shows similar 

morphology to that of the sample made using 65 % P-25 and 35% TTIP mixture (Figure 45 i) 

- fine grains are now better visible at the top surface of the densely packed flakes (or a film 

perforated with numerous cracks). Grains appear to be coarser in the case of (Figure 45 i) 

However, they were more grouped: the distance between them decreases (3 to 10 µm, with 

some at only 1 µm). For the film made using 80 % P-25 and 20% TTIP mixture (Figure 45 n), 

the TiO2 film shows a morphology close of the pure P-25 morphology obtained earlier. In 

essence, the flakes are not separated anymore and merge on a continuous film perforated by 

cracks. The separation was transformed in cracks of maximum 4 µm width (12 per image). 

Besides, small agglomerates (up to 1 µm in diameter) now occur at the top surface. The sample 

made using 85% P-25 and 15% TTIP mixture (Figure 45 o) shows smoother top surface 
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morphology without pronounced aggregates protruding above the surface as in the previous 

case (Figure 45 n). There are only a few wide cracks with film visibly peeling off FTO around 

these cracks (which previously was deemed to reduce photocatalytic performance –TiO2 film 

made with butan-1-ol solvent and P-25 powder, p 116) and a significant number of small cracks 

perforating the flat areas of the film. As was suggested earlier, such cracks could facilitate 

diffusion of the electrolyte through the bulk of the film. To summarize, there are two categories 

of cracks in this film which can be grouped by their size: micrometre scale cracks (1 to 10 µm 

wide) and nanometre-scale cracks (sub-500 nm wide). Importantly, the overall number of the 

cracks significantly increased (> 100 per image) in comparison with the samples discussed 

above.  

 

As explained previously, the increases in capillary pressure within the film could lead to the 

formation of the cracks. However, like shown in literature Henkel et al [276] another 

phenomenon could be responsible for the nanoscale cracks: after the sintering treatment, the 

TiO2 thin film is cooled down and the TiO2 particles of different crystallographic phase contract 

differently (P-25 particles 85 wt% rutile αa= 7.0 x 10-6 K-1  [277] 15 wt% anatase crystals αa= 

4.4 x 10-6 K-1  [277], in the addition of the anatase crystals formed via hydrolysis of TTIP 

followed by crystallization αa= 4.4 x 10-6 K-1  [277]). The compressive stress is gradually 

removed, and the cooled down TiO2 thin film is under tensile stress creating the nanocracks 

into the film. 

However, it is hard to explain why this phenomenon would manifest itself only in the case of 

the film made using 85% P-25 and 15% TTIP mixture, while samples with 5% less or more of 

the P-25 do not show so many nano-cracks despite having very close precursor mixture 

compositions. 

 

 The 3D surface plot of the sample made using 75% P-25 and 25% TTIP mixture showed a 

continuous film with cracks (Figure 45 p). For the sample made using 80% P-25 and 20% TTIP 

mixture (Figure 45 q), the presence of cracks (area with small cracks within the square area 

sampled) was more pronounced in SEM image, but less visible on the surface plot. Finally, the 

3D surface plot of the sample made using 85% P-25 and 15% TTIP mixture (Figure 45 r) shows 

a homogenous film (in the area sampled, with no obvious large cracks) with a lot of small nano-

cracks clearly visible in SEM image, but hardly discernible in the 3-D plot. 

 

The film made using 90% P-25 and 10% TTIP mixture (Figure 45 s) shows cracks. However, 

their size is larger, and their number much lower than in the case of the film made using 85% 
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P-25 and 15% TTIP mixture. Besides, the droplet silhouette (42.8 µm diameter) and depression 

(17 to 40 µm diameter) can be observed. The formation mechanism of droplet silhouette and 

depression surface features has been explained previously. The film made using 95% P-25 and 

5% TTIP mixture (Figure 45 t) shows a similar surface morphology to the film made using 

only pure TiO2 P-25 (100% P-25 and 0% TTIP) (Figure 45 u). However, the agglomerates of 

TiO2 protruding above the surface were bigger (1 to 4 µm). The 3D plot confirms the droplet 

silhouette on top of the TiO2 film made using 90% P-25 and 10% TTIP mixture (Figure 45 v) 

as well as in the case of the pure P-25 film (100% P-25 and 0% TTIP) (Figure 45 x). The film 

made using 95% P-25 and 5% TTIP mixture shows a moderate rough homogenous film (Figure 

45 w). 

 

In conclusion, it is evident that increase the percentage of P-25 in the precursor mixture affects 

the morphology of the film drastically. Due to the crystallization reaction, the film made with 

high TTIP content in the precursor mixture will form well-separated islands or flakes of titania. 

However, when the percentage of P-25 reached 65%, the titania made via hydrolysis of TTIP 

acts as a binder and not as the main component of the matrix anymore, and a cracked film 

morphology appears. These cracks diminish in size but increase in number when more P-25 

where added. Numerous nano-cracks and just a few remaining macro-cracks are observed for 

the sample made using 85% P-25 and 15% TTIP precursor mixture. Finally, after 90% of P-

25, a film with very few cracks is formed, and the agglomerated titania particles protruding 

above the surface could be observed. The TTIP percentage is so low that the cracks could only 

be due to the vigorous evaporation of the isopropanol solvent, and as discussed in the previous 

section (p. 106), this solvent has a too low boiling point temperature for creating a large number 

of cracks. 

 

The photocurrents obtained as a function of the composition of the film precursor mixture and 

hence resulting film structure (Figure 46) were plotted on the same graph. It shows a stagnation 

of photocurrent normalised by TiO2 weight when P-25 were added to TTIP (from 5% to 50%), 

until a composition of 75% of P-25 is reached. Then, the value increases until a maximum 

photocurrent normalised by weight of 11.2 ± 0.6 µA cm-2 mg-1 for the composition of the film 

precursor mixture of 85% of TiO2 P-25 and 15% TTIP. This is more than twice the value of 5 

± 1 µA cm-2 mg-1 for titania films reported in the literature [49], [53], [54] and still higher than 

8.3 ± 0.2 µA cm-2 mg-1 obtained using for commercial films in this study. The 5% of TiO2 P-

25 and 15% TTIP sample also demonstrated the highest total current without normalisation by 
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weight. Finally, the photocurrent by weight decreases when more than 85% of TiO2 P-25 was 

added to TTIP until reaching 5 ± 1 µA cm-2 mg-1 for a pure P-25. 

 

The best composition to obtain a high total photocurrent and photocurrent normalised by TiO2 

weight was 85% of TiO2 P-25 and 15% of TiO2 from TTIP. It formed a layer with many small 

nano-cracks which likely facilitated diffusion of the electrolyte through the bulk of the porous 

film without loss of a good interconnection between the TiO2 particles. Importantly, the titania 

obtained via hydrolysis of TTIP could form a connection between the particles of TiO2 at the 

bottom of the porous titania film and the FTO substrate allowing better transmission of the 

electrons to the external circuit. Absence of a large number of wider cracks with titania film 

peeling of the FTO substrate around such cracks in this sample also indirectly confirms the 

importance of a good connection of the titania layer to FTO. 

 

By adding the optimal quantity of TTIP, the morphology of TiO2 films have been successfully 

optimised, and the photocurrent has been improved. However, the catalyst design and 

fabrication could be investigated further: instead of using a single process to deposit all the 

TiO2 film in one step, a compact and well connected to the FTO substrate thin TiO2 underlayer 

could be made first using the appropriate method and the bulk of the porous titania film could 

be deposited on the top using an optimised 85% P-25 and 15% TTIP film precursor mixture. 

This approach could allow improvement in the connection between the porous titania film and 

the FTO substrate while maintaining an optimal morphology of the titania film, allowing the 

facile diffusion of the electrolyte. 

 

 
Figure 44: X-ray diffractograms  (with K-beta filter edge and background removed) of: FTO (black line)., TiO2 

film with 100% P-25 (red line) and TiO2 film made using 85% P-25 and 15% TTIP solution (green line). 
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Figure 45: SEM images x1000 magnification (scale bars of 20 µm) of TiO2 films prepared by spraying mixtures 

of TiO2 P-25 nanoparticles and TTIP with different loading percentages: a) 0% P-25 100% TTIP, b) 5% P-25 95% 

TTIP, c) 15% P-25 85% TTIP, g) 25% P-25 75% TTIP, h) 50% P-25 50% TTIP, i) 65% P-25 35% TTIP, m) 75% 

P-25 25% TTIP, n) 80% P-25 20% TTIP, o) 85% P-25 15% TTIP, s) 90% P-25 10% TTIP, t) 95% P-25 5% TTIP, 

u) 100% P-25 0% TTIP. And corresponding 3D surface plots: d) 0% P-25 100% TTIP, e) 5% P-25 95% TTIP, f) 

15% P-25 85% TTIP, j) 25% P-25 75% TTIP, k) 50% P-25 50% TTIP, l) 65% P-25 35% TTIP, p) 75% P-25 25% 

TTIP, q) 80% P-25 20% TTIP, r) 85% P-25 15% TTIP, u) 90% P-25 10% TTIP, v) 95% P-25 5% TTIP, w) 100% 

P-25 0% TTIP. 

 

 

Figure 46: Photocurrents (black – total per sample, red – normalised by weight of titania) of TiO2 films made 

using film precursor mixtures of different compositions (X-axis) at 0.5 V vs. Ag|AgCl. 
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4.3.6 Addition of an underlayer 

 

Several underlayers have been deposited onto the FTO before spraying a porous titania layer 

by ultrasonic spray using the previously optimised 85% P-25 15% TTIP precursor solution 

with an aim to improve the connection between TiO2 film and FTO substrate. In the literature 

[278], pre-treatment of FTO by an aqueous solution of TiCl4 has been tested to increase the 

connection between the substrate and the film. Following this idea, three so-called underlayers 

(thin TiO2 layer between the FTO substrate and the main porous titania film) were tested. 

 

First, an FTO glass has been dipped in TiCl4 aqueous solution (30 min in 40 mM TiCl4 aqueous 

solution maintained at 70 ºC) following procedures reported in the literature [239], [240], [278]. 

Compared to a not treated FTO substrate (Figure 47 a) The SEM images of the TiCl4 under 

layer (Figure 47 b) have shown that the underlayer is composed of spherical titania particles 

(ca. 100 to 200 nm diameter) spread other the FTO surface with the minimal interconnection 

between the particles (Figure 47 b). The 3D plot (Figure 47 c) confirms the presence of 

independent particles (independent peaks on the surface). The roughness was not calculated 

due to the presence of FTO underlayer and TiO2 in the same image, which can lead to a 

misinterpretation. Based on size and surface coverage/density of the titania particles, the 

loading of TiO2 on FTO has been estimated at 0.001 mg cm-2. 

 

The second TiO2 underlayer was a deposited by evaporation-induced self-assembly (EISA) by 

our collaborators (Paula C. Angelomé , Gerencia Química & Instituto de Nanociencia y 

Nanotecnología, Centro Atómico Constituyentes,CNEA-CONICET, Buenos Aires, 

Argentina). SEM imaging was carried out using a Carl-Zeiss SUPRA 40 microscope. The FTO 

wafers were cut in small pieces (around 0.5  0.5 cm2) and attached to the sample holder with 

conductive carbon tape. The SEM images of the surface of the sample indicate that an ordered 

array of mesopores is present, as expected. The pores are interconnected on the surface, 

forming slits, due to the contraction and crystallization of titania walls occurring during the 

thermal treatment (Figure 47 d). Pore ordering was confirmed by means of Small Angle X-ray 

Scattering using a Xenocs - Xeuss 2.0 instrument operating in transmission mode. Samples 

were fixed onto a coverslip to allow the measurements. The sample-detector distance 

(determined using silver behenate as standard) was 1192.13 cm. The SAXS pattern indicates 

that the array is compatible to the one expected: Fm3m face-centred cubic array of pores 

oriented with the [111] plane parallel to the substrate, contracted in this direction [279], [280]. 

X-ray reflectometry (XRR) studies from raw small-angle X-ray scattering (SAXS, Figure 48) 
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allowed determination of the film thickness and porosity. Measurements were performed on a 

Panalytical Empyrean X-ray diffractometer with an incident beam of Cu Kα radiation at 1.54 

Å, and an incident angle of 1°. A divergence slit of 0.38 mm and a mask of 10 mm were used 

for the measurements. Electronic density was obtained from the critical angle, and film 

thickness was determined from the Kiessig fringes in the reflectogram. Film porosity was 

estimated by measuring the shift in the critical angle when the relative humidity was changed 

from <5% (i.e. the pores are full of air) to >90% (i.e. the pores are filled with water). More 

details about these calculations can be found elsewhere [281], [282]. The films treated at 450 

ºC were 112 nm thick, with a porosity of 56%. The critical angle of the film measured at low 

RH was 0.18º. From this data, a TiO2 loading of 0.019 ± 0.002 mg cm-2 can be estimated [283], 

[284]. The 3D plot of the surface shows a homogenous and well-ordered film (Figure 47 f). 

