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of precursor fabrication, TiOF2 and ammonium metavanadate (NH4VO3), were also proposed. 
Finally, the effect of copper CuOx sub-nanoclusters deposition on photocatalytic activity and 
PMS activation was investigated. 
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Girls in Science, 11.02.2025, Instagram 

4. Organizing Committee Member of Thematic School for PhDs & Young Researchers, 

organized together with 8th International Conference on Semiconductor 

Photochemistry (SP8), 11–15.09.2023, Strasbourg, France 

5. Co-organizer of laboratory workshops Podróż do świata nanomateriałów (EN: 

A journey to the world of nanomaterials) during Baltic Science Festival, 25-

27.05.2023, Gdańsk, Poland 

These workshops received a distinction from The Association of Chemical Industry 

Engineers and Technicians (SITPChem) 

6. Lecturer during Tri-City Scientific Café twice, Gdańsk, Poland 

Other activities 

1. Invited foreign lecturer at Handan University, China (01.11.2025–28.11.2025), within 

the Polish-Chinese Educational Development Foundation 

2. Reviewer in journals from JCR list (total 40 performed reviews): Journal of 

Environmental Chemical Engineering (21), Chemical Engineering Journal (6), 

Separation and Purification Technology (5), Advanced Composites and Hybrid 

Materials (2), Catalysis Today (2), International Journal of Hydrogen Energy (2), 

Applied Surface Science (1), Materials Chemistry and Physics (1) 
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SYMBOLS AND ABBREVIATIONS 

AOP Advanced Oxidation Processes 

BET Brunauer, Emmet and Teller isotherm 

CECs Contaminants of Emerging Concern 

COD Crystallography Open Database 

DFT Density Functional Theory 

DR Diffuse Reflectance 

e− Electron 

ECOSAR Ecological Structure Activity Relationship Class Program 

EDX Energy-Dispersive X-ray Spectroscopy 

ESR Electron Spin Resonance Spectroscopy 

FTIR Fourier Transform Infrared Spectroscopy 

h+ Hole 

HPLC High-Performance Liquid Chromatography 

IC Ion Chromatography 

ICP-OES Inductively Coupled Plasma Optical Emission Spectroscopy 

IEP Isoelectric Point 

LC-MS Liquid Chromatography–Mass Spectrometry 

LIBs Lithium-ion Batteries 

LVRPA Local Volume Rate of Photon Absorption 

NSAIDs Non-steroidal anti-inflammatory drugs 

PBN α-phenyl-N-tert-butylnitrone 

PDS Peroxydisulfate 

PhACs Pharmaceutically Active Compounds 

PL Photoluminescence 

PMS Peroxymonosulfate 

ROS Reactive Oxygen Species 

SAED Selected Area Electron Diffraction 

SEM Scanning Electron Microscopy 

TEM Transmission Electron Microscopy 

TGA Thermal Gravimetry Analyses 

TL Thermoluminescence 

TOC Total Organic Carbon 

TRMC Time-resolved Microwave Conductivity 

TRPL Time-resolved Photoluminescence Spectroscopy 

UV Ultraviolet light (around 100-400 nm according to IUPAC) 
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Vis Visible light (around 400-760 nm according to IUPAC) 

WWTP Wastewater Treatment Plant 

XANES X-ray Absorption Near Edge Structure 

XAS X-ray Absorption Spectroscopy 

XPS X-ray Photoelectron Spectroscopy 

XRD X-ray Diffraction 

7-OHC 7-hydroxycoumarin 

Γ Gamma value (arb. units) 

Φ Work function (eV) 

λ Wavelength (nm) 

ν  Frequency (Hz) 

CB Conduction band (eV) 

E0 Redox potential (mostly shown as V vs. NHE at pH = 7) 

Eph Photon energy (eV) 

Eg Band gap energy (eV) 

FKM Kubelka-Munk function (arb. units) 

VB Valence band (eV) 

h Planck constant (6.626 . 10-34 J . s) 

k Apparent kinetic rate constant (min-1) 
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1. INTRODUCTION 

