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“And if in a distant future the supply of coal becomes completely exhausted, civilization 

will not be checked by that, for life and civilization will continue as long as the sun shines! 

If our black and nervous civilization, based on coal, shall be followed by a quieter 

civilization based on the utilization of solar energy, that will not be harmful to progress 

and to human happiness.”1 That is what Ciamician wrote, with a farseeing attitude, in 

1912. 

 

Today, coal has been flanked by other fossil fuels such as methane and oil but we are 

still looking for economical ways to exploit solar light. In the meantime we still burn fossil 

solar energy stored during millions of years into hydrocarbons, with an increasing 

consumption rate. 

1. THE ENERGY ISSUE 

Although our economic and social organization is completely based on the utilization 

of fossil fuels, there is a diffuse awareness that it is absolutely unsustainable to persist in 

such a way. Many environmental (climate change, increased probability of extreme 

weather, aridity, pollution), social (health problems such as the increase of cancer cases, 

wars and tension in area close to fossil fuels extraction) and economical (fuel crisis, oil 

price rise due to demand increase) problems have been correlating to our massive use 

of traditional energy sources. Therefore, we have to change the way to power with energy 

our society before it will be too late. Nowadays, in the developed countries, we would not 

be able to sustain our way of life without the traditional sources of energy. On the other 

hand, the direct access to electricity makes the difference between poor and rich 

countries. In fact more than 1.6 billion people in the developing world do not have access 
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to the energy service.2 Moreover, the stocks of fossil fuels will be largely depleted during 

the current century and a middle term price rise have to be taken into account. 

All the alternative energy sources are not storable as fossil fuels are, therefore we will 

progressively shift to an economy based on electricity.3 This challenge represents a 

unique opportunity to drive the developed economies toward an innovative and 

sustainable reorganization of their social and economic assets. Moreover science, and 

chemistry first, will have a central role in establishing new concepts, ideas, materials and 

processes and lead to the development of practical solutions in the production, utilization, 

storage and distribution of the new energy sources. 

2. THE RENEWABLE ENERGY SOURCES 

Among all the renewable energy sources hydroelectricity has been the first employed. 

Today, hydroelectricity is by far the most largely used renewable energy source and 

contributes to around 16% of the total global electricity demand and to around 2% of the 

total energy consumed worldwide.4 On the other hand, in the developed counties 

hydropower is exploited almost to its intrinsic 

limit. Moreover the construction of new dams 

implies several drawbacks, such as the 

geographical modification of entire areas and 

the consequent destruction of biodiversity. 

Nuclear energy is the second most widely 

used not-fossil energy source and accounts 

for ca. 11% of the total electricity produced 

globally and therefore ca. 1.4% of the world’s 
Figure 1.1. World total electricity generation by 

source during 2012.4 
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energy consumption. On the other hand, while nuclear energy has been initially 

considered the most promising technology to produce electricity, after 60 years of 

experience, its environmental and economical sustainability has not been completely 

proved. Long term storage of the by-products is a big issue, as well as the 

decommissioning of the nuclear plants arrived at the end of their lifecycle. Moreover, the 

possibility of unexpected accidents like that in Fukushima in 2011 or in Chernobyl in 1986 

showed that safety is a crucial and unsolved issue for nuclear energy. As a consequence 

of such increasing concerns and of the high maintenance costs of nuclear plants, the 

number of operating reactors remained almost unchanged over the last 20 years and from 

2010 the production of nuclear energy started to decrease.4 

The remaining renewable energy sources (including mainly solar, geothermal and wind) 

accounts for no more than 5% of the world’s electricity consumption. On the other hand, 

solar energy is by far the most abundant between all renewable and non-renewable 

energy sources.5 In only 1.5 hour the sun delivers the same amount of energy that all the 

humankind consumes in an entire year.6 Therefore a far better exploitation of this 

inextinguishable energy source is an essential and vital need. 

3. SOLAR ENERGY CONVERSION 

Solar light possesses a large amount of energy. The sun provides to our planet an 

intense flux of high energetic photons capable to promote extremely up-hill reactions, 

such as the photosynthetic fixation of CO2 in biological systems. This energy flow drives 

life on Earth. 

The AM 1.5G is the global solar irradiation spectra at the mid latitude and an irradiation 

power density of 1000 W m2 is widely assumed as the average value at this latitude. The 
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reference photon composition of 

the solar irradiation flux is 

reported in Figure 1.2.7 UV 

photons (having wavelengths 

ranging from 280 nm up to 400 

nm) account for 4.5% of the total 

flux delivered to our planet. Visible 

photons (from 400 nm up to 900 

nm) constitute 62.1 % of the total 

flux, while the IR region (from 900 nm up to 4000 nm) accounts for the remaining 33.4 %.  

Photovoltaic (PV) technology has been rapidly improved during the last 50 years and 

nowadays silicon based PV panels with conversion efficiencies exceeding 10% are widely 

available at affordable price. The Joint Research Center of the European Commission 

has studied the possibility to satisfy the entire European electricity consumption using PV 

panels. The percentage of the land area that needs to be covered with PV modules with 

a conversion efficiency of 10% in order to fulfil the electricity needs of the European 

Community is only about 0.6% of the total European territory.8 On the other hand, the so 

generated electricity is not directly storable, unless it is accumulated in batteries or 

coupled with electrolysis. 

Photocatalysis and photoelectrocatalysis offer the great possibility to directly convert 

solar energy into chemical bonds and therefore potentially solve the storage problems. 

While photocatalytic processes have been discovered in 1972,9 very recently approaches 

led to the first demonstrations of practical devices showing solar to chemical conversion 

Figure 1.2. Extra-terrestrial AM 0G (black trace), equatorial AM 

1.0G (blue trace) and middle latitude AM1.5G (red trace) standard 
solar spectra.7 
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efficiency exceeding 10%.10 In the next two Chapters the basic principles of photocatalytic 

and photoelectrocatalytic processes are discussed, together with some of the most 

important and promising results obtained to date. 
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Photocatalysis and photoinduced phenomena occurring under illumination at the 

interface between a photoactive material and a solution or gas-phase reactant, has 

been object of scientific research in the last two centuries. E. Becquerel in 1839 

reported evidence of the first photocatalytic effect involving an illuminated silver 

chloride electrode in contact with an electrolyte solution in an electrochemical cell.1 

The Becquerel effect had to wait till 1954 to be completely explained through studies 

on the semiconducting properties of Ge.2 At that time the scientific community was 

discovering the great potentials of semiconducting materials. Several successive 

studies followed the pioneering work about the photochemistry of Ge. Between 1954 

and 1970, many semiconductor materials have been object of fundamental 

investigations aimed at understand and explain the semiconductor–electrolyte 

junction and the first models have been established.3 After these early merely 

fundamental research on such systems, the possible application of 

photoelectrochemistry and photocatalysis in solar light conversion and storage was 

widely recognized. Fujishima and co-workers reported for the first time the evidence 

that water oxidation to O2 was feasible over irradiated n-type TiO2 at negative 

potentials, opening the opportunities that water could be split directly through the 

photoactivation of semiconductor electrodes.4 In 1979 Inoue reported CO2 reduction 

using different semiconductor photoelectrodes under irradiation with the application 

of a large electrical bias.5 

1. PHOTOCATALYTIC WATER SPLITTING, BASIC PRINCIPLES  

Photoassisted water splitting and carbon dioxide reduction to H2 and 

hydrocarbons respectively, offer many attractive opportunities. H2 and hydrocarbons 

are far much more easily stored than electricity or heat than photovoltaics and solar–

thermal energy.6 Moreover, these energy vectors could be used as building blocks in 
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chemical refinery and ammonia synthesis. Finally H2 has extremely low 

environmental impact because it should be produced directly from water and is 

virtually renewable. On the other hand CO2 reduction offers a way to buffer the rising 

atmospheric concentration of such pollutant. Furthermore the use of hydrocarbons 

obtained from its photoassisted reduction in the presence of water has nearly zero 

environmental impact.7,8 Finally the development of these two fields offers the 

opportunity to produce solar fuels directly or close to the place they are used, with 

low transportation costs and the potential solution to the many conflicts and political 

tensions arising from the necessity of abundant fossil fuels.  

Water splitting and carbon dioxide reduction are both endergonic reactions that 

need energy to drive the cleavage of hydrogen and carbon bonds with oxygen and to 

form the new high energetic C-H and H-H bonds. Photocatalytic processes offer the 

great opportunity to use solar light to carry out these reactions. In this way the 

energy supplied by photons can be stored in the new formed chemical bonds. 

We now consider water splitting as a model reaction. To complete H2 and O2 

production, the overall process is divided in the two separate oxidation and reduction 

half-reactions as follows: 

Reduction reaction 

2𝐻+ + 2𝑒−  →   𝐻2    𝐸𝑟𝑒𝑑
° = 0.00 𝑉 𝑣𝑠 𝑅𝐻𝐸 

Oxidation reaction 

2𝐻2𝑂 + 4ℎ+  →   𝑂2 +  4𝐻+   𝐸𝑜𝑥
° = − 1.23 𝑉 𝑣𝑠 𝑅𝐻𝐸 

Overall reaction 

2𝐻2𝑂 →  2𝐻2 + 𝑂2    ∆𝐸 = − 1.23 𝑉 
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with the potentials against the reversible hydrogen electrode (RHE).9 

Complete water splitting in an electrochemical cell needs a minimal external 

potential of 1.23 V. However a small overpotential is required to obtain oxygen and 

H2 evolution. For example, state of the art electrolyzer devices need at least a bias of 

1.8 V. In photodriven applications such potential corresponds to the photon energy. 

The lowest energy needed to carry out water splitting is 1.23 eV and correspond to 

ca 1000 nm wavelength photons. More than 70 % of the solar radiation possesses 

such energy. Otherwise due to the above mentioned overpotential, only photons with 

wavelengths shorter than 700 nm (43% of the solar spectrum) possesses enough 

energy to overcome the oxidation and reduction energy losses.10 

In photocatalytic or 

photoelectrocatalytic processes, the 

photon energy can be transformed in 

chemical energy through the 

excitation of an appropriate 

semiconducting material; the 

sequence following of the events involved is described in Scheme 2.1. After the 

absorption of a photon with energy greater than the semiconductor band gap (𝐸𝑔) an 

𝑒−/ℎ+ pair is generated. The electron is photopromoted to a higher energy in the 

semiconductor conduction band (CB) while the hole counterpart has an energy close 

or equal to the valence band energy (VB). The so produced charge carriers can 

induce the reduction of electron acceptor species, having a reduction potential lower 

in energy than the CB, and the oxidation of electron donor species, having a 

reduction potential higher in energy than the VB, respectively.11 

VB: Valence Band 

CB: Conduction Band 

𝐸𝑔: Band Gap 

CB 

VB 

𝐸𝑔

: 

E
n

e
rg

y
 

Scheme 2.1. Simplified scheme of the electronic 
structure of a semiconductor. 
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This separation in energy does not mean necessarily a separation in space, with 

the consequence that direct 𝑒−/ℎ+ recombination highly limits the overall 

photocatalytic process. In photoelectrocatalytic (PEC) approaches, as those 

discussed in Chapter 3, the application of an external electrical bias leads to more 

efficient charge separation because of the formation of a space charge region.12 

We now take photocatalysis as a prototypical light assisted process and we 

discuss some basic concepts that are going to be useful in the successive 

discussion. The energy schemes for photocatalytic water splitting is reported in 

Figure 2.1, as well as the potentials for the reduction and oxidation reactions.13 

 

1.1 Water splitting on a single semiconductor 

The ideal case in which a single photocatalyst meets all the requirements (namely, 

𝐸𝑔 higher than the energy needed for water splitting and appropriate valence and 

conduction hand edge positions) is depicted in Figure 2.1a. Moreover, despite a 

wider band gap has a larger overpotential to efficiently carry out more the two semi 

reactions, only material with 𝐸𝑔 < 3.2 eV should be considered in order to allow 

harvesting a significant portion of the solar spectrum. 

Figure 2.1. Energy diagram of photocatalytic water splitting showing a) the single semiconductor and b) Z-

scheme approaches.13 
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For its suitable band edge position, high stability in strong oxidizing solutions and 

low cost, TiO2 has been the most studied semiconductor for the overall water 

splitting reaction. Although in the first reports TiO2 was employed as a photoanode 

material for water photoelectrochemical oxidation, this semiconductor has been 

successively employed and studied as a standalone material, without the support of 

an external bias.14–16 During the last four decades many efforts have been made to 

overcome the drawbacks of this material, first of all the relatively large band gap (for 

anatase 3.0 eV and for rutile 3.2 eV), limiting its possible solar–to–hydrogen 

efficiency to 2-3 % only. Many strategies have been developed and adopted to 

selectively narrow the 𝐸𝑔 of TiO2: nitrogen, fluorine and sulphur doping,17–20 

grafting,21 thermal reduction up to the so called “black titania”,22–24 sensitization with 

organic/inorganic dyes25 and nanostructuration.26,27 Unfortunately none of them led 

to the effective activation of TiO2 under visible light. On the other hand many of this 

studies have contributed to deeply understand photocatalytic processes and many 

techniques used with TiO2 to improve charge separation of oxygen and hydrogen 

evolution are now widely employed for different semiconducting materials. For 

example, the use of electron donors such as organic molecules (methanol, ethanol, 

ascorbic acid and others) to increase the lifetime of photoexcited electrons by 

scavenging photogenerated holes, or the use of noble metal nanoparticles to 

scavenge, photopromoted electrons, are all approaches that can be adopted with 

any other semiconductor material.15,28–30  

Another key factor limiting TiO2 light conversion efficiency is the slow oxygen 

evolution kinetics typical of this material. Indeed, in the absence of an appropriate 

sacrificial agent, H2 and O2 production rates are very low. 
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TiO2 is not the only material employed for the overall water splitting reaction, but 

only rare examples of materials ensuring linear evolution of both O2 and H2 with time 

have been reported so far.31 In particular, Ni doped InTaO4 has been one of the first 

materials which has been shown to allow overall water splitting, with a quantum yield 

of 0.66% at 402 nm and stoichiometric H2 and O2 evolution under visible light (λ>420 

nm) radiation.32 More recently the GaN and ZnO solid solution was found to exhibit 

water splitting under visible irradiation with excellent stability. In both cases the 

importance of the use of co-catalysts for hydrogen evolution was highlighted, and 

especially the GaN:ZnO solid solution33, which was found to be inactive without 

RuO2 or NiO/Rh2-yCryO3 cocatalysts. Loading with such co-catalysts improve charge 

separation and thus the overall water splitting becomes feasible. On the other hand, 

the presence of an oxidation co-catalysts has no important effects. For example 

Mn3O4 loading on GaN:ZnO does not enable overall water splitting, pointing out how 

hydrogen evolution is a weak point for activating the photocatalyst in this reaction.34 

Moreover, the co-loading of a oxygen evolution catalyst (Mn3O4, RuO2 or IrO2) in the 

presence of a hydrogen production co-catalyst (core/shall Rh/Cr2O3) increases the 

water splitting rate by a factor of 1.4 at most.35 The (Ga0.88Zn0.12)(N0.88O0.12) with an 

interesting 2.6 eV band gap is the best performing photocatalyst for overall water 

splitting under visible light, with the highest apparent quantum efficiency of 5.1 % at 

410 nm.36 

1.2 The Z-scheme approach 

Despite the many efforts put forth developing a singular material for complete 

water splitting under solar light irradiation also with recent promising results, a more 

versatile strategy has been the object of an increasing interest. This second 

approach to achieve the water splitting reaction is described in Figure 2.1b. In the Z-
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scheme or tandem or D4 approach the overall reaction is rationally divided into two 

semireactions and two different narrow band gap semiconductors are used, one for 

water oxidation and the second for water reduction.37 Two photons need to be 

absorbed by each of the two photocatalysts to produce a H2 molecule. As discussed 

in Chapter 3, this kind of approach finds wide application in photoelectrocatalysis but 

the great advantage of having the two reactions occurring at the two separate 

semiconductors is extremely useful in photocatalytic systems as well. First of all, the 

use of two separate photocatalysts open the possibility to employ smaller band gap 

materials, active with a greater portion of the solar radiation; moreover larger 

overpotentials are accessible without the need of absorbing highly energetic photons 

(see Figure 2.1b). Many semiconductors meet this two less restrictive prerequisites; 

for example single metal or binary oxides (Fe2O3, WO3, and BiVO4), oxynitride 

(TaON, SmON) for oxygen evolution and calcogenides such as CdSe, CdS and 

CdSSe or GaP and GaAs for hydrogen production (see Figure 2.2). 

 

 

 

 

 

 

 

 

Figure 2.2. Energy gap and positions of the edges of various photocatalytic materials, in 

dark (labelled with d) and under light irradiation (labelled with l), with respect to the 
electrochemical scale.3 
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In the Z-scheme the majority carriers recombine at the junction between the two 

semiconductors while photogenerated holes and electrons, the minority carriers, 

responsible for the oxygen and hydrogen evolution reactions, are respectively, more 

efficiently separated. Moreover, research can focus on improving only one of the two 

semireactions and carry out more detailed investigations on single topics, without 

getting lost in the complexity of the overall water splitting reaction. 

Recently an increasing number of papers appeared claiming the successful 

attainment of complete Z-scheme water splitting with both H2 and O2 production 

occurring simultaneously at the corresponding photocatalyst.13 Furthermore Z-

scheme water splitting can be attained with two different configurations: over the two 

separate materials in the presence of a redox mediator or over a monolithic 

photocatalyst obtained through the direct heterojunction of the two semiconductors. 

The highest apparent quantum yield of 6.3% at 420 nm was achieved using Pt-

loaded ZrO2/TaON as hydrogen evolution photocatalyst and Pt-loaded WO3 as 

oxygen evolution photocatalyst in a Z-scheme system using IO3
-/I- as a redox 

couple.38,39 The redox mediator drives the recombination of photopromoted electrons 

and of photogenerated holes at the oxidation and reduction materials respectively. 

IO3
- acts as an acceptor at the water oxidation side (Pt/WO3) while I- ions act as 

electron donors at the water reduction side. This study is an example of how the 

knowledge gained during decades of studies (1970-2010) on TiO2-based materials is 

now successfully applied on new generation semiconductors. In fact, without noble 

metal deposition over both photocatalysts, neither O2 nor H2 evolution occur. The 

deposition of a noble metal co-catalyst leads to a better charge separation and 

boosts surface electron transfer paths. 
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Another example of Z-scheme using separate semiconductor nanoparticles is the 

combination of Ru-loaded SrTiO3 doped with rhodium (SrTiO3:Rh) as water reducing 

material and BiVO4 as water oxidation material.40 Again, it is worth nothing how a 

wide band gap material studied since the beginning of photocatalysis, such as 

SrTiO3, has been revisited using the modern strategy of employing Rh as a donor 

impurity in the valence band and hence allowing SrTiO3 to absorb visible light 

through band gap narrowing. The redox mediator used with such photocatalyst 

combination is [Co(bpy)3]3+/2+ and the overall Z-scheme system has an excellent 

apparent quantum yield of 2.1% at 420 nm. The same photocatalyst combination 

(SrTiO3:Ru and BiVO4) generates stoichiometric amounts of hydrogen and oxygen in 

the absence of redox mediator, when the two oxides are aggregated together in a 

heterojunction system. The redox mediator-unassisted water splitting was possible 

due to the presence of Rh, having reversible whose oxidation states.41 

Cadmium selenide, CdS, was one of the first materials showing excellent 

hydrogen evolving properties, due to its high conduction band (-1.5 V vs NHE) and 

good visible light absorption.42 A colloidal solution of CdS was irradiated with 

monochromatic light in the presence of deaerated Na2S aqueous solution and a 

quantum yield of 50% was obtained. Other chalcogenide p-type materials have been 

widely employed as hydrogen evolution photocatalyst. 

As already mentioned before a positive aspect of the Z-scheme or tandem system 

is the possibility to study the oxidation and reduction reactions separately and to 

improve selectively only one side at a time. In order to check the oxygen or the 

hydrogen evolution catalyst alone suitable electron donors or acceptors are needed. 

For example methanol or other water soluble organic compounds can be used as 

electron donors, while silver or iron ions are often used as electron acceptors. Also 
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inorganic electron donors, such as Na2SO3 or Na2S, are widely employed. This hole 

scavenger are more reactive than water and are consumed irreversibly, therefore are 

referred as sacrificial reagents. Their higher reactivity in one of the two half reactions 

is due to their more suitable redox potential.  

For example the reduction of silver cations to metallic silver is thermodynamically 

more feasible than proton reduction to hydrogen (𝐸𝐴𝑔+/𝐴𝑔
°  is + 0.80 V while 𝐸𝐻+/𝐻2

°  is 

+ 0.00 V for definition vs RHE). Hence Ag+ is more easily reduced than water and 

can be used to consume photopromoted electrons and, increases the hole lifetime in 

the studied material.43–46 Similarly, methanol is a far better electron donor than water 

because the standard potential for the reduction of carbonic acid to methanol is more 

negative than that of water oxidation (𝐸𝐻2𝐶𝑂3 (𝑎𝑞)
°  / 𝐶𝐻3𝑂𝐻 is 0.04 V while 𝐸𝑂2/𝐻2𝑂

°  is 

1.23 V vs RHE).47 

Furthermore, the kinetics of methanol (organics) oxidation is extremely less 

demanding than water oxidation. In fact, while in photocatalytic water splitting 

assisted by the presence of methanol the oxidation of this compound proceeds 

through successive, increasingly oxidized, stable compounds (CH3OH → CH2O → 

HCOOH / CO → CO2), overall water splitting has to proceed through a 4 holes 

process that involves highly unstable intermediates that easily undergo the back 

reactions.48 Moreover, most of the methanol oxidation intermediates are soluble in 

water/organic solution and can directly dissolve in the reaction mixture. For these 

reasons methanol, as well as other organics, are widely employed to fill 

photogenerated holes as sacrificial hole scavenger.49 Doing so the lifetime of 

photopromoted electrons can be extended and the reducing properties of the studied 

material are consequently increased. Is noteworthy that even if a photocatalyst is 

active in the two semireactions in the presence of sacrificial reagent, the material 
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should be inactive in the overall water splitting. This is because the scavenging 

process highly suppress 𝑒−/ℎ+ recombination. 

For example Sm2TiS2O4 has been reported to be a promising photocatalyst for 

both half reactions separately but it is inactive in the overall reaction despite the 

correct bang edge position and the interesting 2.0 eV band gap.50 LaGaS2O and 

La3GaS5O are both active in hydrogen and oxygen evolution, in the presence of 

Na2S-Na2SO3 as hole scavenger and AgNO3 as electron scavenger, respectively, but 

no H2 or O2 are detected in pure water.51 

The most studied photocatalytic materials for water oxidation are WO3, BiVO4 and 

oxynitride materials such as BaTaO2N,52 TaON,53 SrNbO2N43 or oxysulphides such 

as Sm2Ti2S2O5. Only few materials can be used as photocatalysts for the half 

reactions because of the harsh conditions needed and because self-oxidation of the 

photocatalyst itself is an issue. Again, the use of a co-catalyst improves the material 

activity and properties, for example it was found that the position of IrO2 on TaON 

leads to a substantial increase of the stability of the material.  

Semiconductor photocatalysts for hydrogen evolution are less prone to self 

photoxidation because a reduction reaction take place at their surface. A material for 

such application needs a conduction band more negative in energy than the proton 

reduction potential. Metal sulphides are attractive candidates as hydrogen evolution 

photocatalysts because of their narrow band gap and their suitable band edge 

position. Their valence band consists mainly of S3p orbitals witch are more negative 

in energy than O2p orbitals.54 

CdS is one of the first semiconductor studied for the water reduction under visible 

light. With its 2.4 eV band gap can efficiently harvest solar energy up to 550 nm. The 
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first reports using CdS for photocatalytic H2 evolution have been published in the 

early 80s.55 More recently CdS loaded with Pt as co-catalyst and in the presence of 

Na2SO3 and Na2S as sacrificial agents has been reported to show quantitative 

apparent quantum yields of more than 60% at 420 nm and ~ 20% at 500 nm with 

hydrogen production rates exceeding 26 mmol h-1 gcat
-1 under λ> 420 nm 

irradiation.42 Also ZnS has been studied for this reaction but despite excellent H2 

evolution rates obtained with such material, its wide band gap (3.1- eV) limits its 

utilization under solar light.56 

Metal sulphide solid solutions possess the attractive property of having tunable 

band gap and band edge position. The ZnS-CuInS2-AgInS2 solid solution has been 

investigated for its customizable band gap ranging from 3.5 to 1.5 eV, respectively, 

for ZnS and (CuAg)0.5In1S2.57 This material showed H2 evolution over most of the 

visible spectrum with apparent quantum yields ranging from 7% at 470 nm and ~ 1% 

up to 750-780 nm, from an aqueous K2SO3-Na2S solution and with 0.5 wt% loading 

of Pt. More recently Cu2ZnSnS4 (CZS) in the presence of Pt or Au as hydrogen 

evolution co-catalysts have been employed in the water splitting in an aqueous 

solution containing Na2S and Na2SO3 as electron donor sacrificial agents.58 This 1.5 

eV 𝐸𝑔 material allowed stable H2 evolution rates under full lamp irradiation using a 

300 W Xe lamp. More generally most of the semiconductor used in photovoltaic 

research (CIGS, CZTS, InP, GaP, CIS and more) can be used as hydrogen evolution 

photocatalysts because their conduction band is negatively shifted in energy with 

respect to the water reduction potential. Recently researches are successfully trying 

to stabilize Si that, with its abundance and small band gap energy (1.12 eV), has 

attracted great interest since the first report as photoelectrode material in 1976.59  
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With the raise of nanotechnology, the discovery of quantum size effects and the 

rapid development of facile and reproducible synthetic routes for a wide range of 

semiconducting nanocrystals, research a hydrogen evolution materials made a step 

forward through increased efficiency and solar light harvesting. 

CdSe quantum dots, as well as other transition 

metal chalcogenides QDs, have many characteristics 

that make them eligible as photocatalyst for hydrogen 

production in Z-scheme solar driven water splitting 

devices. In CdSe, the band gap energy can be tuned 

from 1.9 eV of the bulk material up to 2.6 eV for 1.2 nm 

diameter nanocrystals. Quantum confinement allows to 

select the band gap by varying the QDs size. Moreover both experimental and 

modeling studies evidenced that the valence band energy is not affected by the QDs 

size and that only the QDs conduction band energy position is size-dependent. So, 

by varying the CdSe nanocrystal (NC) size from a bulk-like nanoparticle (with 

diameter more than 8-10 nm for spherical particles) down to 1.2 nm size sphere 

having respectively 1.9 and 2.6 eV 𝐸𝑔, the conduction band shifts to more negative 

potentials of 1.5 eV (see Figure 2.3).60,61 Thus photopromoted electrons possess 

higher overpotentials to carry proton reduction. On the other hand the correlated 

increase of the band gap leads to a less complete utilization of the solar spectrum. 

Durability is also important for photocatalytic materials and CdSe QDs have 

reported steady H2 evolution rates during 15 days long testes under 520 nm, 13 

mW/cm2 light, provided by a LED source and in the presence of an aqueous 

ascorbic acid solution as sacrificial agent and a novel soluble Ni2+ co-catalyst.49,62 

Figure 2.3. Dependence of 

CB energy position on QDs 
size.61 
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The possibility to obtain different quantum confined nanostructures through the 

use of appropriate non-coordinating solvents and new synthetic strategies have open 

the way to efficiently achieve charge separation, by decreasing charge carriers 

recombination rates, thus improving the apparent quantum efficiency.63 For example 

CdSe nanorods, single and doubled-tipped with Pt nanoparticles, have been tested 

in the water reduction reaction under visible light in the presence of Na2S and 

Na2SO3 as electron donor.64 Surprisingly, the authors have found that the single 

tipped nanorods are three times more active toward H2 production. In this 

nanostructure photogenerated holes and electrons can be separated: the electrons 

accumulate at the Pt side, while holes favorably diffuse at the unoccupied side. 

There holes can be trapped at the defect sites and successively transferred to the 

sacrificial agent. 

Nanostructuring strategies also allow the engineering of multicomponent 

photocatalysts containing a light absorber, an hole acceptor and an electron 

acceptor. This all in one strategy can lead to the quick and effective delocalization of 

the photogenerated charges. For example triadic heterostructures are now 

extensively studied and the recombination kinetics of photogenerated excited states 

can be followed through pump and probe techniques such as time resolved 

fluorescence and absorption spectroscopy. For example CdSe/CdS-Pt dot-in-rod 

synthetized through the CdS nanorods growth over a CdSe QDs seed has been 

recently studied for H2 production from water splitting in the presence of sacrificial 

electron donors (methanol and Na2SO3).47 In this structure electrons are collected at 

the Pt side while holes accumulate at the CdSe QDs, being separated from the 

electrons counterparts of several microns. The study also pointed out how hole 

separation and stabilization is crucial to achieve higher efficiency. 
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2. HYDROGEN PRODUCTION USING CdSe QUANTUM DOTS WITH DIFFERENT 

SIZES  

During the second half of the first year and part of the second year of my PhD I 

focused my research on the setup of the synthesis of CdSe QDs with different size. 

The adopted synthetic route was one of the most widely used because of the high 

resulting NC quality and limited hazard of the precursors. The procedure uses 

trioctylphosphine oxide (TOPO) as non-coordinating solvent, stable at temperature 

higher than 300°C, and trioctylphosphine (TOP) as reactant to dissolve metallic 

selenium in the organic media. Both reagents are technical grade (purity > 80%) and 

allow to maintain the reaction temperature at 270°C without any decomposition. On 

the other hand higher purity grade TOPO and TOP undergo thermal degradation, 

leading to CdO2 formation at high temperature (and the resulting appearance of a 

brown coloration).  