 

Finally, the hydrothermal film (realized by Sam Nesbitt, chemical and process engineering 

department, university of Canterbury, Christchurch , New Zealand) have been made using a 

mixture of 11 mL toluene, 1.0 mL concentrated HCl and 1.0 mL of titanium isopropoxide 

during 2 hrs 20 mins hydrothermal treatment at 180 °C in Teflon-lined stainless steel pressure 

vessel had a TiO2 loading of 0.2 mg cm-2. The idea was to crystalize a titania film under 

controlled conditions with a controlled water content [285].  

The SEM images (Figure 47 e) have shown a dense carpet composed of crystallite-like 

structures (ca. 0.1 µm2 each) interconnected together completely covering FTO substrate. The 

films are well ordered and uniform. The 3D plot (Figure 47 g) of the surface shows a 

homogenous and well-ordered film with notable roughness (Ra = 19.7 greyscale). 

 

The underlayers tested by themselves were very photoactive except for the one made using 

TiCl4 (Figure 49): 5 ± 1 µA cm2 mg-1 for TiCl4, 110 ± 0.5 µA cm2 mg-1 for mesoporous film, 

and 360 ± 8 µA cm2 mg-1 for a hydrothermal film. Hydrothermal and mesoporous films were 

dense and very well connected to the FTO substrate, which explains the high photocurrent by 

weight compared to the TiCl4 film. The mesoporous film was porous (56% porosity) with a 

high active surface area available for V4+ oxidation. However, the hydrothermal film has a 

better photocurrent by weight with a thicker film. The underlayer may have some porosity, but 

it also appears as a much more some crystalline structure grown directly on FTO. However, it 

is challenging to grow a thick film using this approach. That is the reason for the investigation 

of the use of such films as an underlayer. 
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An optimised porous titania film was deposit has been deposited top of the underlayer. With 

the TiCl4 underlayer, the total photocurrent per sample and normalised by weight (Figure 49) of 

were similar to the optimised porous titania film (12 ± 0.5 µA cm2 mg-1 with TiCl4 and 11.5 ± 

0.5 µA cm2 mg-1 without TiCl4). 

 

However, the used of the mesoporous underlayer shown a large increase of the photocurrent 

per sample and normalised by weight (Figure 49): 25 ± 0.5 µA cm2 mg-1 with mesoporous 

underlayer for 11.5 ± 0.5 µA cm2 mg-1 without. 

 

The use of the hydrothermal under layer shown an even larger increase of the photocurrent per 

sample and normalised by weight (Figure 49): 105 ± 3 µA cm2 mg-1 with hydrothermal 

underlayer for 11.5 ± 0.5 µA cm2 mg-1 without. However, The hydrothermally grown 

underlayer shown a unique trend: the photocurrent per sample and by weight (Figure 49) is 

diminished with the addition of the optimised film (79 ± 2 µA cm2 underlayer alone against 47 

± 3 µA cm2 with the 85% P-25 and 15% TTIP based film). This observation suggests that the 

hydrothermal growth of a TiO2 film is sufficient by itself to obtain a photoactive film even with 

a low titania loading of 0.2 mg cm-2. Thus, the hydrothermally grown film is the best material 

within samples studied here, showing high photoactivity. 
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Figure 47: SEM images of TiO2 underlayer prepared by a) dipping the FTO slide in TiCl4, b) by growing a 

mesoporous film, c) and growing titania by hydrothermal method. 3D surface plots of d) TiCl4 underlayer, e) 

mesoporous underlayer, f) hydrothermal underlayer. 
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Figure 48: Raw SAXS pattern for the mesoporous underlayer obtained in transmission mode. 

 

 
Figure 49: Photocurrents (black – total per sample, red – normalised by weight of TiO2) of underlayers and 

underlayers with the optimised 85% P-25 / 15% TTIP TiO2 films at 0.5 V vs. Ag|AgCl. 

 

  



 

 

131 

 

 

4.4 Conclusions 

 

In summary, the use of different deposition processes and solvents allowed tuning of the TiO2 

film morphology on the order of ten-micrometre scale. This was achieved by changing the 

deposition processes: using an airbrush process or ultrasonic spray process, achieving better 

control of the drying parameters with results contrasted with the usual doctor blading. Indeed, 

the morphology can be tuned by changing the solvent. The surface roughness of the layer can 

be increased by using a solvent with low boiling point temperature and high airflow rate in case 

of airbrush spray deposition. 

 

The appearance of the cracks in the titania film can be controlled by choosing a solvent with a 

low boiling point temperature. These cracks could act as a diffusion channel for the electrolyte 

of the photoelectrochemical cell. By changing the film morphology, it is possible to improve 

the photoactivity of the films slightly. As an example, the use of water as solvent shows a high 

photocurrent (11 ± 1 µA cm-2 mg-1) in the case of an ultrasonic spray, but it is difficult to 

reproduce. The films deposited using propan-2-ol as a solvent appear not to be sensitive to the 

nature of the deposition process and show the best uniformity and reproducibility. Another way 

to change the morphology and to improve the photoactivity is by improving the connection of 

the TiO2 film with the FTO substrate; it was first achieved by the addition of titanium 

isopropoxide to the film precursor mixture. The P-25 particles are interconnected by TiO2 

formed via the hydrolysis of TTIP creating a network within the film and improving contact 

with FTO, but optimisation of the precursor mixture composition proved to be critical. The 

morphology of the TiO2 film impacts the photoelectrochemical performance: a maximum 

current was obtained when the precursor mixture composition was 85% P-25 and 15% TTIP 

(optimised TiO2 film): 11.2 ± 0.6 µA cm-2 mg-1, twice the value reported for titania films in the 

literature [49], [53], [54]. 

 

The use of an intermediate compact TiO2 layer (i.e. underlayer) between the substrate and the 

film deposited by ultrasonic spray coating has been studied and show a major improvement. 

On the three methods to grow underlayer (dipping into a concentrated TiCl4 solution, growing 

a thin mesoporous layer by EISA or growing a TiO2 film by hydrothermal method) only two 

has shown a high photoactivity on their own: 110 ± 0.5 µA cm2 mg-1 for the mesoporous 

underlayer, and 360 ± 8 µA cm2 mg-1 for the hydrothermal underlayer. However, these 
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underlayers by their own have a small loading (0.019 ± 0.002 mg cm-2 and 0.2 ± 0.02 mg cm-2 

respectively). Then an optimised TiO2 film has been deposited on top and shown a large 

improvement of the photoactivity of the anode compared to the optimised TiO2 film: 25.0 ± 

0.5 µA cm2 mg-1 with a mesoporous underlayer, and 105.0 ± 3.4 µA cm2 mg-1 with 

hydrothermal underlayer compared to the 11.2 ± 0.6 µA cm-2 mg-1 of the optimised TiO2 film 

by itself. 

 

The hydrothermally grown underlayer shown a higher photoactivity per sample and by weight 

without optimised film (79 ± 2 µA cm2 underlayer alone against 47 ± 3 µA cm2 with the 85% 

P-25 and 15% TTIP based film). It is sufficient by itself to obtain a photoactive film even with 

a low titania loading of 0.2 mg cm-2. Thus, the hydrothermally grown film is the best material 

within samples studied here, showing high photoactivity. It is suggested that the hydrothermal 

growth deposition process is a promising way to obtain a high photoactive anode. However, it 

required a systematic study of the effect of the different deposition parameters to obtain the 

maximum photoactive TiO2 film for a full vanadium solar redox flow batteries. 
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5.Photocurrent improvement of a full 

vanadium solar redox flow battery by 

using atomically precise gold clusters. 
 

5.1 Introduction 

The photoelectrochemical performance of the vanadium solar redox battery was found to be 

limited by the used of TiO2 at the photoanode due to its the small absorption range of the solar 

spectrum. As pure TiO2 has band-gap of 3.2 eV [50] it can only absorb photons which have 

energy greater than 3.2 eV. Therefore, only photons with wavelengths below 400 nm will have 

sufficient energy to generate an electron-hole pair. Therefore, to improve the absorption range 

of the TiO2 photoelectrode Awazu et al. [186] realised what they call plasmonic photocatalysts 

based on silver nanoparticles embedded in titanium dioxide. The photocatalytic activity of TiO2 

was improved ca. seven-fold by a locally enhanced electromagnetic field induced by surface 

plasmon resonance (SPR) of silver nanoparticles.  

Many studies have been conducted to investigate the metal nanoparticles effect on a 

semiconductor [57], [187]–[191]. Nanoparticles such as Ag and Au have the capability to store 

a few electrons captured from photoexcited semiconductor nanoparticles [192], [193]. In 

addition, the double-layer charge inside these nanoparticle leads to a stabilisation of the 

electron stored inside the metal nanoparticles [194]–[196]. This then leads to a charge 

equilibration and therefore, to a decrease in the Fermi level [193]. Another significant effect 

was the reduction of the charge recombination at the surface of the photoelectrode [197]. In 

parallel, a lot of studies have been conducted on gold catalysis for organics reactions [9]. Au 

plasmon resonances come from the oscillations of the electrons close to the surface of the 

nanocrystals [198], [199]. The plasmon-excited hot electrons in the noble metal nanocrystals 

can be transferred to the conduction band of TiO2 [198], [199]. Finally, in the last few years, 

the plasmonic resonance of Au nanoparticles have used to obtain better photoelectrodes and 

enhance the absorption range of TiO2 into the visible region [200], [201], [210], [202]–[209].  

As an example, Shi et al. [201] succeeded in increasing the photocurrent of water oxidation 

when TiO2 was illuminated by light with a wavelength of 650 nm. This was achieved by 

depositing gold nanoparticles of 20 nm on a commercial TiO2 film. In fact, the photo driven 

water oxidation was higher when the material was illuminated with wavelengths of 650 nm 

compared than with 550 nm. These nanoparticles can be formed in many ways [205], for 

example, Tanaka et al. [209] used a calcination method, and succeeded in the preparation of 
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partially spherical gold particles supported on TiO2 exhibiting photo-absorption due to surface 

plasmon resonance at around 620 nm for the selective oxidation of benzyl alcohol to 

benzaldehyde. For the full vanadium battery, the gold has been proved as a good electrode for 

V4+ / V5+ oxidation and reduction [286], [287], when deposited on carbon felt and used as a 

positive electrode (i.e. the gold is electrocatalytically active for the V4+ / V5+ redox reaction). 

 

As Au nanoparticles have interesting and useful plasmonic and catalytic properties, it is also 

worth considering the use of nanoclusters (NCs) in this application. NCs are ultra-small 

nanoparticles with atomically precise chemical composition, which have geometrical, 

electronic, magnetic and optical properties which are strongly dependent on their size. Thus, 

these materials have attracted massive interest in catalysis as the catalytic activity or selectivity 

of a chemical reaction which can be fine-tuned via a minor change in the composition of the 

catalyst [288], [289]. These metallic cluster could be based on gold, silver or copper. Au 

nanoclusters have a large range of size and optical properties. In summary, the clusters were 

promising materials for photoelectrochemical oxidation. This project will study the effect of 

Au nanoparticle deposit on TiO2 at different loading and the effect of gold nanoclusters of 

different size deposit on TiO2 at different loading against a 0.1 M V4+ electrolyte. 

 

5.2 Experimental 
 

5.2.1 Au nanoparticles 

Citrate-stabilized Au nanoparticles were prepared according to the procedure detailed by 

Turkevich et al. with modifications [290]. HAuCl4 (0.08 g, 0.2 mmol) was dissolved in 200 

mL of milli-Q water. The Au solution was heated while stirring at 1000 rpm until vigorous 

boiling. The solution of sodium citrate (0.15 g, 0.6 mmol in 10 mL of Milli-Q water) was added 

into the HAuCl4 solution. The resultant blue-purple solution was stirred with heating for 10 

seconds to obtain a colourless solution then deep red solution after ten more seconds. The 

mixture was further stirred for 10 minutes to obtain the red wine solution. The resulting solution 

was cooled down in an ice bath for 10-20 minutes before analysing by UV-vis spectroscopy 

technique. The UV-vis spectrum showed one peak at the wavelength of 524 nm corresponding 

to Au colloid with an approximate particle size of 12 nm [291].  

5.2.2 Au nanoclusters 
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 [Au6(dppp)4] (NO3)2, [Au9(PPh3)8] (NO3)3, [Au11(PPh3)8] NO3Cl2, [Au13(dppe)5Cl2] Cl3 

[Au20(PP3)4] Cl4 and Au101(PPPh3)21 Cl5 (referred as Au6, Au9, Au11, Au13, Au20 and Au101 

in this study) were synthesised by the different techniques (detailed in the Appendix D) and 

deposited on TiO2 films. These clusters have been chosen for their absorption properties. Au6 

shows a strong absorption peak at 600 nm (Figure A1). The Au9 and Au11 clusters absorb light 

in the UV range (Figure A2 A3). The Au13 clusters shown a high absorption peak at 400 nm 

(Figure A4). The Au20 clusters show an absorption peak at 500 nm and below 400 nm (Figure 

A5). Finally, the Au101 clusters show an absorption from 400 to 600 nm (Figure A6).  

