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Introduction 

This university textbook is focused on inorganic chemistry and more particularly on materials 

chemistry, photochemistry and environmental chemistry. Therefore, it is intended for a 

student audience specialized in the field of chemistry. This university textbook can be used 

for the following subjects in MSc. and PhD. programmes in Inorganic Chemistry: 

Advanced Inorganic Chemistry I and II – PhD. programme 

Materials chemistry – MSc. programme 

Photochemical processes – MSc. programme 

Nanostructured substances in materials chemistry – MSc. programme 

Environmental applications of inorganic substances – MSc. programme 

This pedagogical work is focused on vanadium-based oxides which are promising materials 

that can be used in photochemical processes for environmental purposes including the 

degradation of organic pollutants and the production of hydrogen by water splitting. The 

preparation procedure of these oxides is crucial to design the appropriate phase, crystal 

structure, morphology, electronic band structure, etc. that govern the physico-chemical 

properties of the final material. Vanadium-based oxides can be used as solar light-driven 

photocatalysts for the treatment of water since reactive oxygen species (HO•, O2
•-, etc.) can 

be generated. In addition, some of these oxides have an appropriate electronic band 

structure to split water molecule into hydrogen which is considered as green fuel. Such 

environmental problematics are crucial for the current and next generations. This university 

textbook provides the basic knowledge and a comprehensive overview of the use of 

photochemical processes for environmental purposes using vanadium-based oxides.  
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Úvod 

Tieto vysokoškolské skriptá sú zamerané na anorganickú chémiu, konkrétne na materiálovú 

chémiu, fotochémiu a chémiu životného prostredia. Sú určené pre študentov špecializujúcich 

sa na oblasť chémie. Skriptá možno použiť ako študijný materiál v magisterskom i PhD. 

stupni štúdia anorganickej chémie v rámci nasledujúcich predmetov: 

Pokročilá anorganická chémia I a II – PhD. program, 

Chémia materiálov – magisterský program, 

Fotochemické procesy – magisterský program, 

Nanoštruktúrne látky v materiálovej chémii – magisterský program, 

Environmentálne aplikácie anorganických látok – magisterský program. 

Táto pedagogická práca je zameraná na oxidy na báze vanádu, ktoré patria medzi 

perspektívne materiály využiteľné vo fotochemických procesoch na environmentálne účely 

vrátane degradácie organických polutantov a produkcie vodíka štiepením vody. Postup 

prípravy týchto oxidov je rozhodujúci na dosiahnutie vhodnej fázy, kryštálovej štruktúry, 

morfológie, štruktúry elektronického pásu a pod., ktoré určujú fyzikálno-chemické vlastnosti 

konečného materiálu. Oxidy na báze vanádu možno použiť ako fotoaktalyzátory poháňané 

slnečným svetlom na úpravu vody vďaka tvorbe reaktívnych foriem kyslíka (HO•, O2
•- a pod.). 

Navyše niektoré z týchto oxidov majú vhodnú štruktúru elektronického pásu na štiepenie 

molekúl vody na vodík, ktorý sa považuje za tzv. zelené palivo. Prezentované 

environmentálne problémy sú kľučové pre súčasnú a budúcu generáciu. Tieto vysokoškolské 

skriptá poskytujú základné poznatky a ucelený prehľad o využití fotochemických procesov 

na environmentálne účely s použitím oxidov na báze vanádu. 
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List of abbreviation 

AOP: Advanced Oxidation Process 

CB: Conduction Band 

CBM: Conduction Band Minimum 

CEC: Contaminants of Emerging Concern 

DFT: Density Functional Theory 

DMPO: 5,5-dimethyl-1-pyrroline N-oxide 

DNA: Deoxyribonucleic acid 

e-: photogenerated electron 

EDC: Endocrine Disruptor Compound 

Eg: Energy Bandgap 

EPR: Electron Paramagnetic Resonance 

h+: photogenerated hole 

IPCE: Incident Photon-to-Current Efficiency 

IR: Infrared 

LIB: Lithium-Ions Battery 

LMCT: Ligand-to-Metal Charge Transfer 

MIT: Metal-to-Insulator Transition 

PEC: Photoelectrochemical 

POP: Persistent Organic Pollutant 

PPCP: Pharmaceutical and Personal Care Products 

ROS: Reactive Oxygen Species 

SHE: Standard Hydrogen Electrode 

SSA: Specific Surface Area 

TAS: Transient Absorption Spectroscopy 

Tc: Critical Temperature 

TCR: Temperature Coefficient of Resistance  

TMD: Transition Metal Dichalcogenide 

US: United States 
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UV: Ultraviolet 

VB: Valence Band 

VBM: Valence Band Maximum 

WWTP: Wastewater Treatment Plant  
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1 Context 

1.1 Environmental context 

The environmental remediation is one of the important challenges that the mankind is facing 

to. Indeed, the deterioration of the natural environment by contamination from 

anthropogenic activities is among the main issues the governments worldwide are fighting 

against. Recently, international agreements have been signed to limit the negative impacts 

of human activities on our planet such as, for instance, the Kyoto protocol in 1995, the 

Stockholm convention in 2001 and the Paris agreements in 2015. Beside these attempts, the 

development of sustainable technologies including the production of green energy and the 

treatment of the different environmental compartments (soil, water and air) is a requirement 

for the current and future generations.  

Let’s illustrate the environmental context with the example of water. The water resource is 

rare and precious: around 0.5% of water on the Earth is drinkable and accessible. In addition, 

this extremely small percentage is subjected to an imbalance between availability and 

demand which is caused by its overuse for domestic, industrial and agricultural purposes, but 

also by the climate disorder i.e. longer, more intense and more frequent droughts. Since the 

last industrial revolution, the water quality is being deteriorated due to anthropogenic 

activities, especially from factories in the field of textile, chemistry, agriculture, and 

pharmacy that are releasing into the natural environment their inefficiently treated 

wastewaters [1, 2, 3]. As a result, a lot of organic and inorganic contaminants such as 

pesticides and fertilizers, sulphur derivatives, active pharmaceutical ingredients, etc. can be 

find in the hydrosphere [1, 2, 3, 4]. Among them, many compounds are considered as 

persistent (persistent organic pollutants - POPs) or emerging (contaminants of emerging 

concern - CECs). For the latter category, their chemistry and interaction with the 

environment are unknown thus being potentially toxic for humans, animals and plants. It 

includes, for instance, endocrine disruptor compounds (EDCs) and pharmaceutical and 

personal care products (PPCPs) [5, 6, 7, 8]. Therefore, many national environmental agencies 

impose strict measures to limit such an environmental contamination [2].  However, limiting 

the pollution does not remediate the damages already caused to the planet, and the society 

should focus more on the development of sustainable technologies [9].  
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1.2 Photochemistry 

Photochemistry is ubiquitous in the everyday life. The vision is based on a photochemical 

reaction with light-sensitive cell onto our retina, thus producing a signal which is transferred 

to our brain [1]. The coloration of our skin under the sun is also related to photochemistry 

where the melanin (a pigment) reacts under UV light, thus changing its colour. Also, the film 

photography is a technology based on photochemistry, especially on the reduction of Ag(I) 

into Ag0 under flashlight. Concerning environmental photochemistry, the most known 

natural photochemical reaction is the photosynthesis. The photosynthesis, especially the 

oxygenic one, happens in organisms that contain chlorophyl which is a pigment where the 

process occurs. In the presence of carbon dioxide and water, organic matter (like 

carbohydrates) and oxygen can be produced under light. Another environmental 

photochemical process is above our heads: in the atmosphere, ozone (O3) can be dissociated 

under UVB into oxygen (O2) while the ionosphere is composed of O2
+ and N2

+ ions that are 

the result of reactions of N2 and O2 with light (from UVC to X-rays) [1]. This non-exhaustive 

list of concrete examples highlights the importance of photochemistry for the environment 

but also the life on Earth. 

The photochemistry is defined as a branch of chemistry which is focused on the changes in 

chemical species brought by the absorption of light. The light as a wave is an electromagnetic 

radiation of any wavelength (IR, visible, UV, X-rays, etc.) while as a particle, it is defined as a 

photon which is a quantum of light corresponding to any electromagnetic radiation. 

Therefore, a photochemical reaction is a chemical reaction triggered by the absorption of 

photon. In photochemistry, it is important to distinguish 3 basics photophysical processes 

that occur when a molecule absorbs light: the light absorption causes the excitation of an 

electronic from fundamental singlet state to excited singlet state; the fluorescence 

corresponds to relaxation of an electron in an excited singlet state to a singlet state of lower 

energy, thus generating light emission; and the phosphorescence corresponds to relaxation 

of an electron in an excited triplet state (after internal conversion from excited singlet state) 

to a singlet state of lower energy, thus generating also light emission but lasting longer than 

in the fluorescence. In photochemistry, 2 important principles should be considered: the 

Gotthuss-Draper law (a photochemical reaction should involve a molecule that absorbs light) 
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and the Stark-Einstein law (one molecule can absorb only one photon). The photochemistry 

is a powerful tool that can be used for environmental purposes [2]. Indeed, many efforts have 

been devoted to the preparation of inorganic materials which have promising photochemical 

properties, especially for the remediation of the environment which is the main thematic 

developed in this monography.   

 

2 Why vanadium? 

2.1 Generalities 

Vanadium is a transition metal (Group 5; Z = 23) with 3d34s2 as valence electronic 

configuration [10]. It has a melting point at 1910 °C and presents different stable oxidation 

states from +II to +V [11]. Vanadium is discovered by Andres Manuel Del Rio in 1801 in the 

form of an ore, called today vanadinite (Pb5(VO4)3Cl) [12, 13]. Vanadium was first named 

“panchromium” due to the wide variety of colours of its salts. In 1831, Nils Gabriel Sefstrom 

(re)discovered vanadium but in the form of an oxide and he named it after Vanadis, a goddess 

in the Nordic mythology [14]. In the earth's crust, vanadium is the 5th most abundant 

transition metal element (0.019%) and 22nd among all discovered elements [15, 16]. 

Vanadium can be found in various minerals like vanadinite, carnotite (K2(UO2)2(VO4)2·3H2O), 

and patronite (V(S2)2) [13, 17].  

Vanadium is a transition metal of high natural and biological importance since it is present in 

each environmental compartment and in living organisms, respectively. In sea water, 

vanadium is mainly in the form of H2VO4
− and it is the 2nd most abundant transition metal 

element with a mean concentration of 2 µg·L-1 [13, 18]. The main natural sources for 

vanadium are marine aerosols, dust from soils and rocks weathering, and volcanic emissions 

[19, 20, 21, 22]. It can be also produced from anthropogenic activity, especially from mining 

and burning of fossil fuels. That is an issue since it results in atmospheric pollution with an 

estimation of more than 60 thousand tons each year with long period of residence time in 

the air [23, 24].  
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2.2 Biochemistry of vanadium 

Vanadium is an essential biochemical element for several mammals, especially in some 

enzymes such as nitrogenase and haloperoxidase [13]. Vanadium in the form of vanadate 

(VO4
3-) is isostructural to PO4

3-, thus being a competitive compound with phosphate. 

Therefore, vanadate can inhibit several phosphate-metabolizing enzymes, and can lead to 

death at high levels [13, 25]. Indeed, vanadium becomes toxic to the human health during 

one-time exposure at value around 35 mg by inhalation [18, 26]. In the human body, 

vanadium enters in the blood through respiratory and gastro-intestinal systems (Figure 1) 

[27]. For example, vanadates (H2VO4
−) present in drinking water is partially reduced in the 

stomach before being precipitated in the intestines in the form of VO(OH)2 [18]. Once in the 

blood, vanadium undergoes redox conversion between V(V) and V(IV) according to the level 

of oxygen and the presence of reductants/oxidants. Most of vanadium accumulates in vital 

organs such as kidneys, spleen and liver, and it is eliminated via urine or distributed in tissues 

(Figure 1) [28]. In the human body, the average vanadium concentration is approximatively 

0.3 µM [29, 30, 31, 32, 33, 34, 35]. 

 

 

Figure 1. The pathway of vanadium in the human metabolism [36]. 
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On the other hand, vanadium can be used in metallodrugs, especially for the treatment of 

diabetes. Indeed, the first use of vanadium in pharmacology was for this disease. Vanadium, 

in the form of salts (sodium metavanadate, sodium orthovanadate and vanadyl sulphate), 

can activate insulin receptor, thus triggering a positive effect on patients who need insulin. 

Vanadium is also used for the treatment of several pathologies such as obesity and hyper-

tension, but also for anti-cancer treatments since it can protect the genomic stability by 

limiting the wear and tear of DNA [29, 37, 38]. As mentioned earlier, vanadate is isostructural 

to phosphate, thus inhibiting/activating several ATPases and phosphatases enzymes [29, 

39]. 

 

2.3 Technologies using vanadium 

Vanadium can be used in the form of materials in a wide range of technologies, especially in 

the form of chalcogenides i.e. oxides and sulphides, nitrides, carbides and halides [40]. The 

case of vanadium chalcogenides is developed in this section. 

Vanadium sulphide (VS2) has a structure composed of a vanadium layer which is sandwiched 

between two sulphide layers [41]. The VS2 layers are stacked thank to Van der Walls bonding. 

VS2 belongs to the class of transition metal dichalcogenide (TMD). Due to its layered 

structure and its excellent 2D conductivity, VS2 can be used in energy storage devices and 

supercapacitors [42, 43, 44]. 

Vanadium oxides are more popular than sulphides. Some of these oxides are commercially 

available like, for instance, vanadium dioxide. Indeed, VO2 as most of the vanadium oxides 

exhibit a metal-insulator transition (MIT) i.e. the properties of the oxide change reversible 

from insulating/semiconducting to metallic at a critical temperature (Tc). During the MIT, the 

optical properties are also changed, and such vanadium oxides are called chromogenic 

materials. This change of colour under an external stimulus either by photon radiation, 

temperature and voltage can be further defined as photochromic, thermochromic and 

electrochromic effect [45]. The value of Tc depends on the vanadium/oxygen ratio [45, 46]. 

For VO2, the critical temperature for MIT is 68 °C and it is accompanied by a reversible change 

in optical properties from transmissive to opaque in the IR range [47]. The electrical resistivity 

of VO2 is about 20 Ω·cm in the semiconducting phase to about 0.1 Ω·cm in the metallic phase 
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[48]. This change of optical and electrical properties is due to a change in the crystal structure 

of VO2 i.e. from metallic IR-transparent monoclinic VO2(M) to semiconducting IR-translucent 

tetragonal rutile VO2(R) (Figure 2). Since the switching time between the two phases at Tc is 

considered as fast, vanadium dioxide is an excellent candidate for smart applications. It is the 

case of intelligent windows which can save energy consumption, thus reducing emission of 

greenhouse gases [11].  