The so obtained QDs were then studied in the photocatalytic reduction of water 

under visible light (λ > 420 nm) using Na2SO3 as electron donor. The study was 

aimed to the identification of the best performing QDs size for the hydrogen evolution 

reaction to be employed in a Z-scheme configuration for the overall water splitting. In 

Chapter 5 we discuss the size-dependent CdSe water reduction properties found 

during such investigation. 
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ABSTRACT 

The photoelectrochemical approach to undergo light-to-chemical energy conversion 

reactions from water to H2 and O2 or from CO2 to hydrocarbons has been first reported in 

1971 and in 1979 (for carbon dioxide reduction). During these 40 years of investigation 

the understanding in this scientific field considerably increased also thanks to the parallel 

research in photocatalytic processes. As in the last Chapter we described the basic 

principles and strategies to obtain industrially interesting photocatalytic performances, in 

the present Chapter the physical and chemical basis of photoelectrochemical (PEC) 

systems are examined as well as the factors that nowadays seem to limit photoconversion 

efficiency. 

1. PHOTOELECTROCHEMISTRY: SOME BASIC CONCEPTS 

Taking PEC water splitting as an example, 

the overall reaction can be pursued in two 

different ways (see Figure 3.1a and Figure 

3.1b), in analogy to the photocatalytic 

approach. In the ideal case, a single 

semiconductor can be used to drive 

complete water splitting by absorbing 2 

photons to produce a H2 molecule, this 

approach is called S2 scheme, single 

semiconductor, two photons, and it is 

schematically represented in Figure 3.1a. In 

Figure 3.2 the Fermi level equilibration is 

depicted between an n-type semiconductor 

Figure 3.1: diagrams of the two different PEC 

approaches, a) S2, single semiconductor two photons 

and b) D4 double semiconductors, four photons.47 
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in contact with an electrolyte solution.1 When 

the semiconductor is not in contact with the 

electrolyte solution (initial condition in Figure 

3.2a) the band edge potentials and the Fermi 

level (𝐸𝐹) are flat through the semiconductor 

because there it is no chemical potential 

equilibration. In that situation 𝐸𝐹 correspond to 

the flat band potential 𝑉𝑓𝑏, the maximum Fermi 

level possible in the material. In the example 

reported in Figure 3.2 the n-type material is not 

able to undergo overall water splitting since its 

𝑉𝑓𝑏  is lower in energy to the water reduction 

potential (as for Fe2O3, WO3 or BiVO4). When 

the photoelectrode is immersed in the electrolyte solution in the dark (Figure 3.2b), the 

Fermi level in the semiconductor equilibrates with the chemical potential of the electrolyte 

(𝐸𝐹,𝑟𝑒𝑑𝑜𝑥): 

𝐸𝐹 =  𝐸𝐹,𝑟𝑒𝑑𝑜𝑥 

The conduction and valence bands in the bulk material move together with the Fermi 

level, while the energy level at the surface stays fixed, producing a band bending. The 

band bending causes holes accumulation (the minority carrier in an n-type material) at the 

junction between the semiconductor and the electrolyte (semiconductor-liquid junction 

SCLJ), while electrons in the conduction band, if populated in dark condition, move toward 

the bulk. Since electrons in an n-type material are the majority carriers, the electrons 

Figure 3.2: sequence of the energy diagrams for a 

PEC with the semiconductor photoelectrode and a 

metal counter electrode, from a) the starting 

situation, namely no contact with the electrolyte, b) 

after equilibration with the electrolyte in solution, c) 

under high intensity irradiation and d) under both 

high intensity irradiation and applied bias.1 
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concentration in the space close to the SCLJ result depleted: the depletion zone of 

thickness W is thus formed.  

Charges segregation in the depletion zone leads to the presence of a dipole (space 

charge). Upon band gap excitation with a photon with energy ℎν =  𝐸𝑔 the space charge 

field drives the separation of photopromoted electrons in the conduction band and of 

photogenerated holes in the valence band. In n-type semiconductors, like most of the 

oxide materials, the band bending at the electrolyte is upward and the Fermi level shift to 

more positive potentials. For this kind of materials the photogenerated holes travel at the 

SCLJ where the Fermi level is more positive, while the photoexcited electrons move 

through the bulk toward the counter electrode. Under irradiation the presence of the 

depletion zone splits the Fermi level in two quasi-Fermi levels for holes (𝐸𝐹ℎ positively 

shifted at the SCLJ) and for electrons (𝐸𝐹𝑒 more negative in energy and extending in the 

bulk toward the ohmic contact). Under high intensity irradiation 𝐸𝐹𝑒 rises up to the flat band 

potential 𝑉𝑓𝑏 (Figure 3.2c), the highest possible potential energy for the electrons in the 

material. Because the counter electrode is in equilibrium with the irradiated semiconductor 

the Fermi level of the metal counter electrode equal that of photogenerated electrons. As 

a consequence, Fermi level separation generate a chemical potential Δμ𝑒𝑥 between the 

SCLJ and the counter electrode. It is noteworthy that Δμ𝑒𝑥  ≤  𝐸𝑔 and that the energy gap 

of a semiconductor decreases when it is in contact with an electrolyte solution. Moreover 

two more energy losses comes from the overpotentials required for the oxidation and 

reduction reactions (η𝑜𝑥 and η𝑟𝑒𝑑 respectively). If Δμ𝑒𝑥 is greater than the 1,23 V potential 

necessary to split water plus the two overpotentials, the overall reaction can proceed 

without the application of an external bias. For the semiconductor used as an example in 
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Figure 3.2 Δμ𝑒𝑥 is lower than the required potential and an external anodic potential is 

needed. The applied bias shifts the potential energy of the electrons in the counter 

electrode to more negative potentials, Figure 3.2d, allowing the hydrogen evolution 

reaction. 

Due to the high overpotential required, the difference in energy of the two quasi-Fermi 

levels from the initial band edges and other loss processes, the band gap of a single oxide 

having an adequate Δμ𝑒𝑥  to directly carry out the overall water splitting precludes 

utilization of a large portion of the visible light spectrum. For this reason the identification 

of a material suitable for drive S2 water splitting with high solar-to-chemical efficiencies 

has not yet been achieved. 

Instead of pursuing the demanding identification of a semiconductor with the band gap 

straddling the water oxidation and reduction potentials, it seems better to use the 

alternative approach of dividing the overall water splitting in the two separate half reactions, 

using two different narrow band gap light absorbers, respectively as a photoanode for 

oxygen evolution and a photocathode for hydrogen evolution. The schematic for this 

strategy is shown in Figure 3.1b. Here the two semiconductors have band gaps energy 

𝐸𝑔1  and 𝐸𝑔2  that absorb complementary portions of the solar light spectrum. The 

photoanode is an n-type semiconductor. For such materials, because the band edges are 

favorably bent upward in proximity to the liquid junction, upon band gap excitation the 

holes can diffuse at the SCLJ and oxidize water to O2. On the contrary the photocathode 

is a p-type semiconductor the band edges of which, after equilibration with the electrolyte 

redox couple (H+/H2) at the semiconductor/electrolyte junction, are bended downward 

allowing electrons to flow to the SCLJ and reduce water to H2. In photoelectrocatalytic 
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devices, the two reactions are carried out on the two separate photoelectrodes by the 

photoexcited minority carriers. The majority carriers, electrons in the photoanode and 

holes in the photocathode, recombine through the ohmic contact. This two dual-absorbing 

tandem cell needs the absorption of four photons to produce a molecule of H2 (D4 

approach). Likewise in the two photocatalytic water splitting approaches described in 

Chapter 2, despite the D4 strategy needs twice the photons of a single semiconductor 

PEC cell, the former strategy offers the great advantage of allowing use of narrow band 

gap materials and consequently leads to a more efficient solar light utilization. Moreover, 

a wider range of semiconductor materials are available to be applied as photoanode or 

photocathode. 

In the next Section the effects of the application of an external bias on the 

photoelectrode are examined in detail focusing the attention on n-type materials for water 

oxidation. 

2. EVENTS FOLLOWING THE APPLICATION OF AN EXTERNAL BIAS IN A 

PHOTOELECTRODE 

As discussed in the previous Chapter, while hydrogen evolution can be efficiently 

attained with the use of a co-catalyst, water oxidation is the major limitation for overall 

photocatalytic water splitting. Similarly, in PEC water splitting the large oxygen production 

overpotential η𝑜𝑥  still represents the major drawback for such application while the 

hydrogen evolution overpotential η𝑟𝑒𝑑  at the photocathode is a minor issue. For that 

reason massive efforts have been put forth to overcome the limitations of water oxidation 

at the photoanode in PEC devices. 

In the usual method for characterizing semiconductor materials for water oxidation, the 

photoanode and the counter electrode are connected to a potentiostat together with a 
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reference electrode in a three-electrode device. Without an external applied bias the 

potential of the electrons in the counter electrode is in equilibrium (identical) to the quasi-

Fermi level of the electrons in the photoirradiated photoelectrode. The application of an 

external anodic bias has the dual scope to shift the Fermi level of the metal counter 

electrode upward and thus the quasi-Fermi level of the conduction band (which is in 

equilibrium with the counter electrode through the external circuit) above the H+/H2 

potential and to increase the space-charge field, enhancing charge separation. Most of 

the studied photoanode materials such as WO3, BiVO4 and Fe2O3 are not able to directly 

undergo overall water splitting because their conduction bands are more positive than the 

water reduction potential. The external voltage, applied between the photoelectrode and 

the metal counter electrode, can be used to compensate the potential deficiency and allow 

water oxidation even if the Fermi level of the semiconductor oxide has an unfavorable 

potential.  

As well as for photocatalytic Z-scheme systems it is possible to study only one half 

reaction materials at a time using appropriate electron donors (see Chapter 2). The 

application of an external bias allow the study of water oxidation on the photoanode alone, 

without the complexity of having a full assembled tandem device. As described in the next 

Section, in a complete dual absorber D4 tandem device it is not necessary to apply 

external electrical bias as the potential needed to drive the reduction reaction is supplied 

by a photovoltaic cell or hydrogen evolution takes place directly over the irradiated 

photocathode. 

We now consider the effects of the application of a bias 𝑉 on the energy scheme of a 

semiconductor as outlined in Figure 3.3 using Fe2O3 as an example material. When the 

electrode is polarized by a potentiostat and its potential moves more negatively (cathodic 
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shift or cathodic polarization) or more 

positively (anodic shift or anodic 

polarization) with respect to the initial 

conditions (the semiconductor not in 

contact with the electrolyte solution), the 

energy levels at the SCLJ stay fixed while 

the conduction and valence band 

potentials (𝐸𝐹ℎ and 𝐸𝐹𝑒) move along with 

the reference potential. When the 

photoelectrode is polarized at the flat band 

potential 𝑉𝑓𝑏 , the current passing through the system is zero. By applying a cathodic 

potential (𝑉 <  𝑉𝑓𝑏) a negative current appears and leads to an accumulation of majority 

carriers (electrons) at the SCLJ. Is it worth noting that in Fe2O3 the negative photocurrent 

is due to the accumulation of photopromoted electrons in the liquid interface; in WO3 and 

in other oxide semiconductors this charging process leads to the electrochromic effect 

(shortly discussed in Chapter 7). On the other hand an accumulation of minority carriers 

occurs when the photoelectrode is polarized with an anodic potential (𝑉 >  𝑉𝑓𝑏 ) and 

causes the formation of the depletion layer. The 𝑉𝑓𝑏 can be determined experimentally 

through impedance spectroscopy measurements or, less rigorously, as the potential 

where the current in the external circuit is zero (usually in the presence of electron donor 

species). The flat band potentials of the most studied photoanode materials Fe2O3, WO3 

and BiVO4 are anodic to the H+/H2 potential and are 0.5 V, 0.4 V and 0.0 vs RHE 

respectively, using a semiconductor with positive 𝑉𝑓𝑏 (for example Fe2O3 in Figure 3.3, 

Figure 3.3: (top) energy level scheme of an n-type 

semiconductor photoanode, here Fe2O3, under 

polarization with cathodic and anodic potential. (bottom) 

Idealized and observed photocurrent density for the 

anodic reaction of oxygen evolution.47 
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bottom) means that the application of the external bias first shifts the Fermi level of the 

counter electrode at the water reduction potential. Once the potential at the flat band is 

raised, in an ideal situation the oxygen evolution reaction (OER) should take place with 

the application of a potential slightly anodic to the 𝑉𝑓𝑏 . In a real photoanode an 

overpotential (η𝑜𝑥) has to be applied in order to allow accumulation of photoexcited holes 

at the SCLJ and overcome the oxygen evolution kinetics (red curve in Figure 3.3, bottom). 

The effects of overpotential have been studied by carrying out PEC experiments in the 

presence of an electron donor in the electrolyte solution. The electron donors can be 

oxidized more easily, because their redox potential is more negative than water oxidation 

potential and so the chemical potential between the 𝐸𝐹ℎ and the redox couple is larger. 

Dotan et al. used as H2O2 hole scavenger, in order to understand the effects of the 

overpotential and to probe the factors limiting water oxidation in hematite electrodes made 

of two different techniques (Figure 3.4a).2 In the presence of H2O2 at a potential only 

slightly greater than the 𝑉𝑓𝑏, the oxidation of the hole scavenger takes place, indicating 

Figure 3.4: a) effect of H2O2 as hole scavenger on the 

photocurrent density of Fe2O3 photoanodes prepared 

with two different techniques;2 b) the effect of the same 

hole scavenger on W:BiVO4 photoanodes3 and c) the 

results obtained in our lab, with a BiVO4 electrode in 

contact with an electrolyte solution containing a different 

hole scavenger, Na2SO3. 

a) b) 

c) 
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that holes are indeed present at the SCLJ for the oxidation process. The O2/H2O2 redox 

couple has a more negative oxidation potential with respect to that of O2/H2O. Therefore 

the chemical potential for the oxidation reaction is considerably larger and hole filling by 

the electron donor species becomes extremely favored. Surface electron/hole 

recombination is completely suppressed and photopromoted electrons can efficiently 

travel through the photoanode toward the counter electrode. Typically, water oxidation is 

not observed with hematite until about 1.0 V vs RHE, the cathodic shift in the presence of 

H2O2 suggest a η𝑜𝑥 of 0.5-0.6 V. Zhong et al. studied the photoresponse of BiVO4 in the 

presence of H2O2. The PEC experiments reported in Figure 3.4b (red and green traces) 

show that the photocurrent onset is cathodically shifted for BiVO4 as well, but, contrarily 

to Fe2O3, the oxidation of the electron donor species needs an overpotential of 300 mV to 

take place (in hematite the photocurrent rise almost at the 𝑉𝑓𝑏).3 The authors suggested 

that for BiVO4, hydrogen peroxide suppresses surface charge recombination while bulk 

recombination is still an issue. We carried out similar experiments with a BiVO4 

photoanode in contact with an electrolyte solution containing Na2SO3 as hole scavenger. 

Also in our study we found that the photocurrent onset is more negative that using an inert 

electrolyte such as Na2SO4 (Figure 3.4c, trace 1) but it is still anodically shifted of ca. 300 

mV with respect to 𝑉𝑓𝑏 (Figure 3.4c trace 2), a value consistent with that reported by Zhong 

et al. Moreover the SO3
2-/SO4

2- redox couple is more easily oxidizable than O2/H2O2 (+0.17 

V, +0.68 V vs RHE respectively) and surface charge recombination should be reasonably 

completely suppressed with such hole scavenger. This strengthens the possibility that the 

300 mV overpotential is caused by bulk recombination and that the overpotential is 

necessary to build up a sufficient depletion layer to allow holes accumulation at the SCLJ.  
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In the following Section the most studied photoanode materials for the oxygen evolution 

reaction are described on the basis of their solar light harvesting properties, band gap 

position and state of the art achieved efficiency. 

3. OXIDE SEMICONDUCTORS FOR PEC WATER OXIDATION 

Transition metal oxide materials have been considered for the water oxidation reaction 

because of their narrow band gap and high stability in the harsh environment required for 

such reaction. The band gap of a metal oxide semiconductor is formed by O2p orbitals for 

the valence band, while the conduction band is formed by the metal orbitals.  

The prototype material is TiO2, with the rutile and anatase phases having band gap 

energies in the range of 3.0-3.2 eV, 

which limits to 2-3% the solar 

conversion of the solar spectrum 

(see Figure 3.5 for an intuitive 

correlation between photoanodes 

band gap and solar to hydrogen 

efficiency).4 Despite the intense 

effort focused on developing 

strategies, including C, S, N, F and 

B-doping, nanostructuration or dye 

sensitization, to decrease its band 

gap and allow visible light absorption and exploitation (refer to the Chaper 2 for a detailed 

bibliography), after over 40 years of investigations, a method that guarantees the 

absorption of a large portion of solar light by TiO2, durability and industrially interesting 

Figure 3.5: Maximum solar-to-hydrogen conversion efficiency 

and the corresponding photocurrent density, as a function of the 

energy gap of the photoanode material in a tandem device. The 

band gap and the maximum efficiency for the most studied oxide 

photoanodes are also shown.4 
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conversion efficiencies has not been found, neither with the most promising strategies (i.e. 

dye sensitization or N, C doping). 

An intriguing alternative to TiO2 modification to harness solar light consists in the use 

different semiconductor oxide materials with narrow band gap. Since the valence band in 

such materials is formed only by oxygen orbitals, a good approximation is that in metal 

oxides with smaller band gap the conduction band becomes more positive in energy. Thus 

for smaller band gap materials a larger overpotential is required to increase the 

photopromoted electrons and drive H+ reduction.  

Researchers typically try to increase the reaction efficiency focusing on attaining higher 

photocurrents in terms of mA cm-2, under light conditions closest to the real AM1.5G solar 

irradiation both for power density (100 mW cm-2 ) and spectral composition (Xe lamp 

equipped with an AM1.5G filter), see Figure 1.2 for the standard solar irradiance spectra. 

Since the need of an applied bias, customarily scientists report photocurrents at the water 

oxidation potential, 1.23 V vs RHE. Because with such potential direct electrolysis does 

not proceed, the current observed can be thought as the oxidation gain due two light 

assisted oxidation.  

Tungsten trioxide has been reported as a possible alternative to TiO2, shortly after the 

first demonstration of the photocatalytic properties of the latter material.5 WO3 has a 2.6 - 

2.8 eV band gap that allows harvesting 6% of the solar spectrum and consequently 

potential photocurrents of 3-4.5 mA cm-2. WO3 has been extensively studied, though not 

as well TiO2, and many groups developed synthetic routes to obtain optimized 

photoanodes. This material in the monoclinic structure showed excellent solar-to-chemical 

efficiency mainly because of its high charge conduction properties and long lived charge 
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carriers. Trapped electrons in W5+ are stable from minutes to hours even in air and the 

hole counterpart benefices of such long lifetime.  

Augustynski and co-workers were between the first to optimize the solution-based 

synthesis of photoanodes allowing incident photon to current efficiency (IPCE) amongst 

the highest reported so far.6 The optimized photoanode has 90% IPCE at 400 nm in 3M 

H2SO4 and a tale extending in the visible up to 470 nm. Such electrode produces stable 

photocurrents of 3.0 mA cm-2 close to the limit of the material and allowing a solar to 

hydrogen efficiency of 3.0% (1 cm2 of photoanode surface under AM 1.5G irradiation leads 

to a corresponding H2 cogeneration at the counter electrode of ca. 50 μmol of H2 per hour 

or 0.5 molH2 h-1 m-2). Metal oxide materials have usually low absorption coefficients hence 

complete light absorption can be achieved only with micrometer thick films. The synthetic 

route adopted by Augunstynski’s group allows the attainment of thick semi-transparent 

films that show the optimized photocurrent for a 2.5 μm thickness. On the other hand film 

thickness is limited by charge carrier mobility. While the mobility of photoexcited electrons 

is excellent in WO3, hole diffusion is an issue. In WO3 hole diffusion distance is only 0.15 

μm; this limitation is attenuated in porous films because particle grains size does not 

exceed the hole diffusion length.7 In that way holes generated in the bulk can diffuse to 

the surface trapping sites. Moreover the porous architecture allows the solution to 

completely feel the film. The reported efficiency is close to the limit of the material, 

suggesting that further developments are limited. 

More recently researches started to examine and to exploit BiVO4 in PEC water 

oxidation. Monoclinic scheelite face BiVO4 has an 𝐸𝑔 of 2.4 eV.8 Its band gap is defined 

by the O2p and Bi6s orbitals for the CB, while its VB is assigned to the hybridization between 

O2p and V3d orbitals.9 This material could potentially reach photocurrents up to 6–7 mA 
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cm-2 and conversion efficiency up to 9% of the solar spectrum. Nevertheless BiVO4 activity 

as photoanode has been reported only in 1999.10 The massive research boosted quickly 

its performances and, only after 15 years of investigation, photoanodes showing activities 

close to its limit have been recently published. Despite the low IPCE initially reported with 

this material many strategies have been adopted to drive photogenerated charges to 

efficiently split water. The poor charge carrier mobility is the major problem of such 

material, doping with positively charged substitutional W and Mo increases the majority 

carrier mobility (electrons) and leads to IPCE close to 30% between 350 and 450 nm. 

Due to the high overpotential for the water oxidation reaction (OER) needed for BiVO4, 

and more in general for all metal oxides photoanodes, a co-catalyst such as IrO2 or Co-Pi 

(cobalt phosphate) and more recently FeOOH/NiOOH, can be loaded at its surface to 

allow oxygen evolution at lower applied potentials.11,12 Recently photocurrents up to 4 mA 

cm-2 were achieved with photoanodes obtained with the combination of the described 

strategies. For example the combination of FeOOH/NiOOH as OER co-catalyst allows a 

4.3 mA cm-2 current in phosphate buffer under AM1.5G irradiation at 1.23 V vs RHE. A 

gradient doped BiVO4 photoanode coupled with a doubled junction silicon solar cell led to 

a stable current of 4.3 mA cm-2 (5% solar-to-hydrogen efficiency) without any efficiency 

loss during 60 minutes under irradiation with AM1.5G in 0.1M potassium phosphate buffer 

at pH 7.3.13 The rapid improvement and stabilization of the photoelectrocatalytic properties 

of this material suggest that also for BiVO4 optimal conditions should be reached in the 

next few years. 

Another successfully approach is coupling with WO3.14,15 The two semiconducting 

materials have band gap position allowing the injection of photoexcited electrons from the 

CB of BiVO4 to the CB of WO3 while holes can flow from WO3 VB to the VB of BiVO4. Most 
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of the work of the last 18 months of my PhD has been spent on investigating this coupled 

system, especially focusing on its charge carriers dynamics. In Chapters 6 and 7 a detailed 

description can be found of such system and the results of the above mentioned 

investigations. 

Iron oxide (α-Fe2O3) is one of the most interesting photoanode material.16 The hematite 

2.1 eV 𝐸𝑔 is very interesting for scientists because it corresponds to a maximum solar-to-

hydrogen efficiency of 15%, that is exceeding the lower limit of 10% for widespread 

commercialization. Iron abundance and global distribution, as well its extreme stability 

under harsh basic pH condition, make this material a good candidate. On the other hand 

low mobility (10-2 – 10-1 cm2 V-1 s-1and short hole diffusion length (2 - 4 nm or 20 nm) 

highly limit the conversion efficiency in this material.2 Moreover such low minority carriers 

diffusion length preclude the possibility to have thick Fe2O3 films unless with particles grain 

size of ca. 10 nm. 

Hardee and Bard in 1976 were the first to report the use of Fe2O3 as photoanode,17 but 

decent photocurrents have been attained only during the last 10 years, thanks to the 

development of new gas-phase synthetic routes,18 of nanostructuring, 19 of Nb and Al 

doping,20 of the use of underlayers21 or surface passivation22 and lastly of the surface 

deposition of OER catalysts.23 Despite so many efforts (Fe2O3 is the second photocatalytic 

oxide material studied after TiO2 on the basis of the number of paper published) the best 

performing hematite photoanode reported so far showed a photocurrent exceeding only 

3.0 mA cm-2. This report is dated 2010.24 No more substantial improvement has been 

reported to date, showing how the low minority charge carrier mobility severely limits the 

obtainment of higher solar light conversion efficiencies. 
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Tantalum oxynitride, TaON, is a quite recent material that gained attention among the 

researchers in the PEC field because of its 2.5 eV band gap (corresponding to the 

absorption up to 500 nm).25 This material is a great example of the extension to other 

oxides (i.e. Ta2O5) of the strategy to achieve band gap narrowing through intra-bandgap 

nitrogen doping, originally developed for TiO2. The presence of structural nitrogen is also 

the weak point of TaON, because during irradiation oxygen evolution could lead to the 

exchange of N-doping atoms with oxygen atoms and lead to Ta2O5 (that is inactive under 

visible light). The deposition of catalysts for OER reaction prevents the short term loss of 

nitrogen but long term durability has not been achieved yet. 

Tantalum nitride Ta3N5 is one of the only non oxide materials used for such application. 

Its band gap of ~ 2.1 eV is very promising and allows light conversion up to 590 nm. 

Moreover, its stability is better than that of TaON.26 Recently, a record photocurrent of ~ 

7.0 mA cm-2 with a 1.23 V vs RHE applied bias has been reported using a barium doped 

Ta3N5 nanostructured electrode modified with CoPi catalyst for OER.27 The PEC 

experiment was carried out under simulated solar light irradiation in contact with a 0.5 M 

K2HPO4 solution adjusted to pH 13 with KOH. Moreover stability tests on this material over 

20 minutes irradiation showed substantially steady photocurrents. Up to now this is one 

of the best results obtained and a 9% light-to-hydrogen conversion efficiency can be 

estimated for a tandem cell using a second light absorber photocathode with 𝐸𝑔 of 1.9 eV. 

In the next Section, the two different tandem cell configurations are presented and a 

detailed evaluation of the theoretical upper solar-to-hydrogen efficiency is described. 

Finally the most promising results concerning modern photocathodic materials are 

reported. 
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4. D4 TANDEM CELLS AND PHOTOCATHODE MATERIALS 

Photoanode metal oxide materials need a large applied bias in order to overcome the 

overpotential for OER, charge separation and others side reactions. Therefore their 

utilization in solar harvesting reactions can be seen as counterproductive. However, 

coupling with a photocathode for H2 evolution reaction that harvests the complementary 

portion of the solar spectrum, would avoid the need to apply such large bias. 

Photocathodes are p-type semiconductors; so when the electrode is immersed in the 

electrolyte solution, photopromoted electrons (the minority carriers in p-type materials) are 

driven to the SCLJ at the surface. Here they carry out the water reduction reaction. 

Majority carriers recombine at the ohmic contact, with electrons coming from the n-type 

photoanode. 

Since it is important to know the maximum expected solar-to-hydrogen efficiency (η𝑆𝑇𝐻), 

the analysis for the S2 and D4 approaches are here reported. For the S2 approach the 

calculation are quite simple and, by assuming reasonable losses of 1 eV, a band gap of 

2.23 eV should be the lowest limit for a semiconductor able to undergo complete water 

splitting. The maximum efficiency of the S2 approach is therefore 11,6 %.4 

The double semiconductor approach can be achieved in two ways: with the photoanode 

and the photocathode coupled side-by-side and in a tandem configuration with the two 

half-cell placed one on top of the other. The first D4 approach has evidently lower η𝑆𝑇𝐻 

respect to the second, because coupling the cells side-by-side leads to a net loss in the 

irradiated area. On the other hand smaller band gap materials can be used because there 

is not the problem of maximizing light transmission through the first photoanode. With such 

system, in the upper limit situation, where two 1.4 eV materials are employed, a 16.6% 
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η𝑆𝑇𝐻 is predicted. Anyway this conversion efficiency is much better than the 11.6 % η𝑆𝑇𝐻 

allowed through the single semiconductor approach. 

The determination of the upper limit for a tandem cell is more complicated because the 

estimation needs to take in account the absorption of the first photoelectrode and thus the 

second absorber is limited by this factor. In such approach the two photoelectrodes are 

placed one in front of the other. The first absorber has energy gap 𝐸𝑔1 that is larger in 

energy than the band gap of the 

second absorber 𝐸𝑔2 (𝐸𝑔1 >  𝐸𝑔2) in 

order to allow enough light to reach 

the second absorber. Of course the 

first photoelectrode has to be 

transparent and with minimal 

scattering losses. For this reason 

opaque photoelectrodes or 

nanomaterials grown on non-

transparent substrates should be 

avoided because the light not absorbed by the first absorbed is harvested by the second 

one. Since most of the photoanode materials have a band gap lager than 2.1 eV, while 

photocathode semiconductors have narrower band gaps, it seems reasonable that the 

upper absorber with the larger 𝐸𝑔 is the photoanode. Bolton and co-workers plotted the 

maximum of η𝑆𝑇𝐻  against 𝐸𝑔1 and 𝐸𝑔2, accounting for realistic losses of 1 eV for each 

absorber (mainly due to η𝑜𝑥 and η𝑟𝑒𝑑 overpotentials and charge separation processes) 

and considering the solar light spectrum composition (the solar flux, photons m-2s-1nm-1). 

Figure 3.6: Contour plot showing the maximum predicted solar 

to hydrogen efficiency under AM 1.5G irradiation, total losses of 

2.0 eV. The η
𝑆𝑇𝐻

 depends on the energy gaps of the two 

semiconductors. 
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The resulting contour plot, reported in Figure 3.6, gives a good estimation of the highest 

η𝑆𝑇𝐻 efficiency given the band gap of one of the two semiconductors. A limit efficiency of 

21.6 % for a value of 𝐸𝑔1  = 1.89 eV and 𝐸𝑔2  = 1.34 eV is predicted with the model 

developed by Bolton.28 

More recently Lewis and co-workers published a new model including more reliable 

calculations of the potential losses in the overall cell and found that the limit η𝑆𝑇𝐻 using 

materials with of 𝐸𝑔1 = 1.6 eV and 𝐸𝑔2 = 0.95 eV is 29.7 %.29 Anyway if we think that the 

present alternative is to combine a standard single crystal photovoltaic panel (with 

efficiency of 12%) with a high pressure electrolyzer (with efficiency 80%), an overall solar-

to-hydrogen efficiency of only 9.6% is achievable and a tandem cell with a minimum η𝑆𝑇𝐻 

of 10% is a reasonable target to be reached in the next years. 