5.2.3 TiO2 deposition and gold process  

 

Sixteen TiO2 coated FTO slides were prepared simultaneously. These FTO glasses (Ossila 

TEC-10) were first cleaned by ultrasonication in DI water and isopropanol (UNIVAR, 

analytical grade). The slides were then further treated under a UV lamp (MTI corporation, 

compact UV-ozone cleaner, with 55 W UV lamp of 254 nm and 185 nm maxima of irradiation 

with peak UV intensity of 4.6 mW·cm-2) for 20 min.  

 

The FTO slides were then placed on a temperature-controlled plate at 90°C and covered with 

an aluminium mask with a 1.13 cm diameter opening (A=1 cm2) over each slide. These slides 

were then spray coated with ink containing 85% of 20 mg mL-1 TiO2 P25 (Degussa) and 15% 

of 71 mg mL-1 titanium isopropoxide (Aldrich 97%) in isopropanol. The spray process was 

conducted using an ultrasonic atomiser (Sonozap) at 60 kHz mounted on a microprocessor-

controlled X-Y carriage, and fed by a syringe pump at 1 mL min-1. Once coated, the TiO2 

coated FTO slides were sintered in air at 450°C for 30 min with a heating and cooling rate of 

7 ºC/min. 

 

The completed TiO2 coated FTO slides a TiO2 loading of 0.7 ± 0.1 mg cm-2. This film will be 

called standard TiO2 films in this study. 

5.2.4 Gold nanoclusters deposition process  

 

Au was added to the TiO2 photoelectrodes in three ways:  between the FTO and TiO2 film, 

mixed into the TiO2 film and drop cast on top of the TiO2 film (Figure 50). In these three 

cases, the Au loading was fixed at 5 wt% relative to the TiO2 film. A second series of 

electrodes were also prepared by the drop cast method in which the Au loading was varied 

(Figure 50). For the drop cast electrodes, once prepared the electrodes heated at 200 ºC for 1 
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hour to remove the ligand (Figure 50 c). The films were all test by a standard linear sweep- 

voltammetry test. 
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Table 7: Au nanoparticles solution dropped on TiO2 films  

Number of drops wt% Au loading Solution used 

1 0.085 citrate gold nanoparticle dilute 10 times 

2 0.17 citrate gold nanoparticle dilute 10 times 

6 0.45 citrate gold nanoparticle dilute 10 times 

1 0.85 citrate gold nanoparticle 0.32 mg ml-1 

3 1.7 citrate gold nanoparticle 0.32 mg ml-1 

6 3.4 citrate gold nanoparticle 0.32 mg ml-1 

9 5.1 citrate gold nanoparticle 0.32 mg ml-1 

12 6.8 citrate gold nanoparticle 0.32 mg ml-1 

15 8.5 citrate gold nanoparticle 0.32 mg ml-1 

17 10.2 citrate gold nanoparticle 0.32 mg ml-1 

20 11.9 citrate gold nanoparticle 0.32 mg ml-1 

 

Figure 50: Deposition process of the Au nanoparticles a) between the FTO and the TiO2 film, b) mixed with TiO2 

solution, c) and on top of the TiO2 film 
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5.2.5 Au nanoclusters deposition process 

 

The Au nanoclusters were deposited on the TiO2 film by absorption of a solution of Au 

nanoclusters on the TiO2 films, using a solution of 0.01 mg ml-1 of Au nanocluster dispersed 

in dichloromethane. The TiO2 films were immersed in a 0.5 M H2SO4 for 12 hours. Then, 

washed for 30 min in Milli Q water, and then 30 min in methanol (repeated four times). This 

pre-treatment step allows a better connection between the Au nanoparticles and the TiO2 

support,  as shown by Ruzicka et al [292]. Finally, the nanoclusters were deposited by dropping 

50 µL / 100 µL / 250 µL / 500 µL / 1 ml / 3 ml of the Au nanocluster solution for a loading of 

0.085 % / 0.17 % / 0.85 % / 0.45 % / 0.85 % / 1.7 % and 5 wt% respectively. For Au6 a solution 

of 0.1 mg ml-1 was prepared and dropped on TiO2 films by dropping 50 µL / 100 µL / 150 µL 

/ 200 µL / 250 µL / 300 µL and 350 µL of the solution given a loading of 1.7 % / 3.4% / 5.1 % 

/ 6.8 % / 8.5 % / 10.2 % and 11.9 % respectively. Finally, the TiO2 film with nanoclusters was 

heated at 200 ºC for 1 hour to remove the ligand. 

 

5.2.6 Photoelectrochemical analysis 

 

The photoelectrochemical performance of TiO2 photoanodes was measured by mounting the 

TiO2 coated FTO slides in a custom made glass cell (Figure 22). This cell had two chambers 

separated by a 117 Nafion membrane, with a platinum wire used a counter electrode dipped 

into 0.5 M H2SO4 in one chamber, and the TiO2 coated FTO slide (working electrode), and 

Ag|AgCl dipped into a 0.1 M VOSO4 in 0.5 M H2SO4 electrolyte used in the other chamber. 

The cell was illuminated through an electro-mechanical shutter with either a xenon arc lamp 

(SLS401, Thorlabs) equipped 1.5 AM filter, a 365 nm (M365LP1, Thorlabs), 385 nm 

(M385LP1, Thorlabs), 405 nm (M405LP1, Thorlabs), and 420 nm LED lamp (M420LP1, 

Thorlabs), with the light intensity measured using a thermal power meter (S401C, Thorlabs). 

The system was configured so that the TiO2 was illuminated through the backside of the FTO 

glass to minimise absorption of the light by the strongly adsorbing vanadium electrolytes. 

 

Three-electrode photoelectrochemical measurements were performed using a Gamry 

Reference 300 potentiostat, which was also configured to control the light shutter, via the 

potentiostats I/O connector. The curve obtained in this way show the current densities 

corresponding to the periods of no illumination (“dark”) and followed by the periods under 

illumination (“light”) as a function of the potential of the photoelectrode on a single curve. The 
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photocurrent at 0.5 V vs Ag|AgCl was then used to compared the electrodes as in the previous 

chapter it had been shown that this value, there is almost no electrochemical oxidation or 

reduction in the dark, and there is no anodic and cathodic peak when the light is turned on or 

off. Two consecutive linear sweep voltammograms were measured to assess the stability of the 

film over time. 

 

For the nanoparticles, a batch of 16 films was prepared, and the Au nanoparticles at different 

loadings were deposited. Each loading was deposited on two different films for reproducibility, 

and two films were left without any Au. First, the blank films (without Au) were averaged, and 

the blank photocurrent range was calculated as the 95 % confidence interval of these two films 

with two consecutive linear sweep voltammetry per film.  

 

The photocurrent of the two TiO2 films with the same Au loading measured with two 

consecutive linear sweep voltammetry per film at 0.5V vs Ag|AgCl were averaged, and the 

error bar based on the 95 % confidence interval of these two films with two consecutive linear 

sweep voltammetry per film. The blank average photocurrent was finally removed from the 

average photocurrent of the different Au loading to obtain the photocurrent improvement 

compare to the blank films. 

 

To improve the statistics when testing the influence of the Au nanoclusters, each batch of 16 

TiO2 films were used to as substrates for each nanocluster loading. i.e. for a nanocluster loading 

of 0.085 wt% Au, Au6, Au9, Au11, Au13, Au20 and Au101 were each loaded onto 2 TiO2 

electrodes from the batch of 16 films. Then another batch of 16 TiO2 films was prepared with 

a new value of Wt% Au loading. Over the entire group, a total of 12 blank (i.e. only TiO2) 

electrodes were used as a control (taken over 6x lots of 16 spray deposition), with the blank 

photocurrent range taken as the 95 % confidence interval over these 12 electrodes. While this 

widens the range of photocurrents for the blanks, it also helps confirm any Au induced 

improvements as the variability of the spray process is now accounted for by the statistics.  

 

5.2.7 Others Analysis 

 

Reflectance spectrum was recorded by using UV-DRS, PXRD patterns of samples deposited 

on FTO slides in this work were collected at room temperature on a Rigaku Smartlab 

diffractometer. General data collecting was conducted in Bragg-Brentano focusing mode 
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utilising Cu Kα (1.5418 Å) radiation operating at a tube voltage of 40 kV and tube current of 

30 mA passing through a Cu Kβ filter, with a Cross Beam Optics Bragg-Brentano selection 

slit, 10 mm length limiting slit, 5.0° Soller incident and receiving parallel slit. The detector was 

a Rigaku D/tex Ultra 250 1D. The data collected was in the 10 - 90 2θ range conducted at 

5°/min. 

5.3 Results and discussion 

 

5.3.1 Effect of the placement of the Au particle 

 

The Au nanoparticles have been chosen for three main reasons. Au is a common metal used to 

obtain a plasmonic effect which will decrease the semiconductor bandgap [57], [187]–[191]. 

Au nanoparticles were stable in acidic solution so in the photoanode electrolyte and could be 

compared to a large number of Au nanoclusters [288], [289]. 

 

The first step is to determine where the deposition of Au nanoparticles is the most effective. 

Indeed, three placement are possible: the most common is to deposit the Au nanoparticles along 

with the TiO2 powder so as to disperse it everywhere into the film [293], [294]. The film is 

essentially doped by Au, and a low number of triple junction point were created with the 

electrolyte-electrode interface. The nanoparticles could be also deposited on the surface of the 

film [295], allowing a higher number of the triple junction at the interface but decreasing the 

Au doping of the film. Finally, the Au nanoparticles could be deposited between the FTO and 

the TiO2 film [187], helping the transition of the electron from the TiO2 film to the FTO. 

 

When the Au nanoparticle was deposited between the FTO and the TiO2 film, the photocurrent 

obtain was very low (1.9 ± 0.2 µA cm-2 mg-1 vs. 13.4 ± 0.4 µA cm-2 mg-1 at 0.5 V vs. Ag|AgCl) 

and under 0.4 V vs. Ag|AgCl act as a photocathode (Figure 51 a). above 0.4 V vs. Ag|AgCl , 

Even if theoretically the Au nanoparticles should attract the electron to the surface of the FTO 

[192], [193], [294], they absorb all the light before it reaches the TiO2 (Au strongly absorbs 

light between 300 nm to 550 nm, Figure 55 a) and so is counterproductive. Under 0.4 V vs. 

Ag|AgCl the photoreduction of the vanadium could be explain by the relation between FTO 

and gold. FTO could act as photoanode, however this absorption range (Figure 29 a) is too low 

for sunlight. However, the use of Au nanoparticle improved the absorption of FTO and creates 

photoreduction of V4+. 
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When the Au nanoparticles were mixed with TiO2 powder, a small improvement could be 

noticed in the photocurrent (16.3 ± 0.4 µA cm-2 mg-1 vs. 13.4 ± 0.4 µA cm-2 mg-1 at 0.5 V vs. 

Ag|AgCl) (Figure 51 b). In case of the gold nanoparticles deposited on the surface of the film 

(Figure 51 c), a larger photocurrent improvement could be observed. Indeed, for a deposition 

of 1.7 wt% Au nanoparticle the photocurrent is improved (20.4 ± 0.4 µA cm-2 mg-1 against 13.4 

± 0.4 µA cm-2 mg-1 at 0.5 V vs. Ag|AgCl). The difference between the Au nanoparticles 

deposited on TiO2 powder and those deposited on the surface of the TiO2 film can be explained 

by the higher percentage of Au nanoparticles in contact with the electrolyte and the TiO2 

particles suppressing the charge recombination by facilitating hole transfer to the redox couple 

in the electrolyte.[294], [296]. 

 

Due to the above findings, the remainder of this study investigates the influence of the Au 

nanoparticles or nanoclusters by depositing them onto the surface of pre-formed TiO2 

electrodes to maximising the number of Au particles in contact with TiO2 and the electrolyte. 
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Figure 51: linear sweep voltammetry of Au nanoparticles deposited at different places a) between the FTO and 

the TiO2 film, b) mixed with TiO2 solution, c) and on the top of the TiO2 film 
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5.3.2 Au nanoparticles and nanoclusters 

 

The next step focused on determining the best Au nanoclusters to be able to obtain an 

improvement of the photocurrent. A large range of Au nanoclusters size have been tested: Au 

101 (almost a gold nanoparticle), Au20, Au13, Au11, Au9, and Au6. The photocurrent of the 

films with different gold nanoclusters and gold nanoparticles with loadings between 0.085 wt% 

Au and 5 wt% Au were recorded, and the photocurrent of the blank of the same batch (i.e. films 

without Au) was removed from them. 