 

 

Figure 2. Principle of VO2 thermochromic coating deposited on transparent support [36]. 

 

Vanadium pentoxide (V2O5) is also used in some concrete applications. It is a known catalyst 

in the selective oxidation of various organic compounds such as methanol into 

formaldehyde, butane into maleic anhydride, etc. and in the preparation of sulphuric acid by 

catalysing SO2 into SO3 [39, 49, 50]. V2O5 is also used as promising electrode material for 

lithium-ion batteries (LIBs) since it has a layered structure and high theoretical energy 

density (1.1 kW·h·Kg-1) which corresponds to a capacity of 440 mA·h·g-1 for fully lithiated 

V2O5 i.e. Li3V2O5 [51, 52]. However, the charging of large amount of Li ions irreversibly 

change the structural properties of V2O5 [53]. For one lithium (LiV2O5), the lattice structure is 

extremely reversible with over 1000 cycles without capacity loss [54]. It is worth noting that 

Panasonic has commercialized vanadium pentoxide as cathode material in rechargeable 

LIBs. Such a cathode can be used only for low-energy application because of kinetic problems 

[55]. Therefore, other vanadium oxides like metastable V6O13 have to be used since it exhibits 

higher capacity (420 mA·h·g-1) and more Li ions can be inserted in the layered structure of 
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V6O13: 8 mol of Li+ for 1 mol of V6O13. However, the drawback of this vanadium oxide as 

cathode material in LIBs is the poor cycling performance [56].  

Vanadium oxides are also interesting for microelectronic applications. That is the case of 

VO2, V2O3 and V2O5 which are stable oxides containing vanadium in a single oxidation state. 

Indeed, these compounds are chromogenic with reversible changes in their physical 

properties at Tc which is illustrated by the typical hysteresis loop of the MIT. The width of this 

loop is a crucial parameter for microelectronic applications. For instance, vanadium oxides 

are well known materials for bolometers (a bolometer is a thermal IR detector), especially for 

imaging as thermal camera, night vision camera, mine detection, fire detection and gas 

leakage detection [57]. Vanadium oxides, especially V2O3, are excellent candidates for 

bolometers since high temperature coefficient of resistance (TCR) and a small noise constant 

(1/f) are required [57]. V2O3 has the advantage to have MIT with a critical temperature which 

is far below the room temperature, thus resulting in a very low level of noise. It is worth 

noting the use of vanadium oxides in bolometric applications appeared after 1992, since prior 

to this date, it was classified by the US government for military purposes. 

As an overview, the advantages of vanadium oxides are attractive materials due to their easy 

way of fabrication which is inexpensive, non-toxic and imply scalable wet chemical 

techniques [58]. For example, V2O5 is a yellow-brown compounds which can be prepared by 

calcination of vanadium metal powder in an excess of oxygen or by thermal decomposition 

of ammonium metavanadate (eq. 1). On the other hand, V6O13 can be obtained by partial 

reduction of vanadium pentoxide using ammonia (eq. 2). 

 

2NH4VO3 →  V2O5 + 2NH3 + H2O   (1) 

9V2O5 + 4NH3  →  3V6O13 + 2N2 + 6H2O  (2) 

 

Beside the above-mentioned applications of vanadium in various technologies, vanadium 

oxides can be also used in photochemical processes for environmental purposes (see next 

section). That highlights again the versatile and multivalent character of vanadium.  
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3 Photochemical processes 

3.1 Pollutant removal 

As mentioned in the environmental context, the contamination of the hydrosphere by the 

release of inefficiently treated wastewaters is a critical issue. Many organic pollutants are 

accumulated in water, especially the persistent organic pollutants (POPs) and the 

contaminants of emerging concern (CECs), i.e. pharmaceuticals and personal care products 

(PPCPs), endocrine-disrupting compounds (EDCs), etc., thus requiring the development of 

efficient treatments for wastewater treatment plant (WWTP) effluents. Indeed, the 

discharge of treated WWTP effluents is the main source of contamination of CECs and POPs 

into the natural environment, thus being a real threat for drinking water (i.e. ground and 

surface waters) and impacting not only the ecosystem, but also the human health [59].  

One of the most promising techniques to treat water from organic contamination is the 

advanced oxidation process (AOP). The AOPs are based on the generation of reactive oxygen 

species (ROS) including inorganic radicals such as the hydroxyl radical (HO•). AOPs can 

degrade completely organic molecules into full mineralization (i.e. into H2O, CO2, etc.) but 

also they can enhance the biodegradation of some organic pollutants [59]. The activation of 

the AOPs can be performed either by catalysis, thermolysis, photolysis or a combination of 

these means.  

Photo-induced AOPs are a class of processes which are interesting since it involves the use 

of light. Among them, photolysis, photocatalysis and photo-Fenton are the most 

investigated. Photolysis is based on the sole use of light to (i) break the chemical bonds in 

the organic molecule or (ii) to activate the generation of inorganic radicals by activation of 

precursors (H2O2 and S2O8
2-). However, UVB and UVC irradiations are the most used lights, 

thus photolysis cannot be considered as a good alternative. On the other hand, 

photocatalysis and photo-Fenton are techniques that combine catalytic compound with light 

radiation and are considered as the most viable technique since it can involve “green” 

materials and the use of natural solar light, thus being sustainable and environmentally 

friendly.  

In AOPs, the main reactive species are hydroxyl radicals (HO•). This inorganic radical is 

a strong oxidant with a redox potential E0(HO•/H2O) of 2.8 V vs. SHE, and it reacts 
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nonselectively with most of the organic contaminants at high bimolecular kinetic constants 

(108–1011 M-1·s-1). These characteristics of HO• are responsible for the high efficiency of AOPs 

in the removal of POPs and CECs [60]. The reaction between hydroxyl radicals and organic 

molecules proceeds mainly by hydrogen abstraction and by hydroxyl addition to unsaturated 

bonds. It is worth noting that the involvement of hydroxyl radicals in organic 

decontamination process is not easy to demonstrate since the half-life of HO• is in the order 

of nanosecond. Therefore, most of their identification are performed using indirect methods 

such as fluorescence spectroscopy or electron paramagnetic resonance in the presence of 

suitable probe molecules. Besides hydroxyl radicals, the photo-induced degradation of 

organic pollutants involves other primary inorganic radicals like the superoxide anion radical 

(O2
•−) and its conjugated form, the hydroperoxyl radical (HO2

•). These radicals are, however, 

less reactive than HO• [60]. 

 

3.1.1 Photocatalysis 

The heterogeneous photocatalysis is a photo-induced process combining the use light and a 

semiconductor photocatalyst as, for instance, vanadium oxide-based materials. Before 

introducing the principles of heterogeneous photocatalysis, let’s introduce basics about 

semiconductors which can be used as photocatalysts. The term “semiconducting” was first 

used by Alessandro Volta in 1782 while Johan Koenigsberger started to classify materials into 

conductor, insulator and semiconductor at the beginning of the XXth century. But it is in 1874 

that the concept of photo-conductivity appeared where, under incident light of sufficient 

energy, the electrons can move from valence band (VB) to conduction band (CB) while holes 

have an opposite motion, thus generating a current [61]. Indeed, when the supplied energy 

to the semiconductor is higher than the energy bandgap (Eg - also known as forbidden energy 

band, which is the energy gap separating the VB to the CB), an electron can move from VB 

to CB [61]. The value of the energy bandgap is an intrinsic value of the semiconductor, thus 

varying according to the chemical composition of the materials but also its crystal structure. 

Therefore, a key parameter in the selection of a semiconductor photocatalyst is the value 

and the energy position of Eg.  
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The basic principle of heterogeneous photocatalysis (i.e. using semiconductors) is based on 

the generation of electrons (e-) and holes (h+) pairs (eq. 3). Once the e-/h+ pairs are generated 

under an incident irradiation of sufficient energy (hν), i.e. larger than Eg, they can react with 

water and oxygen to form primary reactive oxygen species (ROS) as described in eqs. 4-6, 

that subsequently degrade the organic pollutants. The mechanism of ROS is based on the 

adsorption of water molecule (in the form of surface hydroxyl) and oxygen, that then react 

with photogenerated holes and electrons reaching the surface of the photocatalyst. The 

formation of ROS also the transformation of primary ROS (HO• and O2
•−), thus leading 

to hydroperoxyl radicals (HO2
•) and hydrogen peroxide (H2O2) (eqs. 7-12). H2O2 is an 

important precursor of hydroxyl radicals but also a key species in Fenton-based processes 

(see next section) [9]. 

 

Semiconductor + hν →  e− + h+  (3) 

OH− + h+ →  HO•    (4) 

H2O + h+ →  HO• + H+    (5) 

O2 + e− →  O2
•−    (6) 

O2
•− + H+ →  HO2

•    (7) 

H2O + O2
•−  → HO2

• + OH−   (8) 

HO2
• + HO2

• →  H2O2 + O2   (9) 

O2
•- + H2O2 →  OH• + OH- + O2  (10) 

H2O2 + e− →  HO• + OH−   (11) 

H2O2 + hv →  2OH•    (12) 

 

Therefore, the degradation of organic pollutants occurs either indirectly through ROS or 

directly using the photogenerated charge carriers, but the indirect way is kinetically favoured 

due to the strong reactivity of ROS with organic molecules. However, to observe the above-

mentioned photocatalytic reactions, several conditions are required. Beside the fact that the 
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e-/h+ pair generation is in competition with the recombination process (releasing the 

absorbed energy in the form of heat), these generated charge carriers should reach the 

surface of the photocatalyst where they react with adsorbed reactants (like H2O, O2 and 

organic pollutant), since photocatalysis is a surface dependent process (Langmuir-

Hinshelwood model). In addition, the redox potential of the photocatalytic reaction (e.g. for 

the generation of ROS) has to lie within the energy bandgap (Figure 3). Therefore, the 

feasibility of a photocatalytic reaction depends mainly on the energetic position of Eg i.e. the 

positions of valence band maximum (VBM) and the conduction band minimum (CBM) of the 

semiconductor photocatalyst [9]. 

 

 

Figure 3. Mechansim of primary ROS generation by heterogeneous semiconductor photocatalysis [36]. 

 

3.1.2 Fenton-based processes 

Another important photo-induced AOP is the photo-Fenton. Let’s introduce all the Fenton-

based reactions in order to better understand the principle of photo-Fenton. Usually, Fenton-

based processes generate ROS in the presence of iron. The classical homogeneous Fenton 

reaction was discovered in 1894 by H. J. H. Fenton who observed the oxidation of tartaric 

acid in the presence of iron(II) ions and hydrogen peroxide [62]. About 100 years later, the 

heterogeneous classical Fenton and Fenton-like reactions were observed (eqs. 13 and 14). 

Compared to the homogeneous system, heterogeneous Fenton-based reactions can be used 

over a wider range of pH (e.g. environmental pH). Indeed, it is well known that dissolved Fe(II) 
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and Fe(III) are not stable and tend to oxidize and aggregate, thus requiring acidic pH to avoid 

the formation of sludge. In the form of oxides and oxyhydroxides, iron is much more stable.  

 

Fe2+ + H2O2 →  [FeOH]2+ + HO•   (13) 

Fe3+ + H2O2 →  Fe2+ + H+ + HOO•   (14) 

 

However, the mechanism of heterogeneous Fenton-based reactions is still unresolved due 

to intricated interactions between the surface of the iron oxide/oxyhydroxide and the 

reactants i.e. H2O2, generated ROS and the organic pollutants (and their degradation 

byproducts) [60]. It is admitted the primary ROS are either generated at the surface of the 

materials or at the close surroundings of the surface through possibly leached iron like in 

homogeneous Fenton-based reactions [60]. It is worth noting the mechanism of 

homogeneous systems is also the matter of intense discussion in the scientific community, 

especially since the hypothesis of the involvement of Fe(IV) species.  

In Fenton-based processes, it is accepted that the limiting step is the regeneration of Fe(II) 

from Fe(III), thus implying a catalytic cycle between these 2 species. To support this iron 

cycle, the photo-Fenton reaction is considered as viable alternative to classical Fenton and 

Fenton-like reactions. In homogeneous system, the generation of ROS such as hydroxyl 

radicals occurs via the photolysis of iron (III) species, especially in the [Fe(H2O)5(OH)]2+ 

complex, through ligand to metal charge transfer (LMCT). In heterogeneous system, 

photolysis of surface hydroxyl group is admitted (eq. 15). The photo-induced AOP triggered 

by heterogeneous photo-Fenton reaction is promising for the efficient degradation of 

organic pollutants since it allows the use of solar light and no addition of H2O2 is required, 

thus increasing the sustainability of such a process [63, 64].  

 

[Fe (OH)]2+ + hv  →  Fe2+ + HO•  (15) 
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Other transition metals can also trigger Fenton-based processes, especially by using 

elements that are abundant in the earth crust. Intense research is focused on these iron-free 

Fenton-based processes [65]. For example, aluminium can convert H2O2 into HO• through e- 

transfer (Figure 4). However, the main disadvantage of using zero-valent aluminium is the 

formation of Al2O3 layer which requires strong acidic conditions to remove it and to avoid the 

inhibition of the Fenton process. In absence of H2O2, the mechanism of ROS generation 

implies the in-situ production of hydrogen peroxide by electron transfer to dissolved oxygen. 

The hydrogen peroxide is then subsequently decomposed to generate hydroxyl radicals 

(Figure 4) [65]. 

 

 

Figure 4. Generation of primary ROS at the surface of aluminium [36]. 

 

Another element with high natural occurrence and which can trigger Fenton process is 

manganese. Mn is interesting due to its versatility in oxidation states ranging from 0 to +VII. 

Among them, only Mn(II), Mn(III) and Mn(IV) are relevant for the removal of organic 

contamination in water. Mn(II) species are predominantly present in soluble form while 

Mn(III) and Mn(IV) exist in the form of oxides and oxyhydroxides such as Mn3O4, Mn2O3, 

MnOOH and MnO2. The latter is already known oxidant for the degradation of adsorbed 

organic pollutant without the use of light or H2O2. The mechanism of Mn-mediated Fenton 

process is intricated and it is not yet resolved. However, it is assumed that hydrogen peroxide 

is activated by interconversion between Mn2+ and Mn4+ via intermediate Mn3+. According to 

the type and the form of the oxide/oxyhydroxide, the main ROS are hydroxyl radicals and 

superoxide anion radicals. The main advantage of this iron-free Fenton process is 

a significant efficiency at circum-neutral conditions, which is relevant for real wastewater 

treatment [65]. 
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Copper is also an important element for iron-free Fenton process due to an analogous 

mechanism as in the case of iron. Like Fe(II) and Fe(III), Cu(I) and Cu(II) can generate ROS, 

especially HO• and HO2
•, by activation of H2O2 (eqs. 16 and 17). In the form of oxides, the 

main advantage of copper over iron is the limited leaching of Cu. However, a strong 

disadvantage of copper is the instability of Cu2O under light and humidity. Therefore, an 

excess of H2O2 must be used in the presence of CuO, but it decreases the efficiency of the 

Fenton reaction by scavenging of ROS [65].  