While the individuation of an oxide photoanodes material for OER with a band gap as 

narrow as 1.9 or 1.6 eV is still a challenge, different small band gap semiconductors have 

been studied for the photocathodic reaction. While the first material employed for H2 

evolution was GaP in 1976 (𝐸𝑔 = 2.38 eV), the ideal material should be p-Si with a band 

gap 𝐸𝑔 = 1.12 eV, close the lower limit of 𝐸𝑔2 = 0.95 eV; its combination with a photoanode 

with 𝐸𝑔1 > 2.2 eV allows a η𝑆𝑇𝐻 of 15%. Furthermore, also for its high abundance and low 

cost p-Si is today the perfect candidate as photocathode material. 

The first study of p-Si for the water reduction reaction has been reported in 1976 and 

also the successively early studies pointed out the extreme instability of such material in 

contact with water.30 A step forward to a greater stability has been done in 1984, when 

Tsubomura and co-workers reported that phosphor doping of p-Si led to an enhancement 

in the photostability of the Pt covered photocathode in 3M HBr solution.  
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More recently stability of p-Si has been improved through nanostructuration and doping. 

In 2013 a brake through in p-Si stabilization has been achieved by coating the surface 

with a thin TiO2 layer.31 This strategy has been successfully improved and in 2014 Lewis 

and co-workers reported a record H2 production efficiency with p-Si covered with a TiO2 

and a NiO layers.32 

Other narrow band gap photoanode materials have been investigated. Among them p-

WSe (𝐸𝑔 = 1.2 eV) led to a 7% efficiency,33 p-WS2 (𝐸𝑔 = 1.3 eV) showed 6-7 % conversion 

efficiency under 50 mW cm-2 irradiation at 633 nm in 6 M H2SO4.34 In 1982 InP (𝐸𝑔 = 1.35 

eV) passivated by an oxide layer and coated with Rh and Re as co-catalyst has been 

reported to achieve photoconversion efficiencies of 13,3% and 11,4%, respectively, in 1 

M HClO4.35  

GaInP2 (𝐸𝑔  = 1.83 eV) showed in 1998 the best performance in H2 production. A 

monolithic p-n GaAs PV cell connected with a p-GaInP2 photocathode gave a 12.4% 

conversion efficiency in the overall water splitting reaction, using as electrolyte 3 M H2SO4 

solution.36 However such photocathode does not have a sufficient stability and also the 

cost and scarcity of Ga and As represent two major drawbacks for this material. 

CdTe and ZnTe (𝐸𝑔 = 1.5 eV and 2.25 eV) are good candidates especially for their good 

stability. CuIn1-xGaxSe2, CIGS, is an extremely interesting chalcogenide because it offers 

the possibility to tune the band gap precisely between 1.0 and 1.7 eV by varying the Ga:In 

ratio. Domen’s group reported an optimized cathodic photocurrent of 12 mA cm-1 obtained 

with a CIGS photoelectrode covered with a CdS layer at pH 9.5. Recently p-CIS (CuInS2, 

𝐸𝑔 = 1.5 eV) was reported to carry out PEC water reduction in acidic media.37 



- Chapter 3 - 

51 
 

Finally, also p-type metal oxides have been studied as photoanode materials. Initially 

Hardee and Bard showed in 1977 that p-CuO (𝐸𝑔 = 1.35 eV) and p-Bi2O3 were able to 

undergo the cathodic reaction, but stability was the major problem.38 Also p-Fe2O3, p-

CaFe2O4 and p-Cu-Ti-O composite nanotubes showed to be active as cathodic 

semiconductor under illumination but with poor efficiency. In 2003 Mc Farland’s team 

reported the stabilization of a Cu2O (𝐸𝑔 = 2.0 eV) with the deposition of a thin n-TiO2 

layer.39 TiO2 protects the photocathode material from photocorrosion, probably accepting 

photoexcited electrons from the higher CB of Cu2O, without decreasing the performance 

of the cuprous oxide. This semiconductor is most likely the state of the art metal oxide p-

type material, with a record photocurrent as high as 7.6 mA cm-2. This performance has 

been reported in 2011 for a Cu2O electrode protected with the atomic layer deposition of 

Al-doped ZnO and TiO2 and coated with Pt.40 

In the next section, the possibility to use a photovoltaic panel, instead of a photocathode, 

is discussed as well as a small overview of the most promising full assembled tandem 

devices reported to date. 

5. FULL ASSEMBLED D4 TANDEM CELLS 

The minor research interest devoted to the improvement of the photocathodic material 

should also be explained considering the possibility to use a photovoltaic device to 

generate the potential required to drive the water reduction half reaction. Photopromoted 

electrons at the PV cell travel to a Pt cathode, where H2 evolution take place (see Figure 

3.7). In the photoanode/photovoltaic cell configuration the current voltage curves of the 

two photoelectrodes have to cross at the an adequate voltage, the operating potential 𝑈𝑜𝑝. 

The photocurrent related to the 𝑈𝑜𝑝 (𝐽𝑜𝑝) represents the majority carrier flowing between 
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the two photoelectrodes (electrons from the n-type photoanode and holes from the p-type 

photocathode or PV cell). 

The solar to hydrogen conversion 

efficiency in a tandem device is calculated 

from the following equation 

η𝑆𝑇𝐻 =  
𝐽𝑜𝑝 ∆𝐺𝐻2

°  η𝑓𝑎𝑟𝑑

2𝑞𝐸𝑠
 

where ∆𝐺𝐻2

°  is the standard free energy 

of the hydrogen produced (2.46 eV per H2 

molecule, considering the lower heating 

value), η𝑓𝑎𝑟𝑑 is the Faradaic efficiency for 

the water splitting reaction, 𝑞  represents 

the elementary charge (1.6022 10 -19 C = 1 

eV V-1 and  𝐸𝑠 is the standard solar flux (1kW m-2).4 

Because of its low open circuit potential 𝑈𝑜𝑝 , a Si-based device requires a double 

junction in tandem to produce a potential exceeding 𝜇𝑒𝑥 and the two overpotentials η𝑜𝑥 

and η𝑟𝑒𝑑. An outstanding recent example is again the gradient-doped W-BiVO4 tandem 

device reported by Van de Kroel’s group, using both a single and a double junction a-Si 

photovoltaic device.13 In Figure 3.8a and 3.8b the anodic shift of the 𝑈𝑜𝑝 for the double 

junction a-Si panel respect to the single PV junction is exemplified, as well as the resultant 

  

Figure 3.7: Graphical sweep voltammetry analysis for a 

tandem architecture showing the photocurrent 

responses of a photoanode (black line, positive current) 

and a photocathode (red line, negative current). The 

intersection between the black line and the red dotted 

line, that is the photocathodic photocurrent changed in 

sign, gives 𝐽𝑜𝑝, the bias free operating current.48 

𝐽𝑜𝑝     

𝐽 

𝑈𝑜𝑝 
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effect on both 𝐽𝑜𝑝  and η𝑆𝑇𝐻 . On the other hand using expensive a-Si double junction 

electrodes is not so economically sustainable. For this reason the combination of state of 

the art photoanodes with next generation, low cost solar cells represents a natural 

evolution of the photoanode/PV tandem approach. Grätzel’s group has been the first to 

develop WO3/DSSC and Fe2O/DSSC tandem devices. However as for the a-Si PV based 

tandem device, two DSSC cells in series were necessary to provide a sufficient potential 

to drive the overall water splitting. A photoanode/2X DSSC device studied by Grätzel and 

co-workers, with the two DSSC dyes absorbing complementary portions of the solar 

spectrum, reported to allow 1.36% solar-to-hydrogen efficiency using Fe2O3 as 

photoanode.41 Unless this value is not so impressive the Fe2O3/Squaraine 

DSSC/Ruthenium-based DSSC trilevel tandem cell, it is a great example of how modern 

solar cell technology can be flexibly tuned to overcome precise limitations. More recently, 

a new dye with 𝑈𝑜𝑐 greater than 1.0 V have been reported. The new dye allowed the 

Figure 3.8: a) two electrode AM1.5 sweep voltammetry J-V curve of the gradient doped-BiVO4 photoanode 

(blue line) and the single junction (red line) and double junction (black line) a-Si solar cells placed behind the 

photoanode. The intersection between the gradient doped-BiVO4 curve and the J-V curves of the two a-Si 

cells indicates the operating density current of the fully assembled tandem device. b) The experimental 

current vs time plot for complete tandem assembly with both single and double junction a-Si solar cells. The 

two photocurrents are in good correlation with those expected from Figure 3.8a.13 
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assembly of the first single-DSSC tandem device; WO3 and Fe2O3 have been used as 

photoanodes (with 3.10 % and 1.17 % η𝑆𝑇𝐻 respectively).42 

More recently, after the rise of the perovskite-based solar cell technology, Kamat and 

co-workers reported the assembly of a BiVO4 tandem assembly for overall water 

splitting.43 Perovskite CH3NH3PbI3 have a high open circuit voltage, which enable the use 

of only one photovoltaic cell to produce a sufficient photocurrent density at the 𝑈𝑜𝑝 with 

BiVO4. Therefore the complete device is simpler than for the photoanode/2X DSSC device 

described above. The tandem CoPi-BiVO4/perovskite-based PV cell assembly reported a 

decent 2 mA cm-2 photocurrent density corresponding to a 2.5% η𝑆𝑇𝐻. However the device 

performance decreased of 20% after 150 s of AM 1.5G irradiation, probably because of 

the instability of the perovskite solar cell. Moreover, the presence of lead constitutes a big 

environmental and safety issue. 

As we previously discussed, encouraging examples of photoanode/PV cell have been 

reported. On the other hand few photoanode/photocathode devices have been published, 

probably because a stable material for water reduction has not yet been found. Very 

recently an overall tandem cell using n-BiVO4 as photoanode and p-Cu2O as 

photocathode has been described.44 Unless it is the first demonstration of such 

photoelectrode combination, the promising photocurrent of ~ 1 mA cm-2, obtained with the 

optimized BiVO4 thickness and using CoPi as OER catalyst, quickly decreases of more 

than 60% of the initial value after 100 s. A tandem device using W/Mo-doped BiVO4 and 

ZnxCd1-xSe has been published in 2013 by Bard’s group.45 The authors studied a cell 

configuration using two shuttle redox systems (I-/IO3- and S2-/Sn
2-), separated by a proton 

conductive membrane and in contact with the photoanode (Pt-W/Mo-BiVO4-Pt) and the 
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photocathode (Zn0.2Cd0.8Se-CoS), respectively. However, the overall device led to a 

conversion of only less than 1% of the irradiation generated by a 150 W Xenon lamp 

equipped with a 420 nm filter. 

Many steps has been done toward economically interesting devices and, furthermore, 

the research effort seems exponentially increased during the last 15 years. As a matter of 

fact, many complete tandem water splitting devices showed up in the recent literature,46 

evidencing that the scientific community is becoming ready for succeed in the attainment 

of the complete device exiting a 10% η𝑆𝑇𝐻. 
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Many biological photo-induced 

processes, such as those related to 

photosynthesis or vision, start with 

extremely fast structural changes, 

translation or rotation of portions of a 

molecule, energy and charge transfer or 

cleavage or formation of a chemical bond. 

These individual events take place with short timescales in the range of 10-14 or 10-12 s, 

i.e. a timescale characteristic of nuclei motion over interatomic distances. The individual 

steps sum in much longer events, such those involving macromolecules and the 

interaction between macromolecules. Ultrafast processes, successive to photon 

absorption, occur also in semiconductor materials used in photovoltaics or as 

photocatalysts. The exciton evolution, the separation and recombination of 

photogenerated electron/hole couples, the injection and trapping of electrons and holes, 

usually take place with sub-ps and ps timescales. The study of such extremely fast 

processes has been for long time limited by the availability of analytical techniques with 

adequate time resolution. 

Ultrafast optical spectroscopy is a unique tool to directly track the dynamics of such 

elementary reactions. Since the development of femtosecond laser pulses (early 80s) and 

especially after the availability of mode-locked Ti:sapphire lasers in the 90s, time-resolved 

spectroscopy techniques have been employed to follow an increasing number of 

processes and reactions. More recently, optical parametric amplifiers (OPAs) have been 

used to extend the wavelength range studied with this technique.1 

Schme 4.1: simplified scheme for a standard pump and 

probe experiment.5 
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The basic principle of time-resolved femtosecond transient spectroscopy are illustrated in 

Figure 4.1. In this technique a first intense laser pulse, the so called pump, causes a 

photoinduced process; then the system evolution is monitored by a delayed weaker probe 

pulse. The time resolution of the system depends on the widths of the pump and probe 

pulses. Very short pulses allow the resolution of extremely fast processes (below 1 ps), 

while for longer processes (longer than 1 ps), pulse compression is not necessary and 

the 100-200 fs pulse width supplied by mode-locked lasers can be directly employed to 

generate the two lasers beams. Moreover, both pulses can be tuned in frequency 

(wavelength) to allow the selective excitation of single optical transitions and the detection 

over a wide range of the UV-Vis-IR spectrum. 

1. PRINCIPLES OF FS-TRANSIENT ABSORPTION SPECTROSCOPY 

Pump and probe techniques basically follow the difference in the optical absorption 

coefficient of a molecular system before pump excitation and after a variable delay, 𝜏. 

The first energetic pump pulse promotes a fraction of the molecules to their excited state, 

(the fraction of excited molecules ranges from different tens of percents to 0.1%). The 

Figure 4.2: a) example of a possible ∆𝐴 transient absorption spectrum14 and b) energy level 

scheme of a molecular system and its possible transitions, including: photobleaching (PB), 

stimulated emission (SE) and photoinduced absorption (PA).1 

PA 

PB 

SE 

∆𝐴 

∆𝐴 ∆𝐴 

a) 
b) 
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ground state population results depleted, while now the first excited state results partially 

populated. A weak probe pulse, with an intensity not sufficient to excite a large portion of 

molecules, is sent through the sample with a delay, 𝜏. At the probed wavelengths (λ) a 

difference absorption can be calculated as  

∆𝐴(𝜏, λ) =  𝐴(𝜏, λ) −  𝐴0(λ) 

where 𝐴0(λ) is the absorbance before pump excitation (absorbance of the sample in its 

completely relaxed state). The plot of ∆𝐴 values at all the wavelengths of the probe pulse 

gives the transient absorption spectrum (see Figure 4.2a). By varying 𝜏 and recording a 

∆𝐴 spectrum at each time delay, a ∆𝐴 profile as a function of time and probe wavelength, 

i.e. a ∆𝐴(𝜏, λ)  transient absorption dynamic profile, is obtained. ∆𝐴(𝜏, λ)  contains 

information on the dynamics of the evolution of the photoexcited system studied. 

In general ∆𝐴 can be either positive or negative depending on the different processes 

involved (see Figure 4.2b). The ground state bleaching induces, at wavelengths equal or 

shorter than the ground state optical transition energy, a negative ∆𝐴 signal, the so called 

induced ground state photobleaching (PB); the absorbance of the excited sample is less 

than the absorbance before pump excitation because of ground state depopulation. The 

bleaching signal is always present in transient spectroscopy. A different kind of signal 

involves the excited state that, after pump excitation, is populated. A probe photon can 

stimulate the excited state to emit back to the ground state with the overall emission of a 

photon larger in energy than the pump. This stimulated emission, SE, is responsible of a 

negative ∆𝐴, because, at the wavelengths emitted through this transition the absorbance 

after excitation is less than in the ground state. The stimulated emission has a spectral 
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profile that is Stokes shifted with respect to the ground state photobleaching (at longer 

wavelengths). This kind of signal is not always observed. 

Finally the excited state can absorb some probe photons and be excited to another higher 

energy level. This photoinduced absorption, PA, leads to a positive ∆𝐴 signal, because 

after pump excitation a new absorption process becomes possible and thus the 

absorbance results increased. The photoinduced absorbance can occur at any 

wavelength, depending on the density of states of the studied molecule, and often can 

overlap with the two negative signals. At difference with respect to photobleaching, both 

SE and PA absorbance are not always observed. 

Pump and probe techniques allow to observe the evolution in time of many 

photogenerated excited states and determine the dynamics of such transient species. 

After pump photoexcitation the overall system tends to relax to its original state. The first 

process occurring is the vibrational relaxation of the excited state to the lowest possible 

excited level (within a timescale of 10-13 s). Then many different paths are possible. A 

photoinduced molecule can relax to the ground state losing radiatively the energy stored 

in the excited state with a typical timescale of 10-10-10-8 s; this effect is called photo-

luminescence, PL. One positive aspect of time-resolved absorption spectroscopy respect 

to time-resolved fluorescence is that the first allows the observation also of non-emissive 

states. Alternatively it can decay non-radiatively to the ground state or to a lower laying 

state, through an internal conversion (IC) process, and the energy remains localized to 

the molecule as increased vibrational states. The IC process takes place with even 

shorter timescales (10-13-10-12 s) A slower process, occurring in 10-10-10-9 s, is intersystem 

crossing; in this case the system undergoes a change in its spin multiplicity (for example 

from a singlet to a triplet state). Other excited state deactivation processes are energy 
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transfer between an excited molecule (or part of molecule) and a second molecule that 

simultaneously gets excited, or charge transfer that leads to charge separation. 

2. PUMP-PROBE EXPERIMENTAL SETUP 

Figure 4.3 reports a scheme of a typical pump-probe apparatus for two-color experiments 

where pump is monochromatic while the probe is obtained by white light generation. The 

laser source is a single wavelength femtosecond Ti:sapphire laser (CPA – Ti sapphire 

780 nm, 150 fs, at 1 KHz). The incoming beam is divided in two fractions (usually 90-95% 

and 10-5%) with a beam splitter (BS). The more intense fraction is changed in frequency 

by means of a second harmonic generator (SHG) or an optical parametric amplifier (OPA). 

In the first case the fundamental wave is focused in a nonlinear β-Barium Borate crystal 

and doubled in frequency to 390 nm, in the latter case the OPA allows to obtain a pump 

of substantially any wavelength over the visible spectrum (this technique is treated shortly 

in the next section). Successively the pump passes through the optical modulator 

(chopper), which is set at the same 

frequency of the laser pulse 

repetition rate (1 KHz); then the 

pump is delayed in the delay line 

and focused to the sample. The less 

intense laser beam is focused in a 

thin sapphire plate, with a thickness 

of 1-2 mm, to generate the white 

light polychromatic probe. For 

example a CaF2 crystal can 

generate white light extending from 

Figure 4.3: femtosecond pump-probe experimental setup for a 

two colours experiment. The system uses as a pump the first 

harmonic of the Ti:sapphire laser (dotted path) or the frequency 

doubled beam or a different frequency selected through the 

optical paramagnetic amplifier OPA and as a probe the white 

broadband light beam, obtained through focusing part of the 

fundamental frequency in a sapphire crystal.15 
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320 nm to 850 nm, while different crystals can extend the probe up to 1600 nm. The white 

light generation gives rise to the chirp effect: the blue light is generated later with respect 

to the longer wavelength photons. Therefore the white light is defocused in time. Because 

different wavelengths travel with different velocity in dense materials (i.e. in the glass of 

the optics or cuvettes), the chirp readily increases to picoseconds. To prevent chirping 

effects only reflective optics are used between the point where white light is generated 

and the sample.  

Upon pump excitation, the focalized broadband probe traverses the sample and then its 

attenuated spectrum is measured by an optical multichannel analyzer (OMA) while other 

detectors are available for experiments in the near-IR (HgCdTe array) and in the UV. The 

detector is connected to a computer that records each experiments (500 experiments per 

second plus 500 blanks per second). More in detail: the optical modulator (chopper) 

blocks half of the pump shots (500 shots per second get stopped and 500 pass through 

the chopper), while all the probe pulses reach the sample. Therefore, the sample is 

alternatively excited and not excited and consequently the probe at the detector 

alternately corresponds to an excited and unexcited sample. The corresponding ∆𝐴 

(absorbance of the excited sample minus the absorbance of the unexcited sample) is 

recorded every 2 ms, 500 times per seconds. In order to decrease the background noise 

each delay time is averaged for 2 or 3 seconds and so for each delay time the experiment 

is repeated at least 1000-1500 times.  

Moreover, in order to check the sample stability, the test reproducibility and the laser 

stability and to increase the quality of the measures, several complete scans are repeated 

and averaged. The collection of successive spectra (100-200), recorded at different delay 

times, allows the creation of a tridimensional spectrum ∆𝐴(𝜏, λ). The ∆𝐴 map represents 
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a massive collection of data (100-200 spectra for hundreds wavelengths) and its 

rationalization is quite time consuming, especially when the sample is analyzed for the 

first time and its transient signal is unknown. In order to extract significant information it 

is possible to take one delay time and look at the transient absorption spectra (the ∆𝐴 at 

the different wavelengths) or one could plot the ∆𝐴 evolution for a selected wavelength 

as a function of the delay time (the so called kinetic trace). 

The sensitivity of transient absorption measurements ranges from 10-4 to 10-6 unit of 

absorbance depending on the pulse repetition rate (1 kHz and 100 MHz respectively). 

The temporal resolution is limited by the white light chirp (at least 100 fs) and depends 

also on the laser pulse width. In order to allow the resolution of optical transitions that 

occur in shorter timescales, pulse compression and the limitation of the chirp are needed. 

In order to allow excitation with wavelengths others than the fundamental or second 

harmonic, the optical parametric amplification (OPA) can be used to obtain pump with 

tunable frequency. 

3. GENERATION OF PUMP WITH DIFFERENT WAVELENGTHS WITH OPTICAL 

PARAMETRIC RESONANCE AMPLIFICATION 

In Figure 4.4a the scheme of a simplified femtosecond pump-probe equipment using OPA 

is described. The principle of OPA are quite simple: the high intensity, high frequency 

pump pulse (𝜔𝑝) is focused on an appropriate nonlinear crystal and amplify a lower 

intensity, lower frequency beam (the seed pulse 𝜔𝑠); a third signal (the idle beam 𝜔𝑖) is 

generated as a resultant of the difference in energy between the pump and the seed (see 

Figure 4.4b for the frequency balance in the OPA process).2 The seed can be the white 

light generated in a sapphire plate, in that case the chirp can be used to selectively amplify 
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a specific wavelength by 

overlapping in time that 

wavelength with the pump. The 

amplified signal is several orders 

of magnitude more intense than 

the seed signal and therefore can 

be focused on the sample and 

used as a pump or frequency 

doubled in a nonlinear crystal. The 

idler is shifted to longer 

wavelengths respect to the amplified seed pulse and therefore can be used as a tunable 

pump in the IR region. Using the SH (~ 400 nm) of a Ti:Sapphire laser it is thus possible 

to amplify the seed signal in the range of 450-800 nm and obtain an idler signal, that can 

be used as pump pulse, ranging from 800 to 2500 nm.1 

In a collinear OPA operation condition such as the one described in Figure 4.5b, to avoid 

the spatial overlap between the idler and the signal it is possible to adopt a non collinear 

interaction geometry (NOPA). In that way the idler, that is generated with a higher group 

velocity respect to the amplified signal, and the amplified signals propagate along different 

directions (see Figure 4.5c). For the optimal pump-seed angle (α = 3.82°) the amplified 

signal has broadband extending on most of the visible spectrum (see Figure 4.6). On the 

other hand, pulses with narrower bandwidths can be achieved detuning the pump-signal 

angle to its optimal value, doing that a still Gaussian dispersed ~ 100 nm broad signal 

centered at a frequency tunable across the visible range can be obtained. 

a) 

b) 

Figure 4.4: a) Schematic femtosecond pump-probe experimental 

setup using OPA to generate broadband or narrower amplified 

signal from the fundamental or frequency doubled Ti:sapphire 

laser beam. Pulse compression of the OPA beam allow shorter 

pulsewidths b) Scheme of the frequency balance between pump, 

seed and idler signal in an OPA process.2 
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After having accurately controlled the different 

variables in the NOPA (spatial and temporal 

pump and seed overlap, phase matching and 

pump-seed angle) the so obtained pulses have 

a FWHM duration of approximately 70 fs. 

Therefore, starting from the first harmonic 

generated by a Ti:Sapphire laser having a 150-

200 fs pulse width, through NOPA it is possible 

to obtain a much shorter pulse. The duration of the pulse is essentially due to the chirp 

arising from white light generation and the amplification in the BBO crystal. Therefore it 

is possible to de-chirp the signal using appropriate compression reflective optics. Using 

prism-grating and prism-chirped mirrors, it is possible to compress the pulse duration and 

generate 6-7 fs pulse in the broadband visible region (white light probe) and 10-15 fs 

narrowband pump, covering the visible and IR region (see Figure 4.6). Such high 

temporally compressed pulses can be employed 

in high time resolution pump-probe setup and 

allow to track sub-picosecond processes 

following light-matter interaction in physics, 

chemical and biological fields. Few examples of 

the utilization of such innovative technique are 

reported in the next section. 

  

Figure 4.5: a) Phase matching angle between 

the pump and seed beams and the resultant idler 

angle in an OPA process. b) representation of 

the signal and idler pulses in a collinear 

geometry and c) non-collinear geometry.2 

Figure 4.6: Upper panel: broadband amplified 

signal from an optimized NOPA process 

(dashed line) and narrower amplified signal 

centred at different visible frequencies 

obtained tuning the pump-signal angle. Lower 

panel: corresponding pulse duration after 

temporal compression.15 
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4. SOME FS-TAS APPLICATIONS 

Pump and probe techniques offer the possibility to study the time evolution of reactions 

involving light-matter interaction and give the opportunity to understand many 

fundamental processes occurring in biological systems, organo-metallic and inorganics 

compounds. This knowledge could be used to further explain more complex phenomena 

such as the photosynthesis and vision or to drive scientists to design new materials and 

achieve better results in light energy conversion application such as photovoltaics, 

photoelectrocatalysis and photocatalysis. 

Between the many applications of ultrafast transient absorption spectroscopy, the study 

of light harvesting complexes in photosynthetic organisms is one of the most exciting. The 

purpose of these complexes is to absorb sunlight energy and, through a series of 

thermodynamically allowed energy transfer processes, lead the energy to the reaction 

center where it is used to photosynthetic reactions. During the evolution, these complexes 

and their assembly in the overall photosynthetic center, increased their solar energy 

conversion efficiency. While the overall reaction process (for example CO2 fixation) 

occurs in the microsecond-second timescale, the first individual events are extremely fast 

with time scale even below hundreds of fs. However, such extremely fast charge transfer 

processes permit, through spatial separation, to avoid early recombination between 

photogenerated charges and ultimately make possible all the overall, extremely complex, 

photosynthetic reactions. 

Only in recent years pump pulses with duration of 10-20 fs have been available and have 

been used in transient absorption studies of the excited states of light harvesting organic 

pigments such as carotenoids and chlorophylls. For example a fs-TAS study comparing 

the excited states dynamics on rhodopin glucoside (a carotenoid absorbing up to 590 nm) 
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in benzyl alcohol and embedded in the LH2 complex showed that in the latter case two 

more relaxation channels are available (with 140 fs and 80 ps time constants). The first 

process, with an energy transfer efficiency of ~ 50%, allows the delocalization of the 

excited state from the rhodopin to the bacterio-chlorophyll in the LH2 complex and thus 

decrease the chance of recombination of the excited states. 

Ultrafast transient absorption spectroscopy is also used in the research of new generation 

photovoltaics. For example P3HT:PCBM based polymeric solar cell, that are emerging 

for their low production cost and the production of flexible devices, have been widely 

investigated with such techniques.3–5 A more recent study pointed out that interfacial 

charge transfer between the two components is generated in the first tens of fs after 

photoexcitation and that hot states due to the absorption of photons with an energy 

excess are beneficial to charge separation.6 Hot states are more delocalized and 

therefore are more prone to ultrafast charge separation than fully relaxed species.  

Quantum dot nanocrystals has been another family of compound heavily studied through 

pump and probe spectroscopy.7 CdSe QDs have a quite simple electronic structure with 

the first excitonic peak ranging from 450 nm to the deep visible (650 nm for the bulk 

material) increasing the diameter size respectively from 2.1 nm to 5.6 nm. Moreover the 

due to the CdSe electronic structure an increase in the band gap reflects only in the shift 

of the conduction band to more negative energy. For such reasons CdSe QDs have been 

extremely useful to study the energy dependence of the injection of electrons 

photoexcited in the QDs conduction band to the conduction band of an appropriate wide 

band gap semiconducting oxides in quantum dot sensitized solar cells.8–10 In a recent 

work Kamat and coworkers measured electron transfer rates from four different sizes of 

CdSe QDs to three different wide band gap oxides (ZnO, TiO2 or SnO2) correlating the 
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injection rates with the ∆𝐺 between the QDs and oxides CB.11 The trends found agreed 

with Marcus theory, highlighting the accuracy of such model. 

More recently transient absorption techniques has been applied to follow charge carriers 

dynamics in semiconducting oxide materials employed as photoanodes materials. 

Hematite is by far the photoanode oxide most studied through fs-TAS.12,13 
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ABSTRACT  

Nanocrystalline materials are widely employed as photocatalysts for water 

splitting applications. In particular, cadmium selenide quantum dots (QDs) attracted 

growing interest for their superior photon to H2 conversion efficiency and their 

stability under irradiation. A direct insight is here presented on the effects that CdSe 

QDs size have on their photoactivity in hydrogen evolution from Na2SO3 – containing 

aqueous solutions under visible light irradiation, based on the results obtained with 

four highly monodisperse CdSe quantum dots with different nanocrystal diameters, 

which were synthesized in the present work. After exchange of the capping ligand, 

each sample was employed as photocatalyst in H2 production in the absence of any 

co-catalyst. Their size-dependent photocatalytic activity is discussed considering 

their absorption properties, their conduction band energy and the recombination 

probability of the photogenerated charges inside the nanocrystals. High quantum 

efficiency in H2 generation results from a balance among these three QDs features, 

their activity scale being not dominated exclusively by the photocatalyst valence 

band position. 

1. INTRODUCTION 

Efficient solar light conversion into fuels, such as H2 or hydrocarbons, requires the 

use of photoactive materials combining good visible light absorption properties, 

suitable band gap energy position and low electron-hole pair recombination. 