The photocurrent obtained with Au nanoparticles (Figure 52 a) deposited on TiO2 at different 

Au loadings shows an increase in the photocurrent when the gold loading on the TiO2 surface 

increases. The value of the improvement of the photocurrent at 1.7 wt% of Au nanoparticle 

(4.8 ± 0.6 µA cm-2 mg-1) and 5 wt% (4.3 ± 0.6 µA cm-2 mg-1) was higher than the improvement 

of the film with less Au nanoparticle loading. The loading of nanoparticles has a strong effect 

on the photocurrent: the photocurrent increase when the loading of Au increase. This increase 

of photocurrent seems to be logical, as more Au loading means more suppressing the charge 

recombination. However, the fact that the addition of 5 wt% appears to decrease the 

photocurrent could be the sign of the presence of a maximum loading. After this maximum, 

the addition of Au was ineffective or even counterproductive. However, with only this small 

difference of photocurrent between 1.7 wt% and 5 wt%, no clear conclusion could be made. 

That is why an additional screening of higher loadings of Au nanoparticles was required. 

The photocurrent improvement has been calculated for Au nanoclusters differently at different 

Au loading to determine which one leads to the most significant increase. The photocurrent 

improvements obtained for the TiO2 films with the different Au nanoclusters shows an 

interesting result. Firstly, the use of Au101 gold clusters (Figure 52 b), which are the closest of 

the clusters in size to the nanoparticles show no improvement compared to the TiO2 film 

without Au nanoclusters (blank) at loadings. It may be the result of excess dispersion on the 

film, thus a failure to induce any plasmonic effect.  

Au20, Au13, Au11 also do not show any photocurrent improvement. The reason is linked to 

the light absorption of these nanoclusters: the Au20 absorb light from 300 to 400 nm with a 

small peak around 550 nm like Au nanoparticles [297] (Annexe 2, Figure A5), Au13 absorb at 

306, 366 nm and 486 nm (Annexe 2, Figure A4 c), and Au11 at 320 nm and 450 nm (Annexe 

2, Figure A3). None of them absorbs the light on the visible region, so the plasmonic effect and 

the injection of hot electron should not occur [187]. 
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Au9 (Figure 52 b) show an improvement of the photocurrent but do not exceed the blank 

photocurrent range (i.e. the improvement is unlikely to be statistically significant). The Au9 

nanoclusters absorbed light at 442 nm, 424 nm, 354 nm and 316 nm (Annexe 2, Figure A2). 

No peak occurs in visible range so the improvement could be only due to better coverage by 

smaller clusters or due to the TiO2 films itself. Therefore, the improvement could not be 

considered conclusive. 

Finally, the addition of Au6 (Figure 52 g) shows a significant increase of the photocurrent at 5 

wt% Au loading (7 ± 1 µA cm-2 mg-1 higher than the average blank value). This nanocluster 

has an absorption peak at 600 nm (Appendix D, Figure A1). However, as only one point is out 

of the blank range. An additional test with a more extensive range of Au loading is required to 

confirm this trend. 
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Figure 52: Photocurrent obtains with different Au nanoclusters at different loadings on 85% P-25 and 15% TTIP 

layer at 0.5 V vs. Ag|AgCl. a) Au nanoparticle and b) different Au nanoclusters. 

 

5.3.3 Au nanoparticles and Au6 nanoclusters 

 

A series of measurements were conducted by depositing a range of higher Au6 and Au 

nanoparticles loadings to further examine the findings from the previous section. The 

photocurrent at 0.5 V vs. Ag|AgCl were calculated and compared to the blank sample (Figure 

53). In the case of the Au nanoparticles, the photocurrent improvement increases right after 

0.17 wt% Au loading. It reaches a maximum of 4.8 ± 0.6 µA cm-2 mg-1 photocurrent 

improvement at 1.7 wt% Au then decreases after this maximum and reaches a plateau at 1.8 ± 

0.6 µA cm-2 mg-1 photocurrent improvement. This observation may be due to the Au 

nanoparticles deposited on the TiO2 film having a plasmonic effect, thus storing electrons and 

injecting hot electrons which increase the number of holes on the surrounding TiO2 which 

favour the oxidation of V4+ to V5+ [296]. However, two hypotheses could explain the decrease 

of the photo activity after 1.7 wt% Au loading. The excesses nanoparticle will cover the active 

site on TiO2 (i.e. fewer actives available for the oxidation) [298] and/or it can be the 

recombination centres of photo-induced electrons and holes [299]. Therefore, the plateau can 

be explained by a saturation of the film with Au nanoparticles which will not have any further 

effect. 

For Au6 nanoclusters, the addition of Au from 0.085 wt% to 3.1 wt% Au did not improve the 

photocurrent significantly. However, at 5 wt% Au the photocurrent increases until reaching a 

maximum at 8.5 wt% Au with an improvement of the photocurrent of 8 ± 1 µA cm-2 mg-1and 

then decreases reaching the same plateau value that the Au nanoparticles photocurrent 

improvement achieves.  The Au6, by their small size, allows a higher loading on the TiO2 film: 

the clusters are dispersed more widely over the surface, and their small size provides the 

coverage of the actives sites. It seems that Au6 show a bigger improvement of the photocurrent 

(almost the double) than the Au nanoparticles, probably due to the absorption peak in visible 

light at 600 nm compared to the Au nanoparticles peak at 550nm (more sunlight intensity at 

this wavelength). However, these experiments are a summary at 0.5 V vs Ag|AgCl of the linear 

sweep voltammetry. A more in-depth analysis of these linear sweep voltammetry was required. 
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Figure 53: Photocurrent improvement compared to the standard TiO2 films of the TiO2 films with Au nanoparticle 

and Au6 nanoclusters at different wt% Au loading. 

 

The analysis of the linear sweep plot of the best Au nanoparticles and Au6 nanoclusters based 

photoelectrodes leads to a more unobstructed view of the real impact of the Au on the 

performance of the photoelectrode. The linear sweep voltammetry with 1.7 wt% Au loading of 

Au nanoparticles (Figure 54 a) shows an improvement of the photocurrent at each potential. 

However, when the experiment was repeated, a large reduction of the photocurrent occurs, 

ultimately reaching a photocurrent similar to that recorded on the bare TiO2 film. A second test 

after a few days showed no improvement. The most likely explanation is that the stability of 

the gold nanoparticles is low on the TiO2 film: the Au nanoparticle are deactivated by sintering 

of these nanoparticle [300]  

The linear sweep voltammetry with 8.5 wt% Au loading of Au6 nanoclusters (Figure 54 b)  

showed an improvement of the photocurrent at each potential. However, if there was a fading 

of the photocurrent with time, the fading was much smaller compare with the Au nanoparticles 

(5 µA cm-2 mg-1 against 10 µA cm-2 mg-1). Due to the capability of nanoclusters to be deposited 

on the favourable site in TiO2 surface and form a stronger bond that gold nanoparticle [301]. 

with Au6 nanoclusters an increase of the electron-hole recombination can be observed. The 

anodic and cathodic peak were superior in case of 8.5 wt% Au Au6 loading than without any 

gold. It seems to suggest then for the Au6 nanoclusters there was more creation of electron-

hole pairs and that the Au nanoclusters do not provide surface recombination of the electron 

and the holes [299]. 

 



 

 

147 

 

 

Figure 54: a) Linear sweep voltammetry at 5 wt% of Au nanoparticles. b) Photocurrent obtains with different Au 

nanoparticles of 25 nm at different loading on 85% P-25 and 15% TTIP layer at 0.5 V vs. Ag|AgCl. 

 

An optical study of the TiO2 films with the Au nanoparticles and Au6 nanoclusters was 

conducted to prove the Au effect on the photoanode absorption band increase. 

The absorption spectrum has been recorded, and the Kulbeka Munk plot has been calculated to 

determine the effect of the gold loading on the bandgap. The TiO2 films with Au nanoparticle 

absorption spectrum (Figure 55 a) showed a clear absorption peak at 550 nm, which correspond 

to the Au plasmonic peak [297]. The peak absorption increases when more nanoparticles where 

added on the TiO2 film. The Kulbeka Munk plot (Figure 55 b) shows a bandgap at 3.05 eV. 

These plots show that Au nanoparticle improve the photocurrent by plasmonic effect 
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In contrast, the TiO2 films with Au6 nanoclusters absorption spectrum did not show any 

plasmonic gold absorption peak even at 11.9 wt% Au. It could prove that the improvement of 

photocurrent is due to the quantized semiconductor like characteristics of Au6 and that the 

nanoclusters do not sinter into nanoparticles when the photoelectrodes were prepared. The 

Kulbeka Munk plot still shows the same bandgap (3.05 eV).  

 

 

Figure 55: a) Absorption spectra and b) Kulbeka Munk plot for TiO2 film with Au nanoparticles with a gold 

loading of 0 wt%, 1.7 wt% and 11.9 wt% Au. a) Absorption spectra and b) Kulbeka Munk plot for TiO2 film with 

Au6 nanoclusters with a gold loading of 0 wt%, 8.5 wt% and 11.9 wt% Au. 

With the naked eye, no pink colourisation due to the merging of the nanoclusters, and by the 

absence of absorption peak at 550 nm, the Au6 nanoclusters seem to be intact when deposited 
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on the film. To be sure, a XRD pattern of the TiO2 films was recorded and diffraction peaks of 

gold were observed on the TiO2 film with 5 wt% Au nanoparticles (Figure 56). However, these 

peaks could not be seen on the XRD spectrum of the Au6 nanoclusters (Figure 56) at the same 

loading. To confirm that these films indeed had enough Au on them to show diffraction peaks 

(if the particles were large enough), the Au6 nanocluster – TiO2 film was heated at 450 ºC for 

1 hour to sinter the gold nanoclusters together. After sintering, the XRD spectrum of the TiO2 

film with 8.5 wt% of Au nanoclusters showed characteristic Au peaks. It confirms the presence 

of Au6 were still in the form of nanoclusters in the not sintered in Au nanoparticles on the TiO2 

film (Figure 56). 

 

Figure 56: X-Ray diffraction pattern of a standard TiO2 film, a TiO2 film with 5 wt% Au loading of Au 

nanoparticles, and a TiO2 film with 8.5 wt% Au loading of Au6 nanoclusters.  

 

To be able to confirm that the addition of Au nanoparticle and Au6 nanoclusters on TiO2 film 

increase the light absorption range, Photocurrent at 0.5 V vs. Ag|AgCl was recorded with an 

LED lamp at different wavelengths (Figure 57). Each lamp wavelength was set up at a light 

power equal to the average power of the sun spectra for the wavelength range between its 

wavelength and the previous one: 200 nm-365 nm, 365 nm-385 nm, 385 nm-405 nm and 405 

nm-420 nm. The photocurrent observed with a standard TiO2 film had the highest photocurrent 

(9.8 ± 0.1 µA cm-2 mg-1 ) at 365 nm, at 385 nm the photocurrent was approximately one-third 

of the one at 365nm (2.4 ± 0.1 µA cm-2 mg-1), before reaching almost zero at 405 nm. 

In contrast, the two films containing Au shown a lower photocurrent at 365 nm but a higher 

photocurrent at 405 nm. It confirms that the decrease of the bandgap leads to a broader light 

absorption range [200], [201], [210], [202]–[209]. The photocurrent at 365 nm and 385 nm 
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were larger for Au6 nanoclusters (7.9 ± 0.1 µA cm-2 mg-1 at 365 nm and 1.8 ± 0.1 µA cm-2 mg-

1) than for Au nanoparticles (6.0 ± 0.1 µA cm-2 mg-1 at 365 nm and 1.6 ± 0.1 µA cm-2 mg-1). 

However, the photocurrent at 405 nm was slightly higher for Au nanoparticles (0.5 ± 0.01 µA 

cm-2 mg-1 against 0.45 ± 0.01 µA cm-2 mg-1 for nanoclusters). A lower bandgap could explain 

it in the case of the Au nanoparticle. However, the photocurrent improvement was more 

significant in the case of the Au6 nanoclusters, a better balance between an efficiency loss in 

UV and an efficiency gain in the low visible spectrum. 