 

Cu2+ + H2O2  →  Cu+ + H+ + HOO•   (16) 

Cu+ + H2O2  →  Cu2+ + OH- + HO•   (17) 

 

A well know Fenton active element is cerium. It is the only lanthanide which can trigger 

Fenton processes either in soluble (Ce3+ and Ce4+) or solid form (CeO2). The mechanism is 

similar to that of iron (eqs. 18 and 19). But considering the toxicity of cerium, it cannot be 

implemented in applications for the treatment of organic pollution in water [65]. 

 

Ce3+ + H2O2  →  Ce4+ + OH- + HO•   (18) 

Ce4+ + H2O2  →  Ce3+ + H+ + HOO•   (19) 

 

Finally, vanadium is also an element which is active in Fenton processes. Like Mn, vanadium 

exhibits versatile stable oxidation states, but only V(V) and V(IV) in the form of oxo-cations 

can generate ROS from H2O2 as observed in eq. 20 [66]. Heterogeneous Fenton processes 

might be also activated using vanadium oxides.  

 

VO2+ + H2O2 → VO2
+ + H+ + HO•   (20) 
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Although classical Fenton and Fenton-like processes have been studied for all these metals, 

the photo-Fenton process has not been yet clearly demonstrated. It is a hot topic which is 

intensively investigated within the scientific community, and soon significant results will 

probably confirm the feasibility of such a photo-induced process. 

 

3.2 Energy production 

Beside the remediation of organic pollution in water, the production of renewable and 

sustainable energy also belongs among the main environmental challenges of the Mankind 

[67, 68]. To this end, the conversion of solar energy is promising since it is considered as clean 

and infinite. The solar light can be utilized in the production of green energy e.g. electricity 

through photovoltaic technology and hydrogen through photochemically assisted water 

splitting [61]. Let’s focus on the production of hydrogen since it is the future fuel for the next 

generations. Hydrogen (H2) has a great energy yield compared to fossil fuels (120 KJ·g-1 vs. 

40 KJ·g-1). In addition, the consumption of hydrogen fuel releases only water while fossil fuels 

produce greenhouse gases and particulate matter. So far, H2 can be produced by steam 

methane reforming or water electrolysis but these techniques are not economically viable 

and environmentally friendly. A promising way is the photochemically assisted water 

splitting using semiconductor photocatalysts. The water splitting using solar light, i.e. 

conversion of solar energy into chemical energy, has been stated as the “Holy Grail” in the 

field of energy by the scientific community [11]. However, the Gibbs energy for overall water 

splitting (eqs. 21-23) is high (ΔG0 = 237.2 KJ·mol−1), and the energy provided by the solar light 

combined with currently commercially available photocatalysts is not enough to produce 

hydrogen and oxygen from water. Unless the discovery of an extraordinary efficient, green 

and inexpensive photocatalyst, additional energy should be supplied [69, 70, 71, 72]. An 

alternative and viable solution is the combination of electrical energy with photocatalyst 

deposited in the form of an electrode. This strategy appears, so far, the best one to produce 

hydrogen from water splitting since it saves energy compared to other methods including 

water electrolysis. Such a system is called a photoelectrochemical (PEC) process a.k.a. 

electrochemically assisted photocatalysis (electrophotocatalysis) (Figure 5). Using PEC 

system, entirely green hydrogen can be produced by using electricity from photovoltaic 

technology. 
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Figure 5. Two-compartment photoelectrochemical cell: the case of photoactive anode [36]. 

 

4H+ + 4e- → 2H2;   E0 = 0 V  (21) 

2H2O + 4h+ → O2 + 4H+;   E0 = +1.23 V  (22) 

2H2O + hν → 2H2 + O2 ;   ΔE = 1.23 V  (23) 

 

The first report on PEC water splitting dates 1972 where Fujishima and Honda used a two-

compartment cell with rutile TiO2 as photoanode and UV as light source [73]. Therefore, a 

PEC system is basically a cell composed of an anode and a cathode and coupled to a 

potentiostat that can apply an electrical voltage between the electrodes. There are several 

PEC cell configurations with either electrodes in the same compartment or separated by an 

ion-transfer membrane.  

For water splitting, the two-compartment PEC cell is the most suitable configuration since 

O2 and H2 can evolve separately, thus avoiding potential explosive mixture and back 

recombination into water (Figure 5) [74]. In such a PEC cell equipped with a semiconductor 

photocatalyst as an electrode, the requirements for feasible water splitting are that the redox 

potentials for both water oxidation (eq. 22) and reduction (eq. 21) should lie within the energy 

bandgap of the photocatalyst (Figure 6) [70, 71, 72, 74, 75]. Therefore, the PEC water splitting 

process can be summarized as the following: (i) water oxidation in the photoanode 
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compartment, (ii) e- transfer through external circuit toward the cathode compartment 

where (iii) reduction of water occurs [70, 74]. 

The photocatalyst is often a n-type semiconductor, like for instance most of the vanadium-

based oxides, thus it is called a photo-anode. For overall water splitting, ΔE = 1.23 V, so 

theoretically the energy bandgap of the should be at least 1.23 eV to generate e- and h+ of 

sufficient energy to trigger the oxidation and reduction of water (eqs. 22 and 21) [75]. 

However, due to overpotential losses, the value of Eg should be at least 2 eV [69, 70, 71, 72].  

 

 

Figure 6. Mechansim of overall water splitting using heterogeneous semiconductor photocatalysis [36]. 

 

4 Structure and properties of vanadium-based oxides 

4.1 Binary oxides 

4.1.1 Generalities 

In the form of binary oxides, vanadium is stable at different oxidation states and exhibits 

single valence state in VO, V2O3, VO2 and V2O5, and mixed valence states like in V4O7, V4O9 

and V6O13. The preparation of these vanadium oxides depends strongly on the synthesis 

parameters including the temperature and the partial pressure and composition of annealing 

atmosphere [52]. For instance, V2O5 can be prepared from VO2 after annealing in oxidative 

atmosphere. During the formation of V2O5, other phases are formed and transformed 
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according to the following order: VO2, V6O13, V4O9, V3O7 and V2O5. The intermediate oxides 

are mixed valence oxides with an average oxidation state of 4.3 for V6O13, 4.5 for V4O9 and 

4.7 for V3O7, and they belong to Wadsley series i.e. oxides of general formula VnO2n+1 [51, 76, 

77]. Another important category of vanadium oxides is the Magnéli phases which have a 

general formula of VnO2n−1 [51].  

Binary vanadium oxides exhibit a wide variety of crystal structures due to many stable 

oxidation states this transition metal, thus leading to a rich coordination of vanadium [78]. 

The electronic properties of vanadium oxides are related to their crystal structure [51, 79]. 

Usually, in transition metal oxides, the s-orbital of the transition metal and the p-orbitals of 

the oxygen are pushed away from the Fermi level while the d-orbitals remain close to this 

level [80]. Consequently, the d-orbitals of vanadium govern the electronic properties in 

vanadium oxides. These properties are described using either the crystal field theory or the 

conventional band theory. Using the crystal field theory, the splitting energy of the molecular 

orbitals is about 1-2 eV and such values increases with the oxidation state of the metal. In the 

band theory, the d-orbitals contribute mainly to the conduction band while the oxygen 2p-

orbital form the valence band (for transition metal of the 3d series like vanadium). Since such 

metal oxides are semiconductors, it is considered that the VB is filled in electrons while the 

CB, which separated by the energy bandgap, remains empty.  

The electronic properties are of significant importance to understand the performance of the 

different binary oxides in applications such as the photochemical processes. To discuss in 

detail the properties of vanadium oxides, the band theory is used along this chapter. This 

theory leads to the schematic representation of transition metal oxides as semiconductor in 

the form of an electronic band structure diagram which is the plot of the electron energies 

against the wave vector. The number of electronic bands the diagram is equal to the number 

of atomic orbitals in the unit cell of the metal oxide. In the diagram, the bandwidth (or the 

band dispersion) is the energy difference between the lowest and highest levels in a band 

and it corresponds to the overlap between the interacting orbitals. So, greater the overlap, 

greater the bandwidth. As a result, different diagrams are obtained for insulator, 

semiconductor and metallic materials such as in Figure 7 where only the electronic band that 

are the closest to the Fermi level are represented. Based on such diagrams, the electronic 

properties of metal oxides are microscopically investigated, thus helping the discussion of 
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other properties of material [81]. For instance, for metal oxide semiconductors, optical 

properties can be estimated since the required energy value of the incident light stimulus to 

allow electron transition from VB to CB can be determined. In other words, the energy 

bandgap (Eg) can be calculated and it is a parameter of high interest for many applications, 

especially for photocatalysis. Concerning binary vanadium oxides, their electronic band 

structures are characterized by a strong hybridization of oxygen 2p-orbitals and vanadium 

3d-orbitals. The valence band is predominantly formed by oxygen orbitals while the 

conduction band is composed mainly of vanadium orbitals. 

 

 

Figure 7. The band structures of insulator, semiconductor and metal [36]. 

 

Most of the binary vanadium oxides exhibit a metal-to-insulator transition along with 

chromogenic properties, thus being promising advanced materials. The V-O bonds have an 

ionic character, thus the critical temperature of the MIT depends strongly on the oxidation 

state of vanadium [45]. The MIT in binary vanadium oxides is accompanied by changes in 

optical, electrical and magnetic properties, that are the results of the reversible crystal 

structure transition. Indeed, the displacement of the atoms in the crystal lattice leads to a 

change in the electronic band structure of the material [82]. The degree of anisotropy in 

vanadium oxides, i.e. the difference in physico-chemical properties based on the direction, 

increase according to the following order: V2O3 < VO2 < V2O5, where vanadium pentoxide has 

a layered structure. It is worth noting that vanadium monoxide (VO) also exists but as a non-

stoichiometric oxide. Vanadium monoxide crystallizes in cubic rock salt structure (NaCl) [83]. 
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4.1.2 V2O5 

Vanadium pentoxide contains V with an oxidation state of +V and this oxide is at one end of 

the Wadsley series. V2O5 has a melting point of 690 °C and it exhibits an orthorhombic crystal 

structure which belongs to the space group Pmmn [84]. The crystal structure of vanadium 

pentoxide is composed of [VO5] square pyramids which form alternating double chains along 

the c-axis. These double chains are connected laterally by bridging oxygens to form a sheet 

in the a–c plane. The planes themselves are connected by Van der Waals bonds along the b-

axis (Figure 8) [58]. Therefore, V2O5 has a layered structure which is relatively permeable, 

thus allowing intercalation of small cations. In addition, the surface of V2O5 sheets is polar 

and hydration phenomenon can occur easily [85]. In addition, the theoretical nominal 

valence state of vanadium atoms in V2O5 is +V, but in practice, the thermal agitation and the 

crystal defects create a small concentration of vanadium(IV). Consequently, small lattice 

distortions are present in the V2O5 crystal structure which favours the electronic conductivity 

within V2O5 sheets by the phenomenon of electron hopping [58]. 

 

 

Figure 8. Layered structure of V2O5 [86]. 

 

Concerning the electronic band structure of V2O5, theoretical calculations using the density 

functional theory (DFT) have shown that the Fermi level is at about 1.6 eV while the 

conduction band minimum and valence band maximum are at about 1.0 eV and 2.7 eV, 

respectively, thus the energy bandgap is 1.7 eV which is an indirect Eg [87]. However, DFT 
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calculations underestimate the value of the energy bandgap since experimentally, Eg is 

measured at 2.3 eV. The electronic band structure of V2O5 also exhibits 2 discrete 

intermediate bands within the energy bandgap with narrow bandwidth (about 0.7 eV) [87]. 

These intermediate bands are responsible of better charge transport properties in V2O5 

structure, but also contribute to multi-optical transitions from VB to CB.  

Vanadium pentoxide exhibits interesting optical and electrical properties which are 

anisotropic. This anisotropy in V2O5 is due to strong hybridization, thus leading to highly 

dispersive electronic bands and ultimately to structural anisotropy. Regarding the electronic 

conduction, it is significantly higher within the a-c plane than the conduction perpendicular 

to these planes [87]. Indeed, the phenomenon of electron hopping is much easier with the 

sheets due to shorter distances between vanadium atoms while electron motion is more 

difficult between the sheets that are stacked by Van der Walls bonds. Therefore, the in-plane 

conductivity is evaluated from 10-2 to 10-3 S·cm-1 which is a relatively high value for a 

semiconductor [88]. Regarding the optical transmittance, V2O5 is transparent in near-UV and 

the blue part of visible spectrum, and opaque in near-IR and the red part of visible spectrum. 

However, vanadium pentoxide is a well-known electrochromic material, thus changing its 

optical properties under an electrical stimulus. The electrochromic transitions under a 

voltage show an excellent reversibility, and V2O5 films are coloured at -1 V while the colour is 

bleached at +1 V [89]. V2O5 is unique in the sense that it is difficult to classify this oxide in the 

category of either anodic or cathodic electrochromism. Cathodic electrochromism refers to 

a decrease in transmittance caused by charge injection (like titanium and tungsten oxides), 

and anodic electrochromism is the opposite i.e. a decrease in transmittance (like manganese 

and iron oxides). Vanadium pentoxide has simultaneously a increased transmittance in near-

UV and blue visible region and a decreased transmittance in near-IR and red visible region by 

charge injection [90]. The charge injection can be also performed by intercalation of small 

cations such as Li+ and Na+ between the a-c sheets of the V2O5 structure. Such an 

intercalation causes electrochemical charge transfer reactions. Due to its excellent 

electrochromic properties, V2O5 has been already developed for the design of smart 

windows. It is worth noting that vanadium pentoxide is also a thermochromic material with 

a transition at about 260 °C, but only in the form of thin films since bulk V2O5 remains 

semiconducting no matter the temperature [91, 92]. 
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4.1.3 VO2 

Vanadium dioxide contains V with an oxidation state of +IV and this oxide is at one end of the 

Wadsley series. VO2 has a melting point of 1967 °C and presents a wide variety of 

polymorphs: more than 10 types of VO2 phase have been already reported. Therefore, the 

preparation of the desired polymorph is a hard task because most of their structures are 

similar as well as the experimental conditions required for their synthesis. The main 

investigated vanadium dioxide phases are VO2(M), VO2(R) and VO2(B) while other 

polymorphs like VO2(A), VO2(C) and VO2(D) are less interesting for potential applications [93, 

94]. The VO2(A), VO2(B), VO2(C) and VO2(D) are metasable phases and usually required lower 

annealing temperature for their preparation than the stable VO2(M) and VO2(R). Vanadium 

dioxide exhibits MIT with TC at 68 °C where VO2(M) and VO2(R) are semiconducting and 

metallic phases, respectively. Below the critical temperature, VO2(M) has a monoclinic 

structure while above TC, VO2(M) is reversibly transformed into rutile VO2(R) [45, 95].  