Semiconductor nanocrystals are emerging as effective photocatalysts because of 

their size and band gap tenability,1,2 wide range of employed elements,3–6 high 
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energy conduction band,7,8 stability 9–11 and shape control possibility.12–14 Moreover 

the combination of different semiconductor materials in nano-heterostructures offers 

the possibility to host the light absorber, hole acceptor, electron acceptor and co-

catalyst in the same nanoparticle.15–18 

Among all nanostructures, quantum dots (QDs) nanocrystals are by far the most 

studied in recent years. Because of their high conduction band position, size and 

band gap tunability, and excellent visible light absorption properties, chalcogenide 

QDs are amongst the most studied nanostructures for solar energy conversion 

applications. In particular, cadmium selenide quantum dots, CdSe QDs, have 

conduction band edges higher in energy than that of TiO2. Thus, when they are used 

as photocatalysts, high energy electrons photopromoted in their conduction band 

are able to produce thermodynamically up-hill reactions, such as CO2 reduction or 

hydrogen production from water and/or electron donors.9,10,19–21 On the other hand, 

chalcogenide quantum dots can also be employed in combination with wide band 

gap semiconductor, such as TiO2 or ZnO, in quantum dot solar cells.22–24 Electrons 

photoexcited in the QD conduction band are injected in this case in the conduction 

band of the semiconductor oxide and used in photovoltaic and photocatalytic 

applications.25–27 

Aiming at better understanding the effect of CdSe QDs size on their photoactivity 

and at determining the optimal nanocrystal size for photocatalytic H2 production, we 

synthesized highly monodisperse quantum dots with different size and performed a 

systematic investigation on their performances in H2 evolution from aqueous 

solutions. The experimental results are discussed on the basis of the optical 
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properties of the photocatalyst nanoparticles, their photocatalytic efficiency scale 

resulting from an optimized balance of their band gap value, conduction band 

position and rate of photogenerated charges recombination. 

2. Experimental 

2.1 Materials 

All reagents and solvents, i.e. trioctylphosphine (TOP), trioctylphosphine oxide 

(TOPO), selenium metal powder, cadmium acetate, 3-mercaptopropionic acid 

(MPA), tetramethylammonium hydroxide pentahydrate, sodium sulphite, toluene, 

methanol and acetyl acetate, were highest purity chemicals purchased from Sigma 

Aldrich. Milli-Q grade water was used to prepare aqueous solutions in all 

experiments. 

2.2 Synthesis and characterization of CdSe QDs 

CdSe QDs were prepared under nitrogen atmosphere using the synthetic route 

proposed by Peng et al.,28 with slight modifications. In a typical synthesis the 

selenium metal powder (0.117 g) was dissolved at 160 °C in a TOP and toluene 

mixture (2.90 g and 0.5 g, respectively). Cadmium acetate (0.0726 g) was dissolved 

in 2.9 g of TOPO at 180 °C. The resulting selenium-containing solution was then 

added to the Cd precursor-containing solution at 300 °C. In order to prevent multiple 

nucleation, a Se/Cd stoichiometric excess was employed. The temperature of the so 

obtained mixture rapidly dropped to ca. 270 °C and was maintained at this 

temperature as long as the desired CdSe nanocrystal size was reached. Once the 

desired colour (i.e. nanocrystals size) was obtained, to crystal growth was 
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immediately quenched by rapidly pouring the hot solution into a becker containing 

30 mL of toluene immersed in an ice bath. The so obtained QDs were then washed 

three times by precipitating and re-dissolving the nanocrystals in methanol and ethyl 

acetate. 

The TOPO capping the CdSe QDs was exchanged for mercaptopropionic acid 

(MPA), in order to make the CdSe QDs soluble in protic solvents such as methanol 

and water. According to a widely employed procedure,29 MPA was dissolved in 

methanol and the pH was adjusted to 11 by addition of tetramethylammonium 

hydroxide. The TOPO-capped QD solutions were thus added to the basic solution. 

Exchange of the capping ligand takes place immediately. The MPA-capped CdSe 

QDs were precipitated by adding ethyl acetate and the collected precipitate was 

washed several times with ethyl acetate to remove residual MPA and TOPO. The so 

prepared QDs were soluble in protic solvents and were stored in methanol solutions 

in the dark, before being employed in photocatalytic hydrogen production tests.  

The colloidal CdSe QDs suspensions were characterized through UV-Vis 

absorption measurements employing a Jasco V650 spectrophotometer. The 

estimation of the QDs size was obtained from the maximum of the first excitonic 

peak of the QDs using an empirical equation reported by Jasieniak et al.30 (see 

Section 2.3 for details). The XRD analysis was performed using a Philips PW1820 

with Cu K radiation at 40 mA and 40 kV. 
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2.3 Estimation of QDs particle size and concentration of the colloidal solution 

The synthetized colloidal solutions, after capping ligand exchange for mercapto-

propionic acid, were characterized through UV-Vis absorption spectroscopy. In order 

to estimate the nanoparticle size and the concentration of the colloidal solutions a 

set of empirical relations developed by Jasieniak et al. were employed. The diameter 

of the QDs was obtained using equation 1, which correlates the energy of the first 

absorption peak to the size of the QDs. 

 

𝐷(𝑛𝑚) = 59.60816 − 0.54736λ + 1.8873 × 10−3λ2 − 2.85743 ×  10−6λ3 +

1.62974 × 10−9λ4                                                                                     (Eqn. 1) 

 

Here 𝐷(𝑛𝑚) is the QDs diameter and λ is the maximum wavelength of the first 

excitonic peak. 

To calculate the concentration of the QDs solution, we first estimated the band-

edge molar extinction coefficient (𝜖1𝑆) using equation 2: 

 

𝜖1𝑆 (𝑀−1𝑐𝑚−1) =  155507 + 6.67054 ×  1013 exp (−
𝐸1𝑆

0.10551
)   (Eqn. 2) 

 

where 𝐸1𝑆 is the first absorption peak energy obtained by the Planck law: ∆𝐸 = ℎ𝑐λ−1. 

Then we used the so obtained 𝜖1𝑆  value to calculate the QDs concentration 

according to equation 3: 
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[𝑄𝐷𝑠] (𝑀) =  
𝐴1𝑆,𝑚𝑎𝑥

𝑙(𝑐𝑚)𝜀1𝑆(𝑀−1𝑐𝑚−1)
 ×  

∆𝐸1𝑆(𝑒𝑉)

0.06
      (Eqn. 3) 

 

where  𝐴1𝑆,𝑚𝑎𝑥 is the absorption maximum of the first absorption peak and l is the 

path length of light through the sample. 

2.4 Photocatalytic H2 production from irradiated QDs in aqueous solution 

Photocatalytic activity tests were performed using a bench-scale apparatus 

connected to a liquid phase recirculating closed system.31–33 As methanol can 

notoriously act as an electron donor, it was removed from the stored QDs methanol 

solutions by drying the nanocrystals employing a vacuum rotary evaporator system 

(Heidolph Hei-Vap Value, G1) in the dark. Once methanol was completely removed 

the QDs were dissolved in a 0.1 M Na2SO3 aqueous solution.  

The so obtained photoactive colloidal suspension (0.003 g of CdSe in 30 mL of 

0.1 M Na2SO3 aqueous solution) was placed in a 45 mL cylindrical quartz vessel, 

which was magnetically stirred during the runs. The photoreactor was connected to 

a closed stainless steel recirculation system, in which an inert gas (N2) was 

continuously fluxed by means of a bellow pump (Metal Bellows, MB41E). The 

gaseous species evolving from the aqueous suspension under irradiation 

accumulated in the gas phase, which was analyzed on line by sampling at regular 

time intervals and injection into an Agilent 6890N gas chromatograph (GC), 

equipped with two capillary columns (MolSieve 5A and HP-Plot Q), a flame ionization 

detector (FID) and a thermoconductivity detector (TCD). N2 was used as carrier gas. 
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The GC response was first calibrated by 

injecting known volumes of H2 into the 

recirculation system through a six ways 

sampling valve.  

A Lot Oriel, 300 W xenon lamp 

(emitting in the 200-1100 nm range) 

was used as light source. The photon 

flux was used both as generated by the 

lamp and after removal of the high energy photons in the UV region by means of a 

420 nm longpass filter, hereafter recalled as full and visible light irradiation conditions. 

The emission spectra of the xenon lamp with and without the filter were collected 

with a Thorlab CCS200M spectrometer (see Figure 5.1). The power intensity of light, 

measured by means of a Thorlab PM200 power meter equipped with a S130VC 

power head with Si detector, was 170 W cm-2 for the full lamp emission and 160 W 

cm-2 for the filtered visible light emission. 

Each QDs solution was tested during three days-long kinetic runs, which were 

repeated twice, to check reproducibility. The nanocrystals were activated under full 

lamp irradiation during the first day and then the stability in hydrogen evolution under 

visible light was tested during the following two days.  Prior to the beginning of 

irradiation, the undesired gaseous species (air on the first day and mainly H2 on the 

second and third day) were completely removed by purging the photocatalyst 

suspension with N2 for 40 min.  

  

Figure 5.1. Spectra of the emitted photon flux of 

the xenon lamp, with and without the 20 nm 

longpass filter. 
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2.5 Evaluation of the quantum efficiencies of the QDs 

We evaluated the photocatalytic performance of the here studied four quantum 

dots samples in terms of their quantum efficiency ϕ. This parameter takes into 

account the amount of photons absorbed by the colloidal solution and thus describes 

more rigorously the photon to hydrogen efficiencies showed by the different samples 

studied. We calculated ϕ from Equation 4 

ϕ =  
2 𝑟𝐻2  (𝑚𝑜𝑙𝐻2  ℎ−1)

𝑟𝑝ℎ (𝑚𝑜𝑙𝑝ℎ ℎ−1)
         Eq. 4 

 𝑟𝐻2
 is the photocatalytic H2 generation rate (the slope of the H2 accumulation over 

time) reported in Table 1 and 𝑟𝑝ℎ is the photon absorption rate. To calculate the latter 

parameter we first evaluated the photon flux (the number of photons emitted by the 

light source per nm-1 and cm-2). The total power density of 0.160 W cm-2 (𝑃𝑡𝑜𝑡 ) 

impinging on the sample was obtained combining the measurements made with the 

Thorlab PM200 power meter equipped with a Si detector with the emission spectra 

(with intensity in counts nm-1) recorded with the Thorlab CCS200M spectrometer. 

Using equation 5, we then evaluated 𝑃λ  (W nm-1 cm-2), the contribution of each 

wavelength λ to the overall power density  

𝑃λ =  𝑃𝑡𝑜𝑡  
𝐼λ

𝐼tot
         Eq. 5 

where 𝑃𝑡𝑜𝑡 was multiplied by 
𝐼λ

𝐼tot
, the ratio between the intensity of the emitted light 

at each wavelength 𝐼λ and the total intensity 𝐼tot (namely the contribution of each 

wavelength on the overall emission). 
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The photon density emitted by the light source at each wavelength (photons s-1 cm-

2 nm-1) was calculated by dividing 𝑃λ by the photon energy 𝐸λ = ℎ 
𝑐

λ
, where h is the 

Planck constant (J s), c is the speed of light (m s-1) and λ is the photon wavelength 

(m). By dividing the number of emitted photons by the Avogadro’s number we get 

the moles of emitted photons and finally we obtain the rate of absorbed photons 

𝑟𝑝ℎ (𝑚𝑜𝑙𝑝ℎ ℎ−1), by multiplying the moles of emitted photons by (1 – T%), where T% 

is the transmittance of the QDs solution and with the irradiated surface area (cm2). 

3. RESULTS AND DISCUSSION 

3.1 UV-Vis absorption properties of the synthesized QDs 

CdSe QDs of different sizes were 

successfully obtained by taking 

aliquots of the crystallization solution 

at different times. As shown in Figure 

5.2, their color monotonously 

changed with the ageing time in the 

hot crystal growth solution.  

The UV-Vis absorption properties 

of the colloidal solutions in methanol of the four CdSe QDs investigated in detail are 

reported in Figure 5.3. All of them show a sharp and well defined first excitonic peak 

(with relatively small half width at half maximum) that reflects a narrow size 

distribution.34,35 The energy of the first absorption peak increases with decreasing 

Figure 5.2. Vials containing a series of CdSe QDs of 

different sizes obtained by taking aliquots of the 

reactant solution 5, 15, 30, 45, 60, 120, 240 s after the 

beginning of the crystallization growth (from the left). 
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the QD size.36 Very useful empirical 

equations, correlating the absorption 

maxima of the first excitonic peak to 

their size, have been reported, which 

has been profitably employed to 

calculate the size of CdSe, CdTe and 

CdS QDs,30,37 instead of determining 

them through expensive and time 

consuming techniques, such as 

transmission electron microscopy. Thus, the size of the CdSe nanocrystals studied 

in the present work were found to be 2.5 nm, 2.8 nm, 3.1 nm and 3.4 nm, 

respectively, using the empirical equations developed by Jasieniak et al.30, on the 

basis of their absorption features (Figure 5.3) as described in the next Section.  

3.2 Photocatalytic H2 production with the four different sized QDs 

The photocatalytic tests were carried out in the presence of a hole scavenger as 

electron donor. Methanol and ethanol are the most widely employed sacrificial 

reagents for TiO2 and other wide band gap semiconductor photocatalysts.38 On the 

other hand, due to their higher valence band energy, chalcogenides such as CdS 

and CdSe, maximize their electron transfer properties under irradiation in the 

presence of electron donors with higher (i.e., less positive) redox potentials.15,18,39 

For instance, ascorbic acid is one of the most popular electron donors employed in 

the case of CdSe and CdS nanoparticles. In the present investigation photocatalytic 

Figure 5.3. UV-Vis absorption spectra of four QDs 

samples with different nanocrystal size: a) 2.5 nm, b) 

2.8 nm C) 3.1 nm and d) 3.4 nm. 
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hydrogen evolution tests were performed in aqueous solutions containing 0.1 M 

Na2SO3 as electron donor, because of its higher redox potential (0.17 V vs. NHE at 

pH = 0) and low number of species resulting from its oxidation. Despite its higher 

redox potential, we avoided the use of sulphide ions, because they were reported to 

lead to QDs deterioration.21 Due to the low redox potential of MPA, this capping 

ligand is not likely to be involved as CdSe QDs hole scavenger in the photocatalytic 

H2 evolution reaction.  

Figure 5.4 shows the H2 production results obtained in a typical irradiation test 

performed with the 2.8 nm-sized nanocrystal sample. Very limited photocatalytic 

hydrogen production was observed in the first 6 h, although full lamp irradiation was 

used. This activation period can be attributed to the photodegradation of the MPA 

capping ligand covering the CdSe QDs and to the removal of metallic selenium, used 

in excess during the synthesis. Evidence 

of metallic selenium removal was 

provided by the formation of a metallic 

coating on the internal wall of the reactor 

during the first 6 h irradiation. No 

significant CO2 amount was detected by 

GC analysis during the activation step, in 

line with the fact that the capping ligand is 

not expected to be an efficient electron 

donor. Moreover, the progressive 

capping ligand decomposition led to a 

Figure 5.4. Hydrogen evolution in a typical three 

days long photocatalytic test carried out with 2.8 nm 

QDs. In the first day, the pre-treatment was 

performed, consisting in the full lamp irradiation of 

the photoreactor front for 6 h. Then the photoreactor 

was turned by 180° and full lamp irradiated for 2 h. 

Irradiation was continued in the next two days, 

employing only visible light (λ > 420 nm). 
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decreased QDs solubility. QDs were found to coalesce in small flakes that tended to 

sink when stirring was stopped. This did not imply any substantial modification in the 

crystal structure of QDs, as verified by comparing their XRD patterns measured 

before and at the end of the photocatalytic test.  

In order to verify that the 

nanocrystals (NCs) did not undergo 

any irreversible degradation or did not 

change in size, we compared the XRD 

patterns measured with fresh 2.8 nm 

QDs and the NCs recovered by 

centrifugation from the reaction 

solution at the end of the photocatalytic 

test. In Figure 5.5 we report the XRD analysis of the 2.8 nm sized QDs sample 

before and after the photocatalytic test (trace a and b, respectively). In the latter case, 

the NCs were collected from the Na2SO3 solution by centrifugation and before, 

performing the measurement, the sample were washed three times with 40 mL milli-

Q water in order to remove any trace of reaction products and of unreacted Na2SO3. 

Both patterns show broad features typical of non-constructive scattering due to the 

QDs nanometer size28. The highest reflection signal in both samples peaks at 22.8 

2 degree and fits well with CdSe standard card reported in the literature (JCPDS 

No. 77-2307). Because the XRD pattern of the nanocrystals collected after the 

photocatalytic test does not show any shift to higher angles and no detectable extra 

Figure 5.5. XRD patterns of 2.8 nm QDs recorded 

before and after a full (three days long) photocatalytic 

test. 
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peaks, we rule out the formation of a CdS layer (reference card No. 77-2306) due to 

the use of a sulfur containing hole scavenger. Moreover, the QDs size seems to be 

not affected by the prolonged irradiation, as suggested by the similar peak width of 

the two patterns.  

At the end of this activation step the quartz photoreactor was turned by 180° in 

order to allow full irradiation through the transparent back side of the reactor and the 

gas species evolved during the pre-treatment were removed by purging the 

photocatalytic closed system with N2 for 40 min. No more metallic selenium 

deposition on the photoreactor inside walls took place in the following irradiation 

steps. During the last 2 h – long full lamp irradiation performed in the first day the 

amount of evolved hydrogen increased linearly with time, indicating that successful 

activation of the QDs was attained. 

During the following two days the samples were irradiated with visible light, for 5 

h each day. Under these conditions H2 was found to linearly accumulate in the 

recirculating gas system under irradiation, evidencing that the CdSe QDs 

photocatalyst retains its activity also under prolonged irradiation. After the overall 25 

h irradiation on the same 2.8 nm QDs solution, 40.3 μmol of H2 were evolved under 

the here adopted test conditions. From the extinction coefficient calculated using the 

set of equations employed to determine the QDs size30 (see Section 3.2), we 

estimated the QDs concentration in the reaction solutions and evaluated the 

photocatalytic performance in terms of turnover number. By considering that the 

irradiated solution of 2.8 nm QDs contains 0.08 μmol of nanocrystals (or 15.7 μmol 

of bulk CdSe) a turnover number of ~ 530 hydrogen moles per mole of QD catalyst 
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(or 2.6 hydrogen moles per CdSe mole) could be evaluated. Clearly, such a high 

turnover number confirms that H2 was 

produced catalytically, without any 

substantial semiconductor 

deactivation. 

The same three days-long 

experiments were carried with the four 

CdSe QDs samples investigated in 

detail. All nanocrystal colloidal solutions showed the same activation feature during 

the first full lamp irradiation day and linear H2 evolution vs. irradiation time plots in 

the 5 h-long photocatalytic tests performed in the next two days. The chart reported 

in Figure 5.6 evidences how the rate of photocatalytic H2 evolution correlates with 

the size of the CdSe QDs. The highest hydrogen production rate was obtained with 

the 2.8 nm sample, that performed far better than both smaller and larger-sized QDs 

(see Table 1).  

Present results can be compared with those obtained with the same experimental 

set up under similar experimental conditions,40 employing benchmark TiO2 P25 

photocatalyst from Degussa (Evonik) in contact with water-methanol vapors. A H2 

production rate of 0.61 mmol H2 h-1 gcat
-1 was obtained40, which is very similar to the 

0.63 mmol H2 h-1 gcat
-1 obtained in the present work with the 2.8 nm-sized CdSe QDs 

under full lamp irradiation. However, no hydrogen was produced under visible light 

irradiation when employing Degussa P25, whereas an only slightly lower H2 

production rate was obtained under visible light only, in the case of CdSe QDs.  

Figure 5.6. Hydrogen evolution rate vs. CdS QDs size. 
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Table 1 reports the photodriven H2 quantum efficiencies (ϕ) calculated from the 

rates of photocatalytic H2 generation and the rate of photon absorption, i.e. by 

considering only the number of photons which were effectively absorbed by the 

CdSe QDs under visible light irradiation. This latter was evaluated by taking into 

account the emission spectrum of the filtered lamp and the absorption spectrum of 

the differently sized CdSe QDs, and of course it increased with increasing the QDs 

size (see Table 1). In fact, larger quantum dots extend their absorption ability deep 

in the visible region and consequently a larger number of photoexcited charge 

couples are produced in CdSe QDs under irradiation, with a consequent better 

exploitation of solar radiation for solar hydrogen production. However, as shown in 

Table 1, the highest quantum efficiency ϕ of 0.23 % was obtained with the 2.8 nm 

nanocrystals. This value is in good agreement with previous reports for CdSe QDs 

employed under similar conditions without using any co-catalyst.21 

Although the conduction band energy of CdSe QDs decreases with decreasing 

their size, leading to a higher driving overpotential to carry out the photocatalytic 

QDs size (nm) 

 
 

Absorbed photonsa 
(%) 

H2 production rate 
(μmol H2 h-1) 

Quantum 
efficiency, ϕb  

(%) 

2.5 10.6 0.09 ± 0.02 0.012 ± 0.003 

2.8 11.6 1.9 ± 0.7 0.23 ± 0.05 

3.1 12.7 0.6 ± 0.2 0.06 ± 0.02 

3.4 16.0 0.22 ± 0.05 0.019 + 0.004 

 

Table 1. Photocatalytic H2 production rates, absorbed photons and quantum yields 

obtained with the semiconductors studied. 

a Percent amount of absorbed photons over the total number of emitted photons 

b Quantum efficiency values were calculated from the rates of hydrogen production 

(moles of H2 per hour) divided by the rate of absorbed photons (moles of photons 

per hour). 
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production of H2, the smallest–sized CdSe QDs investigated in the present work 

surprisingly was not the best performing colloidal photocatalyst. This is in contrast 

with the results obtained by A. Holmes et al.,21 who found a good correlation between 

the QDs size and the H2 evolution rate, with the latter increasing with decreasing the 

QDs size. In the present work we found that amongst the here investigated four 

highly monodisperse-sized samples (with diameters in the 2.5-3.4 nm range) the 2.8 

nm-sized one was the most active. Although the conduction band lies at an energy 

higher than those of the other here investigated quantum dots, the smallest-sized 

sample allowed for the lowest H2 production rate. The two bigger size colloidal 

solutions showed intermediate rates, probably also as a consequence of  their higher 

conduction band energies. 

The nonlinear dependence of the QDs efficiencies on the nanocrystals size can 

be explained by taking into account that in small QDs the probability that 

photogenerated electron-hole pairs recombine is higher than in larger QDs 41. On 

the other hand, due to their relatively larger band gap, smaller QDs harvest a smaller 

portion of the visible spectrum. The best match between relatively low recombination 

rate, good efficiency in the solar light harvesting and band gap position is attained 

for 2.8 nm-sized CdSe QDs. 

4. CONCLUSIONS 

By investigating the size-dependent performance of CdSe QDs in photocatalytic 

hydrogen evolution under visible light irradiation we found that, after an initial 

induction period, all samples were able to carry out protons reduction to hydrogen, 
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with a linear H2 accumulation vs. the irradiation time and no substantial deactivation. 

The 2.8 nm-sized CdSe nanocrystals showed the highest H2 production rate with a 

quantum yield of 0.23% under polychromatic visible irradiation, in the absence of 

any co-catalyst. Though having a more negative conduction band, i.e. a larger 

overpotential for photocatalytic hydrogen production, smaller 2.4 nm-sized QDs 

were the least effective here investigated photocatalyst. This may be ascribed mainly 

to electron-hole recombination, which more readily occurs in smaller-sized QDs, 

where photoproduced charge carriers are confined in a tight volume. On the other 

hand, electron-hole recombination is less probable in larger QDs, but their 

photoactivity may be limited by a less negative conduction band energy position. 

Therefore larger size nanocrystals such as the 3.1 and 3.4 nm-sized ones showed 

intermediate photoactivity in hydrogen production. 

The 2.8 nm-sized nanocrystals meet all the necessary requirements for exhibiting 

highest activity, having a lower probability of charge carriers recombination with 

respect to 2.4 nm QDs, higher conduction band edge than the 3.1 and 3.4 nm QDs 

and good visible light harvesting properties. We have thus demonstrated that CdSe 

nanocrystals with this optimal size are able to efficiently drive water reduction to 

hydrogen by photopromoted conduction band electrons and therefore are excellent 

candidates to be employed as photocatalysts for H2 evolution in Z-scheme 

applications. 
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ABSTRACT 

Bismuth vanadate (BiVO4) with a band gap of ~2.4 eV has emerged as one of the 

visible photocatalysts that can absorb light below 520 nm. The electron/hole pairs that 

are generated following BiVO4 band gap excitation are effective for water splitting, 

especially when BiVO4 is combined with other metal oxides such as WO3. The present 

Chapter deals with the results of a solution processed method employed for designing 

transparent WO3/BiVO4 heterojunction electrodes, we observed a synergistic effect on 

the photoelectrochemical activity of WO3/BiVO4, with the combined system performing 

dramatically better than either individual components. Using ultrafast transient 

absorption spectroscopy the electronic interaction between WO3 and excited BiVO4 

has been elucidated. Moreover, the photocatalytic reduction of thionine by WO3/BiVO4 

as well as by each individual oxide component was used to track electron injection 

processes and determine the energetics of the studied systems. In the composite 

WO3/BiVO4 film a shifted quasi-Fermi level resulted, due to electronic equilibration 

between the two materials. The better performance of WO3/BiVO4 heterojunction 

electrodes was thus found to be consequence of the electron injection from BiVO4 into 

WO3, followed by back electron transfer from WO3 to the holes in BiVO4. 

1. INTRODUCTION 

Conversion and storage of solar energy in the form of fuels, such as photocatalytic 

splitting of water to generate hydrogen, have attracted increasing interest during the 

last two decades.1,2 Semiconductor materials that are active under visible light3 and 

other narrow band gap oxide semiconductors4,5 have been extensively studied as 

possible photocatalysts. However, the stability and conversion efficiency that are 

needed for commercial application have not yet been achieved. 
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The stability of metal oxides such as BiVO4 and WO3 over a wide pH range and 

their ability to absorb high energy visible photons, have attracted the attention of 

researchers to explore their photocatalytic properties towards the water splitting 

reaction.6–8 These two semiconductors have band gaps of ~ 2.79 and 2.410,11 eV, 

respectively. Continued efforts to improve the photoelectrochemical performance of 

these materials have been made through surface modification,12,13 doping14,15 or 

nanostructured morphology,16–18 as well as by using them in conjunction with oxygen 

evolution catalysts.19–21 

Coupling of BiVO4 with WO3 offers an interesting approach to achieve better charge 

separation and thus improve the overall performance of the photocatalytic system.22–

25 Type II band alignment in these two semiconductor systems allows electrons from 

photoexcited BiVO4 to be transferred into WO3 and holes getting accumulated at 

BiVO4. The decreased charge carrier recombination in the coupled system ensures 

better photoelectrochemical properties, similar to the spatial charge separation that 

occurs in natural photosynthetic systems.26 Efforts are continuing to achieve 

photoconversion efficiencies close to the theoretical limit of these two materials.27 On 

the other hand, little work was done on understanding the charge carrier dynamics 

occurring in BiVO4 and the interfacial charge separation in WO3/BiVO4 heterojunction 

electrodes. 

Transient absorption spectroscopy has been employed to investigate the dynamics 

of photogenerated holes and electrons in TiO2, Fe2O3, WO3 and BiVO4 photoanodes. 

For example, Durrant and co-workers28–31 found that the application of an anodic bias 

allows the generation of holes with lifetime on the order of 100 ms to seconds, long 

enough to allow four-electron water oxidation. Although the dynamics of charge 

carriers with shorter timescale has been investigated in single oxide electrodes,32,33 

charge separation in coupled systems needs to be explored fully.34 
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In the present Chapter, we describe the results which were obtained by employing 

femtosecond transient absorption spectroscopy to investigate the electron injection 

dynamics from photoexcited BiVO4 to WO3 in the WO3/BiVO4 coupled system. 

Transparent WO3 films were obtained by a citrate-based synthesis, which allowed us 

to achieve sufficient transparency for spectroscopic investigation. Furthermore, the 

effective charge separation in the coupled system was also probed through thionine 

reduction and the estimation of the apparent Fermi level of the photocatalyst 

assembly. 

2. EXPERIMENTAL SECTION 

2.1. Materials 

The following chemicals were employed: tungsten(VI) ethoxide 99.8% (5% w/v in 

ethanol), ammonium vanadium oxide, bismuth(III) nitrate pentahydrate ACS 98%, 

benzyl alcohol ACS 99% (Alpha Aesar); ethyl cellulose (MP Biomedics); poly(vinyl 

alcohol) >99%, citric acid 99% (Aldrich); glacial acetic acid, anhydrous sodium sulfate 

and sodium sulphite (Fisher Scientific). 

2.2. Photoelectrodes preparation 

WO3 was prepared as follows. 1.0 mL of tungsten ethoxide, 5 wt% in ethanol, was 

added to 42 mg of citric acid acting as stabilizer. Once citric acid was completely 

dissolved, benzyl alcohol (0.3 mL) and ethyl cellulose (40 mg) were added to the 

solution and stirred overnight to allow the complete dissolution of ethyl cellulose. The 

so obtained paste resulted stable for several weeks. Fluorine-doped tin oxide (FTO) 

glass (Pilkington Glass, TEC-7, thickness 2 mm) was coated with the paste by spin 

coating at 6000 rpm for 30 s. Prior to deposition, the FTO glass was cleaned by 30 
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min-long sonication in a soap solution, in ethanol and finally in water. After coating, 

the film was dried for 1 h at 80°C and then annealed for 8 h at 500°C. 

Bismuth vanadate films were prepared according to a recent literature report.35 In a 

typical synthesis, 0.002 mol of Bi(NO3)3 and NH4VO3 were added to 6 mL of HNO3 

23.3% containing 0.004 mol of citric acid. The mixture was stirred overnight to allow 

dissolution of the precursor. A denser paste was obtained by adding 0.04 g of polyvinyl 

alcohol and 0.25 mL of acetic acid to 1.0 mL of the above solution. A BiVO4 layer was 

obtained by spin coating the paste at 4000 rpm for 30 s on clean FTO. The so obtained 

film was then dried for 1 h at 80°C and annealed for 8 h at 500°C. 

The WO3/BiVO4 combined films were prepared by coating with the BiVO4 dense 

paste a WO3 electrode (prepared as described before, dried for 1 h at 80°C and 

annealed for 1 h at 500°C). Then the composite films underwent the same thermal 

treatment used for single material films. 