 

Figure 57: Photocurrent  normalized by LED photon flux obtain with standard TiO2 film alone, with 8.5 wt% Au 

Au6 loading, with 1.7 wt% Au of Au nanoparticles  

5.4 Conclusion 

 

In conclusion, this study has shown that using nanoparticle and nanoclusters deposited on the 

surface of a TiO2 film can improve the photocurrent of the photoanode of a full vanadium solar 

redox flow battery. Indeed, by adding 1.7 wt% Au nanoparticles, the photocurrent was 

enhanced by 30 % and by adding 8.5 wt% of Au6 nanoclusters we obtain an increase of a 50% 

of the photocurrent mainly due to the extension of the absorption range. Besides, the Au6 

nanoclusters have been shown maintain their cluster structure even at high loading. However, 

the synthesis of Au nanocluster was more complicated and more expensive than the production 

of the Au nanoparticle. Therefore,  the used of Au nanoparticles or Au6 nanoclusters depends 

on which parameters need to be optimised: Au nanoparticles decrease the electron-hole 

recombination but it was not stable on long term, and Au6 nanoclusters were more expensive, 

and longer to synthesise but have a better improvement of the photocurrent on a longer time 

and can add more gold without being saturated.  
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6.  A study of potential redox couple for a 

solar redox flow battery with a TiO2 

photoanode. 

 

6.1. Introduction 
 

The previous part of this thesis has shown that V4+ cannot be easily photo oxidised, therefore 

different redox couples for the photoanode including vanadium IV/V, iron II/III, 

triiodide/iodine, bromine/bromate and cerium IV/V have been investigated. One of the critical 

aspects of a photoelectrochemical cell is the interface between the semiconductor and the redox 

couple. When this semiconductor is placed in contact with an electrolyte containing a redox 

couple, an initial electrical current may flow to establish an equilibrium between the Fermi 

level of the semiconductor and the redox potential of the redox couple in the electrolyte. This 

electron transfer leads to the formation of electrolytic double layers in bulk electrolyte.  This 

effect depends on the initial Fermi level of the semiconductor compared to the redox potential: 

if the Fermi level is equal to the redox potential, a flat layer with no excess charge on each side 

of the interface will be observed [6]. Compared to the redox potential, a lower Fermi level 

results in an accumulation of electrons at the surface of the semi-conductor, while a higher 

Fermi level causes a depletion of electron and a creation of positive charge at the interface [6].. 

The criteria of choosing semiconductor are, therefore, to match the energy level of 

semiconductor bandgap with the redox potential of the electrolyte (Figure 8) [6], [50], [71]–

[73]. 

 

In the case of a n-type photoelectrode, the potential of the redox couple in direct contact with 

the photoelectrode should be close to the valence band. The redox couples chosen were selected 

from their high redox potential and their proximity with the valence band of the TiO2 (Table 

8). Conversely, the redox couple in the negative (counter electrode) electrolyte have been 

chosen from their compatibility with the conduction band of the n-type semiconductor and their 

previous use in traditional redox flow batteries. In most cases, redox couples which can be 

dissolved in aqueous electrolytes are most common for industrial use due to the low price and 

the good stability of these electrolytes (water based). The most used and known redox couples 

dissolved in an aqueous electrolyte are iron/chromium, all-vanadium and vanadium/bromide. 

Their cell voltage are 1.18 V vs. SHE, 1.26 V vs. SHE and 1.35 V vs. SHE respectively [11]. 
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In addition, the redox potential of two redox couples including ferricyanide/ferrocyanide for 

their well-known redox potential [302], [303],and triiodide/iodine for their use in the dye-

sensitised solar cell have been studied. Finally, a non-aqueous redox couple (vanadium IV/V 

in acetonitrile) has been investigated which aims to suppress the water-splitting side reaction 

and avoid other problems of the aqueous electrolyte. 

 

Table 8: Redox potential of commons redox couples 

 

Redox couple Redox potential 

vs. SHE 

Cr3+/2+ −0.42 V [6] 

Fe/ Fe2+ -0.3 V [11] 

V3+/2+ −0.26 V [6] 

O2/HO- -0.13 V [6] 

H+/H2 0 V [6] 

V3+/4+ +0.34 V [225] 

[Fe(CN)] 3-/4- +0.3704 V [304] 

I-/I3
- +0.53 V [6] 

Fe2+/3+ +0.77 V [6] 

V4+/5+ +1.0 V [6] 

Br-/Br2
- +1.09 V[11] 

H2O/O2 +1.229  V [6] 

 

6.2. Experimental  
 

6.2.1. TiO2 deposition process 

 

FTO glasses (FTO type: NSG TEC 10, size: 1.1mm x 20 mm x 15 mm, FTO thickness 750 nm, 

resistance: 9.39 ± 0.38 Ω FTO work function: 4.4 eV - 4.7 eV, transmission 83.4%, Provider: 

Ossila) were cleaned by immersion in Milli-Q water and ultrasonication for 30 min ,followed 

by ultrasonication in propan-2-ol for 30 min. Finally, they were treated in a UV-ozone cleaner 

(MTI corporation, compact UV-ozone cleaner, with 55 W UV lamp of 254 nm and 185 nm 

maxima of irradiation with peak UV intensity of 4.6 mW·cm-2) for 20 min. The FTO glasses 

were placed on heating support and covered by a stainless steel mask with an opening of 1 cm2 

over each slide. Titanium suspension was prepared by mixing TiO2 P25 (Degussa) suspension 

in propan-2-ol (20 mg mL-1) with titanium isopropoxide solution (TTIP, Aldrich 97%) in 

propan-2-ol (71 mg mL-1). The weight ratio of TiO2 and titanium isopropoxide was 85:15 (on 

an oxide basis). The deposition was performed using an ultrasonic atomiser (Sonozap) at 60 
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kHz. The titania suspension was fed at 1 mL min-1 through a syringe pump (New Era Pump 

System Inc.) allowing the formation of a thin mist of the titania suspension. This ultrasonic 

spray was mounted on the x-y carriage and followed a pattern on the top of the mask. The 

obtained TiO2 films (loading approximately 0.7 mg cm-2) were sintered at 450°C for 30 min 

under static air. 

6.2.2. Electrolyte fabrication 

 

For the electrolyte preparation, the following chemicals were used. H2SO4 (purity 95 % - 98 

%, supplier Univar), VOSO4 (purity 99.9 %, Supplier Alpha Aesar), VCl3 (purity 97 %, 

supplier Sigma Aldrich), VO2(acac) (purity 97 %, supplier Sigma Aldrich), V(acac) (purity 98 

%, supplier Sigma Aldrich), KFeCN6 (purity > 99 %, supplier vikers laboratories limited), 

K4Fe(CN)6 (purity > 99 %, supplier Analar), KNO2 (purity 99 %, supplier Univar), FeSO4 

(purity >99%, supplier BDH), CrCl3 (purity 98 %, Supplier Analar), triiodide electrolyte 

(supplier Solarnix), NaBr (purity > 99 %,supplier BDH).  

 

The following redox couples and cells were tested in both two electrode and three electrode 

configurations. For testing, these redox couple combinations were in their 100% discharged 

state:  

 

The full vanadium cell: 

TiO2 | 0.1 M VOSO4, 0.5 M H2SO4 || 117 Nafion || 0.1 M VCl3, 0.5 M H2SO4 | Pt 

Photoelectrode: VO2
+ + 2H+ + e- ⇋ VO2+ + H2O  E = 1 V vs. SHE [11] 

Negative electrode: V3+ + e ⇋ V2+    E = -0.26 V vs. SHE [11] 

 

The full vanadium non-aqueous cell: 

TiO2 | 0.1 M VO2(acac), acetonitrile || 117 Nafion || 0.1 M V(acac) (III), acetonitrile| Pt  

 

Photoelectrode: V(acac)3 ⇋ [V(acac)3]
+ + e–     E = 0.4 V vs. SHE [305] 

 Negative electrode: V(acac)3 + e–  ⇋ [V(acac)3]
-      E = -1.81 V vs. SHE [305] 

 

The ferrocyanide/ferricyanide cell: 

 TiO2 | 0.1 M), KFeCN6 1.0 M KNO2|| 117 Nafion || 0.1 M K4Fe(CN)6, 1.0 M KNO2| Pt  

 

https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Sulfate
https://en.wikipedia.org/wiki/Sodium
https://en.wikipedia.org/wiki/Bromide
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Photoelectrode: [Fe(CN)] 4- ⇋ [Fe(CN)] 3-+ e–  E = 0.37 V vs. SHE [306] 

 Negative electrode: [Fe(CN)] 3-+ e– ⇋ [Fe(CN)] 4      E = 0.37 V vs. SHE [306] 

 

The ferrous chromium cell: 

TiO2 | 0.1 M FeSO4, 0.5 M H2SO4|| 117 Nafion || 0.1 M CrCl3, 0.5 M H2SO4| Pt  

 

Photoelectrode: Fe2+ ⇋ Fe3+ + e–    E = 0.77 V vs. SHE [11] 

Negative electrode:   Cr3+ + e–⇋ Cr2+   E = -0.41 V vs. SHE [11] 

 

The full ferrous cell:  

TiO2 | 0.1 M FeSO4, 0.5 M H2SO4|| 117 Nafion || 0.1 M FeSO4, 0.5 M H2SO4| Pt  

 

Photoelectrode: Fe2+ ⇋ Fe3+ + e-    E = 0.77V vs. SHE [11] 

Negative electrode:   Fe2+ + 2e- ⇋ Fe   E = -0.3 V vs. SHE [11] 

 

The triiodide-vanadium cell:  

TiO2 | 0.1 M triiodide electrolyte || 117 Nafion || 0.1 M VCl3, 0.5 M H2SO4 | Pt 

 

Photoelectrode: I3
- ⇋ 3I- + 3e-     E = 0.53 V vs. SHE [11] 

Negative electrode:     V3+ + e- ⇋ V2+    E = -0.26 V vs. SHE [11] 

 

The bromide-vanadium cell:  

TiO2 | 0.1 M NaBr, 0.5 M H2SO4 || 117 Nafion || 0.1 M VCl3, 0.5 M H2SO4 | Pt 

 

Photoelectrode: 2Br- 
+ Cl- ⇋ Br2Cl- + 2e-  E = 1.09 V vs. SHE [11] 

Negative electrode:     2VCl3 + 2e- ⇋ 2VCl2 + 2Cl-    E = -0.26 V vs. SHE [11] 

  

https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Sulfate
https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Sulfate
https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Sulfate
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6.2.3. Cell design 

 

Two glass cells separated by a 117 Nafion membrane were set up to record the 

photoelectrochemical performance of photoanode. In the first counter electrode cell, a platinum 

wire was dipped inside the chosen electrolyte. The photoelectrode was clipped onto the second 

glass cell in the direct contact with the negative electrolyte and an Ag|AgCl counter electrode. 

A shutter was placed in front of a solar simulator (Xenon lamp) at one sun with a 1.5 AM filter 

to illuminate the photoelectrode or in front of a 365 nm LED lamp at different power to 

illuminate the photoelectrode. 

 

6.3. Results 
 

6.3.1. Three electrode measurements 
 

The different redox couples have been chosen for several reasons. Aqueous VOSO4 (V
4+/V5+) 

and VCl3 (V
3+/V2+) electrolyte were chosen to be able to compare with the previous studies. 

The use of the same redox couple in acetonitrile has been chosen to remove any chance of 

water splitting and oxygen evolution. Indeed, as previously show the vanadium redox couple 

in water showed some water splitting at the photoanode and oxygen evolution at the counter 

electrode. The use of ferrocyanide/ferricyanide couple was chosen for their large used in the 

literature due to their god kinetics and defined redox potential [306]–[308] as redox mediator. 

The Fe2+/3+ couple has been chosen for this redox potential of 0.77 V vs NHE and the low price 

of this couple. In the literature, [11] the redox couple used at the negative electrode was Cr3+/2+ 

given an overall cell voltage of 1.19 V vs NHE. However, this couple is quite expensive and 

not environment friendly so the redox couple Fe2+/Fe was used with a Pt counter electrode to 

test a half-solid solar redox flow battery. Another common redox flow battery in the literature 

was constituted of Br2
-/Br- at the anode and V3+/V2+ at the cathode and was tested for solar 

redox flow battery. Finally, to related to the dye-sensitised solar cell technology and some solar 

redox flow battery publication [6], [33], [38]–[43], [93], [223], the triiodide electrolyte were 

tested at the photoanode, and the usual V3+/V2+ couple were used at the counter electrode. 

 

Firstly, the different anodic redox couples have been tested in a three-electrode measurement 

under chopped light. The use of VOSO4 in H2SO4 as electrolyte (Figure 58 a) showed a 

reductive current from 0 V vs. Ag|AgCl to 0.15V vs. Ag|AgCl in the presence of anodic and 
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cathodic peak from 0 to 0.3 V vs. Ag|AgCl with a maximum of recombination from 0.15 V vs. 

Ag|AgCl to 0.2 V vs. Ag|AgCl. Finally, the current stabilised after 0.4 V vs. Ag|AgCl and the 

photocurrent remained constant until 0.7 V vs. Ag|AgCl. As shown previously, this reducing 

current is attributed to the reduction of V4+ to V3+, which is thermodynamically possible below 

approx. 0.143 V vs. Ag|AgCl. [32]. The anodic and cathodic peak was linked to the electron-

hole recombination at the surface of the film. 