The crystal structures of VO2(M/R) are represented in Figure 9. The monoclinic VO2 belongs 

to the space group P21/c while the rutile VO2 has a tetragonal unit cell of space group 

P42/mnm. Both the crystal structures are composed of [VO6] octahedra as building units since 

each vanadium has a coordination number of 6 [58]. The metastable VO2(B) can be also 

labelled VO2(M2) since it has also a monoclinic structure, and it can be converted to either 

VO2(A) or VO2(M) according to the annealing parameters of the heat treatment [84]. The 

main structural differences between VO2(M) and VO2(B) is based on angles in the unit cell 

where β is 122.62° in VO2(M) and 92.88° in VO2(B). Also, compared to VO2(M), VO2(B) does 

not exhibit an MIT. 
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Figure 9. Crystal structures of (A) semiconducting VO2(M) and (B) metallic VO2(R) [96]. The bigger red 
spheres are vanadium atoms and the smaller blue ones are oxygen. 

 

The metal-to-insulator transition between VO2(M) and VO2(R) phases can be induced by a 

temperature gradient, thus leading to a significant change in electrical properties. The MIT 

is accompanied with structural changes where vanadium pairs are dimerized in VO2(M) [51]. 

This dimerization is responsible of the semiconducting character of the monoclinic phase 

while in the rutile, the vanadium 3d-orbitals are shared by all the V atoms that gives rise to 

metallic behaviour [97]. It is worth noting both the phases have similar crystal lattices, but 

the main difference is the slight changes in the position of vanadium atoms. The structural 

changes between VO2(M) and VO2(R) are schematized in Figure 10. Beside dimerization of 

vanadium in VO2(M), twist from linear to zigzag-type chains vanadium chain occurs. 

Therefore, the local structural rearrangement of vanadium atoms confirms its key role in the 

modification of the electronic structure, especially the value of the energy bandgap [51].  

 

 

Figure 10. Changes in the crystalline structure during VO2 phase transition. The schematized sequence occurs 
in the picoseconds scale [36]. 
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Concerning the electronic band structure of VO2(M/R), the Fermi level in both the phases is 

almost at the same energy level i.e. at 7.47 eV for VO2(R) and 7.44 eV for VO2(M) [45]. In 

addition, VO2(M) and VO2(R) present the same number of band groups, but in the rutile 

phase each group is doubled, thus leading to an overlap between the valence and the 

conduction bands i.e. to metallic behaviour [45]. By using the crystal field theory, the 

vanadium 3d-orbitals in VO2(M/R) are split into doubly degenerated eg and triply 

degenerated t2g levels [45]. Since the eg orbitals are directed towards the oxygen 2p-orbitals, 

they are labelled as eg
σ bands while for the t2g orbitals, which are not directed toward the 

oxygen orbitals, form eg
π and a1g bands (Figure 11). In the VO2(M), dimerization of vanadium 

from lattice distortion leads to the splitting of a1g into 2 bands. In addition, the eg
π band is 

more destabilized in VO2(M) due to stronger V-O overlapping and it pushes this band 

upwards from the Fermi level [98, 99].  Consequently, there is no overlap between a1g and eg
π 

bands at the Fermi level. In VO2(R), there is no dimerization, thus no splitting of a1g band 

occurs, and therefore, the overlapping between the a1g and eg
π bands at the Fermi level is 

responsible of the metallic properties of VO2(R) (Figure 11). Experimentally, the energy 

bandgap is measured about 2.5 eV in the semiconducting monoclinic VO2 while it is 0.6 eV in 

the metallic rutile phase [100].  

 

 

Figure 11. Energy diagrams of semiconducting(insulating) monoclinic and metallic rutile phases of VO2 [36]. 

 

Concerning the optical properties of vanadium dioxide, there is a significant anisotropy in the 

IR region [45]. Indeed, at T > Tc, VO2(R) is transparent in the IR region and the optical 
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transmittance changes by about two orders of magnitude during the MIT [101]. The MIT 

exhibits a hysteresis loop where the optical switching in the IR region occurs at 80 °C upon 

heating and 60 °C upon cooling. In the visible range, VO2(M/R) phases absorb light and both 

the bulk phases are brown-yellow. In the form of thin films, the colour turns into red-brown 

for VO2(M) and green-blue for VO2(R) [102]. Like V2O5, VO2(M/R) is electrochromic thus 

changing it optical properties in the response of a voltage, but VO2(M/R) has better 

thermochromic properties [103]. 

The MIT in VO2(M/R) can be controlled using different means than using voltage or 

temperature. For instance, laser pulse is an effective method that can provide sufficient 

energy to trigger an ultra-fast and non-thermal MIT [104]. Another example to regulate the 

MIT is by using the strains in VO2(M/R). Indeed, deposited in the form of film, the lattice and 

elastic mismatches between VO2 and the substrate is a source of strain which can adjust the 

MIT by causing a change of the transition temperature [105]. Also, the MIT can be controlled 

by using chemical doping in the structure of vanadium oxide, thus either decreasing or 

increasing the value of TC according to the type of dopant [117]. Indeed, insertion of discrete 

energy levels within the energy bandgap can arise using n- or p-type dopants, thus leading 

to electrons and holes injection and holes injection in CB and VB of VO2, respectively. Doping 

by W(VI) decreases the Tc of MIT while low-valence metal ions such as Cr3+, Ga3+ and Al3+ are 

used to increase the critical temperature [106, 107, 108].  

 

4.1.4 V2O3 

Vanadium sesquioxide contains V with an oxidation state of +III and V2O3 has a melting point 

of 1970 °C. Due to the low valence of vanadium, there are a limited number of V2O3 phases. 

Intense research is ongoing to discover new polymorphs of V2O3 that are similar to those of 

iron(III) oxide like α-Fe2O3, β-Fe2O3, γ-Fe2O3, δ-Fe2O3 or ε-Fe2O3 [109]. So far, only δ-V2O3 

and ε-V2O3 have not been yet discovered.  

Like vanadium pentoxide and dioxide, V2O3 also exhibits MIT with a change of crystal 

structure at TC between low-temperature monoclinic and high-temperature corundum [45]. 

Below at TC  i.e. in semiconducting state, vanadium sesquioxide has body centred monoclinic 

structure with space group I2/a while in the metallic state, V2O3 has trigonal corundum 
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structure with space group R3̅c. the critical temperature is relatively low where a striking MIT 

accompanied by a jump in resistivity (by seven orders of magnitude) is observed at about 150 

K. Therefore, at room temperature, corundum V2O3 exhibits a metallic behaviour due to a 

finite overlapping of the valence and conduction bands (the value of Eg was experimentally 

measured at 0.66 eV).  

Concerning the electronic band structure, the Fermi level of V2O3 is estimated at 9.2 eV. 

Using the crystal field theory, the vanadium 3d-orbitals can be considered in an octahedral 

symmetry since the crystal structures are based on [VO6] units, thus leading to a splitting into 

t2g and eg
σ (like in the case of VO2). Due to monoclinic and corundum structure, the t2g band 

is split into a1g singlet and doubly degenerated eg
π bands (Figure 12). Since the symmetry is 

lower in the monoclinic structure, the a1g and eg
π bands are split, thus creating an energy gap 

between a1g and eg
π bands. In the corundum structure, there is no splitting and overlap 

between the a1g and eg
π bands occurs at the Fermi level, thus giving rise to its metallic 

behaviour (Figure 12) [110]. 

 

 

Figure 12. Energy diagrams of semiconducting(insulating) monoclinic and metallic corundum phases of V2O3 

[36]. 

 

4.1.5 Mixed valence oxides 

There are numerous binary vanadium oxides with mixed valence state. Among them, the 

vanadium oxides of general formula VnO(2n+1) i.e. the Wadsley phases exist between V2O5 and 
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VO2, while those of general formula VnO(2n-1) i.e. the Magnéli phases exist between VO2 and 

V2O3. Therefore, these phases have a mixture of vanadium with either +IV and +V or +III and 

+IV. Most of these mixed valence oxides exhibit a metal-to-insulator transition. Usually, the 

structure of intermediate vanadium oxides of the Wadsley and Magnéli can be described 

using the “shear structure” concept [111]. Using this concept, the structures are made of 

atomic planes of [O] and [VO] (labelled as A and B), thus composing of slabs of [VO2] rutile-

like structure. For the Magnéli phases, the shear operation of eliminating 1 A-plane every n 

B-plane combined to a shear vector that closes the resulting gap, the formula formula nVO 

+ (n-1)O = VnO(2n-1) is obtained [111]. Until now, 6 compounds from n = 3 to n = 8 have been 

isolated experimentally, and all of them exhibit MIT. On the other hand, for the Wadsley 

phases, similar shear operation is performed but by deleting 1 B-plane every n A-plane, thus 

leading to the general formula VnO(2n+1). For this series, only V3O7 and V6O13 have been 

obtained. 

V6O13 is one of the most investigated mixed valence vanadium oxides. It presents MIT with 

Tc = -123 °C. In his metallic state, V6O13 has a layered structure belonging to space group C2/m 

while its semiconducting structure belongs to the space group P21/a. Like most of the 

vanadium oxides of the Wadsley series, V6O13 is a promising material for cathode in 

rechargeable LIBs due to its layered structure and its high capacity [111, 112]. In addition, it 

exhibits higher rate capability, better reversible capacity, smaller volume expansion and 

safer lithiation potential. Indeed, due to its metallic character at room temperature, it has 

better performance in charge and discharge capacity and it can theoretically insert 8 mol of 

Li+ ion in its structure for 1 mol of V6O13. However, the main drawback of this mixed valence 

oxide is its preparation since it is hard to control the V(IV)/V(V) ratio [56]. 

V3O7 belongs also to the Wadsley series, thus being an intermediate oxide between VO2 and 

V2O5 with a V(IV)/V(V) ratio of 1/2. In the literature, this oxide is often reported in the form of 

hydrate i.e. V3O7·H2O. At room temperature, it is in its semiconducting phase (Eg = 2.5 eV) 

with an orthorhombic crystal structure of space group Pnam [112, 113]. V3O7·H2O has a 

layered structure similar to V2O5 since it is prepared from vanadium pentoxide as precursor. 

It is composed of layers made of [VO6] octahedra and [VO5] trigonal bipyramids [111, 112, 

113, 114]. Like V6O13, V3O7·H2O is also a promising cathode material in LIBs due to its layered 

structure and high capacity [112]. In addition, V3O7·H2O exhibits excellent electrochromic 
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performance because of optical modulation in both anodic and cathodic reactions [114]. In 

the form of film, V3O7·H2O can switch reversibly between a reduced blue state at −1.2 V and 

an oxidized orange state at +1.9 V [130]. Therefore, V3O7·H2O is characterized by a multi-

electrochromism like V2O5 but with faster kinetics. Such fast kinetics can be explained by the 

mixed valence states in V3O7·H2O that contributes to higher electronic conductivity and more 

active redox sites during the reduction and oxidation processes [115]. It is worth noting that 

non-hydrated V3O7 has received less attention than its hydrated form. The non-hydrated 

phase can be formed by heat treatment of V3O7·H2O which leads to removal of the water 

molecule starting. However, the formed V3O7 is metastable and plays the role of seeds for 

the formation of V2O5. In other words, although V3O7·H2O can be prepared from V2O5, its 

dehydration using heat treatment gives rise to its oxidation into V2O5. Stable V3O7 has been 

already reported with a monoclinic crystal structure belonging to the space group Pmmn. 

Such V3O7 can be prepare directly by spray pyrolysis on a substrate heated at 400 °C [114]. 

V4O9 is another interesting mixed valence oxide of the Wadsley series with a V(IV)/V(V) ratio 

of 1. Due to this particular ratio, its preparation is a challenge. Solid-state reaction is 

employed by using an appropriate mixture of V2O5 and VO2 in a reducing atmosphere. Also, 

reduction of V2O5 can be performed using carbon or sulphur as reducing agent under high 

vacuum conditions (eq. 24). However, an excess of sulphur leads to the formation of 

metastable VO2(B). Indeed, both V4O9 and VO2(B) have also a similar layered structure to 

V2O5. 

 

4V2O5 + S → 2V4O9 + SO2  (24) 

 

V4O9 has an orthorhombic crystal structure that belongs to the space group Cmcm. To 

describe its structure, the shear structure concept can be used. Let’s consider V2O5 structure 

as lattice of [V2O3] layers (called “a”) which are stacked and sharing [O2] layers (called “b”), 

thus forming [ababab…] sequence. Based on this structure, VO2(B) has a [abaaba…] stacking 

by using the shear operation of periodically eliminating 1 b-layer every two a-layers. It is 

worth noting that VO2(B) is considered as a “daughter” structure of V2O5. For V4O9, its 

structure can be derived from V2O5 after operating 2 shear operations. The first one is to 
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periodically eliminate 1 b-layer every 4 a-layers, thus forming the following stacking: 

[abababaabababaab…]. The second operation is to eliminate half of the oxygen from half of 

the b-layers (labelled as b’), thus obtaining the following stacking: [abab’abaab’abab’aab…] 

[111]. In other words, the structure of V4O9 is composed of [VO5] pyramids, distorted [VO6] 

octahedra and [VO4] tetrahedra. In addition, V4O9 is a special compound of the Wadsley 

series since its structure and properties are still not clearly identified. Therefore, V4O9 is often 

called “the missing link” in this series of mixed valence vanadium oxides [111].  

 

4.2 Ternary oxides 

Generally, compared to binary oxides, the advantage of ternary oxides is the possibility to 

tune their properties based on the presence of a third element. For example, in the case of a 

semiconductor d-block metal oxide doped by a p-block element, the overlap between the 

outer d- and s-orbitals leads to a decrease of the energy bandgap (Eg) [116]. Therefore, by 

extension, it is assumed that p- and d-block metals could be used to design ternary oxides 

with particular properties, especially photochemical ones.  

Indeed, vanadium oxides are promising photocatalysts, and in the form of ternary oxides, 

efficient photo-response under visible light can be design for environmental applications. A 

well-known class of ternary vanadium oxides are the vanadates. Among them, 

orthovanadates, which are composed of VO4
3- tetrahedral units including BiVO4, FeVO4, 

Mn3(VO4)2 and CeVO4 are widely investigated. Other vanadates like Cu2V2O7, Cu3V2O8, 

Co3V2O8, FeV3O8, Ag4V2O7 have also received attention of the scientific community. 