2.3. Optical, morphological and photoelectrochemical measurements 

Images showing the morphology and the cross section of the electrodes were 

obtained using a FEI Magellan-400 field emission scanning electron microscope 

(FESEM). UV-visible absorption spectra were recorded using a Varian Cary 50 Bio 

spectrophotometer. The crystalline phase of the materials was determined through 

XRPD analysis using a Philips PW1820 with Cu K radiation at 40 mA and 40 kV. 

Photoelectrochemical (PEC) measurements were carried out using a three electrode 

cell with an Ag/AgCl (3.0 M NaCl) reference electrode, a platinum gauze as a counter 

electrode and a Princeton Applied Research 2263 (PARstat) potentiostat. The light 

source was a 300 W Xe lamp with an AM 1.5G illumination (1 sun). A 0.5 M Na2SO4 

aqueous solution was used in electrochemical measurements. The potential vs. 



- Chapter 6 - 

106 

 

Ag/AgCl was converted into the RHE scale using the following equation: ERHE = EAgCl 

+ 0.059 pH + EºAgCl, with EºAgCl (3.0 M KCl) = 0.210 V at 25°C. 

Incident photon to current efficiency (IPCE) measurements were carried out with a 

set-up similar to that of PEC experiments, with a Bausch and Lomb grating 

monochromator placed between the Xe lamp and the sample. A 1.23 V bias vs. RHE 

was applied and the current was measured with a 10 nm step, within the 350 and 600 

nm range. The incident light power was measured at each wavelength using a 

calibrated photodiode connected to a Keithley 617 electrometer. The IPCE was 

calculated at each wavelength  (nm) using the following equation: 

 

where J is the photocurrent density (mA cm-2) and P (mW cm-2) is the power of the 

monochromatic light at . All the here reported characterization measurements were 

performed in the laboratories of Professor Kamat, Radiation Laboratory, Notre Dame 

University, Indiana (USA). 

2.4. Transient absorption spectroscopy 

Femtosecond transient absorption spectroscopy was used to follow the early 

evolution of photogenerated charge carriers in the two separate semiconductors and 

to track charge transfer in the WO3/BiVO4 heterojunction. Transient absorption 

measurements were recorded at the Professor Kamat laboratories in the Radiation 

Laboratory, Notre Dame University, Indiana (USA) using a system based on a 

Ti:sapphire laser source (Clark MXR CPA-2010) generating pulses centered at 775 

nm with a FWHM of 130 fs and 1 kHz repetition rate. 95% of the laser pulse was 

frequency doubled to  = 387 nm and used as pump, while the remaining 5% was 

𝐼𝑃𝐶𝐸 =
 1240 × 𝐽 

𝑃λ ×  λ
 × 100 
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focused on a CaF2 crystal to generate the white light probe. The detector used was a 

Helios transient absorption system from Ultrafast Systems. A pump energy density of 

40 μJ cm–2 was used during all experiments. Transient absorption spectra were 

recorded within a 1400 ps scale in the 400-800 nm range and fitted with different 

models discussed in detail in the text.  

2.5. Photocatalytic thionine reduction 

Monochromatic light at 400 nm and 8 mW intensity was used in thionine (TH) 

reduction experiments, which were performed at the Professor Kamat Laboratories in 

the Radiation Laboratory of Notre Dame University, Indiana (USA). The light source 

was a 200 W Xe lamp equipped with a water filter and a monochromator (the same 

used for IPCE measurements). The light power intensity was always checked using a 

Thorlab PM100A power meter with a S120VC photodiode. The irradiated area (30 

mm2) was controlled using an iris. The irradiation wavelength was chosen to minimize 

TH self-reduction from its excited state. The absorption spectrum of TH has a minimum 

at 400 nm; on the other hand WO3 and BiVO4 have similar photoelectrochemical 

properties in this wavelength region. The films were placed in a 10 mm quartz cuvette 

containing 5 mL of ethanol and 25 μL of 5 mM TH solution in ethanol. Before starting 

irradiation, the solution was purged for 2 h with N2, which was previously saturated 

with ethanol vapors in order to prevent evaporation of the solvent from the solution in 

the cuvette. 

  



- Chapter 6 - 

108 

 

3. RESULTS AND DISCUSSION 

3.1. Characterization of oxide films deposited on transparent electrodes 

The absorption spectra of the three oxide 

films that were employed in the investigation 

reported in the present Chapter are shown in 

Figure 6.1. The WO3 film with its band gap of 

~ 2.7 eV showed good transparency in the 

visible. Relatively small absorption was seen 

below 450 nm. The BiVO4 film and the 

WO3/BiVO4 coupled film exhibited an 

absorption onset around 500 nm (Figure 

6.1). Residual absorption was seen above 

550 nm, mainly due to light scattering.  

These films were further characterized with Scanning Electron Microscopy (SEM). 

The WO3 films (top view) is composed of ca. 17 nm diameter particles (Figure 6.2A). 

The cross section analysis (Fig. 6.2C) showed the mesoporous architecture of the 

WO3 layer with a thickness of ~ 210 nm. 

The top view of the WO3/BiVO4 film in 

SEM analysis (Figure 6.2B) showed an 

aggregated network of particles, with 

morphological features similar to those 

reported for BiVO4 films earlier.36 The 

cross section of the WO3/BiVO4 coupled 

film (Figure 6.2D) showed sequential 

layering of WO3 and BiVO4. The thickness 

Figure 6.1. Absorption spectra (top) and 

photographs (bottom) of the oxide films 
deposited on conducting glass (FTO) electrodes: 
a) WO3, b) BiVO4 and c) WO3/BiVO4 films. 

Figure 6.2. FESEM images of (A,C) WO3 and (B,D) 

WO3/BiVO4 films deposited on conducting glass 
electrodes The images are presented as top view 
(A,B) and cross sectional view (C,D). 
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of BiVO4 in this film was ca. 40 nm. The cross section image further ensures that the 

surface of the underlying WO3 layer was fully covered by the BiVO4 layer.  

In Figure 6.3A the XRPD patterns are reported for the three here investigated films; 

the diffraction pattern recorded with FTO alone is also shown for comparison. The 

patterns of both individual materials fit well with monoclinic structures (JCPDS 05-0363 

for WO3 and JCPDS 75-1867 for BiVO4). WO3 patterns didn’t match completely in the 

23-25 degrees 2 region, where the three closely spaced peaks typical of the 

monoclinic structures overlap. Peak broadening could be probably attributed to non-

constructive scattering due to the small crystallite size of the WO3 film.37,38 The 

combined WO3/BiVO4 electrode showed peaks of both monoclinic materials. The 

BiVO4 peak at 18.6 degrees was much lower in magnitude with respect to those of 

single material films (a magnification of the four XRPD patterns in the 17-37 degrees 

2 region is reported in Figure 6.3B). A possible explanation is that the BiVO4 layer 

grows with a preferential orientation on the underlying WO3. 

3.2. Photoelectrochemical properties of individual and combined films 

The photoresponse of the three oxide electrodes was first evaluated in a 

photoelectrochemical (PEC) cell by employing them individually as a photoanode. The 

Figure 6.3. (A) XRPD patterns of the materials. From the bottom: FTO glass and WO3, BiVO4 and WO3/BiVO4 

electrodes on FTO after 8 h annealing at 500°C. (B) Magnification of the XRPD patterns of the composite 

WO3/BiVO4 material, exhibiting patterns of both WO3 and BiVO4, labelled as W and B, respectively. 
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Pt electrode served as a counter electrode, Ag/AgCl served as reference along with 

0.5 M Na2SO4 (pH 7) as electrolyte medium. The photoanode was subjected to 

backside irradiation (through FTO) with AM 1.5G simulated solar light. Both BiVO4 and 

WO3 semiconductors were found to be stable at neutral pH and no noticeable 

degradation was observed during irradiation. The linear sweep voltammetry profiles 

obtained with the three electrodes under irradiation are shown in Figure 6.4.  

This figure evidences that the 

electrodes require an external bias (>1 V 

vs. RHE) to exhibit photocurrent. The 

photocurrent recorded with the 

WO3/BiVO4 electrode was greater than 

those seen with the two individual WO3 

and BiVO4 electrodes. At 1.23 V (vs. 

RHE) the current density was 0.35 mA 

cm-2 for BiVO4, 0.25 mA cm-2 for WO3 

and 1.0 mA cm-2 for the WO3/BiVO4 

electrode. At this fixed applied potential, the WO3 electrode generated slightly lower 

current than the BiVO4 electrode. Considering that BiVO4 harvests more light than 

WO3, since the band gap of BiVO4 is narrower, the WO3 photoelectrode showed higher 

efficiency in converting light into current. The low photocurrent generated by the BiVO4 

photoanode alone is attributed to the poor charge separation and interfacial charge 

transfer properties of this semiconductor material.24 

A significant increase in the photocurrent was obtained when BiVO4 was coupled 

with WO3. The enhanced photocurrent of the WO3/BiVO4 electrode arose from the 

improved charge separation as the electrons were transferred from BiVO4 to WO3. The 

Figure 6.4. Linear sweep voltammetry under AM 1.5G 

irradiation of the a) WO3, b) BiVO4 and c) WO3/BiVO4 

photoanodes, recorded in Na2SO4 0.5 M aqueous 

solution, with a scan rate of 10 mV s-1; d) dark current 

(black line) measured with the WO3/BiVO4 film. 
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conduction and valence bands of BiVO4, which are more negative in energy than those 

of WO3 (see Scheme 2), facilitate such charge separation. This in turn decreased the 

recombination rate typical of h+- e- couples within BiVO4.39,40 Similarly, photogenerated 

holes from excited WO3 were transferred into the valence band of BiVO4, thus 

improving the charge separation properties within the WO3/BiVO4 coupled system.  

Figure 6.5 shows the photoresponse 

of photoanodes measured in terms of 

IPCE (incident photon to current 

efficiency) spectra. The photocurrents 

obtained at different irradiation 

wavelengths were measured using a 

three electrodes cell and an applied 

potential of 1.23 V vs. RHE. Individual 

WO3 and BiVO4 electrodes exhibit a 

photocurrent onset at 470 nm and 520 nm, respectively, in line with their absorption 

spectra (Figure 6.1) and their band gap energy. Despite the higher absorption of the 

BiVO4 film, the conversion efficiency was lower compared to that of WO3, in agreement 

with the results of linear sweep voltammetry experiments (Figure 6.5). The results of 

both types of measurement confirm that the low photoactivity of BiVO4 is due to the 

poor charge carrier mobility of this material.24,39,40 The combined WO3/BiVO4 electrode 

possesses the positive characteristics of both single semiconductors, i.e. the high 

conversion efficiency and charge carrier mobility typical of WO3
41 and the good visible 

light harvesting properties of BiVO4. 

IPCE measurements were performed under low light intensity (hundreds of μW cm-

2 nm-1). In order to compare these values with the photocurrents recorded under AM 

Figure 6.5. Incident photon to current efficiency (IPCE) 

measured with the a) WO3, b) BiVO4 and c) WO3-BiVO4 

electrodes, in 0.5 M Na2SO4 aqueous solution, at 1.23 

V vs. RHE. 
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1.5G conditions in PEC experiments we integrated42,43 the monochromatic quantum 

efficiency over the global sunlight spectral irradiance.44 The integration gave values of 

0.22, 0.33 and 0.89 mA cm-2 for WO3, BiVO4 and WO3/BiVO4 photoanodes, 

respectively, which are lower than photocurrents measured under simulated solar light 

irradiation (0.25, 0.35 and 1,0 mA cm-2). With respect to the solar spectrum, the 

difference can be ascribed to the higher photon flux in the UV region typical of the 

xenon lamp. On the other hand photogenerated charges undergo the water oxidation 

reaction efficiently in the studied films also under high light intensity as indicated by 

the comparable experimental and integrated photocurrent values. 

3.3. Estimation of the extinction coefficient of trapped electrons in WO3 films 

The optical properties of trapped electrons in the WO3 films were evaluated in order 

to explain why this material does not show any transient species in the time range 

studied with our fs-TAS experiments. Many works have been published on the electro- 

and photo-chromic properties of tungsten-based materials. Therefore we initially 

expected to see a positive absorption feature extending over 450 nm, due to electrons 

trapped as W5+.45–48 Moreover transient studies on the μs timescales have also been 

reported on WO3 as well as TiO2 colloidal suspensions and films.49 However no 

transient species were detected when carrying out fs-TAS measurements with WO3 

films. Therefore we calculated the extinction coefficient of trapped electrons in WO3 

and we obtained a value comparable to that reported for trapped electrons in TiO2 or 

WO3 colloidal suspensions. However, we found that the buildup of the positive signal 

due to W5+ species is extremely long. For example, in the case of the results shown in 

Figure 6.6, the sample was irradiated for 6 h with a high photon flux to obtain an 

absorbance of 0.9 at 800 nm. Therefore, we suggest that the absence of a detectable 

transient signal in our fs-TAS experiments with WO3 films is mainly due to the slow 



- Chapter 6 - 

113 

 

kinetic of electron trapping in the here studied WO3 films rather than to a small 

extinction coefficient of W5+. 

The extinction coefficient 𝜖𝑊(𝑒−) of trapped electrons in a blue WO3 film was 

calculated using the Lambert Beer equation (eqn 1): 

 𝐴 =  𝜖𝑊(𝑒−)  × 𝐶𝑒  × 𝑇       eqn (1) 

where 𝐶𝑒 is the concentration of trapped electrons in the film and T is the thickness of 

the film (in cm). 

Blue WO3 was obtained by irradiating a 

WO3 20x10 mm film, sealed in a 10 mm 

cuvette containing 5 mL of ethanol. After 

purging with N2 for 2 h the film was 

irradiated with a 300 W Xe lamp equipped 

with a 300 nm long pass filter and a water 

filter. A light power intensity of 250 mW cm-

2 was used. The light intensity was 

measured with a PM100A Thorlab power meter equipped with a S302C thermal power 

sensor. Trapped electrons in WO3 absorb light in the blue region. The absorption 

growth under irradiation was monitored by UV-Vis absorption spectroscopy (see 

Figure 6.6). 

Thionine (TH) reduction was used to titrate the electrons stored in the WO3 film.50 

Reduction of thionine is a two-step reaction that produces the colorless leucothionine 

product (reaction 1 and 2). 

 

 

2 WO3(e-) + 2 TH         2 WO3 + 2 TH-·     reaction 1 

2 TH-·   TH2- + TH       reaction 2 

Figure 6.6. Growth of trapped electrons absorption 

in a WO3 film under irradiation with light from a 250 

W Xe lamp equipped with a 300 nm long pass filter. 
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The semireduced TH-· dye is metastable and quickly undergoes disproportionation 

to the colorless leuco form of the dye, TH2-. The blue coloration of TH can be restored 

after exposure of the reduced colorless form to air. 

Reduction of TH over reduced blue WO3 was performed in the same cuvette after 

injection of 20 μL of a deaerated 5 mM TH solution in ethanol and was followed by 

UV-Vis absorption spectroscopy (see Figure 6.7A). The absorption spectra were 

recorded through the WO3 film in order to monitor both TH reduction and blue WO3 

bleaching (oxidation of reduced WO3). Almost complete oxidation of blue WO3 was 

obtained after 7 h. At the end of the kinetic test, recovery of the blue TH color was 

observed after purging with air the bleached solution (containing the reduced colorless 

TH2- form). The complete TH recovery demonstrates that bleaching was due to the 

transfer of the electrons stored in blue WO3 to the dye. Kinetic results of TH bleaching 

(absorbance monitored at 606 nm) are reported in Figure 6.7B. 

An estimation of the number of electrons (𝑛𝑒) stored in the WO3 layer was obtained 

according to the Lambert Beer equation from the amount of reduced TH, by 

considering that 2 electrons are required to reduce one TH molecule. The amount of 

reduced TH after 4 h in the dark was calculated by taking into account that the 

extinction coefficient of TH at 606 nm is 𝜖𝑇𝐻 = 60000 M-1 cm-1, the optical path within 

Figure 6.7. TH reduction tests by a reduced blue WO3 film. A) Absorption spectra recorded with the 

reduced WO3 film in contact with a deaerated ethanol TH solution during 7 h-long experiments in the 

dark. B) Thionine reduction over time, monitored as absorbance decrease at 606 nm. 

A) B) 
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the solution in the presence of the FTO electrode was 0.78 cm and that an absorbance 

difference at 606 nm equal to 0.826 was attained in the first 4 h during TH reduction. 

The concentration of trapped electrons in the film, 𝐶𝑒  (mol dm-3), was then obtained 

from equation 2: 

𝐶𝑒  =  
𝑛𝑒

𝑉𝑜𝑙𝑓𝑖𝑙𝑚
 =  

𝑛𝑒

𝐿×ℎ×𝑇
        eqn (2) 

where 𝐿 and ℎ are length and height of the WO3 film, respectively, and T is the 

thickness of the employed WO3 film obtained from FESEM measurements (210 nm). 

From the so obtained 𝐶𝑒 value and the A value for the W5+ spectra at 800 nm (0.63 

attained after 4 h), an extinction coefficient 𝜖𝑊(𝑒−) of 7300 M-1 cm-1 at 800 nm was thus 

estimated for trapped electrons in the blue WO3 film. 

3.4. Transient absorption studies 

Transient absorption spectroscopy allowed us to probe the initial charge separation 

and charge transfer events from the changes in absorption following band gap 

excitation. This technique has been widely employed to investigate the dynamics of 

photogenerated charge carriers in photovoltaic,43,44 photochemical53 and 

photoelectrochemical materials. The samples were placed in an evacuated quartz cell 

and excited at 387 nm by a 130 fs FWHM laser pump pulse with 40 μJ cm-2 energy 

density. 

Previous studies revealed that electron trapping in WO3 colloidal systems occurs 

rapidly,46 when subjected to band gap excitation. As already mentioned, no detectable 

signals were observed in transient absorption experiments with WO3 films, thus 

confirming that the 387 nm excitation wavelength is not energetic enough to induce 
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charge separation in WO3 films. In a separate experiment we also verified that electron 

trapping in compact WO3 films is much slower than in colloidal systems.47 

Difference absorption spectra recorded following the excitation of the BiVO4 film at 

different time delays after the pump pulse are presented in Figure 6.8A. These spectra 

exhibit a bleaching maximum at 450 nm corresponding to the depletion of ground state 

absorption. Two induced absorption bands are also observed in the 460-550 and 700-

800 nm regions. The absorption-time profiles recorded at 420, 470 and 750 nm, 

corresponding to the three above-mentioned spectral regions, are shown in Figure 

6.8B. All these three traces show initial fast recovery followed by a long-lived transient 

signal. 

The transient absorption features of BiVO4 at 470 and 750 nm were also 

investigated to identify the charge carriers contributing to absorption. An aqueous 0.5 

M Na2SO3 solution was used as a hole scavenger. The film was immersed in the 

solution for 24 h, then transient absorption measurements were recorded in contact 

with the electron donor solution. The A signals recorded at 470 nm and 750 nm with 

BiVO4 films under vacuum and in contact with an aqueous solution containing 0.5 M 

Na2SO3, as electron donor, are reported in Figure 6.9A and 6.9B.  

Figure 6.8. (A) Transient absorption spectra of the BiVO4 film recorded 1) 1 ps, 2) 20 ps and 3) 1000 ps after the pump 

pulse. The spectra could be divided into two regions: 400-460 nm (bleaching due to ground state depopulation); 460-850 

nm (absorption assigned to holes). (B) Transient absorption decay of the BiVO4 film. Traces 1) and 2) correspond to the 

decay of trapped holes, monitored at 470 and 750 nm, respectively, line 3) corresponds to the bleaching recovery recorded 

at 420 nm. 
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The decay signal recorded under vacuum at 750 nm was fitted by a biexponential 

decay model (eqn (3)). 

𝐴𝑑𝑒𝑐𝑎𝑦 = 𝐴1 𝑒
(−𝑡/𝜏1) + 𝐴2 𝑒

(−𝑡/𝜏2) + ∆𝐴0     eqn. (3) 

where 𝜏1 and 𝜏2 are the time constants of the two decay components, A1 and A2 are 

their weights and ∆𝐴0 is the offset (set as zero in the fitting). 

The decay at 750 nm recorded in the presence of a Na2SO3 solution was fitted by a 

triexponential decay model (eqn (4)). 

𝐴𝑑𝑒𝑐𝑎𝑦 = 𝐴hs 𝑒
(−𝑡/𝜏ℎ𝑠) + 𝐴1 𝑒

(−𝑡/𝜏1) + 𝐴2 𝑒
(−𝑡/𝜏2) + ∆𝐴0  eqn. (4) 

In the presence of a hole scavenger a new decay pathway is open, due to hole filling 

by Na2SO3, with a decay time 𝜏ℎ𝑠 of 1.8 ± 0.1 ps and a Ahs weight. The calculated 

fitting parameters are summarized in Table 6.1. Only the short components of the 

decay (𝜏ℎ𝑠 and 𝜏1) are affected by the presence of Na2SO3, indicating that such signal 

decay can be ascribed to holes. Almost the same long time component 𝜏2 was found 

both under vacuum and in the presence of the Na2SO3 solution. Therefore holes can 

be filled by the electron donor before being trapped, while trapped holes decay only 

by slow recombination with trapped electrons. 

Figure 6.9. Absorption decay profiles recorded at (A) 470 nm and (B) 750 nm for the BiVO4 film, a) under 

vacuum and b) in the presence of 0.5 M Na2SO3 aqueous solution, as electron donor. The insets show the 

magnification of the signals in the first 60 ps after excitation. 
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The faster decay in the presence 

of Na2SO3 solutions confirms the 

ability of Na2SO3 to scavenge 

photogenerated holes. Thus, we 

attribute the transient absorption 

with maxima at 470 and 750 nm 

to trapped holes in BiVO4. This 

assignment is in agreement with 

earlier work in which the induced 

absorbance in the transient spectrum was also attributed to trapped holes in 

BiVO4.31,48,49 The decrease in magnitude of ΔA with time in the present investigation 

corresponds to the loss of holes through electron-hole recombination. It is therefore 

possible to gain information on the electron relaxation dynamics by analyzing the 

decay kinetics at 470 nm (Figure 6.10). 

A model of carrier dynamics that includes relaxation and trapping rates for electrons 

and holes in BiVO4 was recently proposed by Ravensbergen et al.49 Photogenerated 

holes, associated with the rise of a 

pronounced absorption at 475 nm and 

a broad absorption extending beyond 

700 nm, were found to trap with a time 

constant of 5 ps. After the initial 

formation of trapped holes, 

Ravensbergen et al. observed a 

biexponential decay of this induced 

Figure 6.10. Transient absorption decay at 470 nm 

monitored for a) the BiVO4 and b) the WO3/BiVO4 

heterojunction electrodes. In the case of the coupled 

system the faster decay is due to holes filling by back 

transferred electrons from the conduction band of WO3 

to the valence band of BiVO4. Inset: magnification of the 

A signal at short time after the laser pulse. 

Table 6.1. Fitting parameters of the DA signals recorded at 750 

nm with the BiVO4 film under vacuum and in the presence of 

Na2SO3 as hole scavenger 

     BiVO4 BiVO4 in Na2SO3 

Ahs  0.51 ± 0.02 

hs (ps)  1.85 ± 0.15 

A1 0.38 ± 0.02 0.201 ± 0.013 

1 (ps) 38 ± 2 54 ± 9 

A2 0.620 ± 0.006 0.288 ± 0.008 

2 (ps) 3373 ± 128 3377 ± 433 

2a 4.8 10-4 8.3 10-4 

   

 

 a The χ2 (chi square) term is used to estimate the reliability of the fitting 

model and the experimental data, the fit is good if χ2 is minimized. 
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absorbance with time constants of 40 ps and 2.5 ns, attributed to the recombination of 

electrons and holes. 

Consistent with these results, we analyzed the transient A signal (monitored at 

470 nm) obtained after 387 nm excitation with a monoexponential growth and 

biexponential kinetic decay by fitting the transient absorption with (eqn. (5)): 

 

where C is the magnitude of the transient absorption signal due to hole trapping and 

𝜏𝑇𝑅 is the hole trapping time constant, 𝜏𝑟 and 𝜏𝑡 are the shorter and longer decay 

components with weights A1 and A2, respectively. The growth of A with a time 

constant 𝜏𝑇𝑅 of 6.9 ± 0.6 ps and two decay components, of 24 ± 4 ps and 3.7 ± 0.2 ns 

were obtained (Table 6.2). The two decay lifetimes labeled 𝜏𝑟 and 𝜏𝑡 in eqn. 5 are 

ascribed to the depletion of trapped holes due to electron-hole recombination 

competing with hot electron cooling and electron trapping, respectively.49 As shown in 

Table 6.2, the initial decay process was responsible for ca. 50% of the decay. The 

relatively long-lived tail absorption corresponds to recombination between the trapped 

charge carriers.49 

𝐴 = 𝐶   −𝑒
 −

𝑡
𝜏𝑇𝑅

 
+  𝐴1 𝑒

 −
𝑡
𝜏𝑟

 
+ 𝐴2 𝑒

 −
𝑡
𝜏𝑡

 
  eqn. (5) 

Table 6.2. Fitting parameters eqn. (5)) for the A signals at 470 nm 

recorded with the BiVO4 and WO3/BiVO4 films 

     BiVO4 WO3/BiVO4 

TR (ps) 6.9 ± 0.6 6.2 ± 1.3 

A1 0.51 ± 0.04 0.63 ± 0.07 

r (ps) 24 ± 4 18 ± 5 

A2 0.49 ± 0.06 0.37 ± 0.13 

t (ps) 3708 ± 163 3907 ± 379 

2a 7.0 10-4 2.2 10-3 

   

 

 a The χ2 (chi square) term is used to estimate the reliability of the fitting 

model and the experimental data, the fit is good if χ2 is minimized. 
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The 470 nm transient absorption decay of the 

WO3/BiVO4 composite system (Figure 6.10) was also 

fitted according to eqn. (5) and the fitting parameters 

are also reported in Table 6.2. By comparing these 

parameters with the corresponding ones obtained in 

the case of the single BiVO4 film, first of all we notice 

that hole trapping occurs on a similar timescale (𝜏𝑇𝑅 = 

6-7 ps). The shorter lifetime component 𝜏𝑟 exhibits a 

value of 18 ps for WO3/BiVO4 system, which is shorter 

than that of pristine BiVO4 (𝜏𝑟 = 24 ps). Thus, as shown 

in Scheme 6.1, a new electron-hole recombination path 

is at work when BiVO4 is in contact with WO3, occurring 

on the same time scale and in competition with hot electrons cooling, i.e. their injection 

from BiVO4 into WO3, followed by back electron transfer from WO3 to the BiVO4 

valence band. We are unable to determine which of these two steps is the rate limiting 

process dictating the disappearance of trapped holes in the WO3/BiVO4 coupled 

system. The longer hole decay component (with time constant 𝜏𝑡  3.8 ns) does not 

appear to be markedly influenced by the presence of WO3.  

3.5. Tracking electron injection with TH photocatalytic reduction as probe 

reaction 

Thionine (TH) has been widely used to probe the photocatalytic reduction properties 

of semiconductor particles and mesoscopic films. Here we employed photocatalytic 

TH reduction in order to obtain information about the potential energy of photoexcited 

electrons in the three studied electrodes and in particular in the combined system. By 

measuring the ratio of unreduced/reduced thionine it is possible to determine the Fermi 

Scheme 6.1. Proposed charge 

carrier transitions involving BiVO4 

and WO3. For the different time 

constants labelling, please refer to 

the text. 
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level of semiconductor materials.46,50 The two-electron reduction of thionine to the 

colorless TH2– leuco form can be monitored following the bleaching of the TH 

absorption maximum at 606 nm (reactions 3 and 4). 

MO(e–) + TH(blue)  →   MO + TH–•         (3) 

2 TH–•  →  TH2–(colorless) + TH       (4) 

with MO(e–) representing an electron photopromoted in the conduction band of a metal 

oxide MO and TH–• is the semireduced dye form. Metastable TH–• undergoes quick 

disproportionation yielding the reduced colorless TH2– form. 

The reduced form is stable under inert atmosphere, while it oxidizes quickly when 

exposed to air. In the present study TH bleaching has been investigated in the 

presence of the WO3, BiVO4 and WO3/BiVO4 photoelectrodes under visible light 

irradiation ( > 400 nm) without any applied bias. A blank experiment was also run 

using FTO in place of the semiconductor films. 

With increasing the duration of visible light irradiation, a decrease in the absorption 

at 606 nm was observed (Figure 6.11A), as TH captures electrons from the 

semiconductor film and undergoes reduction. The reduction step was confirmed by 

Figure 6.11. (A) Absorption spectra recorded during a TH photoreduction experiment in the presence of 

BiVO4. Inset: absorption spectra recorded at different time after opening the cuvette to air after the end of 

irradiation: the solution recovered the blue coloration of oxidized TH. (B) Logarithmic plot of the 

concentration decay of TH in contact with WO3, BiVO4 and WO3/BiVO4 films irradiated at 400 nm. The 

blank experiment a) was run with FTO placed in the cuvette, in contact with the TH solution. 
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exposure of the solution to air at the end of irradiation experiment. The solution 

containing reduced TH completely recovered its original color after exposure to air 

(inset of Figure 6.11A), confirming that the disappearance of the dye in Figure 6.8A 

was due to the reduction process (reactions 3 and 4). 

TH reduction in the presence of WO3, BiVO4 and of the combined WO3/BiVO4 films 

coated on FTO is shown in Figure 6.11B. Photoirradiated BiVO4 film exhibited a faster 

reduction rate (ket = 9. 2 10-3 min-1) than the WO3 film (ket = 2.7 10-3 min-1). 

Interestingly with the coupled WO3/BiVO4 system the reduction rate (ket = 3.3 10-3 

min-1) was more similar to that obtained with WO3 than to that obtained with BiVO4. 

In order to explain the results of TH reduction, the flat band potentials of the three 

materials were determined by photoelectrochemical measurements in the presence of 

Na2SO3 0.5 M as hole scavenger. We confirmed the band gap position of the studied 

materials, by performing PEC experiments with the films in contact with a Na2SO3 

solution. This electron donor quickly fills surface holes, thus minimizing electron-hole 

recombination. By this way the photocurrent onset was shifted to negative potentials 

providing a good approximation of the flat band potential. PEC measurements are 

reported in Figure 6.12, with the insets showing magnified views of the photocurrent 

profiles near the onset potential.  