However, a change in the polarisation curve was observed when the electrolyte was changed 

to a VO2(acac) in acetonitrile electrolyte (Figure 58 b). The reductive currents are much higher 

( -190 µA cm-2 mg-1 at 0 V vs. Ag|AgCl against -30 µA cm-2 mg-1 at 0 V vs. Ag|AgCl ) and still 

occurs until 0.35 V vs AgAg|Cl. The electron-hole recombination occurs only until 0.25 V vs. 

Ag|AgCl. The overall photocurrent using a VO2(acac) in acetonitrile electrolyte is lower than 

that using VOSO4 in H2SO4 electrolyte (5 µA cm-2 mg-1 at 0.5 V vs. Ag|AgCl against 10 µA 

cm-2 mg-1 at 0.5 V vs. Ag|AgCl ). With the same vanadium IV ion presented in the electrolyte, 

the change in the photocurrent could be due to the absence of water splitting side reaction. 

However, as shown in the previous study on V4+/V5+ in H2SO4 the water-splitting reaction at 

this electrolyte concentration could not give 50% of the photocurrent. So it could be due to the 

difference in electrolyte solvent: acetonitrile cf. water (side reaction or reaction site blocking 

by the acetonitrile) or the difference in electrolyte acidity-basicity (which could explain the 

reductive current switch occurring at a higher voltage [309]) or both phenomenon in parallel. 

It is also possible that the reaction kinetics of the V4+ oxidation are faster in non-aqueous 

electrolytes as the complex rearrangement of the hydration shell or bond breaking (e.g. VO2+ 

+ H2O → VO2
+) is not required in the non-aqueous version of the V4+ oxidation [305], [310], 

[311]. 

The change of the redox couple to ferrocyanide/ferricyanide resulted in completely different 

linear sweep voltammetry (Figure 58 c). First, a massive electrochemical oxidation current (up 

to 6 mA) without photoinduced oxidation was observed around 0.2 V vs. Ag|AgCl. This is due 

to the oxidation potential of the couple of 0.37 V vs. RHE, which is, therefore, 0.17 V vs. 

Ag|AgCl. The second interesting feature is the absence of reductive current below 0.2 V vs. 

Ag|AgCl in the first linear sweep voltammetry which indicates the absence of [Fe(CN)6]4- 

complexes in the initial solution. However, after the first test, the complexes were formed prior 

to reduction at the beginning of the second linear sweep voltammetry test. The two different 

films showed a low electrochemical oxidation reproducibility of the polarisation, but a high 

reproducibility of the photocurrent. When the light is on, instead of a rapid increase of the 

current, a slow increase was observed similar to that found when the light is off. It seems to be 
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due to the difficulty of the ion complexes diffusion in the electrolyte [309]. This redox couple 

is not suitable for the solar redox flow battery. 

The same phenomenon as that found in ferrocyanide electrolyte was also observed using 

Fe2+/Fe3+ in H2SO4 (Figure 58 d): electrochemical oxidation at 0.4 V vs. Ag|AgCl (theoretical 

at 0.57 V vs. Ag|AgCl). However, electron-hole recombination can be observed from 0 V vs. 

Ag|AgCl to 0.25 V vs. Ag|AgCl and when the light is turned on the photocurrent occurs 

immediately.  The redox couple seems to be a very good candidate for a solar redox flow battery 

(photocurrent of 119 ± 8 µA cm-2 mg-1 at 0.5 V vs. Ag|AgCl against 10 ± 1 µA cm-2 mg-1 for 

V4+/V5+ in H2SO4). However, two issues could be observed, the high photocurrent of 119 ± 8 

µA cm-2 mg-1 was achieved after 0.25 V vs. Ag|AgCl, but not below, and the low oxidising 

potential could lead to a low cell voltage in the function of the redox couple choose at the 

counter electrode  

The triiodide (Figure 58 e) electrolyte showed a steady photocurrent of 59.5 ± 0.5 µA cm-2 mg-

1until approximately 0.3 V vs. Ag|AgCl where an electrochemical reaction starts to occur which 

corresponds to the value of the oxidation of I3
- in Ag|AgCl. This electrochemical oxidation 

increase after 0.5 V vs. Ag|AgCl only. Of note, the non-aqueous electrolyte could lead to a 

misinterpretation of the potential. The presence of high steady photocurrent and the absence of 

reductive current make a proper electrolyte for solar redox flow battery as shown in the 

literature [33]. 

Finally, the bromide electrolyte in HCl (Figure 58 f) showed electron-hole recombination 

anodic and cathodic peak and a small reductive current from 0V to 0.4V vs. Ag|AgCl. The 

photocurrent increases with the increase of potential until reaching a maximum photocurrent 

of 43 ± 2 µA cm-2 mg-1. The higher photocurrent compare to the V4+/V5+ in H2SO4 make it an 

interesting electrolyte, but the use of bromide could be an environmental and safety issue (toxic 

gas produced).Among the redox couples, the triiodide electrolyte and Fe2+/Fe3+ in H2SO4 were 

the most promising couple allowing the reaction to take place around 0.5V vs. Ag|AgCl, if the 

cathodic electrolyte permits it. 



 

 

158 

 

 

 



 

 

159 

 

 



 

 

160 

 

 
Figure 58: Linear sweep voltammetry between 0 V vs. Ag|AgCl and 0.7 V vs. Ag|AgCl with a scan rate of 0.5 

mV s-1 under chopped light (The shutter was closed for 20 seconds and opened for 20 seconds) for a a) full 

vanadium cell, b) full vanadium non-aqueous cell, c) ferrocyanide/ferricyanide cell, d) ferrous chromium cell e) 

triiodide-vanadium cell and f) bromide-vanadium cell. 

 

6.3.2. Two electrode measurements 
 

To test the full cell behaviour, the cell combinations described above were tested in two-

electrode mode, with a TiO2 photoanode and a Pt negative electrode. In this set-up the photo-

anode was connected to the working electrode cable and the negative electrode connected to 

the counter electrode cable of the potentiostats. The reference electrode cable from the 

potentiostats was then connected to the negative electrode, and the cell voltage (photoanode – 

Pt negative electrode) potential was controlled at 0 V vs. Ag|AgCl under chopped light. This is 

a zero-bias cell configuration. 
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Full vanadium cell has been tested [11]. The chronoamperometry (Figure 58 a) presents a 

photocurrent of 10 µA cm-2 mg-1 which is similar than the value on the linear sweep 

voltammetry. The presence of the anodic and cathodic peak was found to be related to the 

electron-hole recombination when the light was switched. The potential (Figure 60 a) of the 

photoanode, when the light was on, decreased from 0.2 V vs. Ag|AgCl to 0.13 V vs. Ag|AgCl 

in 20 s while that, when the light was off, increased back to 0.2 V vs. Ag|AgCl. The absence of 

instantaneous increase and decrease of the potential indicates trap sites [63]–[66], where charge 

carriers were trapped in a system and no longer participate in the charge transport. As shown 

in the previous study, the reaction in the cathode was driven by oxygen reduction, not by V3+ 

reduction. 

When using the full vanadium non-aqueous cell, the use of acetonitrile as a solvent provides 

the photoinduced water splitting. The chronoamperometry showed a photooxidation of the V4+ 

to V5+ (2 µA cm-2 mg-1, Figure 58 b) with the same shape as that of the previous experiment. 

However, the potential curves were difficult to interpret due to a large instability (Figure 60 b). 

According to the different pH and solvent used in these two systems, the clear conclusion of 

undergoing reactions on both electrodes could not be easily drawn. 

In the case of Fe2+/Fe3+, two cathodic electrolytes have been tested. First, ferrous chromium 

cell was tested[11].The photocurrent (Figure 58 c) from chromic chloride was two times higher 

as compared to vanadium. However, a massive part of the photocurrent seems to be lost due to 

the electron-hole recombination. However, the fast decrease and increase of the potential when 

the light was switched suggested a low number of trap sites. The potential of the photoelectrode 

(Figure 60 c) both in the dark (0.37 V vs. Ag|AgCl) and in the light (0.26 V vs. Ag|AgCl) was 

higher than those of the vanadium. However, the difference was probably associated with a 

better counter electrode oxygen evolution.  

Apart from chromic chloride, 0.1 M ferrous sulphate was employed to test the feasibility of a 

full iron half solid solar redox flow battery [11]. A test of a similar cell but with a pt negative 

(counter electrode) have been realised. The iron solid formed were deposit on the pt electrode. 

The photocurrent using ferrous sulphate electrolyte (Figure 58 d) was higher than that using 

vanadium but lower than that using chromium electrolyte (15 µA cm-2 mg-1) and did not show 

any electron-hole recombination. The potential when the light was on indicated a low number 

of trap sites. The potential of the photoelectrode (Figure 60 d) was 0.38 V vs. Ag|AgCl in the 

dark and 0.37 V vs. Ag|AgCl in the light. Therefore, the potential difference was only 0.01 V 

vs. Ag|AgCl and still induced a higher photocurrent than vanadium.  
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In the case of triiodide-vanadium cell, the test has been performed against a V3+ in H2SO4 

electrolyte. The photocurrent (Figure 58 e) was much higher than the one from full vanadium 

cell (50 µA cm-2 mg-1) without any electron-hole recombination. The potential when the light 

was on suggested a large number of trap sites. However, the potential of the photoelectrode 

(Figure 60 e) was -0.01 V vs. Ag|AgCl in the dark and -0.12 V vs. Ag|AgCl in the light. 

However, because triiodide electrolyte used was not an aqueous electrolyte, the potential could 

be misinterpreted. 

Finally, bromide-vanadium cell was tested [11]. The chronoamperometry (Figure 58 f) shows 

photocurrent, which is equal to the full iron, but with lot of electron-hole recombination anodic 

and cathodic peaks. The potential when the light was on suggests a large number of trap sites. 

However, the potential of the photoelectrode (Figure 60 f) was 0.15 V vs. Ag|AgCl in the dark 

and 0 V vs. Ag|AgCl in the light. Among redox couples, vanadium/bromide, 

vanadium/triiodide and iron/chromium and full iron cell appear as a promising candidate for 

replacing the full vanadium solar redox flow battery.  

Unfortunately, in the case of ferrous based cell, the large photocurrent seen in the three-

electrode measurement was not translated into a high photocurrent in the two electrodes 

measurement. Therefore, the two electrodes measurement could be conducted with an external 

applied potential (bias) to shift the photoanode potential and try to increase the photocurrent. 

First, this test has been performed on a full vanadium cell (Figure 61 a). the addition of a bias 

potential in the cell affected the diminution of the electron-hole recombination leading to an 

increase of the photocurrent from 10 µA cm-2 mg-1 to 20 µA cm-2 mg-1. However, in the case 

of the ferrous chromium cell (Figure 61 b):, the introduction of a bias showed a significant 

effect on the oxidation of Fe2+ in Fe3+. The oxidation increased even in the dark and besides 

the photocurrent increased significantly by the diminution of the electron-hole recombination. 

In conclusion, in the case of a full vanadium cell, the introduction of bias did not seem to 

improve the photocurrent drastically. However, in the case of ferrous chromium cell, the 

addition of a 0.5 V vs. Pt bias increased the photocurrent to 50 µA cm-2 mg-1. 
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Figure 59: Current density chronoamperometry under zero bias conditions under chopped light  a) full vanadium 

cell, b) full vanadium non-aqueous cell, c) ferrous chromium cell, d) full ferrous cell ferrous chromium cell e) 

triiodide-vanadium cell and f) bromide-vanadium cell. 
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 Figure 60: Potential of the photoanode during the chronoamperometry under zero bias conditions under chopped 

light  a) full vanadium cell, b) full vanadium non-aqueous cell, c) ferrous chromium cell, d) full ferrous cell ferrous 

chromium cell e) triiodide-vanadium cell and f) bromide-vanadium cell. 
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Figure 61: Chronoamperometry with different cell voltage (bias) under chopped light.  a) full vanadium cell, b) 

ferrous chromium cell. 
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6.4.  Conclusion 

 

In conclusion, one of the promising redox couples was bromide, which gave a higher 

photocurrent of 43 ± 2 µA cm-2 mg-1 compared to that of VOSO4. However, the bromide is a 

toxic material, which is challenging to be reuse or recycle. Another promising redox couple 

was a standard dye-sensitised redox couple triiodide/iodide which gave a photocurrent of 59.5 

± 0.5 µA cm-2 mg-1 and that of 50 µA cm-2 mg-1 against V3+ cathodic electrolyte on a cell 

without bias. It exhibited five times higher photocurrent compared to that obtained from V4+ 

anodic electrolyte. However, the reaction is kinetically complex: I3
– gave a mix of I2 and I– 

where the I2 could be reduced to I2
–and further reduced to form I3

– and I–. While the I2 

recombination process was slow because very few I2 got absorbed. I2 is highly volatile and 

corrosive. Apart from bromide and triiodide/iodide redox couples, iron III/II also appear as a 

promising candidate as it is surprisingly the less expensive and the most environmentally 

friendly redox couple. The iron III/II was shown to give a photocurrent of 119 ± 8 µA cm-2 mg-

1 at 0.5 V vs. Ag|AgCl. The use of iron (II) as cathodic electrolyte allowed the creation of a full 

iron battery. However, the photocurrent obtained was only 15 µA cm-2 mg-1 while the use of 

chromium as cathodic could improve the photocurrent to 20 µA cm-2 mg-1. Finally, by applying 

the bias potential of 0.5 V vs. Pt, the photocurrent reached 50 µA cm-2 mg-1.  
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7. Conclusion and Future Work 

 

7.1. Overall summary 
 

In this work, the first objective was to explain the different reactions at the photo-electrodes. 