Although most of these ternary vanadium oxides do not exhibit metal-to-insulator 

transition, they have interesting properties for potential application in photocatalysis, LIBs, 

solar cells, gas sensors, etc. [117, 118, 119]. Indeed, for photocatalytic applications, these 

vanadates are promising since they are semiconductors with an energy bandgap in the UV 

and visible regions. Therefore, they can be used for environmental purposes such as the 

degradation of organic pollutants in water and the production of hydrogen by water splitting 

[120]. 
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4.2.1 Bismuth vanadates 

Bismuth vanadates exist with a wide variety of structures and most of these ternary 

vanadium oxides are intermediate oxides in the system Bi2O3-V2O5. The most promising 

bismuth vanadate is BiVO4 which is a n-type semiconductor that exhibits 3 polymorphs: 

monoclinic scheelite-like (ms), tetragonal scheelite-like (ts) and tetragonal zircon-like (tz) 

phases [121, 122]. The ms-BiVO4 belongs to the space group C2/c and has energy bandgap of 

2.40 eV. The ts-BiVO4 belongs to the space group I41/a and has energy bandgap of 2.34 eV. 

The tz-BiVO4 belongs to the space group I41/amd and has energy bandgap of 2.90 eV [122, 

123, 124, 125]. All these crystal structures are composed of [VO4] tetrahedra and [BiO8] 

polyhedra building units where vanadium and bismuth are at oxidation states +V and +III, 

respectively. In both the scheelite-like phases, each [BiO8] is surrounded by 8 [VO4], whereas 

in the zircon-like polymorph, Bi-based units are surrounded by 6 vanadium-based units [125]. 

Between monoclinic scheelite-like and tetragonal scheelite-like polymorphs, a reversible 

phase transition occurs at 255 °C, where ms-BiVO4 is the stable phase at room temperature 

i.e. the low-temperature phase [124, 125]. In addition, between tetragonal zircon-like and 

tetragonal scheelite-like polymorphs, an irreversible phase transition is observed at about 

400–500 °C [124, 125]. Therefore, at room temperature, there are two stable polymorphs 

which are ms-BiVO4 and tz-BiVO4. Among them, ms-BiVO4 exhibits the best photocatalytic 

properties under solar light due to longer lifetime of the photogenerated charge carriers (i.e. 

electons and holes) and higher photocurrent. That is the result of the distorted [VO4] and 

[BiO8] units, thus leading to better charge carrier transport [124, 125]. Also, the Eg of ms-

BiVO4 is smaller than that of tz-BiVO4, and it allows a better utilization of the visible light. 

Another advantage of BiVO4 is non-toxicity. 

Another parameter which should be considered to assess the photocatalytic properties of 

BiVO4 is the exposed crystal facets. Indeed, they affect the thermodynamics and the kinetics 

of a chemical reaction including photochemical processes, but also the surface properties of 

the materials like surface adsorption of reactant and surface charge carrier transfer [123, 

126]. For ms-BiVO4 which is the most interesting polymorph for photocatalytic applications, 

the {010} and {110} crystal facets have important functions since they provide reduction and 

oxidation sites, respectively, in which photogenerated electrons and holes are available [127, 

128]. Therefore, their investigation by photoelectrochemical (PEC) and transient absorption 
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spectroscopy (TAS) analyses helps to understand the photocatalytic efficiency of BiVO4 

[129]. The PEC measurements are quite common to discuss the behaviour of the charge 

carriers at the surface of BiVO4, especially their surface recombination and redox properties 

by analysing the shape of the photocurrent curves during amperometry and voltammetry, 

respectively. The TAS measurements are more sophisticated but highly helpful since the 

dynamics of charge carriers including the relaxation and recombination rates can be 

monitored [129, 130]. TAS is a fast spectroscopic technique based on the sample excitation 

using a laser pulse followed by spectral analysis using a UV-visible spectrometer. By this 

mean, the optical properties of BiVO4 of excited and ground states can be compared against 

the time at nano and even pico-second level [130]. For instance, TAS can be used to study 

the dynamics of photogenerated holes, that is a highly important parameter to understand 

the formation of hydroxyl radicals which are involved in the degradation of organic pollutants 

in water. Although TAS measurements will be developed to characterize semiconductor 

photocatalysts, studies using such a technique are scarce. However, for BiVO4, TAS and PEC 

measurements have been published in 2014 [129, 130]. Such studies have demonstrated that 

there are 2 distinct mechanisms of charge carrier recombination since the time decay 

constants, measured by TAS and PEC, are different. One recombination process is fast (i.e. 

within microseconds) and it is assigned to bulk e-/h+ pair recombination while the second one 

is slow (i.e. within milliseconds) and it is assigned to recombination of surface-accumulated 

holes with bulk electrons (also called back electron transfer). Beside these characterization 

techniques, BiVO4 exhibits several drawbacks that limit its efficiency in photocatalytic 

processes. Indeed, bismuth vanadate has a poor electron mobility and high e−/h+ 

recombination rate [123, 124]. In addition, BiVO4 has a short hole diffusion length (70−100 

nm). That is mainly due to the structure of BiVO4, especially the [VO4] tetrahedra that are not 

connected to each other, but also its electronic properties where the vanadium 3d-orbitals 

are strongly localized. These disadvantages compromise the optimization of film thickness 

and light harvesting according to the optical penetration depth principle [124].  

On the other hand, there are other bismuth vanadates that exhibit different stoichiometries 

and crystal structures. Among them, Bi4V2O11 is one of the most investigated. It is a ternary 

vanadium oxide which was discovered in the 1980’s. This bismuth vanadate is particularly 

interesting due to its properties at room temperature, especially its dielectricity, 
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ferroelectricity and pyroelectricity. Bi4V2O11 belongs to the Aurivillius-type phases [131, 132, 

133, 134, 135]. The crystal structure of Bi4V2O11 is the parent structure of the BIMEVOX series 

(BI = bismuth, ME = metal substitution, VOX = vanadates) which are known for their attractive 

conduction properties at moderate temperature [132]. However, Bi4V2O11 has been also 

studied as a promising photocatalyst [134]. Bi4V2O11 exhibits two reversible phase transitions 

at 430 °C and at 570 °C while its melting point is at 870 °C [131, 132, 134]. Therefore, there are 

three polymorphs of Bi4V2O11 which are the low-temperature α-phase, the intermediate β-

phased, and the high-temperature γ-phase which crystallize in the monoclinic, orthorhombic 

and tetragonal system, respectively [133]. The space groups of tetragonal γ-Bi4V2O11 and 

orthorhombic β-Bi4V2O11 are I4/mmm and Amam, respectively [132]. For α-Bi4V2O11, due to 

a 3-fold monoclinic supercell, it is more complicated to assign a space group, but recently, 

the A2 space group has been assigned to the alpha polymorph [133]. From a structural point 

of view, the structure of the three Bi4V2O11 phases is built from [Bi2O2]2+ layers separated by 

vanadium–oxygen perovskite-like slabs with oxygen deficiency of general formula 

[Am−1BmO3m+1]2- [131]. In these slabs A and B are vanadium, and m corresponds to the number 

of the stacked [VO6] octahedra. Therefore, for Bi4V2O11 (or Bi2VO5.5) which is the 

corresponding oxygen deficient structure, m = 1 i.e. [Bi2O2][VO3.5☐0.5] [132]. The main 

structural difference between the 3 polymorphs is the local environment of vanadium atoms 

in the [VO3.5] perovskite-like slabs [131, 133]. For example, in α-Bi4V2O11, vanadium atom is 

surrounded by 3 different oxygen environments while in γ-Bi4V2O11, there is a large disorder 

of the oxygen atoms. Consequently, the electrical properties of the different Bi4V2O11 phases 

significantly differ. Indeed, the gamma polymorph exhibits the highest conductivity with 0.2 

S·cm-1 at 600 °C, and this value strongly decrease upon phase transitions (by cooling) where 

the beta and gamma polymorphs have a conductivity of 0.01 S·cm-1 at 500 °C and 10-5 S·cm-

1 at 300 °C, respectively [131]. Beside the electrical properties, Bi4V2O11 has interesting optical 

properties for photochemical processes since the energy bandgap is about 2.15 eV, thus 

being promising for natural sunlight utilization. In addition, since this bismuth vanadate has 

a layered structure, the electronic properties are anisotropic with better e-/h+ pair separation 

rate in the stacking direction than within the layers due to short Eg, thus recombination 

occurs easily [135]. Another interesting characteristic of Bi4V2O11 is its ability to be easily 

reduced to and re-oxidized from Bi4V2O10.  
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4.2.2 Iron vanadates 

Iron vanadates exist in different forms including FeVO4, FeV3O8, Fe2VO4, FeV2O4 and 

Fe2V4O13 [119]. These ternary vanadium oxides are intermediate oxides in the system Fe2O3-

V2O5. Compared to V2O5, these ternary vanadium oxides exhibit higher melting point and 

lower decomposition rate due to the presence of Fe which stabilizes the structure, thus 

limiting the leaching of V. Among these iron vanadates, FeVO4 is one of the most 

investigated and it presents a ratio V:Fe = 1 [117]. FeVO4 exhibits 4 different polymorphs that 

are labelled as FeVO4-I, FeVO4-II, FeVO4-III, and FeVO4-IV. Except for FeVO4-I which is a 

stable phase, all the other are metastable phases. The crystal structure of FeVO4-I belongs 

to the triclinic system and the space group P1̅ [118]. The structure is composed of doubly 

bent chains of distorted [FeO6] octahedra and [FeO5] trigonal bipyramids which are joined 

together by [VO4] tetrahedra [136]. For the other FeVO4 polymorphs, i.e. FeVO4-II, FeVO4-III 

and FeVO4-IV, they possess orthorhombic CrVO4, orthorhombic α-PbO2 and monoclinic 

wolframite NiWO4 structures, respectively [137]. 

FeVO4-I is a stable n-type semiconductor with an energy bandgap which is calculated at 2.70 

eV (for direct Eg) and 2.1 eV (for indirect Eg) [138, 139, 140, 141]. However, according to the 

experimental condition of the preparation of this ternary vanadium oxide, the value of Eg can 

fluctuate. FeVO4-I is a promising photocatalyst, especially for the production of hydrogen by 

water splitting since its conduction band minimum is more negative than E0(H+/H2) = 0 V, and 

its high theoretical solar-to-hydrogen efficiency (which is 16%) [142]. However, the main 

drawbacks are its weak production of photocurrent and low incident photon-to-current 

efficiency (IPCE) which are 0.1 mA·cm-2 at 1.23 V vs. SHE and 1% at 400 nm [141]. Therefore, 

a solution is to prepare nanostructured FeVO4 along with their doping by transition metal, 

thus increasing the specific surface area and modifying the electronic band structure of 

FeVO4 [143]. For instance, doped FeVO4 by 2% of Mo leads to a 2-fold increase of produced 

photocurrent, thus reaching 0.2 mA·cm-2, while the IPCE increases up to 7%. At higher 

percentage of Mo, detrimental effect of doping is observed due to an increase of intrinsic 

defects that act as recombination centres. Another method to improve the properties of 

FeVO4 is to partially substitute Fe by Bi, but the preparation of Fe1-xBixVO4 requires strict 
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conditions to avoid the formation of secondary phases [141]. Concerning the properties of 

the metastable phases of FeVO4, only FeVO4-II has been reported to get better 

photocatalytic and gas sensing properties than FeVO4-I. Such phenomenon has been already 

observed in the case of metastable VO2(B) phase compared to VO2(M), where photocatalysis 

runs better in the presence of VO2(B). 

Another interesting iron vanadate is Fe2V4O13. It has a monoclinic structure which is 

composed of [VO4] tetrahedra and [Fe2O10] double octahedra that are linked together 

through edge sharing, thus forming an unusual horseshoe-like chain structure [144, 145]. 

Since the structure is composed of channels and pores, Fe2V4O13 is also an excellent 

candidate as cathode material for lithium ions batteries. Indeed, it can deliver a discharge 

capacity of about 154 mA·h·g-1 between 1.5 and 4.0 V without significant loss upon 50 cycles 

[144]. However, the synthesis of pure Fe2V4O13 is extremely difficult since FeVO4 is always 

observed as a secondary phase. Concerning the electronic band structure of Fe2V4O13, it is a 

n-type semiconductor with an energy bandgap of 2.3 eV i.e. in the visible range. The 

conduction band minimum and valence band maximum are at -0.5 eV and 1.7 eV, 

respectively [146]. Therefore, regarding these energetic positions, Fe2V4O13 is a promising 

photocatalyst, especially for hydrogen production by water splitting, while the porous 

structure is an advantage for the photocatalytic degradation of pollutants due to higher 

specific surface area. On the other hand, the drawbacks of Fe2V4O13 are its low efficiency in 

photocurrent production and photon-to-electron conversion with values of 16 μA·cm-2 at 

1.23 V vs. SHE and 1.5% IPCE at 350 nm under 1.4 V, respectively [145]. 

The other iron vanadates are less investigated although they are promising. For example, 

FeV3O8 which has a monoclinic structure exhibit an energy bandgap of 2.2 eV, thus being a 

potential visible light-driven photocatalyst [147]. Another one is spinel FeV2O4. It has a cubic 

structure that belongs to the space group Fd3̅m. The structure is composed of [FeO4] 

tetrahedra and [VO6] octahedra, and iron is in 8 tetrahedral sites while vanadium is in 16 

octahedral sites [148]. FeV2O4 is a promising semiconductor with a yellow colour and it has 

direct and indirect energy bandgap at 1.9 eV and 2.6 eV, respectively [149]. Compared to 

Fe2O3 and V2O5, this intermediate oxide exhibits better electronic properties such as e-/h+ 

pairs separation and transport. In addition, FeV2O4 is also a good candidate for PEC 
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applications since it can produce 0.18 mA·cm-2 photocurrent density under UV-visible light 

at 1.2 V along with an IPCE of 22% at 320 nm [149]. 

 

4.2.3 Copper vanadates 

Copper vanadates exhibit different structures and stoichiometries like, for instance, CuV2O6, 

Cu2V2O7 and Cu3V2O8. These ternary vanadium oxides are intermediate oxides in the system 

CuO-V2O5. The control of experimental conditions during the preparation of the copper 

vanadates is required to design the oxide with particular stoichiometry [61, 150]. The 

stoichiometric ratio copper/vanadium is the parameter which influences the structure and 

properties of copper vanadates. Initially, copper vanadates have attracted the interest of 

scientists due to their layered structure and their high capacity for lithiation, thus being 

promising cathode materials for LIBs. In addition, copper vanadates are semiconductors with 

interesting energy bandgap, thus being promising for photocatalytic applications [61]. 