Access to safe drinking water is the most basic human need for health and well-

being. According to the United Nations, the global urban population facing water scarcity 

will double from 930 million in 2016 to even 2.4 billion people in 2050 [1]. Rapid 

population growth continues to push water demand upward, while ongoing urbanization 

and industrialization are progressively reducing available water resources due to 

excessive emissions of harmful substances into water reservoirs. The main pollutants 

include dyes, heavy metal ions, surfactants, pesticides, pharmaceuticals, oils and 

microplastics. They pose significant risks to environmental health, aquatic ecosystems, 

and human well-being. Their persistence in the environment and potential to 

bioaccumulate make them a pressing issue. However, these contaminants, often 

introduced through industrial discharges, agricultural runoff, and domestic wastewater, 

might not be fully degraded in conventional wastewater treatment plants (WWTPs) [2]. 

Therefore, a proper management system for polluted water streams, as well as the 

development of effective, environmentally friendly and economically justified wastewater 

treatment processes, are a priority for sustainability and ecological preservation. 

1.1. Contaminants of emerging concern (CECs) 

Recently, there has been significant attention focused on a broad category of 

chemicals named as contaminants of emerging concern (CECs) or its synonym 

emerging contaminants (ECs). According to the U.S. Environmental Protection Agency 

(EPA), they can be defined as chemicals and other substances that have no regulatory 

standards, have been recently detected in natural water and potentially cause 

detrimental effects on aquatic life at environmentally relevant concentrations. These 

terms refer to pollutants that persist in the environment for a long time, although their 

presence and impact are only now being recognized and assessed [3]. 

There are several chemicals which can be classified as contaminants of emerging 

concern, including: polycyclic aromatic hydrocarbons, pesticides, pharmaceuticals and 

personal care products, phenolic compounds, UV filters, flame retardants, and 

microplastics [3,4]. However, the list of chemicals is continuously changing as new 

contaminants or effects are identified. Generally, the most dangerous effects of CECs' 

presence in the environment are: 

 bioaccumulation – gradual accumulation of chemical compounds in the tissues 

of organisms over time, 

 biomagnification  – accumulation of chemical substances in successive links of 

the trophic chain, 
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 chronic toxicity  – the effects of repeated or long‐term exposure to a substance, 

which can often become visible after a long time period, 

 carcinogenic and mutagenic properties. 

In the PhD dissertation, three groups of contaminants were selected for investigation: 

phenolic compounds, pharmaceutically active compounds and pesticides. The reasons 

for their selection as well as their impact on the environment are presented below. 

1.1.1. Pharmaceutically active compounds (PhACs) 

Pharmaceutically active compounds (PhACs) became an important innovation in 

modern society, significantly improving public health, extending life expectancy, and 

enhancing the quality of life. PhACs have revolutionized the treatment and prevention of 

countless diseases, from infections and chronic conditions to mental health disorders 

and rare genetic illnesses. The COVID-19 pandemic highlighted how crucial the rapid 

development and widespread distribution of medications and vaccines are for protection 

the global health [5]. 

The pharmaceutical industry generates profits comparable to those of the arms 

industry. The global pharmaceutical market was valued at 1,205 billion USD in 2018, 

which is an increase of 208.8% compared to 2001. It is estimated that in 2025, this value 

would reach even 1,606 billion USD [6]. Moreover, the progress in medicine and 

pharmacy has contributed to the global increase in drug consumption and the 

introduction of new pharmaceutically active compounds to the market. For example, the 

European Patent Office received 7441 patent applications related to the pharmacy 

industry in 2018 [6]. 

The report about PhACs distribution in Poland revealed that the average Polish 

resident buys 34 packages of medicines within a year. These statistics created Poland 

as one of the leading countries in the world with high PhACs consumption [7]. The main 

reason for this state is the facile availability of PhACs, especially the over-the-counter 

medicines that can be purchased without a prescription. The overconsumption of PhACs, 

together with the production processes of the pharmaceutical industry, became the key 

reasons for their undesired occurrence in the natural environment. These compounds 

have been detected in a wide variety of environmental samples, including sewage, 

surface waters, groundwater, and potable water, at levels from a few parts per billion to 

parts per million [8]. Due to a detrimental effect on the environment, the EPA classified 

PhACs as contaminants of emerging concern [3]. Selected examples of the influence of 

PhACs on the flora and fauna are presented in Table 1.1. 
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 Pharmaceutical and cosmetic residues are currently the primary sources of 

micropollutants found in urban wastewater, regardless of geography. In this regard, the 

revised Urban Wastewater Treatment Directive, which entered into force on 1st January 

2025, addresses remaining pollution as new challenges in urban wastewater 

management. Although primary, secondary, and tertiary treatments can eliminate some 

micropollutants, an additional quaternary treatment stage is required to effectively 

remove the remaining micropollutants from urban wastewater [9]. 