Therefore, a series of three-electrode measurements and UV-Vis spectroscopy was performed. 

It was concluded that during tow electrode, zero bias conditions, the presence of oxygen in the 

negative electrolyte chamber (the counter electrode chamber in three-electrode measurements) 

allowed the oxygen reduction reaction to occur rather than the reduction of vanadium species. 

As the potential for the oxygen reduction reaction on Pt was more positive that the V3+ 

reduction reactions (in the negative chamber), under zero-bias conditions to causes the potential 

of the photoanode to be more positive and thus higher photo currents could occur. 

 

In the photoelectrode, when the light was off the potential is at 0.35 V vs. Ag|AgCl (when 

VOSO4 is used in the non-deaerated counter electrode chamber without) or 0.3 V vs. Ag|AgCl 

(when VCl3 is used in the non-deaerated counter electrode chamber. When the light was on, 

two phenomena took place; the first was the formation of a double layer due to the change 

between the open circuit potential and the light-induced potential. This double layer vanished 

in a few minutes. The second phenomenon was an anodic peak due to the electron-hole 

recombination by the reduction of the photogenerated V5+ species at the surface of the 

electrode. However, after a few seconds, the photo-oxidation reached an equilibrium while the 

photocurrent remained steady. Water splitting was observed leading to a release of gas into the 

system. Finally, when the light was turned back to off, a cathodic current occurred. It was due 

to the recombination of the holes at the surface of the V5+ with the electrons still in the surface 

of the semiconductor, resulting in an increase of V5+ reduction. 

 

After the reactions were identified, the second objective was to improve the obtained 

photocurrent. The effect of the different deposition processes to form P-25 TiO2 based layers, 

including screen printing, doctor blading, airflow spray coating, and ultrasonic spray coating 

on the photocurrent were investigated. The conclusion was that the ultrasonic spray coating 

was the most reproducible technique. Changing the solvent and evaporation temperature have 

an effect on the structure of the film but did not result in a major improvement of the 

photocurrent (photocurrents around 10 µA cm-2 mg-1). Therefore, a change in the structure of 

the TiO2 layer by adding titanium isopropoxide was investigated. It was proposed that this 
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titanium isopropoxide addition would allow the formation of a better network between the 

particles. The composition of 85 wt% of P25 powder and 15 wt% of TiO2 from the titanium 

isopropoxide hydrolysis was the best composition. This result supported the hypothesis that a 

better connection between the FTO and TiO2 particles was the key to improve the photocurrent. 

To confirm this, thin and compact underlayers were investigated. The best one was obtained 

by growing an initial layer between the FTO and the main TiO2 layer via a hydrothermal 

method, which resulted in a highly crystalline underlayer. 

 

Another way to increase the photocurrent was to deposit some gold nanoclusters or 

nanoparticles on the top of the TiO2 film. The deposition of 1.7 wt% 25 nm-gold nanoparticles 

led to 30 % increase in the photocurrent compared to the standard film. However, the 

improvement was temporary and disappeared after a few cycles. Besides, the deposition of 8.5 

wt% of Au6 nanoclusters resulted in up to 50% higher the photocurrent compared to that of 

bare TiO2 with much higher stability. 

 

Finally, a way to improve the photocurrent of the photoelectrode was to use different redox 

couples. One of the most promising redox couples was bromide which gave a higher 

photocurrent of 43 ± 2 µA cm-2 mg-1, similar to that of VOSO4. However, the bromide is a 

toxic material which is challenging to be reused and recycled. Another one was a standard dye-

sensitised redox couple, triiodide/iodide, which gave a photocurrent of 59.5 ± 0.5 µA cm-2 mg-

1 and showed a photocurrent of 50 µA cm-2 mg-1 against vanadium (III) cathodic electrolyte on 

a cell without the bias. It exhibited five times higher photocurrent compared to that obtained 

from vanadium (IV) anodic electrolyte. However, the reaction is complex: I3
– give a mix of I2 

and I– where I2 could be reduced to I2
– and further reduced to form I3 

– and I–. While the I2 

recombination process was slow because very few I2 got absorbed. However,  the production 

of I2 is an issue due to its highly volatile and corrosive behaviour. Besides, iron III/II appear as 

another promising redox couple as it is surprisingly less expensive and more environmentally 

friendly. The iron (III)/ iron (II) give a photocurrent of 119 ± 8 µA cm-2 mg-1 at 0.5 V vs. 

Ag|AgCl. The use of iron (II) as cathodic electrolyte allowed the creation of a full iron battery, 

however, the photocurrent obtained was only 15 µA cm-2 mg-1. A higher photocurrent of 20 

µA cm-2 mg-1 could be achieved using chromium as cathodic gave. Finally, by creating a bias 

of 0.5 V vs. Pt, the photocurrent reached 50 µA cm-2 mg-1. 

 

Therefore, by combining the best photocurrent of each study, a photocurrent of 82 ± 0.5 µA 

cm-2 (410 ± 0.5 µA cm-2 mg-1) could be achieved for VOSO4 electrolyte at 0.5 V vs. Ag|AgCl 
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with the addition of 8.5 wt% of Au6 nanoclusters to the hydrothermal growth film with an 

additional 85% P-25 15% TTIP film (Figure 62). The linear sweep voltammetry showed, in 

both cases, the increase of the photocurrent when the potential increase. With the addition of 

Au6 nanoclusters, the apparition of electron-hole recombination is higher until 0.3 V vs. 

Ag|AgCl. The triiodide electrolyte gave a photocurrent of 99.3 ± 0.2 µA cm-2 (496 ± 0.2 µA 

cm-2 mg-1) at 0.5 V vs. Ag|AgCl. However, there is no sign of electron-hole recombination. The 

Fe2+ electrolyte allowed a photocurrent of 107 ± 0.4 µA cm-2 (535± 0.4 µA cm-2 mg-1) at 0.5 V 

vs. Ag|AgCl (Figure 63) with the same electron-hole recombination peak as that using VOSO4 

electrolyte.  

 

In term of power, even with the improvement of the photocurrent of 82 ± 0.5 µA cm-2, the Solar 

redox flow battery develop a power of 82 µW cm-2 (usual dye sensitized solar cell 120 000 µW 

cm-2). Which leads to an cell efficiency of 0.0003% against 12-24 % [312] for dye sensitized 

solar cell. In term of price, a dye-sensitized solar cell will cost around 18 000 USD m-2 plus a 

Li-ion battery at 130-200 USD per battery. For the full vanadium solar redox flow battery the 

photoelectrode will cost about 40 USD m-2  without gold cluster, 73 USD L-1 for the electrolyte 

16 000 -26 000 USD per redox flow battery ( could require two one photo charging and another 

for discharge). Unfortunately, the two technologies are difficult to compare due to the 

uncertainty and the usage difference, but the advantage of the solar redox flow battery is the 

fix cost of the redox flow battery (except the electrolyte) and in comparison, the small price of 

the photo electrode by m-2. 

 

 

Figure 62: Linear sweep voltammetry of the hydrothermal with 85-15 TiO2 film with and without Au6 nanoclusters 

using VOSO4 electrolyte. 
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Figure 63: Linear sweep voltammetry of the hydrothermal with 85-15 TiO2 film with Au6 nanoclusters using 

VOSO4, I3
-, and Fe2+ electrolyte. 

7.2. Future works. 
 

Firstly, the reactions at the photoelectrode have been well studied, however, further study 

could be conducted on the counter electrode. A better counter electrode is required to be able 

to obtain a good solar redox flow battery. As shown the used 85% P-25 15% TTIP film 

deposited by ultrasonic spraying was a proper deposition process specially combined with the 

deposition of underlayer. However, the deposition of the underlayer has not been fully 

investigated, in particular, the hydrothermal growth of the TiO2 films could be largely 

improved and used as a way to grow a complete film. The reproducibility of such process is 

quite challenging. The effect of various parameters such as temperature, moisture etc. on 

TiO2 growth would allow a better understanding and hence improve the performance. Finally, 

another deposition method could be investigated to obtain proper underlayer.  

 

The test of Au nanoparticles and nanoclusters deposited on TiO2 film has been focused on 

nanoclusters and the effect of the different Au nanoparticle deposition methods, whereas the 

Au nanoparticles size effect has not been explored. Besides gold nanoclusters, the effect of 

the deposition of other metal nanoclusters, for example Pt, Ru and Ag nanoclusters onto TiO2 

film, is also an interesting direction to investigate. The formation of porous TiO2 nanosphere 

could lead to the direct incorporation of the nanoclusters within the spheres. The porous 

sphere improving the stability of the clusters, then protected the clusters. The obtained metal 

cluster doped TiO2 film could then have a longer lifetime. 
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The study realised on different redox couples leads to an opening of the project. indeed, by 

using triiodide, for example, it could allow the use of dye particles for absorbing a larger part 

of the solar spectrum. However, the use of dye will involve some research on the way to keep 

them on the semiconductor surface under the electrolyte flow. The use of Fe2+ and the 

improvement of the photocurrent by the introduction of bias, lead to the study of a bias dual 

photovoltaic and photoelectrochemical cell. the solar redox flow battery study should go to a 

focus on solar driven redox flow battery? Or, is an unbiased commercial solar redox flow 

battery possible? 
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Appendix A 

 

 

Solvent characteristics 

 

 

 

The solvent characteristics are shown in the table F.1: 

 

Solvent Boiling temperature refractive index dipole moment (D) viscosity (mPa s) 

Water 100 ºC 1.332 1.84 0.8937 (at 25 ºC) 

Ethanol 79 ºC 1.611 1.69 1.074 (at 25 ºC) 

Isopropanol 82.6 ºC 1.378 1.66 1.96 (at 25 ºC) 

Terpineol 217 ºC 1.482   

Ethylene glycol 197.3 ºC 1.431   

Butanol 117 ºC 1.399 1.66 2.52 (at 25 ºC) 

 

TABLE F.1: different solvent characteristics
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Appendix B: list of materials 
 

 

 

G.1 Electrolyte material 

 

VOSO4: Vanadium (IV) sulfate oxide hydrate 99.9%, Alfa Aesar. 

 

VCl3: Vanadium (III) chloride 97%, Sigma Aldrich. 

 

FeSO4: Iron (II) sulfate 7-hydrate, Analytical reagent, BDH. 

 

K4Fe(CN)6: Potassium Ferrocynide, AMALAR. 

 

Potassium Nitrate: Potassium Nitrate, Analytical reagent, UNIVAR. 

 

H2SO4: Sulfuric Acid, UNIVAR. 

 

G.2 Semiconductor layers material 

 

TiO2 P-25: Titanium dioxide P-25, Degussa. 

 

Titanium isopropoxide: Titanium (IV) isopropoxide   97%, Sigma Aldrich. 

 

Titanium butoxide: Titanium (IV) butoxide   97%, Sigma Aldrich. 

 

SBR: Styrene Butadiene Rubber binder for Li-ion battery anode, MTI. 

 

CMC: Carboxyl Methyl Cellulose sodium salt, medium viscosity, Sigma Aldrich. 
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SiC: Silicon Carbide nanopowder (SiC, >99%, 45 - 65 nm, cubic), US research Nanomaterials, 

Inc. 

 

G.3 Solvents 

 

Terpineol:  Terpineol 90%, Sigma Aldrich. 

 

Ethanol: Ethanol Absolute, analytical grade, Lab Serv. 

 

Isopropanol: Propan-2-ol, analytical reagent grade, Fisher. 

 

Butanol: Butan-2-ol BDH. 

 

Polyethylene glycol:  Terpineol 90%, Sigma Aldrich. 

 

Acetone: Acetone, analytical reagent grade, Fisher. 

 

Methanol: Methanol HPLC grade, Fisher. 

 

Ethylene glycol: Ethylene glycol, Malinkrodt. 
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Appendix C: deposition process 

Supplementary Information 
a. Deposition process 

The two different deposition processes used were the airbrush spray deposition and the 

ultrasonic spray deposition. 