Figure 6.12. Current density vs applied potential experiments in the presence of Na2SO3 (electron donor) 

measured with A) the WO3, B) the BiVO4 and C) the WO3/BiVO4 electrode. The insets show magnifications 

close to the onset potential. 
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The conduction band edge positions of WO3 and 

BiVO4 are +0.41 V and +0.02 V, respectively 

(Scheme 6.2), in agreement with those reported in 

the literature.24 When compared to the flat band 

potential of BiVO4, that of the composite material 

results shifted by 170 mV to positive potentials. The 

positive shift is consistent with a shift of the Fermi 

level due to electron equilibration at the interface 

between the two materials. The conduction bands 

of all investigated materials are more negative in energy than the TH reduction 

potential (+0.48 eV).58  

Under such conditions, surface charge recombination is completely suppressed 

and the onset potential is cathodically shifted. The estimated onset potential is a good 

approximation of the flat band potential of the electrodes.51 As expected, the flat band 

potentials of the single WO3 and BiVO4 films and of the 

coupled WO3/BiVO4 electrode were found to be more 

negative in energy than the reduction potential of TH 

(0.064 V vs. NHE at pH 7).52 Measurements on BiVO4 

and WO3/BiVO4 electrodes gave flat band values of 

0.02 V and 0.19 V vs. RHE, respectively, indicating that 

the flat band potential (or apparent Fermi level50) in the 

coupled system is positively shifted by ca. 170 mV with 

respect to that of BiVO4 and closer to that of WO3 films 

(Scheme 6.3). As previously shown, the driving force for the reduction step, measured 

from the difference between the conduction band of the semiconductor and the 

reduction potential of the electron acceptor, dictates the rate of electron transfer. The 

Scheme 6.2. Diagram of the band 

edge positions of the single materials. 

Scheme 6.3. Apparent energy of 

semiconductors Fermi levels (see 

SI for details) 
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decreased driving force for reduction of WO3/BiVO4 with respect to BiVO4 makes the 

reduction rate lower in the coupled system and it is an evidence that photopromoted 

electrons in BiVO4 undergo a decrease in their reduction potential after their injection 

in the conduction band of WO3. 

The electron transfer from photoexcited BiVO4 to the conduction band of WO3 leads 

to the two different effects observed in PEC experiments in the presence of Na2SO4 

electrolyte solution and TH reduction measurements, respectively. On one side, during 

photoelectrochemical experiments in the presence of an inert electrolyte, such as 

Na2SO4, fast electron injection from BiVO4 to WO3 enhances charge separation and 

leads to a retardation in the recombination rate of photogenerated charge carriers. 

Despite the free energy loss, longer-living electron-hole couples enhance the 

photoelectrochemical performance of such system with respect to single BiVO4. On 

the other hand in reactions where surface recombination is completely suppressed by 

the effect of electron donors (namely ethanol in TH reduction without applied bias or 

Na2SO3 in the PEC measurements), the effectiveness in the reduction reaction is 

dictated by the apparent Fermi level of the material. 

4. CONCLUSIONS 

BiVO4, a photocatalyst with response in the visible region, can participate to reduction 

and oxidation process quite effectively. The charge separation in this system can be 

improved by coupling it with another oxide film (e.g. WO3, ECB = +0.41 V vs. RHE) 

capable of accepting electrons from the conduction band of BiVO4 (ECB = +0.02 V vs. 

RHE). While electrons lose their driving force for reduction, hole oxidation is 

significantly enhanced as evidenced by the enhanced photoconversion efficiency. The 

trapped holes, as characterized from transient absorption measurements, provide 

further insight into the excited state dynamics. A better understanding of the fast 
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charge separation dynamics occurring in coupled oxides can further aid in designing 

tandem photocatalytic systems in which reduction and oxidation occur on two different 

particles.  
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ABSTRACT 

In this Chapter recent results are described on the further investigations on the 

dynamics of charge carriers in the WO3/BiVO4 heterojunction system. The fs-TAS 

characterization of two series of photoanodes with different BiVO4 thickness allowed us 

to improve the scheme of photogenerated charge interaction between the two oxides 

reported in the previous Chapter. The model was found to accurately explain the 

performance of the two series of photoanodes in several PEC experiments.  

1. INTRODUCTION 

BiVO4 has emerged rapidly as one of the most promising photoanode materials for the 

oxygen evolution reaction (OER). Films prepared with state of the art synthetic 

procedures perform remarkably well with highly stable photocurrent densities. The 

deposition of OER catalysts allow to decrease the overpotential needed to overcome the 

slow kinetics of O2 evolution and therefore the photocurrent onset results cathodically 

shifted. In the WO3/BiVO4 heterojunction the excellent visible light harvesting properties 

of BiVO4 are combined with the superior conductivity of the photogenerated charge 

carriers typical of WO3. Due to the favorable band alignment between the two oxides, 

photopromoted electrons in BiVO4 flow into the WO3 conduction band (CB) and rapidly 

diffuse at the external circuit, exploiting the better charge mobility of the latter material. 

Thus, in this semiconductor oxide sensitized photoanode, better spatial charge separation 

is achieved limiting 𝑒−/ℎ+  pairs recombination in photoexcited BiVO4. 

While band alignment and the enhanced performance of the heterojunction 

photoanode clearly suggest this charge transfer interaction, a direct and complete 

evidence of the fast dynamics occurring after photon absorption is still missing. Recently 
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the first femtosecond transient absorption spectroscopy (fs-TAS) studies on the charge 

carriers dynamics in BiVO4 appeared1 and Van de Krol’s group finally unraveled the 

complex process occurring after band gap excitation, on a time scale ranging from ps to 

μs. 

In the previous chapter we discussed the fs-TAS experiments on BiVO4 and 

WO3/BiVO4 photoanodes and we used the obtained results to have an insight on the 

interfacial interactions between the two oxides. In the present Chapter we explain our 

efforts aimed at completely unveil the charge transfer processes in such system. 

We prepared two series of photoanodes, one containing a BiVO4 layer deposited 

directly on FTO conductive glass (BV series) and the second including a WO3 layer 

between the FTO and BiVO4 (WBV series). In the two series we varied the BiVO4 

thickness only, performing subsequent layer deposition through spin coating a precursor 

solution. In order to definitively assign to surface trapped holes the typical transient 

positive absorption signal of BiVO4, we evaluated the spectral changes of this material in 

electrochromic experiments. Then, using fs-TAS, we evaluated the thickness 

dependence of the photoinduced species after 387 nm pump excitation. The use of less 

energetic pumps (centered at 450, 460, and 500 nm) allowed us to confirm that the 

recombination between hot electrons and trapped holes accounts for the fast 

recombination process. More interestingly, by comparing the decay kinetics of BV and 

WBV films with identical BiVO4 thickness, we found that the effect of the WO3 underlayer 

strongly depends on the energy of the absorbed photons. For high energy photons (i.e. 

387 nm pump), holes are shorter lived in the coupled system, while for photons with 

energy close to the energy gap of BiVO4 (i.e. 500 nm pump), the hole lifetime is largely 
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extended. On the other hand, after excitation with a 450 nm pump, the signal decay 

profiles obtained with the BV and WBV films are very similar, while in the case of 

intermediate wavelengths, e.g. with the 460 nm pump, the hole lifetime increases but less 

markedly than for the 500 nm pump. 

The extended lifetime found in the coupled system for pump wavelengths lower in 

energy than the WO3 band gap (450 nm) directly proves, for the first time, that the injection 

of photoexcited electrons from the BiVO4 conduction band (CB) to WO3 CB (𝑘𝑖𝑛𝑗) leads 

to the effective space separation of the 𝑒−/ℎ+  pairs. However, photons with energy 

greater than the WO3 band gap excite both semiconductors and the recombination 

between electrons photoexcited in the CB of WO3 and photogenerated holes in the 

valence band (VB) of BiVO4 (𝑘𝑊−𝑖𝑛𝑗) becomes a viable detrimental process, leading to 

the decrease of the trapped holes lifetime in the coupled system. Subsequently besides 

the electron injection from the BiVO4 CB to the WO3 CB, a second negative pathway is 

also possible (𝑘𝑏𝑐𝑘), the backward electron transfer to the VB of BiVO4.To better elucidate 

the effect of 𝑘𝑊−𝑖𝑛𝑗, we carried out more fs-TAS experiments with 387 nm pump excitation 

on the WBV series and we extracted useful information on this unfavorable process. The 

results of the wavelength-dependent interaction between WO3 and BiVO4 in the 

heterojunction system allowed us to suggest a more accurate model for the optical 

transitions between the two oxides.  

We then validated the transient spectroscopy data and the proposed model by carrying 

out photoelectrochemical experiments with the two BV and WBV series. In both series 

we found a correlation between the increased trapped holes lifetime (increasing with the 

BiVO4 thickness) and the improved PEC performance of thicker films. However, we found 
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that the photocurrent density drops for films with thickness exceeding 115 nm. Finally, for 

the films having the optimal BiVO4 thickness, we compared the IPCE at 1.23 V vs RHE 

measured with the combined electrode with the IPCE values obtained with the single 

material photoanodes (WO3 and BiVO4). Form the comparison we found that the 

photoresponse of the heterojunction photoanode correlates extremely well with the 

proposed model, with the coupled system working dramatically better than the two 

separate materials for wavelengths longer than 450 nm. For shorter wavelengths, the 

efficiency improvement in the heterojunction photoanode is less pronounced. Moreover 

for wavelengths shorter than 370 nm, the contribution of 𝑘𝑤−𝑖𝑛𝑗 predominates over that 

of 𝑘𝑖𝑛𝑗 and the coupled system is less active than the sum of the IPCE values of the two 

separate oxides, even with an applied bias of 1.23 V vs RHE. Therefore the overall 

photoelectrocatalytic performance of the WO3/BiVO4 heterojunction is subject to the 

wavelength-dependent balance between 𝑘𝑖𝑛𝑗 and 𝑘𝑤−𝑖𝑛𝑗. 

2. EXPERIMENTAL 

2.1 Materials 

The following chemicals were employed: tungsten(VI) ethoxide 99.8% (5% w/v in 

ethanol), ammonium vanadium oxide, bismuth(III) nitrate pentahydrate ACS 98%, benzyl 

alcohol ACS 99% (Alpha Aesar); ethyl cellulose (MP Biomedics); citric acid 99% and 

zirconium oxynitrate hydrate 99% (Aldrich); anhydrous sodium sulfate (Fisher Scientific) 

tetrabutylammonium tetrafluorophosphate [TBA] [PF4] (99.0% Aldrich), anhydrous 

acetonitrile, (99.8% Aldrich). 

2.2 Photoelectrodes preparation 
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WO3 was prepared as follows. 1.0 mL of tungsten ethoxide, 5 wt% in ethanol, was 

added to 42 mg of citric acid acting as stabilizer. Once citric acid was completely 

dissolved, benzyl alcohol (0.3 mL) and ethyl cellulose (40 mg) were added to the solution 

and stirred overnight to allow the complete dissolution of ethyl cellulose. The so obtained 

paste is stable for several weeks. Fluorine-doped tin oxide (FTO) glass (Pilkington Glass, 

TEC-7, thickness 2 mm) was coated with the paste by spin coating at 4000 rpm for 30 s. 

The final spinning rate was reached with a three acceleration steps program: 200 rpm*s-

1 up to 1000 rpm, than 500 rpm*s-1 up to 2000 rpm and finally 2000 rpm*s-1 up to 4000 

rpm. Prior to deposition, the FTO glass was cleaned by 30 min-long sonication in an 

aqueous soap solution, then in ethanol and finally in water. After coating, the film was 

dried for 1 h at 80°C and then annealed at 500°C for 8 h. 

Bismuth vanadate films (BV) were prepared starting from a liquid solution similar to 

that reported elsewhere.2 In a typical synthesis, 0.002 mol of Bi(NO3)3 and NH4VO3 were 

added to 6 mL of HNO3 23.3% containing 0.004 mol of citric acid. The mixture was stirred 

overnight to allow dissolution of the precursor. The BiVO4 based photoanodes were 

prepared on clean FTO by spinning the solution at 8000 rpm for 30 s with an acceleration 

rate of 6000 rpm*s-1. The film was then dried for 1 h at 80°C and annealed for 1 h at 

500°C. The thickness of the BiVO4 layer was controlled by repeating the spin coating 

procedure and the thermal treatment up to eight times. Once the desired optical density 

was obtained, the electrode was annealed 8 h at 500°C.  

The WO3/BiVO4 combined films (WBV) with different thickness were prepared by 

coating the WO3 electrodes (prepared as described before) with the BiVO4 precursor 

solution. Then the composite film was dried for 1 h at 80°C and annealed for 1 h at 500°C. 
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The amount of BiVO4 in the WO3/BiVO4 electrodes was controlled in the same way as for 

the BV series. The final films were annealed 8 h at 500°C.  

Using the here adopted subsequent layer deposition technique we were able to tune 

the film thickness. With such technique, we obtained a fine tuning of the BiVO4 thickness 

also between films of the two series prepared with the same number of coating (i.e. the 

same optical densities was obtained). Therefore, here after we indicate the studied BIVO4 

photoanodes as BV15 nm, BV30, BV50, BV75, BV115 and BV160, with the 

heterojunction WO3/BiVO4 photoanodes as WBV15, WB30, WB50, WB75, WB115, 

WB160 where the number indicating the thickness of the BiVO4 layer in nanometers. We 

slightly approximated the thickness value to simplify the comparison between films of the 

two sets. Please refer to Table 1 for the exact values. 

2.3 Optical and morphological measurements 

Images showing the morphology and the cross sectional view of the electrodes were 

obtained using a FEI Magellan-400 field emission scanning electron microscope 

(FESEM). UV-visible absorption spectra were recorded using a Jasco V650 

spectrophotometer. The crystalline phase of the materials was determined through XRPD 

analysis using a PHILIPS PW1820 with Cu K radiation at 40 mA and 40 kV. 

2.4 Photoelectrochemical and spectroelectrochemical characterization 

Photoelectrochemical (PEC) measurements were carried out using a three electrode 

cell with an Ag/AgCl (3.0 M NaCl) reference electrode, a platinum gauze as a counter 

electrode and a Princeton Applied Research 2263 (PARstat) potentiostat. The light 

source was a 300 W Xe lamp with an AM 1.5G illumination (1 sun). A 0.5 M Na2SO4 

aqueous solution was used in electrochemical measurements. The potential vs. Ag/AgCl 
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was converted into the RHE scale using the following equation: ERHE = EAgCl + 0.059 pH 

+ EºAgCl, with EºAgCl (3.0 M NaCl) = 0.210 V at 25°C. 

Incident photon to current efficiency (IPCE) measurements were carried out with a set-

up similar to that of PEC experiments, with a Bausch and Lomb grating monochromator 

placed between the Xe lamp and the sample. A 1.23 V bias vs. NHE was applied and the 

current was measured with a 10 nm step, within the 350 and 600 nm range. The incident 

light power was measured at each wavelength using a calibrated photodiode connected 

to a Keithley 617 electrometer. The IPCE was calculated at each wavelength λ (nm) using 

the following equation: 

𝐼𝑃𝐶𝐸 =
[1240 × 𝐽]

𝑃λ ×  λ
 × 100 

where J is the photocurrent density (mA cm-2) and P (mW cm-2) is the power of the 

monochromatic light at  wavelength . 

The electrochromic experiments on BiVO4 films were carried out with the same 

potentiostat used for PEC measurements. UV-Vis spectra under applied bias were 

recorded with a Jasco V650 spectrophotometer. A different tri-electrodes Pyrex 

electrochemical cell was used for the measurements. Here, the two opposite windows of 

the cell were closed on one side with the BiVO4 photoanode and on the other side with a 

quartz window. A Pt wire was used as counter electrode and the reference was an 

Ag/AgCl electrode in 3 M KCl. A 0.1 M tetrabutylammonium hexafluorophosphate solution 

in acetonitrile was used as electrolyte. 

2.5 Transient absorption spectroscopy 
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Femtosecond transient absorption spectroscopy was used to follow the early evolution 

of photogenerated charge carriers in the two separate semiconductors and to track 

charge transfer in the WO3/BiVO4 heterojunction. Experiments with 387 nm excitation 

were carried out in the Radiation Laboratory at Notre Dame University, Indiana, USA, 

while measurements using pump excitation with variable wavelength were recorded at 

the National Laboratory for Ultrafast and Ultraintense Optical Science, Politecnico di 

Milano, Milan, Italy. Transient absorption experiments were performed using a system 

based on a Ti:sapphire laser source (Clark MXR CPA-2010) generating pulses centered 

at 775 nm with a FWHM of 130 fs and 1 kHz repetition rate. For 387 nm pump excitation 

measurements 95% of the laser pulse was frequency doubled to = 387 nm and used as 

pump, while the remaining 5% was focused on a CaF2 crystal to generate the white light 

probe. Different pump wavelengths were generated using the optical parametric 

amplification (OPA) of the chirped white light produced in a CaF2 crystal. Briefly, a portion 

of the frequency doubled fundamental harmonic of the Ti:sapphire laser was focused on 

the CaF2 crystal and originated the broadband seed beam. A second harmonic (SH) 

portion was then overlapped in space and time in a BBO β-barium borate nonlinear crystal 

with the focused seed. Finally, the amplified pulse was separated from the SH and the 

idler and used directly as the pump (480 and 500 nm) or frequency doubled (i.e. in the 

case of 450 and 460 nm pump, we doubled the amplified near IR wavelenghts). The so 

obtained differently colored pumps had an average bandwidth (FWHM) of ca. 50 nm. The 

detector used was a Helios transient absorption system from Ultrafast Systems. A pump 

energy density of 40 μJ/cm2 was used during all experiments. Transient absorption 

spectra were recorded within a 1400 ps scale in the 400-800 nm range and fitted with 

different models, as discussed in detail in the following text. 
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3 RESULTS AND DISCUSSION 

3.1 Characterization of the BV and W/BV series with different BiVO4 thickness 

The morphology of the mesoporous 

photoanodes employed in this study were 

characterized with Field Emission Scanning 

Electron Microscopy (FESEM). Side view 

pictures of the BV samples obtained with 2 and 

6 BiVO4 coating layers are reported in Figure 

7.1A and 7.1B. In W/BV films, because the FTO 

asperities are completely covered by the WO3 

underlayer, the BiVO4 coating results more 

uniform and the WO3 layer is completely 

covered after only two BiVO4 coatings. In both 

series, successive depositions led to an increase in size of the BiVO4 grains forming a 

mesoporous architecture (see Figure 7.1C, 7.1D and Figure 7.2 for more FESEM 

images). The mesoporous WO3 layer is formed by the aggregation of small grains with 

the diameter in the order of 17 nm, as previously reported for films obtained with the same 

synthetic procedure.3 

 
 
Figure 7.1. FESEM side view images of the 

photoanodes obtained with the sequential 
deposition of two and four BiVO4 layers: (A, B) 
directly on the FTO conductive glass substrate, 
and (C, D) on a 200 nm thick WO3 layer (films 
BV30 and BV75 and W/BV30 and W/BV75, 
respectively). The scale bar is 500 nm. 

A) B)

C) D)

a) b) c) d) 

Figure 7.2. Cross section FESEM images of a) clean FTO, b), c) and d) BiVO4 photoanodes prepared with the 
subsequent spin coatings of 2, 4 and 6 layers of BiVO4 respectively. The scale bar is of 500 nm. 
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From the thickness measurements of the BiVO4 layer in the picture reported in Figure 

7.2, an absorption coefficient for BiVO4 films at 420 nm can be calculated using the 

following equation (eqn(1)) 

𝐴420 =  α420  × d        eqn(1) 

where α420 is the absorption coefficient of BiVO4 at 420 nm, 𝐴420 is the absorption at 420 

nm and d is the average thickness in cm. We performed the SEM cross sectional analysis 

of the samples prepared with 2, 4 and 6 subsequent BiVO4 depositions, while the UV-

visible absorption measurements were made to obtain the absorbance of the three 

electrodes. The SEM images are reported in Figure 7.2; the cross section of the clean 

conductive glass substrate was used to 

determine the thickness of the pristine FTO 

layer. Then, to estimate the absorption 

coefficient, we plotted the film absorbance 

at 420 nm vs. the film thickness (Graph 

7.1). From the slope the absorption 

coefficient of BiVO4 at 420 nm (𝛼420) was 

calculated as 6.7 104 cm-1. 

We then used the calculated 𝛼420  value to estimate the films thickness from their 

absorbance at 420 nm. In order to avoid the contribution due to the visible light scattering 

typical of FTO, as baseline, we used a high transparent ZrO2 film coated on a clean FTO 

Graph 7.1. Plot of the absorbance at 420 nm of the 

BiVO4 films prepared by 2, 4 and 6 subsequent 
coatings, vs. the film thickness. 
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substrate and prepared starting from 

ZrO(NO3)2 with a procedure similar to 

that reported for BiVO4 films. In Table 

7.1 the absorbance and the related 

thickness of all films employed in the 

investigation are reported. The thickness 

increases almost linearly with the 

number of coatings with an average increment of 21 nm per coating. 

The UV-Vis absorption spectra of WO3, BV160 and WBV160 films are reported in 

Figure 7.3A. In the WBV8 coupled system the extremely transparent WO3 film is 

effectively sensitized up to 520 nm by coating with BiVO4. The residual visible absorption 

over 520 nm is mainly due to lattice fringes and scattering. It is worth noting that the 

deposition of BiVO4 in several subsequent layer deposited by spin coating gives well 

reproducible results also after 8 coatings in either systems, as suggested by the almost 

A) B) 

Figure 7.3. (A) Absorption spectra oxide films deposited on conducting glass (FTO) electrodes: a) WO3, b) BV 160 nm 

and c) WBV 160 nm. (B) From a) to f), absorption spectra of the WBV series obtained by the subsequently deposition of 
BiVO4 precursor. In the inset, the linear growth in thickness plotted against the number of coatings. The corresponding 
photographs of the samples are shown below. 

  BiVO4 WO3/BiVO5 

N° of  
coatings 

Abs Thickness 
(nm) 

Abs Thickness 
(nm) 

1 0.09 14 0.11 16 

2 0.21 31 0.20 30 

3 0.33 49 0.33 50 

4 0.50 75 0.50 74 

6 0.76 114 0.77 115 

8 1.09 163 1.07 160 

 
  

Table 7.1. Absorbance at 420 nm and estimated 

thickness of the BiVO4 layer in the BIVO4 and WO3/BiVO4 

films employed in our investigation. 
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superimposed absorption profiles of BV160 and WBV160. The UV-Vis absorption 

features and a picture of the WBV series are reported in Figure 7.3B. Absorbance 

increases linearly with the number of coatings, allowing a better exploitation of visible light 

in thicker films.  

X-ray powder diffraction patterns recorded with the two series with variable thickness 

are reported in Figure 7.4. The patterns of both individual materials fit well with monoclinic 

(JCPDS 05-0363 for WO3)4,5 and monoclinic scheelite (JCPDS 75-1867 for BiVO4)2 

structures. Figure 7.4A and the 

magnification for the 28 – 36 degree range 

in Figure 3B, show that in the BV series all 

diffraction peaks typical of this crystalline 

phase increase linearly as reported 

specifically in the inset for the strongest 

signal of BiVO4 at 2θ = 27.3°. The signals 

of the FTO conductive glass film (2θ = 

26.5° and 2θ = 33.6°) slightly decrease with 

Figure 7.5. XRPD analysis of the WBV series. The 

typical patterns of BiVO4 monoclinic scheelite and WO3 
monoclinic structure as well as those of FTO are 
indicated with the B, W and FTO labels respectively. 
Each photoanode was annealed 8 h at 500°C. 

Figure 7.4. A) XRPD analysis of the BV series and B) magnification of 28 – 36° region. The typical patterns 

of BiVO4 monoclinic scheelite as well as those of FTO are indicated in the two Figures with the B and FTO 
labels, respectively. Each photoanode was annealed 8 h at 500°C. 

A) B) 
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increasing the thickness of the BiVO4 layer. Similarly in Figure 7.5 the reflections assigned 

to monocline WO3 (2θ = 23.0°, 24.3° and 34.1°) progressively decrease with the 

successive coating of BiVO4 layers. WO3 patterns didn’t match completely in the 2θ = 23-

25 2° region, where the three closely spaced peaks typical of the monoclinic structures6 

overlap. Peak broadening should probably be attributed to non-constructive scattering 

due to the small crystallite size of the WO3 film.7,8 

A direct comparison between films of the two series with equal BiVO4 thickness is 

reported in Figures 7.6A and 7.6B. In both couples of photoanodes (with BiVO4 layers of 

75 nm and 150 nm) the BiVO4 peaks in the coupled system (black traces) at 2θ = 18.6, 

34.5 and 35.3 degrees were lower in magnitude with respect to those of single material 

films (red traces). A possible explanation is that the BiVO4 layer grows with a preferential 

orientation on the underlying WO3 film. Nevertheless, the magnitude of the strongest peak 

of the monoclinic BiVO4 phase is totally overlapped in the two series as, well as the peak 

at 30.8 degrees.  

Figure 7.6. Comparison of the XRPD analysis of the BV and WBV films with equal BiVO4 thickness. The 
two films with a A) 75 nm and B) 160 nm thick BiVO4 layer are compared. 

A) B) 
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3.2 Spectroelectrochemical changes of BiVO4 under an applied positive potential 

Electrochromic materials have optical properties that change in response to the 

application of an external potential and are widely studied for the fabrication of displays 

or windows with tunable light transmittance. The applied bias changes the electronic 

configuration of the studied materials, introducing new transitions in the visible region.9 

Spectral changes under negative potentials were previously reported for semiconductors 

such as TiO2, WO3 and CdSe nanocrystals.10–13 In the first two cases, the accumulation 

of trapped electrons under the application of external electric field, is due to the reduction 

of Ti4+ to Ti3+ in TiO2 (or W6+ to W5+ in WO3) at appropriate lattice sites. The new intraband 

transition leads to an increase of the film absorption at wavelengths longer with respect 

to the band gap onset and usually greater than 450-500 nm for the mentioned oxides, 

and in the IR region in the case of CdSe nanocrystals. 

The effects of hole accumulation under positive applied potentials has been less 

studied. Barroso et al. reported the spectral changes of Fe2O3 photoanode films under 

the application of positive bias and found that the anodic bias results in the formation of 

a well-defined positive feature peaking at 580 nm.14,15 The appearance of such new 

positive absorption signal at potentials only slightly anodic to the flat band potential 

suggested the assignment of this transition to intra-bandgap states close in energy to the 

hematite conduction band. Moreover, this allowed the authors to clearly attribute the 

transient absorption signal observed with this materials (either in isolated films or under 

positive bias) to the same intra-bandgap states. In our study we used 

spectroelectrochemical experiments with a similar purpose. 
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Electrochromic tests on BiVO4 films were carried out in acetonitrile, in order to avoid 

the narrower potential stability window of water. As depicted in Figure 7.7A the cyclic 

voltammogram of the BiVO4 film showed a broad cathodic peak starting around 0.7 V vs 

Ag/AgCl and becoming more pronounced for potentials higher than 1.1 V, while no well-

defined anodic peaks were observed at the applied potentials. The positive feature in the 

voltammogram can be accounted for the oxidation of BiVO4, with the consequent 

accumulation of PF4
- at the surface (Reaction A). 

BiVO4   BiVO4
+ [PF6]- + e-    Reaction (A) 

The redox process in reaction A induces a change in the UV-Vis absorption spectrum 

of the BiVO4 electrode associated to the formation of holes as BiVO4
+, due to the 

extraction of electrons as a consequence of the applied positive bias.  

The differential absorption spectra (ΔA) of the BiVO4 film recorded after a 60 s 

polarization at different applied potentials are reported in Figure 7.7B. The spectrum 

without applied bias was used as a reference. The absorption increases with increasing 

the applied bias. The observation of a positive absorption signal at potential anodic the 

Figure 7.7. A) Cyclic voltammogram of a BiVO4 film measured with a sweep rate of 10 mV/s in an acetonitrile 

solution containing 0.1 M a tetrabutylammonium hexafluorophosphate. B) UV-Vis absorption spectra for a BiVO4 
film at different positive potentials (vs Ag/AgCl) measured after a 60 s polarization with 100 mV steps. The 
spectrum recorded in the absence of applied bias was used as baseline.  

 

A B 
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flat band potential indicates that this feature arises from the oxidized form of intra-band 

states of BiVO4. At low applied potentials a broad feature rises over the entire spectral 

window while at bias higher than 0.8 V a shoulder peaking at 470 nm becomes more 

pronounced. Such potentials are largely anodic to the flat band potential of BiVO4 (0.02 

V vs RHE)3, therefore the rise of such positive absorption features with the application of 

increasing positive potentials can be assigned to the formation of oxidized states at 

energies few hundreds of meV above the BiVO4 valence band. In the absence of an 

electrical field, these intraband states are occupied by electrons, while, after the 

application of an adequate bias, they are depopulated and a new optical transition, 

involving electrons from the BiVO4 valence band, is now possible. As we discuss in the 

next section, the spectral changes of BiVO4 upon pump excitation peak at 470 nm and 

have features similar to that obtained in electrochromic experiments. Therefore the 

photoinduced absorption spectra can be clearly attributed to the same intraband gap 

states that acts as hole trap sites. 