Table 1.1. Examples of the impact of selected PhACs on non-target organisms. 

Compound Application Its impact on non-target organisms Ref. 

Naproxen NSAIDs 

Naproxen induced lower heart rate and 
morphological abnormalities in zebrafish during 
embryonic development. Zebrafish larvae 
exhibited apparent histopathological liver 
damage. 

[10,11] 

Carbamazepine 
Antiepileptic 

drug 

Carbamazepine induced a decline in Daphnia 
pulex population, inhibiting the decomposition 
of organic matter. 

[12] 

Ofloxacin Antibiotic 
Bioaccumulation was noticed in Bellamya 
aeruginosa snail tissues when they were 
exposed to water contaminated with ofloxacin. 

[13] 

Sulfamethoxazole Antibiotic 
Toxic effect on green microalga, Scenedesmus 
obliquus, when sulfamethoxazole exists with 
different popular antibiotic sulfamethazine. 

[14] 

1.1.2. Pesticides 

The significant increase in the global human population has resulted in higher 

demand for food crops and a corresponding expansion of agricultural activities. However, 

crops are attacked by various harmful organisms, such as insects, fungi, bacteria, 

weeds, and some animals. These pests can cause significant economic loss for the 

agronomist. To avoid crops damage, pesticides have come to aid in the agricultural 

practices to prevent, control and protect plants or plant products against pests. 

Pesticides include a broad range of substances, both synthetic and naturally occurring, 

and they can be categorized as insecticides, herbicides, bactericides, fungicides, 

termiticides, insecticides, and rodenticides, based on the target organisms they are 

intended to remove [15,16]. Due to their efficiency against a wide variety of harmful 

organisms, pesticides offer several advantages, particularly in agriculture and public 

health. They increase agricultural productivity by controlling pests, weeds, and diseases 

that would otherwise reduce crop yields, allowing farmers to produce better-quality food 

on the same land. Moreover, they can prevent the spread of some diseases, e.g. Lyme 
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disease, malaria, dengue, by controlling the population of vectors like mosquitoes, ticks, 

rodents [17]. 

Pesticides can be composed of organochlorines, organophosphorus, phenoxy 

derivatives, pyrethrins and pyrethroids, triazines, carbamates, dipyridyl derivatives, 

glycine derivatives, and benzimidazoles. These substances can infiltrate groundwater 

and be transported into rivers, lakes, or ponds, volatilize into the atmosphere, or sorb to 

soil constituents, ultimately affecting non-target organisms. Therefore, pesticides are 

also classified as contaminants of emerging concern as their uncontrolled release into 

the environment, even at trace amounts, may contribute to their accumulation in tissues 

of organisms, with potentially adverse effects to both aquatic ecosystems and human 

health, especially when the water is used for drinking or food production. They are of 

growing concern due to their unknown long-term effects and persistence to conventional 

treatment processes [18,19]. The potential impact of selected compounds used as 

pesticides on non-target organisms is presented in Table 1.2. 

The detrimental effect of pesticides on aquatic life caused that their approval on the 

market in the European Union is governed by Regulation 1107/2009, considered as one 

of the strictest pesticide laws worldwide [20]. Moreover, numerous pesticides are 

included in the Watch List under the Water Framework Directive [21]. 

Table 1.2. Examples of the impact of selected pesticides on non-target organisms. 

Compound 
Chemical 

composition 
Application 

Its impact on non-target 
organisms 

Ref. 

Myclobutanil Triazole Fungicide 

Toxic effects associated with 
oxidative stress, e.g. 
hepatocellular hypertrophy, 
nuclear pyknosis, vacuolation, and 
non-zonal macrovesicular lipid 
accumulation, were observed for 
Eremias argus lizards treated with 
myclobutanil enantiomers. 