 

Airbrush spray deposition: The airbrush deposition is a primary deposition method used 

in painting or for creating some carbon electrodes. The liquid solution was sprayed by 

airflow which blowed droplets on a heat FTO substrate with a mask for depositing a 

specific area (Figures S.1). The airflow was controlled by the air pressure choose in 

entrance of the spray gun and by the position of the trigger. For all the experiment, the 

trigger was at its maximum and so leted the air entirely pass by the nozzle. The solution 

was filled into the tank, and the deposition pattern was created by a controller which 

piloted the left/right and the up/down tray. The controller created a deposition pattern 

corresponding to twice the mask openings to surely cover all the area. The mask wass 

composed of three oblong holes of 1 cm2 to avoid a shadowing effect. The mask was 

screwed to a support which contained the three FTO slides and to the hot plate. The 

temperature can be changed by using a controller link to a temperature probe inside the 

hotplate. The issue of this method was a lack of reproducibility due to the airflow 

forming the droplets and a control of the amount deposit not precise enough. 

a) 
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b) 

 

Figures S.1: a) scheme and b) picture of the automatic airbrush spray deposition 

process. 
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Ultrasonic spray deposition: The ultrasonic spray deposition is a variation of the 

previous deposition process, the airbrush spray coating. The liquid solution was sprayed 

,this time not by airflow but by an ultrasonic signal, which formed a mist and pushed 

the droplets on the substrate (Figures S.2). Airflow was still used but only to guide the 

mist straight avoiding asignificant effect of the external airflow changes. The airflow 

was 30 mm min-1. The ultrasonic nozzle (Sonozap) received a signal of 60 kHz. The 

solution was feed by a syringe pump (New Era Pump System Inc.) at 1 mL min-1. The 

hot plate was placed under the spray nozzle to help by gravity the droplet to reach the 

substrate. The reproducibility of this method increased compare to the airbrush spray 

and allowed the use of titanium isopropoxide very sensitive to moisture which could be 

presented in the compressed air of the airbrush spray. 
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Figures S.2: a) schem and b) picture of the automatic ultrasonic spray deposition process. 

 

b. Photoelectrochemical test 

The photoelectrochemical test was composed of two glasses cell connected with a 117 

Nafion membrane (Figure S.3). The photoanode was pressed against in the neck of the 

positive half cell. This half cell was filled with a 0.1 M VOSO4 solution dissolved in 

0.5 M H2SO4. The negative half cell was composed of an 0.5 M H2SO4 solution. Three 

electrode setup: the working electrode was the photoelectrode clip with small crocodile 

clip to the potentiostat (Gamry instrument 3000) then the reference electrode (Ag|AgCl) 

was deep in the positive half cell electrolyte. Finally, the counter electrode was 

composed of a Pt wire place in the negative half cell electrolyte. 
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Figures S.3: a) schem and b) picture of the photoelectrochemical test bench 

c. Characterisation 

The use analytical instruments for the characterisation are mentioned below: 

Scanning Electron Microscopy: The microstructure and surface morphology of the gold 

clusters on carbon paper samples were recorded by SEM instrument (JEOL JSM-7000 F) 

operating at accelerating voltage of 15 kV. 

d. Materials  

All the necessary chemicals were purchased from well-established suppliers (Merck, Fisher 

chemical and Sigma Aldrich) and used without any further purification. The solvents were 

methanol, absolute ethanol (Fisher), propan-2-ol (UNIVAR, analytical grade), butan-2-ol 

(UNIVAR), butan-1-ol (UNIVAR) and Milli Q water. The titanium isopropoxide was supplied 
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by Sigma Aldrich, and its purity is > 97%. TiO2 powder used was P-25 Degussa with a purity 

of 99.9%, and average particles size of 20 nm. This powder is composed of 85% of anatase 

TiO2 and 15% of rutile. The FTO TEC 10 glasses were purchased from Odissa unpattern with 

a size of 20 mm x 15 mm and a thickness of 1.1 mm. The resistance of the FTO layer was 9.39 

± 0.16 Ω.s-1.  
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Appendix D: Materials and methods for 

produced Au nanoclusters 
 

All the necessary chemicals were purchased from well-established suppliers (Merck, Fisher 

chemical and Sigma Aldrich) and used without any further purification. FTO slides were 

purchased from Ossila  

[Au6(dppp)4](NO3)2: [Au6(dppp)4](NO3)2 was synthesised following the method reported in 

the literature. Briefly, 100 mg of [Au9(PPh3)8](NO3)3 was dissolved in 10 mL 

dichloromethane (DCM). 200 mg of 1,3-bis(diphenylphosphino)propane (20-fold molar 

excess) dissolved in 5 mL DCM was added to the stirring solution. The colour of the solution 

change from reddish to orangish briefly and immediately changed to blue, indicating the 

ligand exchange. The reaction mixture was further stirred for 30 minutes prior to subsequent 

pouring into a 100 mL petroleum ether. The obtained product was precipitated at 0 ˚C 

overnight. The blue colour solids were then collected by centrifugation. The product was 

washed with petroleum ether (2 × 20 mL), a 9:1 petroleum ether / CH2Cl2 mixture (2 × 10 

mL) and finally by diethyl ether (3 × 20 mL). The product was dissolved in 5 mL of methanol 

and crystallised by vapour diffusion of 40 mL of diethyl ether (Et2O) over a week in 60 mL 

jar. The yield of product was ca. 50 mg (ca. 46.33% yield by gold atom). The identity of the 

cluster was confirmed by 31P-NMR (in CD3OD) with two singlets of equal intensity at δ1 = 54 

ppm and δ2 = 62 ppm (w.r.t. 85% H3PO4) (Figure A1). The UV-Vis absorption spectrum of 

the cluster has peaks at 325, 430, 507 and 589 nm. 

 

 

(a) 
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Figure A1: (a) 31P-NMR of [Au6(dppp)4](NO3)2  (b) ESI-MS of [Au6(dppp)4](NO3)2 (c) UV-

Vis spectrum of [Au6(dppp)4](NO3)2. 

 

[Au9(PPh3)8](NO3)3: [Au9(PPh3)8](NO3)3 was prepared following a report from Anderson et 

al. [313]. 1 g of gold phosphine nitrate (AuPPh3NO3) was dissolved in 75 mL ethanol. 18 mg 

NaBH4 dissolved in 5 mL ethanol was added to the reaction mixture. The colour of the solution 

immediately change to red prior to quickly turning to deep red. The reaction mixture was stirred 

for 3 hours. The red colour mixture was centrifuged, any solid was discarded. The supernatant 

(b) 

(c) 



 

 

239 

 

was dried using a rotary evaporator. The crude product was dissolved in 25 mL 

dichloromethane, centrifuged; any solids discarded. The solvent was removed under reduced 

pressure using a rotary evaporator without heating. The red colour residue was washed with 2 

× 25 mL tetrahydrofuran (THF) yielding a green colour product. This green colour product was 

further washed with 3 × 25mL petroleum ether. The crude product was dried prior to dissolving 

in 10 mL methanol and crystallising via vapour diffusion crystallisation using 60 mL diethyl 

ether in an 80 mL jar over a week. The obtained crystal was washed with diethyl ether (Et2O) 

and dried in vacuum. The yield of [Au9(PPh3)8](NO3)3 was 190 mg (ca.23 % by Au atom). The 

identity of the cluster was confirmed by 31P-NMR in CDCl3 with a single peak at δ = 57 ppm 

(w.r.t. 85% H3PO4), and presence of [Au9(PPh3)8]
3+ (m/z ≈ 1240) in ESI-MS. The UV-Vis 

absorption was observed at 442, 424, 354 and 316 nm (Figure A2).  

 

 

(a) 
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Figure A2: (a) ESI-MS of Au9(PPh3)8](NO3)3  (b) UV-Vis spectrum of [Au9(PPh3)8](NO3)3.  

 

[Au11(PPh3)8] NO3Cl2 

 

 

 

 

Figure A3: UV-Vis spectrum of [Au13(dppe)5Cl2]Cl3. 

 

 [Au13(dppe)5Cl2]Cl3: Synthesis of [Au13(dppe)5Cl2]Cl3 was performed following the method 

reported by Shichibu and Konishi [314]. 300 mg of Au2(dppe)Cl2 was dissolved in 240 mL, 

and then NaBH4 (66 mg) suspension in ethanol (10 mL) was added to this solution. The colour 

of the solution changed from colourless to dark red, the stirring continued for 3 hours. The 

(b) 
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reaction mixture was centrifuged (any solids discarded) and the supernatant was dried by rotary 

evaporation. The product was extracted using ethanol (50 mL), centrifuged and 1 mL of neat 

HCl was added and stirred overnight. The solvent was removed using a rotary evaporator; the 

product was then precipitated from diethyl ether (100 mL) overnight at 0 ˚C. 31P-NMR of the 

crude product in CD3OD showed a peak at δ = 37 ppm, indicating the presence of Au2dppeCl2. 

The product was precipitated in Et2O and washed with 9:1 petroleum ether/DCM mixture (4 × 

50 mL). Finally, the product was dissolved in methanol (8 mL) and crystallised via vapour 

diffusion of diethyl ether (50 mL) in a 100 mL jar for seven days. The yield of product was ca. 

70 mg (ca. 28% by Au atom). The identity of the cluster was confirmed using 31P-NMR (Figure 

A3) and ESI-MS (m/z = 1541 corresponding [Au13(dppe)5Cl2]
3+). The UV-Vis spectrum 

showed the peaks at 306, 366 and 486 nm. 

  

 

(a) 

(b) 
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Figure A4: (a) 31P-MR of Au13, (b) ESI-MS spectrum of [Au13(dppe)5Cl2]Cl3 (c) UV-Vis 

spectrum of [Au13(dppe)5Cl2]Cl3. 

 

[Au20(PP3)4] Cl4 was synthesised according to the previous procedure detailed by Wan et 

al.[315] Reaction was performed in the absence of light. A solution of NaBH4 (22.1 mg in 3.0 

ml EtOH) was added dropwise to a solution of [Au4(PP3)](Cl)4 (93.4 mg) in DCM (80 ml) 

under stirring (900 rpm). The mixture was then stirred for 10 hrs. The solution was then 

evaporated to dryness using reduced pressure evaporation to give a black solid. The solid was 

dissolved in DCM (3.0 ml) and MeOH (0.1 ml), and the solution was centrifuged at 10000 rpm 

for 4 min. The brown supernatant was poured off and filtered, and a dark solid precipitated 

with the addition of excess n-pentane. The mixture was then centrifuged at 10000 rpm for 10 

min and the supernatant poured off leaving a dark solid. This dissolution-precipitation 

procedure was repeated until the supernatant became colourless which yielded 

[Au20(PP3)4](Cl)4. [Au20(PP3)4](Cl)4 spectrum was recorded in CDCl3. The 31P-NMR gave a 

singlet at δ 64.01 ppm, singlet at δ 54.62 ppm, a quadruplet at δ 47.63 ppm, a singlet at δ 40.50 

ppm, a singlet at δ 37.94 ppm, a singlet at δ 32.00 ppm, and a singlet at δ 18.40 ppm. 

(c) 
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Figure A5: UV-Vis spectrum of [Au20(PP3)4] Cl4. 

 

1.5 nm gold cluster Au101(PPh3)25Cl5: Au101(PPh3)25Cl5 was synthesised following the 

method reported by Anderson et al.[313], [316]. Chloroauric acid (1 g) was dissolved in 60 mL 

of water, and 60 mL toluene added. 1.4 g tetraoctylammonium bromide was added to stirring 

solution as the phase transfer agent. After 10 minutes of stirring, 2.3 g triphenyl phosphine 

added changed the colour of the solution to dark red. The reaction mixture was stirred for 3 

hours. The organic phase was separated using a funnel and washed with aqueous NaCl 

saturated solution (2 × 50mL) and water (3 × 50mL). The organic phase was dried using a 

rotary evaporator without heating. The product was dissolved in 35 mL chloroform, centrifuged 

(any solid discarded), and precipitated in 500 mL pentane at 0 ̊ C. The precipitate was collected 

with centrifugation and washed with various solvent/solvent-mixtures to remove AuPPh3Cl 

impurities as follows.  

100 mL hexanes followed by 100 mL 2: 3 MeOH: H2O  (two times) 

100 mL hexanes followed by 100 mL 1: 1 MeOH: H2O (two times) 

150 mL 3: 1 pentane: chloroform (two times) 

150 mL 2: 1 pentane: chloroform (two times) 

150 mL 1: 1 pentane: chloroform (two times) 

Finally, the crude product was dissolved in 30 mL chloroform, centrifuged (any solid 

discarded) and dried under reduced pressure. The purity of the product was studied with 1H-

NMR spectra of the product Total of 240 mg (ca. 47% yield by Au atom) clusters was obtained.  