3.3 fs-TAS experiments with different BiVO4 thickness in the BV and WBV series 

Our strategy to measure the charge carrier interaction between the two oxides in the 

coupled system is to compare the excited state dynamics in BiVO4 alone and in the 

WO3/BiVO4 heterojunction film. On the here studied timescale, only the processes 

previously described by Ravensbergen et al. for this material are at work in the films 

containing BiVO4 alone. First, hole diffusion and trapping (𝑘ℎ−𝑑𝑖𝑓) at surface trap sites 

gives rise to the ΔA build up, in a few ps timescale. Then trapped holes can recombine 

with two distinct paths, one involving hot electrons and occurring during the first tens of 

ps (𝑘1) and the second occurring with timescale of nanoseconds and accounting for the 
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slow recombination with thermalized electrons at the bottom of the conduction band (𝑘2).1 

In the coupled system, due to the suitable band alignment, the injection of photoexcited 

electrons from the conduction band of BiVO4 to the conduction band of WO3 (𝑘𝑖𝑛𝑗) is a 

new viable path, leading to the spatial separation of the excited charges and potentially 

to longer lived charge carriers that are usually invoked as responsible for the better PEC 

performances of the studied system. On the other hand two more relaxation channels are 

available in heterojunction photoanodes: the back transfer (𝑘𝑏𝑐𝑘) to the valence band of 

BiVO4 of the electrons previously injected from the BiVO4 CB to the WO3 CB and the 

direct injection of the photopromoted electrons in the WO3 CB to the BiVO4 VB (𝑘𝑤−𝑖𝑛𝑗). 

The latter channel is feasible only if the incident photons are enough energetic to allow 

WO3 band gap excitation (i.e. with wavelengths shorter than 450 nm) 

Femtosecond transient absorption spectroscopy is a unique and powerful pump and 

probe technique that allows to directly follow the dynamics of photoexcited states in many 

different molecular systems.16–18 Briefly in this pump-probe technique the sample is 

excited by an intense laser pump pulse; then a white light laser pulse probes the excited 

state of the sample after a precisely defined delay time. Here we employed such 

technique in order to track the events following photon absorption in both BV and WBV 

series. To better study the charge carrier dynamics in the two series we used different 

pump energies.  
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We evaluated the charge carriers 

dynamics in BiVO4. Such material shows a 

transient ΔA positive feature extending in 

all visible range over 450 nm and peaking 

at 470 nm (see Figure 7.8). The 

photoinduced absorption has been 

previously ascribed to surface trapped 

holes by carrying out transient absorption 

experiments with the film in contact with a solution containing a hole scavenger and has 

been definitively attributed with the electrochromic measurements reported in the 

previous Section. The negative ground state photobleaching partially overlaps with the 

transient hole signal and has a minimum at 420 nm, in relation with the absorption 

maximum in the UV-Vis spectra (see Figure 7.2). The positive signal below 400 nm can 

be explained considering the spectral changes reported in Figure 6B for electrochromic 

experiments, where the positive applied bias generate a broad positive ΔA at all the 

investigated wavelengths. Therefore we suggest that in TAS spectra the photobleaching 

burns a hole in the photoinduced ΔA positive signal. The ΔA transient spectra of the two 

BiVO4 films with thickness of 15 and 160 nm recorded at their ΔA maxima (8 and 23 ps 

after 387 nm pump excitation) are reported in Figure 7.8B. The positive photoinduced 

absorption increases with increasing the film thickness, consistently with the greater 

surface area in the thicker mesoporous film and consequently larger number of surface 

trap sites. Photobleaching does not change in magnitude because the ratio of absorbed 

photons does not change with thickness (the extinction coefficient is not thickness 

dependent).  

160 nm 

15 nm 

Fig. 7.8. Transient absorption spectra of BiVO4 

electrodes with thickness of a) 15 nm and b) 160 nm 
recorded at their ΔA maxima, respectively 8 and 23 ps 
after 387 nm pump excitation. 
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The transient absorption technique allowed us to observe the dynamics of 

photoinduced species by following the ΔA in time at a single wavelength. In this case we 

follow the trapped holes signal at 470 nm. The not normalized ΔA time evolution traces 

recorded after 387 nm pump excitation for films of the BV series with variable thickness 

are reported in Figure 7.9A. As already discussed the magnitude of ΔA rises along with 

thickness because of the increased number of surface trap states. While we observed a 

linear growth from trace a) to d), the ΔA growth seems to reach a maximum for thicker 

films (the difference in ΔA between trace d) and f) is comparable with the difference 

between trace a) and b), while the increase in thickness for the two couple of films is 85 

nm and 15 nm respectively). This is consistent with the fact that in thicker films the mean 

distance between trap sites and the excitation sites is approaching the hole diffusion 

limit19 of BiVO4 and hence only holes photogenerated at a distance from the surface 

smaller or equal to that limit can travel to the trap sites. 

The normalized ΔA signals are reported in Figure 8B. The ΔA decay of the normalized 

kinetic traces was fitted to a biexponential decay model, eqn (2) 

Figure 7.9. (A) Not normalized transient absorption decay traces recorded at 470 nm and (B) 

normalized transient decays, respectively (B), the first 60 ps following laser excitation and (C) decay 
traces in a 1400 ps range. (D) Sweep voltammetry photoelectrochemical experiments recorded with 
electrolyte 0.5M Na2SO4. 

A B 
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𝑦 = 𝐴1 𝑒
−𝑡

𝜏1
⁄ + 𝐴2 𝑒

−𝑡
𝜏2

⁄        eqn (2) 

where 𝜏1 and 𝜏2 are the two time constants of the fast and slow decay processes (𝑘1 and 

𝑘2), 𝐴1 and 𝐴2 are the weighted coefficients representing the contribution of the decay 

lifetimes to the overall decay. Because hole trapping occurs at least one and two orders 

of magnitude faster than 𝑘1  and 𝑘2 , respectively, we decided to fit the data after the 

conclusion of hole trapping, for simplicity. The fitting parameters for all films of the BV 

series are reported in Table 7.2. The weight of the two decay processes is independent 

of the film thickness, with 30% of the holes decaying within the fast decay process and 

the remaining 70% with the long decay process. The fast decay time constant is not 

affected by the thickness of the BiVO4 film and has an average value of ca. 30 ps; hence 

the hole trapping process occurring in the early stage (that is thickness dependent) is not 

influencing this first recombination channel. This fast decay involves the recombination 

between hot electrons and the already trapped holes. Since we pumped all films at the 

same wavelength and with the same energy density, it is reasonable that we obtained the 

same 𝜏1 and 𝐴1 because we photoexcited the same ratio (depending on pump energy 

density) of the electrons over the BiVO4 CB always with the same excess of energy 

(depending on the pump wavelength). 

Surprisingly, the holes lifetime increases with increasing the film thickness, suggesting 

that in thicker films photopromoted electrons are less prone to recombine with surface 

  BV15 BV30 BV50 BV75 BV115 BV160 

A1 33% ± 4% 32% ± 5% 30% ± 4% 31% ± 5% 30% ± 6% 33% ± 4% 

τ1 28  ± 2  22  ± 3  47  ± 4  22  ± 2  20  ± 2  33  ± 3  

A2 67% ± 1% 68% ± 1% 70% ± 1% 69% ± 1% 70% ± 1% 67% ± 1% 

τ2 1270  ± 19  2028  ± 94  2719  ± 114  3555  ± 160  5514  ± 378  9658  ± 947  

Tau 
Average 860  ± 13  1380  ± 64  1925  ± 81  2469  ± 111  3885  ± 267  6455  ± 633  

Table 7.2. Summary of the fitting parameters relative to the decay of the transient signal recorded at 470 nm for the 
BiVO4 films with different thickness. The decays were fitted with a biexponential equation. 



- Chapter 7 - 

154 
 

trapped holes. Therefore in BiVO4 charge recombination is limited by electron diffusion. 

In other words, while in thin films thermalized electrons have better chances to diffuse to 

the surface and recombine with trapped holes, in films with increased thickness the 

recombination process is less likely because, in order to recombine with trapped holes, 

electrons need to cover a distance precluded by their low mobility in BiVO4. The role of 

long-lived holes have been suggested in many study to be crucial in order to efficiently 

carry out the slow water oxidation process. The evidence that holes become longer living 

in films with increased BiVO4 thickness should be correlated to the better PEC properties 

described for optimized films in other reports. 20–22 The increase in trapped holes lifetime 

becomes less noticeable for films exceeding a BiVO4 thickness of 75 nm, supporting the 

fact that charge mobility is a limiting factor also in hole trapping and that only holes 

photogenerated at a distance from the surface close to their diffusion limit can be trapped. 

Thus the ratio of charge carriers that undergo recombination becomes constant for a 

BiVO4 thickness greater than this limit. 

The ΔA build up occurring in the early stage 

following pump excitation is shown in Figure 

7.10. 50-60% of the holes get trapped in the 

first ps, with a time evolution which cannot be 

resolved with the fs-TAS equipment used for 

the present investigation. The ΔA growth is 

highly dependent on the film thickness and 

the maximum population of trapped holes is 

reached at longer times along with thickness increase (ranging from 8 ps in BV15 up to 

25 ps in BV115 and BV160 films). With Increasing the film thickness, the formation of 

Figure 7.10. Normalized transient decays recorded 
at 470 nm, for the first 30 ps after pump excitation. 
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trapped holes takes longer because the holes have to travel longer from the 

photoexcitation site to the trap sites. The similar buildup duration observed in the two 

thicker samples confirm that in such films hole trapping is limited by holes’ mobility. 

To extract more information on the charge 

carrier dynamics in the coupled system, we 

performed fs-TAS experiments with different 

excitation wavelengths on the samples having 

the optimized BiVO4 thickness (75nm) and 

leading to the best performing heterojunction 

photoanode in our study (vide infra). We 

evaluated the charge carrier dynamics in the two 

systems by exciting selectively only BiVO4 or 

both semiconductors simultaneously, using 

respectively pump having photon energy lower 

or greater than the WO3 band gap. The decay 

traces of the two systems obtained using four 

different pumps are reported in Figure 7.11. 

When BiVO4 was excited selectively with 500 

nm photons in the coupled system, the holes 

lifetime gets extremely extended with respect to 

that detected for the film containing only BiVO4 

and, except for the fast decay process, no further decay was detectable in the timescale 

studied. Thus electrons photopromoted in the CB of BiVO4 are delocalized through the 

injection into WO3 CB. This injection leads to a retarded recombination. To the best of our 

Figure 7.11. Dependence on the pump 

wavelength of the normalized transient kinetics 
recorded at 470 nm in the BV75 and WBV75 
films. The four pump wavelengths used are, 
from the top, 500 nm, 460 nm, 450 nm and 387 
nm. 
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knowledge, this is the first direct observation through fs-TAS, that charge separation in 

this coupled system leads to the increase in charge carriers lifetime. By increasing the 

energy of the pump photons, the lifetime of trapped holes in the heterojunction system 

decreases and for 450 nm pump the decay profiles in the two systems are almost identical. 

On the other hand, by exciting both oxides with a 387 nm photons, we observed that 

trapped holes in the heterojunction system recombine faster than in BiVO4 alone, hence 

a new recombination channel is now open. Furthermore, our investigation point out that 

the holes’ lifetime is wavelength dependent. In the next Section, using the information we 
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extracted through fs-TAS, we propose a scheme for the interfacial charge interaction 

occurring between the two oxides in heterojunction photoanodes.  

The comparison of the ΔA buildup in the first 

50 ps following pump excitation in the two 

studied systems is reported in Figure 7.12 and 

Figure 7.13. Holes trapping is found to be 

substantially independent of the excitation 

wavelength in BV75 (see Figure 7.13A for the 

direct comparison between the dynamics 

recorded with the four pumps used). On the 

other hand, in the coupled system, while the 

buildup becomes faster at wavelengths shorter 

than 500 nm, with 500 nm excitation the two 

kinetic traces are almost overlapped (see also 

Figure 7.13B). The valence band alignment 

between the two oxides allows interfacial hole 

transfer from WO3 to BiVO4. Therefore it is 

Figure 7.12. Pump wavelength dependence on 

the normalized transient signal kinetic at 470 nm 
in the BV75 and WBV75 films during the first 50 
ps after pump excitation. The four pump 
wavelengths used are, from the top, 500 nm, 460 
nm, 450 nm and 387 nm. 

Figure 7.13. (A) Buildup of the transient signal recorded at 470 nm, due to hole trapping in the 30 ps 

following excitation with different wavelength pumps for A) BV75 and B) WBV75. 

A B 
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reasonable that with excitation enough energetic to excite both semiconductors, holes 

injection from WO3 VB to BiVO4 VB takes place. Pumps centered at wavelengths shorter 

(387 nm) or close (450 and 460 nm) to the absorption edge of WO3 induce the formation 

of holes in WO3 VB. Subsequently holes can be transferred to the valence band of BiVO4 

contributing to the overall trapping process. This hole injection process, as well as 𝑘𝑖𝑛𝑗, 

represents a beneficial charge exchange path, potentially leading to a slower 

recombination of the photogenerated charge carriers.  

The results of our fs-TAS study employing different excitation wavelengths (Figure 7.14) 

are in agreement with the model suggested by Ravensbergen et al. and discussed at the 

beginning of this Section.1 The thermalization of high-energy (hot) photoexcited electrons 

depends on the excitation wavelength. Electrons excited by short wavelength pumps 

possess a larger energy excess over the 

BiVO4 CB than electrons excited with less 

energetic pumps. Thus hot electrons 

relaxation takes longer in the former case. 

High-energy mobile hot electrons have better 

chances to recombine with trapped holes than 

hot electrons generated by the absorption of 

less energetic photons. In Figure 7.14A, the 

weight of the fast decay process (occurring in 

the first 100 ps following pump excitation) in 

photoexcited BV75 decreases with increasing 

the pump wavelength, in correlation with the 

lower energy excess of electrons 

Figure 7.14. Transient signal traces recorded at 

470 nm after excitation with pumps with different 
wavelengths for: A) BV75 and B) WBV75. 

A 

B 
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photopromoted by less energetic photons. After hot electrons thermalization to the bottom 

of the BiVO4 conduction band, ΔA decays similarly, as suggested by the almost parallel 

decay traces. The wavelength dependence of the fast decay process for the WBV75 film 

is reported in Figure 7.14B. As expected the magnitude of the fast decay process 

decreases for longer wavelengths, while the long decay component becomes slower, as 

previously discussed. 

Finally, we studied the electronic interaction between excited WO3 and BiVO4 in the 

WBV series as a function of BiVO4 thickness, performing fs-TAS experiments with 387 

nm pump excitation. Such wavelength is enough energetic to excite both semiconductors. 

From this set of measurements we obtained useful information on the BiVO4 thickness 

dependence of the 𝑘𝑤−𝑖𝑛𝑗 in the heterojunction films. Normalized ΔA kinetic traces and 

the magnification of the normalized buildup are reported in Figure 7.15A and 7.15B.  

Similarly to the BV series both, hole trapping and the overall recombination process 

become slower with increasing the BiVO4 thickness. The comparison between the kinetic 

traces in films of the two series with equal BiVO4 thickness are reported in Figure 7.16A 

while the buildup in Figure 7.16B. Clearly thin BiVO4 films are more influenced than thick 

Figure 7.15. Decay traces of the transient signal recorded at 470 nm after excitation with 387 nm pump for 

the WBV series. A) Normalized transient decays and B) magnification of the absorption build up in the first 
30 ps after the pump pulse  

A B 
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films by the detrimental 

recombination channel that 

involves the direct injection 

of photoexcited electrons 

from the WO3 CB to BiVO4 

VB ( 𝑘𝑤−𝑖𝑛𝑗 ). A third 

exponential decay is present 

in the heterojunction films 

and is active on a timescale 

the fast and long 

recombination processes 

typical of BiVO4. Figure 

7.16A, shows that with 

increasing the BiVO4 

thickness, the contribution of 

the third decay process is 

decreasing and for a BiVO4 

thickness of 160 nm the 

decay of the transient signal 

seems to be almost unaffected by the presence of WO3.  

In order to extract valuable information from the transient signal reported in Figure 15A, 

ΔA decays were fitted to a triexponential decay model, eqn (3) 

𝑦 = 𝐴1 𝑒
−𝑡

𝜏1⁄ + 𝐴𝑤−𝑖𝑛𝑗  𝑒
−𝑡

𝜏𝑤−𝑖𝑛𝑗⁄ +  𝐴3 𝑒
−𝑡

𝜏3⁄       eqn (3) 

Figure 7.16. Thickness dependency of the normalized transient kinetics 

recorded at 470 nm in the BV and WBV series during the A) 1.4 ns and 
b) the first 30 ps after pump excitation. 

A B 
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where 𝜏1, 𝜏2 and 𝜏𝑤−𝑖𝑛𝑗 are respectively the two time constants of the fast and slow decay 

processes (𝑘1 and 𝑘2) typical of BiVO4 and the new decay process (𝑘𝑤−𝑖𝑛𝑗) introduced by 

the presence of WO3,  𝐴1, 𝐴2 and 𝐴𝑤−𝑖𝑛𝑗 are the weighted coefficients representing the 

contribution of the decay lifetimes to the overall decay. As well as the fitting of the BV 

series we decided to fit the data after the conclusion of hole trapping process. We 

assumed that the fast and slow decay processes are not affected by the presence of WO3 

and we fitted each WBV transient kinetics using the 𝜏1  and 𝜏2  parameters previously 

obtained with the fitting of the kinetic traces recorded with photoanodes having 

corresponding BiVO4 thickness in the BV series. Therefore, in the fitting we let free to 

calculate only 𝜏𝑤−𝑖𝑛𝑗, the time constant relative to the new deactivation channel.  

The fitting parameters are reported in Table 3. For all studied films we found that the 

new process have a characteristic time constant 𝜏𝑤−𝑖𝑛𝑗 of ca. 330 ± 110 ps, with a weight 

decreasing with increasing the BiVO4 thickness. 

 

 

3.4 Proposed model for the interfacial charge transfer in the WO3/BiVO4 

heterojunction 

A1 38% ± 6% 26% ± 10% 27% ± 7% 25% ± 6% 24% ± 1% 23% ± 13%

τ1 28 ± 0 22 ± 0 47 ± 0 22 ± 0 20 ± 0 33 ± 0

A w-ing 49% ± 7% 31% ± 5% 21% ± 12% 20% ± 5% 25% ± 1% 16% ± 15%

τ w-ing 386 ± 24 266 ± 29 617 ± 170 209 ± 19 305 ± 19 203 ± 42

A2 13% ± 33% 43% ± 2% 51% ± 7% 55% ± 1% 51% ± 1% 61% ± 1%

τ2 1270 ± 0 2028 ± 0 2719 ± 0 3555 ± 0 5514 ± 0 9670 ± 0

Tau Average 406 ± 12 953 ± 9 1542 ± 36 2007 ± 4 2870 ± 14 5978 ± 7

BV15 BV30 BV50 BV75 BV115 BV160

Table 7.3. Summary of the fitting parameters for the decay of the transient signal recorded at 470 nm for the WBV 

series. The decays were fitted with a triexponential equation using 𝜏1 and 𝜏2 values obtained for the films of the BV 

series having the same BiVO4 thickness. We left the fitting program free to determine 𝜏𝑤−𝑖𝑛𝑗 only. 
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The extended 

lifetime found in the 

coupled system 

excited with pump 

energy smaller than 

the WO3 band gap 

directly proves, for the 

first time, that the 

injection of photoexcited electrons from the conduction band of BiVO4 to the CB of WO3 

(𝑘𝑖𝑛𝑗) leads to the effective space separation of the 𝑒−/ℎ+ pairs (see Figure 7.11). Longer 

living holes are able to more readily induce the four-hole water oxidation reaction to O2. 

On the other hand, photons with energy greater than the band gap of WO3 excite both 

semiconductors and the recombination (𝑘𝑤−𝑖𝑛𝑗) between electrons photoexcited in the 

CB of WO3 and photogenerated holes in the valence band (VB) of BiVO4 becomes a 

viable detrimental process, leading to the decrease of trapped holes lifetime in the 

coupled system. After electrons are injected from the BiVO4 CB to the WO3 CB, a second 

undesired pathway is their backward transfer to the BiVO4 VB. 

The results of the wavelength-dependent interaction between WO3 and BiVO4 in the 

heterojunction system allowed us to suggest a new scheme for the electronic interaction 

between the two oxides, which is reported in Scheme 7.1. For excitation energy smaller 

than the WO3 band gap, 𝑘𝑤−𝑖𝑛𝑗 is an issue and leads to a decreased holes lifetime. For 

excitation less energetic than the WO3 band gap, electrons can only be excited in the CB 

of BiVO4. Therefore holes are not generated in the WO3 VB and electron injection from 

Scheme 7.1. Proposed model for the 

interaction between the two metal oxides in 
the heterojunction system. 𝑘ℎ−𝑑𝑖𝑓 , 𝑘2  and 

𝑘3  are the three rate constants of the 

processes occurring in BiVO4: holes 
relaxation and trapping, hot electrons 
relaxation and recombination between 
trapped holes and the electrons at the 
bottom of the CB. 𝑘𝑖𝑛𝑗 , 𝑘𝑏𝑐𝑘 , 𝑘ℎ−𝑖𝑛𝑗  and 

𝑘𝑤−𝑖𝑛𝑗 are the four rate constants relative to 

the proposed processes involved in the 
coupled system: injection of photoexcited 
electrons from the CB of BiVO4 to the CB of 
WO3, their possible successive back 
electron transfer from the WO3 CB to the 
VB holes in BiVO4, injection of 
photogenerated holes from WO3 VB to 
BiVO4 VB and direct recombination 
between photoexcited electrons in the CB 
of WO3 and trapped holes in BiVO4 VB. 
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the BIVO4 CB to the WO3 CB leads to the beneficial separation of 𝑒−/ℎ+ pairs and the 

subsequent increase of trapped holes lifetime. 

Finally, in the next section, we validate the transient spectroscopy data and the 

proposed model by carrying out photoelectrochemical experiments with the two BV and 

WBV series. 

3.5 Photoelectrochemical performances of the two series 

To validate the correlation between fs-TAS data and the photocatalytic performances 

of the studied electrodes, we carried out photoelectrochemical (PEC) experiments in 

Na2SO3 0.5 M electrolyte solution using the films of both series of photoanodes. We found 

a correlation between the increase of trapped holes lifetime (with increasing BiVO4 

thickness) and the improved PEC performances of thicker films for either series. 

IPCE measurements recorded at 1.23 V vs RHE for both series are reported in Figure 

7.17A and 7.17B. Due to the charge separation in the heterojunction system, the WBV 

series works dramatically better than the BV series and the increase in the BiVO4 

thickness gives rise to a better exploitation of visible light and to the red shift of the 

photocurrent onset. The IPCE increase should be directly correlated to the longer living 

holes, as found through fs-TAS measurements. Moreover in the BV series, IPCE values 

A B 

Figure 7.17. IPCE measurements of the A) BV and B) WBV series, recorded in Na2SO4 0.5 M aqueous solution 

and an applied bias of 1.23 V vs RHE.  
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increase markedly in the first thinner films, while BV 160 show efficiency only slightly 

higher than BV115, in a way similar to the fs-TAS traces reported in Figure 7.9. Among 

the WBV films, WBV75 shows the best efficiency and WBV115 has similar performances. 

On the other hand, the IPCE recorded with the WBV160 photoanode is extremely 

decreased below 450 nm. The different behavior performed by the WBV series should be 

ascribed to the ineffective contact between the electrolyte solution and the WO3 

underlayer in photoanodes with a BiVO4 thickness exceeding 115 nm. The optimal 

balance between visible light absorption and charge carriers recombination in the 

heterojunction films with a thickness ranging between 75 and 115 nm leads to a 

maximized IPCE. 

Sweep voltammetry measurements under simulated solar light AM 1.5G irradiation are 

reported in Figure 7.18A and 7.18B. Both series show an increase in the performance for 

films with increasing thickness, which is directly correlated to the increase of the holes’ 

lifetime found through fs-TAS (see Figure 7.9A and 7.15A). Under AM 1.5G conditions 

the best performing photoanode of the BV series is BV115, while the photocurrent density 

Figure 7.18. Linear sweep voltammetry under AM 1.5G irradiation of the A) BiVO4 and B) WO3/BiVO4 

photoanodes, recorded in Na2SO4 0.5 M aqueous solution, with a scan rate of 10 mV s-1. In both systems the 
photocurrent increases with increasing the amount of the coated BIVO4 up to a limit (115 nm) for which the 
thickness of the BiVO4 layer becomes larger than the average path of the photopromoted charge carriers. 

A B 
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measured with BV160 is extremely low. We suggest that the different trends found 

between these PEC measurements and the IPCE reported in Figure 17A are due to the 

different photon fluxes typical of the two types of experiment. In PEC experiments under 

AM 1.5G irradiation the number of photons reaching the sample is three order of 

magnitude greater than in IPCE tests. Therefore the high photogenerated charge 

densities obtained in PEC experiments under simulated solar light irradiation for the 

BV160 photoanode are not supported by a suitable charge diffusion in the BiVO4 layer, 

and a large number of charge carriers undergo recombination. The WBV series shows a 

higher current density with respect to the BV series; this enhancement is due to the 

beneficial charge interaction between the two oxides. Both BV160 and WBV160 

photoanodes show lower current densities than WBV115, in analogy with the high photon 

flux used in sweep voltammetry experiments and with the diminished IPCE performances 

showed in Figure 7.17B. Therefore with such thickness, both charge and electrolyte 

diffusion are limiting factors in the WBV160 photoanode. 

For the films having the optimal BiVO4 thickness, we compared the IPCE measured at 

1.23 V vs RHE with the combined electrode, with the IPCE values obtained with the single 

WO3 and BiVO4 photoanodes (see Figure 7.19). We evaluate the performance of the 

WBV160 film by means of the IPCE enhancement factor, that is the difference between 

the IPCE obtained with the coupled system minus the sum of the two IPCE values 

obtained in the two separate photoanodes. 

𝐼𝑃𝐶𝐸 𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 (%) = 𝐼𝑃𝐶𝐸𝑊𝑂3/𝐵𝑖𝑉𝑂4
− (𝐼𝑃𝐶𝐸𝑊𝑂3

+  𝐼𝑃𝐶𝐸𝐵𝑖𝑉𝑂4
) 
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The photoresponse of the heterojunction 

photoanode correlates extremely well with 

the model proposed in Scheme 1, with the 

coupled system working dramatically better 

than the two separate materials at 

wavelengths close or longer than the WO3 

absorption edge (450 nm). For shorter 

wavelengths, the IPCE enhancement in the 

heterojunction photoanode is less 

pronounced. Moreover, for wavelengths shorter than 360 nm the contribution of 𝑘𝑤−𝑖𝑛𝑗 

predominates over 𝑘𝑖𝑛𝑗 and the coupled system is less active than the sum of the IPCEs 

of the two separate oxides, even with a 1.23 V applied bias. Therefore the overall 

photoelectrocatalytic performance of the WO3/BiVO4 heterojunction is subject to the 

wavelength-dependent balance between the 𝑘𝑖𝑛𝑗 and 𝑘𝑤−𝑖𝑛𝑗 electron transfer paths. 

4. CONCLUSIONS 

In this study we obtained the first demonstration through fs-TAS measurements that 

charge separation in the WO3/BiVO4 heterojunction systems leads to longer lived charge 

carriers. We observed the increase of holes lifetime subsequent to the injection of 

photoexcited electrons from BiVO4 CB to WO3 CB for wavelength longer than the WO3 

absorption edge and the detrimental injection of photoexcited electrons from the WO3 CB 

to the BiVO4 VB for excitation at wavelengths shorter than 450 nm. Hole injection from 

WO3 VB to BiVO4 VB can also be observed for excitation energy high enough to excite 

both oxides. Therefore, the beneficial charge separation is active starting from the early 

Figure 7.19. a) IPCE measurements of the WO3 

photoanode, b) sum of the IPCEs measured with 
WO3 and BV75 films c) IPCE recorded with WBV75 
film and d) IPCE enhancement. The IPCEs were 
carried out in Na2SO4 0.5 M aqueous solution and 
with an applied bias of 1.23 V vs RHE.  

b) 

d) 
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ps following photon absorption. Moreover, holes lifetime was found to increase with 

increasing the BiVO4 thickness. Such longer lived species are directly responsible of the 

better PEC performances obtained with thicker films in our studies and explain the better 

performances obtained with optimized thickness in many reports. Finally, our study based 

on the dependence of the charge carriers dynamics and PEC properties to the thickness 

of the light harvesting oxide can be adopted in order to extract many useful insights on 

the excited state dynamics in different novel semiconducting materials. 
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ABSTRACT 

The photocatalytic reduction of CO2 has been investigated over TiO2-based materials, 

modified by surface deposition of Cu and Pt. The work has been carried out as a part of 

the research project in collaboration with a company that provided different high surface 

area materials containing only titania or modified with different amounts of Ni and Cu. In 

this Chapter, the results of a 

part of such photocatalytic 

tests are reported, in particular 

those obtained with a home-

made homogeneous series of 

materials. 

Photocatalytic CO2 reduction ideally occurs over an irradiated semiconductor in the 

presence of water as electron donor (see Figure 8.1). The conduction band of the 

semiconductor should be more negative in energy that the redox potential of CO2 

reduction. Figure 8.2 reports the redox potentials of the main chemical species involved 

in this reaction, as well as the band gap position of some of the most studied 

photocatalytic materials. While the one electron reduction of carbon dioxide is highly 

unfavorable (the reduction 

potential is -1.48 vs RHE at 

pH 0), the multi-step 

reactions need photoexcited 

electrons with less reducing 

power.  

Figure 8.1. Scheme of the photocatalytic CO2 reduction reaction over 
semiconductor material. 