The most investigated copper vanadate is Cu3V2O8. This ternary vanadium oxide exhibits 

different phases where the γ-Cu3V2O8 is the most stable phase with a monoclinic structure 

[61]. The structure is composed of [VO4] tetrahedra, square-planar [CuO4] and square-

pyramidal [CuO5] [151]. γ-Cu3V2O8 is a n‐type semiconductor with indirect and direct energy 

bandgap of 1.8 eV and 2.7 eV, respectively [120]. Concerning the electronic band structure, 

the VB is composed mainly of oxygen 2p-orbitals while the CB is composed of the 3d-orbitals 

of vanadium and copper. Therefore, the direct Eg has been identified as electronic transition 

between O 2p-orbitals and Cu 3d-orbitals while the indirect Eg is between O 2p and V 3d 

orbitals [152]. Concerning the potential applications of γ-Cu3V2O8 in photochemical 

processes, further development is required since it cannot be used as efficient photocatalyst 

due to weak production of photocurrent and low value of IPCE with 62 μA·cm-2 at 1.23 V vs. 

SHE and 3% at 360 nm, respectively [152]. In addition, γ-Cu3V2O8 exhibits a short diffusion 

length along with a small Eg, thus favouring e-/h+ pair recombination. 

Another copper vanadate which is of high interest is Cu2V2O7. It is a n-type semiconductor 

which has a monoclinic structure and an energy bandgap of 2.0 eV [153, 154]. Cu2V2O7 has 

been already investigated as cathode materials for LIBs but also as a photocatalyst. 

However, like Cu3V2O8, high recombination rate of the charge carriers leads to limited 
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efficiency in photochemical processes. Beside the low Eg, Cu2V2O7 exhibit a photocurrent of 

about 100 μA·cm-2 at 1.23 V vs. SHE while the IPCE is only 4% at 400 nm [154]. Therefore, to 

increase the performance of copper vanadates, composites with a Z-scheme structure or a 

type-II heterojunction can be designed (Figure 13). Such composites exhibit high rate of e-/h+ 

pairs separation since the photogenerated electrons and holes are spatially separated and 

accumulated in the components [153]. 

 

 

Figure 13. Electronic band structure: (left) type-II heterojunction and (right) direct Z-scheme [36]. 

 

5 Applications of vanadium-based oxides 

5.1 Degradation of aqueous pollutants 

5.1.1 V2O5 

As mentioned above, V2O5 materials have already been investigated for electrochemical 

applications like LIBs. On the other hand, it is also a promising material for photocatalytic 

applications, especially the degradation of organic pollutants in water, since V2O5 has a 

suitable electronic band structure. Indeed, the VBM has been calculated up to 3.0 V, thus the 

redox for the generation of hydroxyl radicals (E0(HO•/H2O) = 2.8 V) is situated within the Eg. 

However, for the generation of superoxide anion radicals (E0(O2/O2
•-) = -0.33 V), V2O5 is not 
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suitable since its CBM is less negative [155]. However, the surface defects i.e. the oxygen 

vacancies in the form of vanadium(IV) can lead to the production of O2
•-. 

The properties of V2O5 and particularly its surface properties depend strongly on the 

preparation method of the photocatalyst, thus affecting their efficiency in the degradation f 

aqueous pollutants. Vanadium pentoxide can be synthesized in different forms (powders and 

supported layers) and morphologies (from 0D to 3D) by using a wide range of techniques 

such as sol-gel processes, solvothermal methods, solid-state reactions, electrochemical 

reactions or physical deposition techniques. Let’s consider the wet chemical methods that 

involve the use of precursors. These techniques require an annealing step at about 500 °C 

during the preparation procedure to obtain crystalline V2O5 materials. For instance, thin V2O5 

films can be deposited using the sol-gel method where vanadium triisopropoxide oxide 

precursor is employed in alcohol solvent [156, 157]. Films can be also prepared using 

hydrothermal methods where ammonium metavanadate (NH4VO3) or bulk V2O5 are used as 

precursors in water [158]. On the other hand, V2O5 powders can be also prepared by similar 

hydrothermal and sol-gel methods as well as by co-precipitation [159, 160]. In the latter case, 

the procedure often involves the NH4VO3 and HNO3 as precursors [161]. Recently, various 

extra-drying processes (e.g. vaccum, freeze, oven) have shown beneficial effect during the 

preparation of V2O5 nanopowders since the aggregation of particles has been limited, thus 

increasing their specific surface area. Indeed, such extra-drying has led to nanoparticles with 

a size in the range from 30 to 40 nm and a specific surface area between 125 and 205 m2·g-1 

[162]. Therefore, for all these techniques and by adjusting the experimental conditions (pH, 

structure directing substances, reducing/oxidizing agents, number of layers, precursor 

concentrations, etc.), materials with different morphologies can be obtained including 

hierarchical structure, nanorods, nanowires, etc. [156, 158]. 

For the degradation of organic pollutants in water, both films and powders have exhibited 

excellent efficiency through photochemical processes, especially photocatalysis [156, 157, 

158, 159, 160, 161]. V2O5 nanowire films can degrade 98% of toluidine blue (an organic dye) 

after 50 min reaction under UV light [156]. Flower-like nanostructured films can remove up 

to 74% and 63% of methylene blue (an organic dye) under UV and visible light, respectively, 

after 200 min irradiation, and up to 50% mineralization extent (i.e. full degradation into CO2, 

H2O, and inorganic cations) can be observed [158]. Nanostructured powders can also 
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degrade efficiently organic dyes like rhodamine 6G, congo red and methyl orange with 

removal extents of 78%, 99% and 82%, respectively, after 180 min irradiation time under 

visible light [159, 160]. Under solar light, phenolic contaminants such as phenol, 

pyrocatechol, 2-chlorophenol, 2-nitrophenol and 2-aminophenol can be degraded in the 

presence of V2O5 with removal extents of 13%, 40%, 68%, 81% and 37%, respectively, along 

with the corresponding mineralization extents of 8%, 16%, 42%, 29% and 27% [161]. In 

addition, gaseous pollutants can be also efficiently degraded via V2O5 photocatalysis, such 

as 1,2-dichlobenzene which can be degraded under visible light after 7 h irradiation [157]. 

Furthermore, V2O5 nanopowders are also efficient antimicrobial agents that exhibit excellent 

removal extents of Escherichia coli and Staphylococcus aureus [159]. The reusability of V2O5 

photocatalysts after successive runs is an important parameter to assess the reproducibility 

of the photocatalytic properties. In the case of V2O5, there is almost no change in the 

degradation extents of pollutants after repeated runs [159]. The excellent photocatalytic 

properties of V2O5 are mainly ascribed to large specific surface area and efficient incident 

light utilization [157, 158, 159, 160, 161]. In addition, the exposition of V2O5 to light irradiation 

induces the formation of surface defects (including the formation of vanadium(IV)), thus 

improving the lifetime of charge carriers by electron trapping phenomenon [161].  

To assess the degradation mechanism of organic pollutants in the presence of V2O5 and light, 

the dark and blank experiments should be first performed i.e. direct photolysis (light without 

V2O5) and adsorption (V2O5 without light) of the aqueous pollutant. These 2 reference 

experiments lead to no significant degradation of any CEC, and it means that the potential 

degradation would be the result of photocatalysis [156]. Heterogeneous photocatalysis is a 

surface-dependent process which follows the Langmuir-Hinshelwood model. In other words, 

the degradation mechanism requires the adsorption of the target molecules (e.g. organic 

pollutants) at the surface of V2O5 where the photochemical reactions occur. Once adsorbed, 

the degradation of the organic pollutant is going through the attack by superoxide anion and 

hydroxyl radicals which are the primary ROS [157, 158, 159, 160, 161]. HO• are formed by 

reaction between photogenerated holes and adsorbed water molecule (eqs. 4 and 5), but the 

involvement of O2
•- is questionable since contradictory results are published in the literature. 

Indeed, the conduction band minimum is not thermodynamically suitable for the formation 

of O2
•- while some scientists have claimed that superoxide anion radicals is transformed by a 



44 

  

cascade of reactions into hydroxyl radicals (eqs. 7-12) [157, 160, 161]. Therefore, to confirm 

the presence of these primary ROS, their identification by electron paramagnetic resonance 

(EPR) is required. Using EPR and DMPO (5,5-dimethyl-1-pyrroline N-oxide) as a probe 

molecule, signals of the DMPO-HO• and DMPO-O2
•- spin adducts with characteristics 

hyperfine structure have been identified, but the contribution of O2
•- has been assessed as 

negligible [160].   

Concerning the degradation pathways of organic pollutants, it depends on the type of the 

molecule. For aromatic compounds, the attack by HO• leads to the ring opening and as the 

oxidation process goes, smaller molecule such as acetate and maleate are formed [157]. For 

organic dyes, it is often observed that the ROS trigger de-ethylation mechanism, thus 

forming smaller intermediates like benzoic acids which are further oxidized [159]. During the 

degradation of organic pollutants, the pH is a crucial parameter to consider. Indeed, the pH 

can affect the ionic form of the pollutant (which is related to its pKa) but also the charge 

surface properties of the photocatalyst (with its isolelectric point), thus influencing the 

interactions pollutant/photocatalyst. In addition, the pH can also affect the generation of 

ROS since, for instance, the protonated form of the superoxide anion radical is predominant 

at low pH (eq. 7 and 8), thus allowing the formation of hydrogen peroxide (eq. 9) which is an 

important precursors of hydroxyl radicals (eqs. 10-12) [161]. 

To resume, V2O5 is a promising solar light driven photocatalyst for efficient water treatments 

from organic contaminants. However, further studies are required since, so far, most of them 

are focused on the removal of organic dyes. As model pollutants, organic dyes are not 

reliable to determine the intrinsic photocatalytic properties of a material because of the self-

sensitization process i.e. the excited dyes can transfer electrons to the photocatalyst which 

subsequently can form ROS. Therefore, degradation of POPs and CECs using V2O5 is 

necessary to better assess the efficiency of this photocatalyst. 

 

5.1.2 VO2 

As mentioned above, VO2(M/R) has been thoroughly investigated for applications as smart 

windows due to its thermochromic properties. On the other hand, VO2(B) has promising 

photocatalytic properties since it is a semiconductor material with an energy bandgap of 
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about 2.8-3.5 eV (according to the preparation procedure) [163, 164]. VO2(B) has similar 

layered structure to V2O5, so their preparation procedure also shows some similarities. 

Indeed, using the sol-gel method, the same precursors can be used i.e. V2O5 powder which is 

dissolved in H2O2. The resulting aqueous sol-gel can be dried to form a powder or deposited 

in the form of film on silica or alumina substrate. It is worth noting that soda-lime glass 

substrate is not appropriate due to contamination from substrate by ion diffusion. Then, 

contrary to V2O5, the heat treatment should involve reducing conditions e.g. H2/Ar 

atmosphere or high vacuum [165]. The reducing conditions imply the reduction of V2O5 into 

VO2(B) via the mixed valence V4O9. Another preparation procedure is the solvothermal 

method where V2O5 powder is used as precursors, but in the case of VO2(B), reducing agents 

are added to the system, like oxalic or citric acid [164, 166, 167, 168, 169]. 

The literature on VO2(B) photocatalyst is relatively scarce, but it has been proven that its 

efficiency in the degradation of organic pollutants is better than that of V2O5 photocatalyst, 

especially for the removal of rhodamine B (an organic dye) under UVA light [163]. The 

superior photocatalytic properties of VO2(B) over V2O5 has been ascribed to the surface 

defects (from preparation procedure which involves a reducing step) that lead to more 

oxygen vacancies, thus being beneficial for the e-/h+ pairs separation. Concerning the 

degradation mechanism of organic pollutants, the use of VO2(B) photocatalysts involves the 

generation of primary ROS (i.e. HO• and O2
•-) which have been identified as the main active 

species for the degradation and the mineralization of the pollutants [164]. On the other hand, 

there are more works on composite systems that are published especially based on VO2(B) 

and VO2(M) and the degradation mechanism proceeds similarly.  

For example, VO2(B)/CeO2 photocatalysts in the form of nanoparticles exhibit high efficiency 

for the degradation of rhodamine B with a removal extent of 66% after 180 min UVA 

irradiation while it is only 29% for VO2(B) [164]. The better efficiency of the composite is 

explained by a decrease of the Eg from 3.5 eV to 3.25 eV, thus allowing the utilization of larger 

portion of UVA light. In addition, CeO2 can play the role of an electron trap that improves the 

e-/h+ pairs separation [164]. It is also plausible that CeO2 can trigger Fenton-type reactions 

that enhance the production of ROS. 

Another efficient composite is VO2(M)/ZnO. In the form of hierarchical structure, it exhibits 

high specific surface area (70 m²·g-1) and an energy bandgap of about 2.7 eV. Compared to 
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VO2(M), the SSA is increased by a factor 2 but the Eg is widened from 2.3 eV to 2.7 eV due to 

the presence of ZnO [167]. VO2(M)/ZnO forms a type-II heterojunction where the 

photogenerated holes are accumulated in VO2 and the photogenerated electrons are 

transferred to ZnO, thus limiting the e-/h+ pairs recombination. Such a configuration limits 

also the photo-corrosion of ZnO (eq. 25). Therefore, the composite exhibits a good photo-

stability in solution, and it can be reused. The VO2(M)/ZnO photocatalyst can degrade up to 

80% rhodamine B under solar-like irradiation after 20 min, that is significantly better than 

the single components [167].  

 

ZnO + 2h+ → Zn2+ + 1/2O2   (25) 

 

The VO2(M)/TiO2 composite is also interesting since it can combine different properties. 

Indeed, in the form of film deposited on glass, it can be used as photocatalyst, self-cleaning 

coating and thermochromic materials, thus being promising for smart window applications 

[166, 167, 169]. Such a composite can degrade completely methylene blue within 10 min 

under UV light and about 70% of rhodamine B after 2.5 h under simulated solar light. 

However, the excellent photocatalytic properties are ascribed to TiO2, thus assuming a 

negligible contribution of VO2(M) [166, 169]. 

To resume, vanadium dioxide and especially VO2(B) is a photocatalyst for the degradation of 

organic pollutants in water. However, like V2O5, further studies are required by using a wider 

range of contaminants to better understand the degradation mechanism, the degradation 

pathway and thus, to assess the photocatalytic properties of this photocatalyst. 

 

5.1.3 Mixed valence oxides 

Among the mixed valence vanadium oxides that are used for photocatalytic applications, 

V4O9 and V6O13 are the most investigated ones. Their use as photocatalysts is promising since 

V2O5 containing high number of electronic defects i.e. the presence of large amount of 

vanadium (IV) at the surface of V2O5 has exhibited excellent photocatalytic properties [170]. 