Figure 8.2. Conduction and valence band positions of various 

photocatalytic materials and the redox potentials at pH 7 of the 
compounds involved in CO2 reduction. 
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1. INTRODUCTION 

The rapid depletion of fossil fuel reserves and the environmental impact of the 

increasing emission and concentration of CO2 in the atmosphere promoted the search for 

alternative, clean and renewable energy sources. In this context much interest has been 

focused in recent years on the development of photocatalytic semiconductor materials 

allowing one to obtain efficient conversion and storage of solar energy into chemical 

energy, in the form of hydrocarbons (resulting from CO2 reduction)1–3 and H2 (obtained 

from water splitting).4,5 Although CO2 photoreduction to formaldehyde and methanol in 

purified water was first reported in 1979,6 great interest in this reaction has grown only in 

the last few years. However, the reaction rates are still very low with the best values being 

around 10 μmol h-1 gcat
-1 for the major products (usually methanol, formic acid or 

formaldehyde for the reaction in the liquid phase, methane for the gas phase reaction).7 

The results were obtained with SiC, CdS and Nb8 and Ta-based9 semiconductors, which 

have more negative conduction band edges than TiO2. In the last few years researchers 

have been studying new semiconducting materials having conduction band higher than 

that of TiO2.10 Photoexcited electrons in this photocatalyst, possess a larger overpotential 

in order to carry out the extremely up-hill direct reduction of CO2 to CO2
·- (𝐸°(𝑉) 𝑣𝑠 𝑅𝐻𝐸 

= -1.48) or the less demanding two electron reactions of CO or HCOOH production 

(𝐸°(𝑉) 𝑣𝑠 𝑅𝐻𝐸 -0.11 and -0.19, respectively).11 On the other hand the prerequisite of a 

sufficiently high conduction band is often strictly related to the increase of the band gap 

of photocatalytic materials12–14 and therefore to the exploitation of a negligible UV portion 

of the solar spectrum. Moreover, most of the studied materials show a decrease over time 
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in the rate of products evolution due to photocatalysts deactivation or to consumption, as 

hole scavenger, of the previously evolved products.10 Very recently, new promising 

strategies to undergo such reaction have been reported. For example, the photocatalytic 

reduction of CO2 to CH4 was reported using H2 as electron donor, in the presence of 

irradiated nickel supported on silica-alumina;15 the use of pyridine as electro-catalyst;16,17 

the use of metal organic frameworks as visible light harvesting materials;18 the band gap 

narrowing of materials with high conduction band19 and the use of sensitized 

semiconductor in Z-scheme systems.20 Photoelectrochemical CO2 reduction using small 

band gap materials such as CuFeO2 coupled with CuO as co-catalysts in the reduction 

reaction showed a stable ca. 1% solar to formate conversion during one week simulated 

solar light irradiation.21 Lastly in a novel monolithic assembly using a triple-junction of 

amorphous silicon-germanium as light absorber and coupled with a porous ruthenium 

complex polymer and iridium oxide (respectively the CO2 reduction and water oxidation 

catalysts), a stable formate evolution has been proved, using water as electron donor, 

and performing a promising 4.6% solar to chemical energy conversion efficiency.22 

Although these recent progresses are very promising, the rates of products evolution 

are still low. Such low yields are comparable to the amount of possible surface carbon-

containing species originated in the catalyst synthesis. For example, a typical CH4 

production rate of 10 μmol h-1 gcat
-1 leads during 6 h-long irradiation to 60 μmol gcat

-1 of 

CH4, i.e. to ca. 1 mg of CH4 per gram of catalyst. Such amounts are extremely small and 

pose many doubts, if no isotopic labeling experiments are carried out, whether CH4 and 

other reduced species with similar production rate can be ascribed to CO2 photocatalytic 

reduction, especially when the rate of products evolution is not linear with time and 

reaches a plateau after the first few hours of irradiation. Moreover, this holds particularly 
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if carbon doped photocatalysts or high surface area materials synthesized at low 

temperature without post annealing treatments are used as photocatalysts in this reaction. 

The amount of carbonaceous species in the photocatalyst highly affects the evolution rate 

of the reduced species. Isotopic labeling experiments constitute the proper way to directly 

prove that the reaction products arise from carbon dioxide reduction and not from other 

carbon sources, and an increasing number of papers are reporting this important 

test.16,20–22 On the other hand not so often isotopic tracing experiments are feasible. 

Therefore, extreme caution has to be used in the interpretation of the results obtained in 

photocatalytic carbon dioxide reductions tests and the experimental procedure needs to 

be carefully planned. 

In the present Chapter, the results are reported on the studies performed aiming at 

evidencing the effect of carbon-containing impurities on the surface of the photocatalyst. 

The determination of the nature of such carbonaceous compounds is behind the scope 

of the present investigation.  

The studied materials were tested in a recirculating gas phase system23,24 (similar to 

that described in Chapter 5) in the photocatalytic H2 production through steam reforming 

of methanol and under the typical experimental conditions of photocatalytic CO2 reduction 

(namely in the presence of CO2 and H2O and using He as inert gas). The first reaction is 

a good test for ascertaining the reducing properties of the investigated materials in the 

presence of a hole scavenger, and it usually leads to a linear production of H2 over time. 

In the second reaction the rates of CO and CH4 evolution are not linear during irradiation 

and in the 6 hours-long test the photocatalysts activity showed a net decrease. 
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To better discern between the effect due to carbon-containing impurities on the 

photocatalyst surface and actual photocatalytic carbon dioxide reduction, we divided the 

photocatalytic reaction test in two steps. In the first step (cleaning step) the photocatalyst 

was irradiated in an inert environment in the absence of CO2 and in the presence of 

moisture. In the second step (irradiation step), the clean photocatalyst was irradiated after 

the introduction of CO2 in the recirculating system. 

In order to limit the heterogeneity among the studied photocatalysts, a set of four TiO2-

based materials was prepared in our laboratory with the same procedure starting from 

P25 Evonik. The four materials include simple TiO2 (T), a 0.1 wt% copper and a 0.5 wt% 

platinum surface modified TiO2 (labelled Cu(0.1)/T and Pt/T respectively) and a TiO2 

modified by the co-deposition of 0.1 wt% copper and 0.5 wt% platinum (Pt/Cu(0.1)/T). All 

these materials were treated with the same procedure used to obtain the Pt/Cu(0.1)/T 

sample starting from Evonik P25 (see below). Moreover, in order to check if new 

carbonaceous impurities were introduced by employed surface modification procedure, 

we tested also TiO2 P25 as supplied by Evonik (hereafter indicated as P25 in the text). 

Finally, in order to investigate the effect of the amount of carbon-containing species on 

the rates of products evolution, a commercial, high surface area titania was also tested, 

which was obtained by a sol-gel synthesis, followed by spray-drying at low temperature. 
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2. EXPERIMENTAL SECTION 

2.1. Surface modification of P25-based samples by surface deposition of Pt, 

Cu and Pt-Cu 

The here investigated P25-based photocatalysts were prepared in our laboratory 

through the surface modification of P25-Evonik, directly employed as supplied. This 

series of materials are currently under further studies and therefore their complete 

characterization cannot be reported in detail here.  

We prepared the Pt/Cu/TiO2 materials by combining the grafting of Cu(II) metal ions 

on the TiO2 surface (step A) with the subsequent Pt nanoparticles (NPs) deposition (step 

B). Evonik P25 (84% anatase – 16% rutile) was employed as starting material and the 

impregnation method was employed in step A, using Cu(NO3)2·3H2O as Cu(II) source. In 

particular, two grams of commercial TiO2 powder were dispersed in 20 mL of Milli-Q water 

and firstly sonicated for 10 min. A proper amount of Cu(NO3)2·3H2O, dissolved in 1 ml of 

water, was then added to the aqueous TiO2 suspension, heated at 90 °C and kept under 

stirring for 1 hour in a vial reactor up to complete solvent removal. The so-obtained 

materials were then dried at 110 °C for 24 hours and ground into fine powders using an 

agate mortar. 

In order to obtain the Pt/Cu(0.1)/T photocatalyst, we proceeded with step B. An aliquot 

of surface Cu-modified P25 was further modified by the surface deposition of a fixed 

amount of Pt NPs (0.5 wt.%) according to a modified Deposition-Precipitation (DP) 

method, using urea as the precipitating agent.25 The proper amount of pre-sonicated Cu 

0.1 wt%-modified P25 (suspended in water) was added to an aqueous solution containing 

H2PtCl6 (0.1 g·L-1 Pt) and urea (0.42 M). The suspension, thermostated at 80 °C, was 
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vigorously stirred for 4 hours, until pH 7.5 was reached. The slurry was then cooled down 

to room temperature and the solid product was collected by centrifugation, employing a 

CL10 Thermo Scientific centrifuge. The separated powder was then re-suspended in 20 

mL of Milli-Q water and the reduction of surface Pt(IV) to Pt(0) was attained by adding an 

excess of NaBH4, employed as chemical reductant species. This was accompanied by a 

change in color of the suspension, from white or slightly green to gray. After 20 min the 

slurry was centrifuged and washed with 20 mL of Milli-Q water. The washing procedure 

was repeated for at least three times, in order to remove residual chloride and nitrate 

anions, the amounts of which in the surnatant were checked to be lower than 1 ppm by 

ion chromatography. The so obtained photocatalyst was named Pt/Cu(0.1)/T. 

Moreover, in order to ascertain the effects induced by the metal deposition procedures 

on the presence of carbon-containing compounds and to compare the role played by the 

single metal or by the co-presence of Cu and Pt on the TiO2 surface, three more samples 

were prepared, as follows. The T sample consisted of modified P25 obtained by following 

both steps A and B in the absence of the metals precursor. Cu(0.1)/Pt was synthesized 

by adopting the Cu(II) grafting procedure followed by the DP procedure in the absence of 

Pt precursor. Pt/T was prepared by following step A in the absence of the Cu (II) source, 

followed by subsequent Pt nanoparticles (NPs) deposition according to the above 

described DP method. All chemicals employed in the synthesis of the materials and in the 

preparation of all solutions were purchased from Aldrich. Water purified by a Milli-Q water 

system (Millipore) was used throughout. Finally the SD/T sample was a commercial high 

surface area TiO2, obtained by sol-gel synthesis, followed by spray-drying at 150°C. The 

so obtained material retains large amounts of un-combusted carbon species. 
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2.2. Photocatalytic tests 

The photocatalytic activity of the TiO2-based materials in hydrogen production by 

photo-steam reforming of methanol and in carbon dioxide photocatalytic reduction has 

been tested using a bench-scale apparatus, connected to a gas phase closed system.23,24 

The gas phase was recirculated by means of a metal bellows pump and was saturated 

with the reactant vapors by bubbling it through the reactant solution, namely a 20% 

methanol solution in deionized water for the photo-steam reforming and pure deionized 

water for CO2 reduction. This system was connected to a gas phase photocatalytic reactor 

with the catalyst powder (16 mg) immobilized on quartz grains and fed with the gas 

mixture. The gas phase was then bubbled again in the liquid solution. The recirculating 

phase was analyzed automatically using an Agilent 6890 N gas-chromatograph equipped 

with two columns (a MolSieve 5A and a plot-U), a methanizer and two detectors (a flame 

ionization and thermal conductivity detectors). The irradiation source was a 300W Xenon 

lamp (LOT Oriel LSH 302). Prior to the beginning of irradiation, the system was 

preliminarily purged with an inert gas, nitrogen or helium, in order to remove any oxygen 

trace. During the photocatalytic experiment, the temperature of the gas mixture was 

maintained at 30°C. 

The composition of the recirculating gas phase in the photo-steam reforming tests was 

2% CH3OH, 4% H2O, 94% N2. The two platinum containing samples (Pt/Cu(0.1)/T and 

Pt/T), because of the high H2 production rate attained, were irradiated for 2 hours, so as 

to maintain below 0.5 bar the pressure of the recirculating phase. The two hours-long 

runs were repeated three times. Between each irradiation cycle the system was purged 

with N2 for 40 min, in order to remove all gaseous products. The Pt-free samples (P25, T, 
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(Cu0.1)/T and SD/T) were irradiated for 6 hours under gas phase recirculation. Each 

sample was tested twice to check the reproducibility of the photocatalytic experiments. 

In CO2 photoreduction tests, the gas phase consisted of 12% CO2, 4% H2O, 84% He. As 

already mentioned, in order to study the role of the carbon-containing species the 

photocatalytic CO2 experiments were divided into two steps. After 40 min-long purging 

with He, the sample were first irradiated for 2.25 hours in the absence of CO2 and fed, in 

recirculation mode, with He and steam (cleaning step). Then after a second 40 min-long 

purging step with He, the irradiation was carried out in the presence of CO2, for 3.75 hours. 

Each sample was tested three times. A 6 hours-long CO2 photocatalytic reduction test 

was also performed with the Pt/T sample, in order to check the deactivation of the 

photocatalyst after prolonged irradiation. From CO2 vs. time evolution tests, we checked 

that after two hours-long pre-irradiation the sample was almost completely cleaned from 

surface carbon-containing species. Finally a 6 hours-long water splitting experiment was 

carried out with the (Cu0.1)/T sample in the presence of only N2 and steam, in order to 

investigate the possible role of surface carbonaceous species as electron donors.  

3. RESULTS AND DISCUSSION 

3.1. Photocatalytic steam reforming of methanol 

The photocatalytic activity results of the studied materials in hydrogen production by 

photo-steam reforming of methanol are summarized in Table 1. Pt/T systems were more 

active than the corresponding unmodified materials or the sample containing only Cu, as 

a consequence of the well-known positive role in photoactivity of noble metals that, acting 

as a trap of electrons photoexcited in the conduction band, increase the efficiency of 

electron-hole separation.26,27 A synergistic effect on photoactivity induced by the co-
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presence of Cu and Pt on the TiO2 surface can be clearly outlined in the case of 

Pt/Cu(0.1)/T. The rate of H2 production obtained with this sample overcomes the sum of 

those obtained with the samples singly modified with Cu or Pt. The three bare TiO2 

samples showed similar photocatalytic performances, with the T sample performing better 

than P25 used as supplied, probably because 

of the prolonged thermal treatment at 110 °C. 

The high hydrogen production rate obtained 

with the SD/T sample is likely due to its high 

surface area and to the presence of large 

amounts of unburnt carbon containing 

species. 

3.2. Photocatalytic experiments in the presence of CO2 and moisture 

While in the steam reforming reaction 

the photocatalysts allowed for a linear H2 

evolution over time (see previous section), 

their activity during CO2 reduction 

decreased over the irradiation time and the 

production of reduced species was not 

linear with time. Figure 8.3 shows the 

typical time evolution profile of CH4 production 

during 6 hours irradiation in the presence of CO2. Clearly, the photoactivity of the Pt/T 

sample rapidly decreased during the first half of the experiment, the rate of CH4 

production becoming very low in the last three hours.  

Figure 8.3. CH4 time evolution profile obtained on 

Pt/T sample irradiated for 6 hours in presence of a 
4% moisture and 94% helium gas phase. 

Table 8.1. H2 evolution rate obtained in the photo-

steam reforming of methanol. 

    H2  

  Photocatalyst  mmol gcat
-1 g-1  

1  P25  0.168  

2  T  0.3  

3  Cu(0.1)/T  4.5  

4  Pt/T  16.1  

5  Pt/Cu(0.1)/T  23.728  

6  SD/T  0.346  
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The rapid decrease in the rate of methane 

evolution does not provide evidence of the 

photocatalytic activity of the semiconductor 

material. Therefore, aiming at establishing 

the origin of the observed photocatalyst 

deactivation, we divided the test reaction into 

two steps. An example of a two-step 

photocatalytic test over the Pt/T 

photocatalyst is reported in Figure 8.4. We 

observed that most of the produced methane evolved during the cleaning step in the 

absence of CO2. During the irradiation step in the presence of CO2 the photocatalyst 

seems to be less active and a lower amount of CH4 was detected with respect to the first 

step. 

We then carried out a 6 hours long 

irradiation test in the absence of CO2. We 

found that during the first 2.25 irradiation hours 

a considerable amount of CO2 evolved (see 

Figure 8.5). This unexpected evolution of 

carbon dioxide, likely originated from the 

decomposition of carbon-containing 

compounds, which are the only carbon source 

present during the cleaning step. 

Figure 8.4. CH4 time evolution profile obtained with 

Pt/T during a two step photocatalytic CO2 reduction 
experiment. During the 2.25 hours long cleaning step 
the photocatalyst was irradiated in the presence of a 
gas phase containing 4% moisture and 94% helium. 
Prior to the 3.75 hours long irradiation , CO2 was 
introduced in the recirculating gas phase. 

Figure 8.5. Carbon dioxide time evolution profile 

obtained on Pt/T sample irradiated for 6 hours in 
presence of a 4% moisture and 94% helium gas 
phase. 
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The two-steps photocatalytic CO2 reduction experiments carried out with all materials 

showed an abrupt decrease in the evolution rate of carbon-containing reduced products 

between the two steps (see Figures 8.6 and 8.7 for the CH4 and CO time evolution profiles 

obtained with the Cu(0.1)/T and SD/T samples). 

The photocatalytic rates of methane, carbon monoxide and ethane production, 

obtained over the six tested catalysts during the cleaning and irradiation step, are 

summarized in Table 8.2 and Figure 8.8, while the total amount of CO2 evolved during 

the cleaning step is reported in Figure 8.9.  

Figure 8.6. a) CH4 and b) CO evolved during the cleaning and irradiation step of CO2 photocatalytic 
reduction experiments with Cu(0.1)/T. 

a) b) 

Figure 8.7. a) CH4 and b) CO evolved during the cleaning and irradiation step of CO2 photocatalytic 
reduction experiments with the SD/T sample. 

a) b) 
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An extremely low ethane evolution was recorded only during the cleaning step for the 

three surface modified TiO2 samples. Among the 

home-made samples the catalysts showing the 

best selectivity in CH4 production are those 

modified by Pt deposition. And when employing 

these samples CO was detected in very low, 

steady concentrations. Cu(0.1)/T allowed for the 

highest selectivity toward CO, while T and 

unmodified P25 showed intermediate selectivity 

toward this product. The co-presence of platinum 
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Figure 8.9. Total CO2 evolution obtained during 

the cleaning step for all the six studied 
photocatalysts. 

      CH4  CO  CH3CH3  

    Photocatalyst  μmol gcat
-1 g-1  μmol gcat

-1 g-1  μmol gcat
-1 g-1  

 

C
le

a
n

in
g

 s
te

p
 

a  P25  0.4  2.2  --a  

 b  T  0.3  2.9  --a  

 c  Cu(0.1)/T  0.8  10.5  0.4  

 d  Pt/T  4.1  0.2  0.2  

 e  Pt/Cu(0.1)/T  6.6  0.3  0.3  

 f  SD/T  5.0  22.2  --a  

            

 

Ir
ra

d
ia

ti
o

n
 s

te
p

 

A  P25  0.2  1.4  --a  

 B  T  0.2  1.0  --a  

 C  Cu(0.1)/T  0.1  1.3  --a  

 D  Pt/T  0.7  0.3  --a  

 E  Pt/Cu(0.1)/T  0.4  0.2  --a  

 F  SD/T  2.6  3.5  --a  

 

Table 8.2. CH4, CO and CH3CH3 evolution rates obtained during the cleaning step and irradiation step 

of the photocatalytic carbon dioxide reduction experiments: P25 as supplied from Evonik (line a and 
A), after the thermal and chemical treating described in section (T in line b and B), after surface 
modification with 0.1wt% of Cu (Cu(0.1)/T in line c and C), 0.5wt% of Pt (Pt/T in line d and D) and the 
co-modification with both 0.1wt%Cu and 0.5wt%Pt (Pt/Cu(0.1)/T in line e and E). In line f and F are 
reported the results obtained for the high surface area commercial spray dried sample.  

a: no CH3CH3 was detected. 
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and copper in the Pt/Cu(0.1)/T sample highly enhanced the production rate of methane 

and a value of 6.6 μmol h-1 gcat
-1 was obtained in the cleaning step. The selectivity to CO 

and CH4 with all studied photocatalysts did not show substantial difference between the 

pre-irradiation and the irradiation step. 

The commercial, high surface area SD-TiO2 sample showed good productivity of both 

CO and CH4. Although no surface modification was performed on this sample, the 

production rates of both products are quite high compared to those obtained with the 

other two unmodified catalysts. Very likely this is due to the massive presence of carbon-

containing compounds, persisting on the photocatalyst surface as a consequence of the 

low temperature adopted in the preparation of this photocatalyst. In fact, during the 

cleaning step, a volume of ca. 0.4 mL of CO2 evolved after 2.25 irradiation hours. This 

volume is ca. two order of magnitude higher than both CH4 and CO evolved volumes 

during the same irradiation period (0.005 mL and 0.020 mL for CH4 and CO, respectively). 

  

Figure 8.8. CH4 and CO evolution rates obtained a) during the cleaning step and b) during the irradiation step of 
CO2 photocatalytic reduction experiments over the six photocatalysts investigated in this study. 

a) b) 
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3.3 Comparison between H2 productions from photo-steam reforming of 

methanol and CO2 reduction 

In order to obtain useful information on the role played by the surface carbon-containing 

compounds, the four semiconductors prepared through the same surface modification 

technique, namely T, Cu(0.1)/T, Pt/T and Pt/Cu(0.1)/T, were employed as photo-catalysts 

in the two studied test reaction (H2 production from photo-steam reforming and CH4 

production in the CO2 photocatalytic reduction). 

We found that the rate of H2 production and of CH4 production during the cleaning step 

well correlate each other, as reported in Figure 8.10a. Therefore the reducing properties 

of the four different materials are perfectly retained in the two test reactions. More 

interestingly, the linear correlation suggests that the carbonaceous impurities act as hole 

scavengers in a way similar to methanol in H2 photocatalytic production. During the 

cleaning step, surface impurities are consumed and methane evolution consequently 

drops during the following irradiation step. On the other hand, the correlation does not 

hold in the irradiation step (see Figure 8.10b). 

Figure 8.10. Comparison between the rates of photocatalytic H2 evolution in the presence of methanol as 

electron donor and of CH4 evolution in a) the cleaning step and b) the irradiation step of the CO2 photocatalytic 
reduction experiments with the four photocatalysts modified by the same procedures. 

a) b) 
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Finally, in order to obtain more insight on the 

electron donor character of the surface carbon-

containing species we performed a water 

splitting reaction test (i.e. H2 evolution in the 

presence of only N2 and H2O vapors as 

reactant). The results are reported in Figure 

8.11). The H2 evolution profile obtained during 

irradiation of the Pt/Cu(0.1)/T sample is similar 

to that of CH4 evolution shown in Figure 8.3. This demonstrates that photocatalytic H2 

production take place only during the first two irradiation hours, when the partially reduced 

carbon containing species act as electron donors. 

4. CONCLUSIONS 

In this Chapter we discussed the effect of the carbon-containing species already 

present at the photocatalyst surface prior to photocatalytic CO2 reduction. The evolution 

of few μmol gcat
-1 h-1 of methane takes place in the absence of CO2, in the cleaning step, 

Therefore the detected reduced products do not arise from the photoassisted reduction 

of CO2 on the here employed materials. Actually, in the cleaning step, methane can only 

originate from the partially reduced carbon-containing species already present at the 

photocatalyst surface, which are the only carbon source during the first step. The 

decreased CH4 and CO evolution rates observed after the consumption of such carbon 

sources, point out that such surface impurities play a fundamental role in the evolution of 

the reduced gaseous species. The linear correlation found for the comparison between 

the production rates obtained in photocatalytic H2 production in the presence of an hole 

Figure 8.11. Photocatalytic H2 accumulation 

profile over the Pt/Cu(0.1)/T photocatalyst in 
the presence of N2 and water vapors as the only 
electron donor. 
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scavenger and CH4 evolution during the cleaning step of the photocatalytic CO2 reduction, 

suggests that the carbonaceous impurities act both as electron donor and as carbon-

containing substrates. Therefore, due to the low production rates observed for this 

photocatalytic reaction, the effects of carbon-containing impurities has to be taken into 

account especially for photocatalysts synthetized through low temperature synthetic 

procedures using organic precursors. If isotopic labeling experiments are precluded, the 

here adopted two steps reaction test is a valid method to partially discern if the reduced 

products arise effectively from photocatalytic CO2 reduction. 
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1. CONCLUSIONS 

The aim of this work was to obtain visible light harvesting materials active as 

photocatalysts for the production of renewable solar fuels. By shortly summarizing, 

chronologically the topics which I treated during the last three years studied the 

photocatalytic carbon dioxide reduction over titania-based materials, hydrogen 

production using CdSe QDs as visible light harvesting materials and, finally, in the 

second half of my PhD work, I focused my attention on photoelectrocatalytic water 

splitting using electrodes based on BiVO4, WO3 and their heterojunction. 

1.1 CO2 photoassisted reduction with TiO2 based materials 

The results described in Chapter 8, obtained as a part of a PON project during the 

first year of PhD, showed that photocatalytic gas-phase CO2 reduction is not a feasible 

process over the tested materials. The use of TiO2 as a photocatalyst presents evident 

drawbacks: even with a large band gap of 3.2 eV, its conduction band is too low in 

energy and consequently photopromoted electrons do not have sufficient energy to 

carry out the direct gas-phase reduction of CO2. The observed CH4 and CO evolution 

occurring under irradiation showed to be ascribed to the more thermodynamically 

favorable reduction of the carbon containing species already present at the 

photocatalysts surface. Once these carbon based compound are consumed, CH4 

evolution does not take place any more. Moreover, such surface impurities act as 

sacrificial agent, initially pushing the activity of the photocatalytic materials. The very 

small amount of impurities present at the photocatalyst surface give rise to detectable 

CH4 or CO amounts. Therefore the evolution of reduced carbon – containing species in 

photocatalytic CO2 reduction over TiO2 materials has to be carefully proved employing 
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techniques such as isotopic labeling experiments. On the other hand, when this kind of 

experiments is not feasible, the two step photocatalytic test discussed in Chapter 8 

allow one to obtain information on the source of the reduced products. 

Recently new approaches to carry out such reaction have been developed: for 

example the co-presence of an electro catalyst (such as pyridine) or the photothermal 

approach in the presence of H2 as reductant led to promising results.1,2 Very recently 

the photocatalytic reduction of CO2 to CO over CuFeO2/CuO (solar to chemical 

efficiency of 1%) and a photoelectrocatalytic approach with ZnTe/ZnO photocathodes 

also led to promising results. Such studies employed photocatalytic materials having 

high conduction bands.3,4 That is one of the key points to be checked to follow in order 

to successfully develop photocatalytic CO2 reduction.  

1.2 Photocatalytic properties of CdSe QDs in the H2 production under visible light 

High stability, good light to hydrogen conversion efficiency and high molar extinction 

coefficient make CdSe quantum dots very promising materials in photocatalysis. We 

found that the 2.8 nm sized CdSe QDs showed the best activity in the studied reaction 

because it possess the proper balance between light harvesting properties, conduction 

band position and low recombination rate between photogenerated electron/hole 

couples.5 The synthesis of nanocrystal (NC) assisted by non-coordinating solvents is an 

extremely versatile tool that allows to obtain NCs with different shapes. The combination 

of hole and electron acceptors in multi component structures should lead to charge 

separation and highly efficient solar light exploitation.6 Moreover reproducibility is a big 

issue in QDs and generally in NCs preparation: in fact temperature changes of only few 

tens of degrees lead to drastically different NCs growth kinetics.  
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Neverteless CdSe QDs are very promising materials, which merit to be further 

investigated as photocatalytic systems in connection with other semiconductors. In 

particular these but in general all semiconductor photocatalytic materials (refer to 

Chapter 2 and 3 for some examples) should potentially be prepared through high 

temperature synthesis in non-coordinating solvents, in order to obtain them in different 

shapes with tunable properties. Still such new materials merit to be characterized and 

fully exploited in new field of photocatalysis. 

1.3 PEC properties and charge carriers dynamics in WO3, BiVO4 and WO3/BiVO4 

photoanodes 

Preliminary results7 concerning this topic are presented in Chapter 6 and 

successively deepened in Chapter 7. Femtosecond TAS has been successfully applied 

to extract reliable and useful information on the kinetics of photogenerated charges. By 

following the evolution over time of the transient species ascribed to surface trapped 

holes, we indirect information on the dynamics of photoexcited electrons was got. Using 

pumps with different energy, allowed us to evidence that the interfacial interaction 

between the two oxides is wavelength dependent. In the coupled WO3/BiVO4 system, 

by exciting BiVO4 exclusively with a 500 nm pump, extremely long living holes are 

produced, while by exciting both oxides with a 387 pump, the holes become shorter 

living, with respect to single BiVO4. Therefore, the effect of spatial charge separation on 

the electron/hole pairs was directly evidenced. For the first time evidence was provided 

that holes the lifetime of the holes is extended after charge (electron) exchange BiVO4 

and WO3. Charge separation occurs on a tens of picosecond timescale and therefore 

probably involves photoexcited hot electrons in BiVO4. From the results obtained in 
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these studies we proposed a scheme for the photogenerated charge interactions 

between the two oxides in the coupled WO3/BiVO4 system, which was validated by PEC 

experiments. 

Photoelectrochemical devices based on visible light harvesting materials are very 

promising and extremely recent improvements showed that 10 % solar to hydrogen 

conversion efficiency, which is the lower limit for a widespread commercialization, 

should be probably achieved in the next ten years. Due to the harsh reaction conditions, 

durability remains the main issue for the materials employed in such application. 

However semiconductor oxides such as WO3, Fe2O3 and BiVO4 show good stability and 

the use of passivation or protective layers (for example Al2O3 and NiO) should further 

extend the lifetime of photoanodes based on such materials.8,9 

It is worth underlining that BiVO4 and other narrow band gap semiconductors 

possess the appropriate properties to be employed in the near future as photoanode 

materials for the water oxidation reaction in real practical devices. Good transparency is 

necessary in order to study the charge carriers dynamics with femtosecond transient 

absorption spectroscopy and for future application in tandem devices. The solution 

processed preparation adopted in this study allows us to obtain very transparent films 

with tunable thickness which should be employed for the preparation of multilayered 

films of semiconductors also different from those studied here. 

2. PERSPECTIVES 

The work of the last two years has contributed to elucidate some of the important 

properties of the interaction between WO3 and BiVO4 in heterojunction photoanodes. 

This coupled system is the most studied for PEC applications. On the other hand many 
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different semiconductor combinations are possible and, by choosing the materials with  

the proper band gap alignment, charge separation should potentially lead to the better 

exploitation of the visible spectrum, in a way similar to natural photosynthetic 

systems.10,11  

Recently the use of amorphous TiO2, has been employed to protect Si photoanodes 

from oxidation as well as oxide photoanode materials from photodegradation and 

opened a new research field that merits to be studied.9 The charge carriers dynamics in 

such systems should be studied through fs-TAS, which only in the last years has 

become and popular in the photocatalytic field. However, films with suitable optical 

properties need to be employed in such field of studies and data elaboration is not trivial. 

On the other hand, the obtained information should potentially be used to address the 

limitations concerning the slow water oxidation reaction and the recombination of the 

photogenerated charge carriers, to ultimately attain lead to the assembly of highly 

efficient photoanodes. 
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