Therefore, by extension, binary vanadium oxides with mixed vanadium (V) and (IV) can have 
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a key role in the efficient separation of e-/h+ pairs, thus leading potentially to high efficiency 

for the photocatalytic degradation of organic pollutants in water [170, 171]. However, the 

literature of V4O9 and V6O13 photocatalysts is limited although they appear better than V2O5 

and VO2 [172]. It worth noting that the synthesis of such mixed valence vanadium oxides 

required, like VO2, reducing conditions since V2O5 or NH4VO3 are used as precursors. 

For photocatalytic applications, V6O13 is probably the most documented mixed valence 

vanadium oxides, especially in the form of composites [170, 171, 172]. Indeed, under visible 

light, V6O13/Al2O3 can degrade a wide range of pollutants including primary and secondary 

alcohols. For example, 3-hexanol is completely degraded after 24 h irradiation time while 

using VO2 and V2O5, the degradation is negligible [172]. It is worth noting that the 

degradation of these alcohol is selective with about 70% of the alcohols is oxidized into 

aldehydes and ketones. V6O13/Al2O3 photocatalyst can also efficiently degrade saturated 

hydrocarbons, especially aromatics such as xylene and toluene [172]. VO2/V6O13 is also an 

efficient photocatalyst for the degradation of atrazine and methylene blue where, under 

visible light, atrazine is completely mineralized after 2 h and methylene blue can be degraded 

up to 75% after 1 h [171]. These excellent degradation extents under visible light are due to 

the high specific surface area (about 25 m2·g-1), the small energy bandgap (2.4 eV), but also 

to the efficient heterojunction between the components of the photocatalyst. In addition, 

V6O13/Al2O3 exhibits excellent reproducibility, thus enabling its reuse.   

Another popular mixed valence vanadium oxide photocatalyst is V4O9 which has an energy 

bandgap of about 2.1 eV [173]. Although it is slightly less efficient than V6O13, it remains 

efficient for the degradation of organic pollutants in water. Indeed, V4O9 photocatalyst can 

degrade 45% of rhodamine B after 3 h under visible light. However, the photocatalytic 

properties of V4O9 are not often described in the literature due to several reasons: (i) like 

V2O5, it has a layered structure and an orthorhombic crystal structure, thus being hardly 

distinguishable compared to V2O5 which is much easier to prepare; and (ii) its photocatalytic 

properties are similar to those of V2O5 [173]. Consequently, it is plausible that V4O9 has been 

confused with V2O5.  

Concerning the degradation mechanism of organic pollutants using these mixed valence 

vanadium oxides, the presence of oxygen vacancies (that are the result of the presence of 

both vanadium (IV) and (V) at the surface) increases the adsorption abilities of the 
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photocatalyst toward the pollutant [170]. The presence of mixed valence vanadium leads, as 

mentioned above, to better charge carrier separation, thus leading to enhanced production 

of ROS including hydroxyl radicals and superoxide anion radicals that are responsible of the 

mineralization of the organic pollutants into CO2, H2O and inorganic ions [171]. However, for 

V4O9, O2
•- has been identified as the predominant reactive species for the degradation of 

organic pollutants [173]. In addition to the photocatalytic mechanism, removal by 

chemisorption has been also monitored. Indeed, such mechanism is based on the formation 

of V-O-C bond between the photocatalyst surface and the organic pollutant. Subsequently, 

the excitation of such a bond causes the elimination of proton in the alpha position, thus 

leading to the formation of by-products [172].   

Here, again, further studies are required to understand but also to develop the photocatalytic 

applications using mixed valence vanadium oxides for the degradation of organic pollutants 

in water. 

 

5.1.4 Bismuth vanadates 

Among the ternary vanadium oxides, BiVO4 is probably the most investigated one. It is 

mainly due to the presence of bismuth. As mentioned above, Bi broadens the utilization of 

light of the vanadium oxide in the visible region, thus BiVO4 is a promising solar light-driven 

photocatalyst. In addition, BiVO4 is environmentally friendly due to its non-toxicity and high 

stable, thus being a relevant photocatalyst for environmental purposes [135, 174]. The use of 

BiVO4 photocatalysis is widely described in the literature. The efficiency in the degradation 

of organic pollutants using BiVO4 differs from one work to another due to the various existing 

preparation procedures, thus leading to different morphological, surface and electronic 

properties [174, 175]. Also, different model pollutants and types of light are also used [9]. 

BiVO4 can be prepared either in the form of powder or film. The latter i.e. supported material 

is beneficial for potential applications due to the ease of post-separation process. 

Most of the literature on BiVO4 as photocatalyst is devoted to the degradation of organic 

dyes. Although they are not considered as suitable model pollutants (due to 

photosensitization), the organic dyes remain environmentally relevant contaminants and 

they also provide an overview on the feasibility of the tested photocatalyst for the 
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degradation of organic pollutants. BiVO4 with 1D and 2D morphology can degrade up to 93% 

of methylene blue and 86% of methyl orange after 60 and 150 min irradiation under visible 

light, respectively. The high specific surface area is one of the main reasons that explain these 

excellent degradation extents. Compared to bulk BiVO4 (SSA = 0.5 m2·g-1), 1D and 2D BiVO4 

have SSA ranging from 5 to 45 m2·g-1 [174]. High SSA is associated with high number of active 

sites at the surface of the photocatalyst along with better adsorption properties. In addition, 

the bulk e-/h+ pairs recombination is limited in nanostructured materials due to shorter 

pathways for the charge carriers to reach the surface, thus enhancing their transfer at 

reactions interface. Other BiVO4 morphologies can be designed like hierarchical structures. 

Such morphologies including dendritic, hollow sphere and olive-like BiVO4 are efficient in the 

degradation of aqueous organic dyes (e.g. rhodamine B and methylene blue). Indeed, 80% 

degradation extents can be achieved after short irradiation times under visible light thank to 

high specific surface area (> 2 m2·g-1) [174]. However, most of the literature is devoted to the 

degradation of the initial organic dye molecule, and further studies on the mineralization 

extents and the degradation pathways are required to better assess the efficiency of BiVO4. 

To this end, total organic carbon and mass spectrometry analyses appear to be appropriate 

techniques. For instance, although BiVO4 can degrade completely methylene blue under 

visible light, only 65% is mineralized while the intermediation degradation by-products are 

composed of hydroxylated aromatics [9]. Similarly for rhodamine B, BiVO4 can lead to only 

40% mineralization extent after 100 h irradiation time under visible light [176]. In the latter 

case, removal of the chromophore and de-ethylation process have been identified as the 

main degradation pathways with the formation of ethylbenzene, xylene, etc., that are toxic 

intermediates. To get deeper insights into the efficiency along with the intrinsic 

photocatalytic properties of BiVO4 photocatalysis, uncoloured persistent and/or emerging 

pollutant can be used as model pollutants since the contribution of self-sensitization is 

suppressed [9]. For instance, the degradation of pharmaceutical substances and endocrine 

disruptor compounds (EDCs) is often performed using photocatalysts. Indeed, BiVO4 can 

degrade about 90% of ibuprofen and 65% of ciprofloxacin under UVA light [177, 178]. BiVO4 

photocatalyst also exhibits high efficiency in the degradation of EDCs including phenolic 

compounds (nonyl- and octyl-phenols) [179]. Beside aqueous pollutants, volatile organic 

contaminants (isopropyl alcohol, acetone, etc.) and gaseous pollutants (NOx, etc.) can also 

be degraded via BiVO4 photocatalysis [180, 181]. For example, N2O which is a well-known 
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greenhouse gas from car pollution can be converted up to 25% by BiVO4 after 12 h under 

visible light.  

Concerning the degradation mechanism of organic pollutants using BiVO4 photocatalyst, 

there are some contradictions in the literature. Although the preparation procedure of the 

photocatalyst can influence the position of the valence and conduction bands in the 

electronic band diagram, there is a misinterpretation of the results either from inadequately 

chosen analytical methods or by not considering the side processes (like self-sensitization). 

Therefore, from one work to another, the main reactive species that have been identified are 

either HO•, O2
•- or even the photogenerated holes. It is worth noting that different methods 

exist to identify the ROS. Among them, the scavenging method, which consists of using a 

compound with significantly higher kinetic constant toward the target reactive species than 

the organic pollutant, is strongly sensitive to concentration of the scavengers, thus requiring 

calculations to avoid the quenching of the other reactive species. In other words, this method 

is not highly reliable, but it can help to draw the bases of a degradation mechanism. Other 

methods like EPR and fluorescence UV-visible spectroscopy are more accurate since it 

involves the use of a probe molecule which selectively react with the target reactive species, 

thus giving deeper insight into the degradation mechanism than the scavenging method. 

Using EPR, it has been proven that BiVO4 photocatalyst cannot generate neither hydroxyl 

radicals nor superoxide anion radicals [182]. That is in accordance with the theoretical 

electronic band structure of monoclinic scheelite BiVO4. Indeed, the conduction band 

minimum and valence band maximum are situated at 0 V and 2.4 V vs. SHE, respectively 

(Figure 14), thus the redox potentials for the formation of primary ROS i.e. E0(O2/O2
•-) and 

E0(OH•/H2O) are not within the energy bandgap of BiVO4 [9, 175, 182, 183]. Although the 

generation of primary ROS is not thermodynamically favoured, HO• has been often 

identified in the degradation mechanism of some pollutants using BiVO4 photocatalyst. 

Therefore, the question is: how is that possible? To answer this question, let’s consider 2 

possible side mechanisms. 
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Figure 14. Energy diagram of the band structure of BiVO4 photocatalyst [36]. 

 

The first one is related to the effect of pH. Indeed, the electronic band structure of BiVO4 

depends somehow on the preparation procedure of the photocatalyst, but the pH can also 

affect the positions of VBM and CBM. Indeed, in Figure 14, the electronic band structure is 

calculated for pH = 0 (vs. SHE), but for the degradation of organic pollutants, the pH is usually 

about circumneutral, thus leading to a shift of the band structure towards negative energies. 

Consequently, the generation of O2
•- becomes thermodynamically feasible since E0(O2/O2

•-) 

is then situated within Eg of BiVO4. In addition, the superoxide anion radical can be converted 

into HO• via H2O2 by a cascade of photocatalytic, acido-basic and redox reactions (eqs. 7-12) 

[176, 177, 184]. 

A second side mechanism is the self-sensitization of the photocatalyst by organic dyes. 

Under light, the organic dye is absorbing a photon that leads to an excited state (eq. 26). The 

excited electron can be transferred to the CB of BiVO4 (eq. 27), thus enabling reaction with 

oxygen to form O2
•- [176]. Therefore, this self-sensitization process can generate ROS 

independently to the photocatalytic activation of BiVO4. In the presence of an organic dye, 

the intrinsic photocatalytic properties of BiVO4 cannot be determined.    

 

Dye + hν → Dye*    (26) 

BiVO4 + Dye* → Dye•+ + BiVO4(e-)  (27) 
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Other bismuth vanadates like Bi4V2O11 and Bi8V2O17 photocatalysts can be used for the 

degradation of organic pollutants in water [185, 186]. The preparation procedure for these 

visible light-driven photocatalysts is similar to that of BiVO4 but using different 

stoichiometric ratio between the precursors. However, such mixed valence bismuth 

vanadate cannot be prepared as pure since BiVO4 is often present as an impurity. For the 

degradation of organic pollutants, BiVO4/Bi4V2O11 can degrade 95% of sulfamethazine under 

visible light along with a mineralization extent of 50% [185]. In addition, the superoxide anion 

radicals have been identified as the main reactive species. 

To resume, bismuth vanadates and especially BiVO4 appears highly promising 

photocatalysts for the degradation of organic pollutants in water, but further studies are 

required to clear out the uncertainties about their photocatalytic efficiency. 

 

5.1.5 Iron vanadates 

Iron vanadates are interesting materials for the degradation of organic pollutants due to 

several reasons: (i) they are semiconductor photocatalysts but also (ii) materials active in 

Fenton-based processes due to the presence of chemical elements that are active in Fenton, 

Fenton-like and photo-Fenton processes. Among the iron vanadates, FeVO4 is the most 

investigated one. It has Eg of about 2.1 eV with CBM and VBM at -0.6 eV and 1.5 eV, 

respectively, thus being a photocatalyst potentially active under visible light [143]. FeVO4 can 

be prepared using wet chemical methods where, for instance, precursors based on iron (III) 

and metavanadate salts are involved along with structure directing agents to design 

particular morphologies [117, 143]. Therefore, according to the experimental conditions of 

the preparation procedure, various morphologies can be prepared, thus leading to FeVO4 

with small variation in the electronic band structures. Indeed, nanostructured FeVO4 exhibits 

higher Eg than the bulk oxides, while the specific surface area can vary from 15 to 30 m2·g-1 

[117, 143, 187, 188, 189]. 

Concerning the degradation of organic pollutants, FeVO4 photocatalyst can degrade 90% of 

rhodamine B and 50% of phenol red after 300 min and 120 min irradiation time under UVA 
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light, respectively [143, 187, 189]. Under visible light, the degradation efficiency decreases. 

Indeed, for the degradation of rhodamine B, the removal and mineralization extents reach 

70% and 10M after 5 h irradiation [137, 143, 188, 189]. However, since iron is present in the 

material, Fenton-based processes can be triggered in the presence of hydrogen peroxide, 

and the degradation of rhodamine B can be completed under visible light [189]. Compared 

to classical heterogeneous Fenton-based systems i.e. hematite (α-Fe2O3), magnetite (Fe3O4) 

and goethite (γ-FeOOH), FeVO4 exhibits enhanced efficiency for the degradation of organic 

pollutants due to more efficient activation of H2O2 into HO•. For example, 90% degradation 

extent of methyl orange is obtained after 1 h irradiation time using FeVO4 [139]. In addition, 

FeVO4 can also activate peroxymonosulfate (HSO5
-) into sulphate radicals (SO4

•-), thus 

leading to the degradation of 96% of sulfamethoxazole after 1 h under visible light [190]. 

Concerning the degradation mechanism, both photocatalytic and Fenton-based processes 

are involved. For photocatalysis, the electronic band structure of FeVO4 allows the formation 

of superoxide anion radicals since E0(O2
•-/O2) is situated within the energy bandgap. Hydroxyl 

radicals cannot be produced because E0(H2O/HO•) is more positive than the valence band 

maximum [117]. However, HO• can be generated by self-sensitization of FeVO4 in the case 

an organic dye is aimed to be degraded (eqs. 26 and 27) or by conversion of O2
•- according to 

eqs. 7-12. For Fenton-based processes, the activation of H2O2 by FeVO4 follows a 2-way 

reaction scheme [139, 191]. H2O2 is first activated into hydroperoxyl radical (HO2
•) by Fenton-

like reaction (eqs. 14 and 29) since iron(III) and vanadium(V) are present at the surface of 

FeVO4. Subsequently, iron(II) and vanadium(IV) is formed and they can activate H2O2 into 

HO• through classical Fenton reactions (eqs. 13 and 28). In addition, photo-Fenton reaction 

using iron(III) is also plausible (eq. 15). However, these Fenton-based processes are still the 

matter of intense discussion since the kinetic constants of Fenton-like reactions are much 

lower than those for classical Fenton ones, thus cycles between Fe(III)-Fe(II) and V(V)-V(IV) 

are slow. In addition, heterogeneous Fenton-based processes have not been yet resolved 

since it is still not clear whether reactions occur at the surface of the material or in a space 

close to it (i.e. due to potential Fe and/or V leaching) [139, 190]. Nevertheless, HO• has been 

identified as the main reactive species during the degradation of organic pollutants using 

FeVO4 and H2O2 under light [139, 190]. By using HSO5
- instead of H2O2, sulphate radicals, 

that have similar oxidation power as HO•, can be produced from iron(II) and vanadium(IV) 
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(eq. 30). In addition, SO4
•- can be converted into hydroxyl radicals in the presence of 

hydroxide anions (eq. 31). 

 

V4+ + H2O2  →  V5+ + OH- + HO•    (28) 

V5+ + H2O2  →  V4+ + H+ + HOO•    (29) 

Fe2+/V4+ + HSO5
- → SO4

•- + OH- + Fe3+/V5+   (30) 

SO4
•-+ OH- → SO4

2- + HO•     (31) 

 

To improve the efficiency of FeVO4 in photochemical processes for the degradation of 

organic pollutants, composite can be designed. ZnO/FeVO4 material in the presence of H2O2 

can trigger simultaneously photocatalytic and Fenton-based processes under UVA light, thus 

leading to 93% degradation extent of sodium dodecyl sulphate after only 1 h irradiation time 

[192]. Similarly, FeVO4/CeO2 can remove 94% of 4-nitrophenol after 1 h under visible light 

[191]. Other composites like FeVO4/V2O5, FeVO4/BiVO4 and FeVO4/Fe2O3 have exhibited 

efficient degradation extents for the degradation of organic dyes including rhodamine B, 

phenol red, methyl violet and methylene blue [118, 193, 194].  

Concerning the degradation mechanism of organic pollutants using FeVO4 composites, most 

of the literature discussed only the photocatalytic process, especially the type of 

heterojunctions that limit the e-/h+ pairs separation. Indeed, direct Z-scheme or type-II 

heterojunction (Figure 13) helps to increase the lifetime of charge carriers (by separated 

accumulatio of e- end h+) but also the better utilization of light (by a decrease of Eg). 

Therefore, the choice of the components is crucial in FeVO4 composites. For example, a type-

II heterojunction is FeVO4/CeO2 where the CBM of FeVO4 and CeO2 are at -0.45 eV and -0.32 

eV, respectively, and their VBM are at 1.55 eV and 2.45 eV, respectively [191]. Under suitable 

light, the photogenerated e- are accumulated in the CB of CeO2 while h+ are transferred in 

the VB of FeVO4, but only superoxide anion radicals can be generated. In the case FeVO4 is 

decorated by CeO2, the latter rather acts as an electron scavenger. In addition, FeVO4/CeO2 

can trigger Fenton-based processes since cerium is an element that can activate H2O2 into 

HO• (eqs. 18 and 19) [139, 191]. Beside the type-II heterojunction, an example of direct Z-
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scheme is FeVO4/Fe2O3. The principle of these 2 different configurations is the same: to avoid 

e-/h+ pairs recombination. In direct Z-scheme, the energetic position of the CBM of the first 

component is close to that of the VBM of the second component (Figure 13). Therefore, for 

FeVO4/Fe2O3 under suitable light, the photogenerated e- and h+ that are present in the CB of 

FeVO4 and VB of Fe2O3 can react rapidly to generate primary ROS since the e- and h+ in the 

remaining bands combine due to very close energies (Figure 15). Consequently, regarding 

the electronic band structure of FeVO4/Fe2O3, a direct Z-scheme would allow the generation 

of primary ROS while a type-II heterojunction cannot lead to their formation (Figure 15). In 

the literature, hydroxyl radicals have been identified in the degradation of organic pollutant 

using FeVO4/Fe2O3, thus confirming that such a composite has a direct Z-scheme structure 

[194]. Usually, whatever the configuration of the FeVO4 composite, most of them exhibit 

improved efficiencies for the degradation of organic pollutants from 10% to 80% (according 

to the experimental conditions) compared to the single components [118, 193, 194].  

 

 

Figure 15. The electronic band structures of FeVO4/Fe2O3 composite either in a type-II heterojunction or a 
direct Z-scheme configuration, along with the generation of primary ROS [36]. 

 

On the other hand, other iron vanadates are also promising photocatalysts for the 

degradation of organic pollutants. It is the case Fe2V4O13 which is a visible light-driven 

photocatalyst with an energy bandgap in the range 2.2-2.8 eV [195, 196]. Fe2V4O13 has CBM 

and VBM at -2.05 eV and 0.15 eV, respectively [196]. Therefore, the degradation of organic 

pollutants only proceeds by attack of superoxide anion radicals, thus being relatively 
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inefficient for complete mineralization. However, since Fe2V4O13 exhibits strong reductive 

properties (CBM < 2 eV), it can be used to remove the highly carcinogenic Cr(VI). Indeed, the 

photocatalytic reduction of Cr(VI) to Cr(III) using Fe2V4O13 can achieve a conversion extent of 

98% [195]. To degrade efficiently organic pollutants, Fe2V4O13 is used in the form of 

composites. For instance, Fe2V4O13/ZnO is a type-II heterojunction where the electronic band 

structure can allow only the production of O2
•- under suitable light. Although the generation 

of HO• is still not thermodynamically feasible, Fe2V4O13/ZnO can degrade 90% of methyl 

orange under solar light, that is much more than pristine Fe2V4O13 [196]. However, 

mineralization extent remains low, thus highlighting the need of further research to design 

more efficient Fe2V4O13 composite, probably using a component that could form a direct Z-

scheme for the production of HO•. Although Fe2V4O13 is not an ideal candidate for 

photocatalysis, it can be used in multi-Fenton processes like FeVO4. In the presence of H2O2, 

a two-way reaction scheme occurs where ROS are produced (eqs. 13, 14, 28 and 29). Fe2V4O13 

is an efficient multi-Fenton catalyst since it can degrade more than 90% of methyl orange 

associated with a mineralization extent of 40% [197]. In addition, Fe2V4O13 has exhibited 

better efficiency for the degradation of organic pollutants using Fenton-based processes 

than other systems (FeVO4/V2O5, Fe2O3/V2O5, etc.) at similar experimental conditions. 

Another interesting iron vanadate is FeV3O8 which exhibits an energy bandgap at 2.23 eV, 

thus being promising for visible light-driven photocatalysis. Such a photocatalyst can 

remove up to 92% of methyl orange after only 30 min under visible light [147]. The main 

reactive species that have been identified superoxide anion radicals and hydroxyl radicals. 

However, like all the vanadium-based oxides, further studies are required to clearly elucidate 

the photocatalytic degradation mechanism of organic pollutants. 

 

5.1.6 Other vanadium-based oxides 

Many other ternary vanadium oxides in either pure or composite materials have been used 

in photochemical processes for the degradation of organic pollutants. Some of them along 

with their optical properties and their degradation efficiencies are summarized in Table 1. 

Although these vanadium-based oxides are promising photocatalysts, their use for the 

degradation of organic pollutants is far less documented than binary vanadium oxides, and 
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bismuth and iron vanadates. Therefore, further research is necessary to develop their 

potential use in photochemical processes including photocatalytic and Fenton-based 

processes. 

 

Table 1. Overview of different metal vanadates used in photochemical processes for the degradation of 
organic pollutants 

System Eg (eV) Pollutant 
Incident 

irradiation 
Degradation extent Ref. 

Cu3V2O8 2.05-2.10 Methyl orange UVA light 78% after 120 min [120] 

VO2/Ag3VO4 - Rhodamine B Solar light 73% after 90 min [168] 

Mn(VO3)2 3.05 Methyl orange UVA light 84% after 80 min [198] 

Mn2V2O7 2.79 Methylene blue Solar light 90% after 4 h [199] 

AgVO3/BiVO4 2.32-2.43 Rhodamine B Visible light 93% after 120 min [200] 

CeO2/CeVO4/V2O5 2.26-2.93 Methylene blue Visible light 
93% after 4 h (189 µmol 

of produced H2) 
[201] 

Ag4V2O7/BiVO4 2.36-2.41 
Methylene blue 

and NO 
Visible light 

98% for MB and 53% for 
NO after 30 min 

[202] 

Cu3V2O7(OH)2·2H2O 2.1 Methylene blue Visible light ~90% after 150 min [203] 

Cu3V2O8 - Methyl orange UVA light 72% after 100 min [204] 

Cu2V2O7 (+H2O2) 2.17 Evans blue UVA light 77% after 120 min [205] 

 

5.2 Production of hydrogen 

TiO2 has been the first photocatalyst to be investigated for the production of hydrogen by 

water splitting using a photoelectrochemical cell [73]. This discovery opens the door for the 

development of other photocatalysts which can split water molecules under visible light 

since TiO2 is a UV light-driven photocatalyst. Although Fe2O3, WO3 and CdS are visible light-

driven photocatalysts, these candidates are not viable for hydrogen production by water 

splitting due to either inappropriate electronic band structure, low photostability, high 

recombination rate or high toxicity [69, 70]. Therefore, the choice of vanadium-based oxides 

appears obvious because many of them have a value of Eg in the visible region that also 

enclose the redox potential for water splitting i.e. water reduction (H2 production) and water 

oxidation (O2 production) [206, 207]. 
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Due to these promising properties, some binary vanadium oxides including V2O5, VO2(M), 

VO2(B) and V6O13 have been investigated for hydrogen production by water splitting without 

using a PEC cell i.e. without any voltage. Under visible light, these binary vanadium oxides 

can produce up to 35 µmol of H2 after 12 h irradiation time [206]. To increase the production 

rate of hydrogen, sacrificial agent can be used to avoid the production of oxygen but also to 

increase the e-/h+ pairs separation. For instance, an alcohol can be used to scavenge the 

photogenerated holes, thus avoiding the production of oxygen (kh+/alcohol >> kh+/water) and 

supporting the electron transfer to the CB of the photocatalyst. Under visible light, 

supported VO2 nanorods can produce 800 mmol·m-2·h-1 of H2 in the presence of ethanol and 

V2O5 is able to generate about 9 mm3·h-1 of H2 in the presence of methanol [208, 209]. Beside 

the use of alcohol as sacrificial agent to improve the hydrogen production by water splitting 

(Figure 16A), photo-sensitization process using, for instance, Eosin Y dye can be also used to 

increase the population of electrons in the CB of the photocatalyst (Figure 16B). By this 

mean, the production of H2 by H2O splitting using V2O5 can reach almost 20 mm3·h-1 [209].  

 

 

Figure 16. Improvement of hydrogen production using semiconductor photocatalyst by (A) sacrificial agent 
method (here, methanol) and (B) by photo-sensitization (here, Eosin Y dye) [36]. 

 

However, using pure vanadium-based oxide photocatalyst, the production rate of hydrogen 

remains low due to important e-/h+ pairs recombination and limited incident photon-to-

electron efficiency [210, 211]. In addition, some vanadium-based oxides like BiVO4 have a 

CBM near 0 V vs. SHE, thus the production of hydrogen by water splitting cannot occur due 

to overpotential losses. Furthermore, there are kinetic issues related to the number of 

available electrons from which 2 of them are required to form 1 hydrogen molecule. To 
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overcome these drawbacks, different strategies exist. One of them is the modification of the 

photocatalyst. Indeed, the use of co-catalyst at the surface of the photocatalyst can decrease 

the activation energy of water splitting to enhance the hydrogen production and also play 

the role of electron scavenger to increase the e-/h+ pairs separation. Another strategy is the 

design of composite photocatalyst with a type-II heterojunction or a direct Z-scheme 

configuration. In this case, under visible light, FeVO4/CdS can produce 400 µM of H2 by H2O 

splitting after 5 hours under visible light and BiVO4/CdS exhibits a hydrogen production rate 

of 0.57 mmol·h-1 [211, 212]. But the most efficient strategies is, by far, the use of an electrical 

bias in a PEC system where the photocatalyst is deposited as a photoelectrode. The principle 

of a PEC system is to enforce the motion of photogenerated electrons oppositely to that of 

the photogenerated holes, so the no recombination between e- and h+ occurs. In addition, 

the PEC cell can be composed of 2 compartments separated by ion-transfer membrane, so 

H2 and O2 evolve separately without any risk of water recombination nor even explosion. One 

of the most investigated vanadium-based oxides in PEC system is BiVO4 photocatalyst which 

is used as a photoanode [207, 213, 214]. BiVO4 exhibits excellent photocurrent under 

simulated solar light with values ranging from 6.2 to 7.5 mA·cm-2 (according to the applied 

voltage and the electrolyte), and it possesses also a highly positive VBM (2.4 V vs. SHE), thus 

the photogenerated holes are efficiently used in water oxidation [129]. In other words, the 

photogenerated electrons can be efficiently used in water reduction. Indeed, BiVO4 

photoanode can produce up to 2.5 µmol·min-1 of H2 under simulated solar light at 1.4 V vs. 

Ag/AgCl [215]. Although such a production rate is relatively high, it could be enhanced by 

using composite photocatalysts since BiVO4 is known for its poor electron mobility and short 

hole diffusion length [213]. For example, BiVO4/FeVO4 photoanode exhibits higher 

photocurrent density than the single components [216]. It is attributed to the accumulation 

of photogenerated electron in the CB of BiVO4 which is at the contact of the electrode while 

the photogenerated holes are accumulated in the VB of FeVO4 which is in contact with the 

reaction medium (Figure 17).  Such a type-II heterojunction allows efficient transport of the 

electron to the cathode where the reduction reactions for the production of hydrogen occur. 

Beside the effect of the electronic band structure on the production rate of hydrogen by 

water splitting, other factors including the specific surface area, exposed crystal facets, and 

morphology have to be considered to optimize the H2 generation [217, 218]. 
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Figure 17. Electronic band structure of BiVO4/FeVO4 photoanode where BiVO4 is in contact with the 
electrode. This type-II heterojunction exhibits efficient e-/h+ pairs separation [36]. 
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