[22] 

Glyphosate Organophosphorus Herbicide 

Downregulation of the expression 
of host-produced antimicrobial 
peptides in the honey bee Apis 
mellifera, and melanization in the 
bee hemolymph; these two 
components are crucial for the 
innate immune system of honey 
bees. 

[23] 

Chlorpyrifos Organophosphorus Insecticide 

Significant correlations between 
prenatal exposures to chlorpyrifos 
and postnatal neurological 
complications in adult rats, 
particularly cognitive deficits 
(associated with disruption of the 
structural integrity of the brain). 

[24] 
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Methomyl Carbamate Insecticide 

In male rats, methomyl led to a 
notable reduction in the fertility 
index, the function of accessory 
sexual glands, serum testosterone 
levels, and both sperm motility and 
count, while it caused an increase 
in sperm cell abnormalities. 

[25] 

1.1.3. Phenolic compounds 

Phenolic compounds, also known as phenols, are characterized by an aromatic ring 

bonded with one or more hydroxyl substituents. All ranges from simple phenolic 

molecules to highly polymerized compounds with numerous aromatic rings can be found 

within this group. Many of the phenolic substances are naturally occurring in the 

environment and are beneficial for living organisms. For example, polyphenols are 

abundant in plants and plant-based food, such as fruits, vegetables, herbs, spices, tea, 

and wine. These compounds, including flavonoids, phenolic acids and curcuminoids, can 

act as antioxidants and have anti-inflammatory properties [26,27]. Additionally, 

environmental phenols can be of anthropogenic origin, which is linked to the 

manufacturing and application of pesticides, surfactants, plastics, and pharmaceutically 

active compounds. Due to their application in the chemical, petroleum, dye, or 

pharmaceutical sectors, many phenolic compounds have been detected in surface 

waters [28,29]. 

However, the occurrence of many phenol-based substances possess a detrimental 

effect on ecosystems. Some of the examples are listed in Table 1.3. Generally, their 

toxicity is related to the hydrophobicity of the individual compound and the possible 

formation of free radicals [30]. Due to limited solubility in water, phenols can interact with 

specified cell and tissue structures of living organisms. For example, the hydrophobicity 

of chlorophenols relies on the number of chlorine atoms, which enhances the toxicity 

of individual compounds [31,32]. Therefore, many phenolic compounds can be classified 

as contaminants of emerging concern, and their concentration in wastewater has to be 

strictly monitored, e.g. pentachlorophenol, octylphenols and nonylphenols were included 

in the List of Priority Substances in the Field of Water Policy, valid in the European Union 

[33].  
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Table 1.3. Examples of the impact of selected phenolic compounds in the environment. 

Compound Application Its impact on the environment Ref. 

Phenol 

Production of phenol 
formaldehyde resins 
and aspirin; can be 
used as antiseptics 

Chronic exposure to sublethal phenol 
concentrations resulted in reduced 
feeding rates, decreased growth, 
reduced reproductive parameters of 
fish tilapia and lower zooplanktion 
populations compared to control 

[34] 

Chlorophenols 
Synthesis of pesticides 
and wood preservatives 

They can directly bind to DNA through 
their metabolites, resulting in DNA 
damage and potential cancerogenic 
effects.  

[31,35] 

Aminophenols 

Synthesis of 
paracetamol, precursor 
for indole synthesis, 
production of dyes and 
lubricants 

Both 2- and 4-aminophenol are 
nephrotoxic, 2-amoniphenol causes 
acute liver injury, linked to oxidative 
stress and glutathione depletion. 

[36,37] 

Bisphenol A 

Synthesis of 
polycarbonate plastics, 
epoxy resin and other 
polymer materials 

Bisphenol A shows endocrine 
disrupting effects on humans by 
interacting with estrogen receptor, 
androgen receptor, and thyroid 
hormone receptor. 

[38,39] 

 

1.2. Application of advanced oxidation processes for CECs removal 

Among methods of wastewater treatment, Advanced Oxidation Processes (AOPs) 

have become a promising technology to remove contaminants of emerging concern from 

the aqueous phase. The basis of AOPs lies in their ability to produce reactive oxygen 

species (ROS), which are known for their strong oxidative potential and high reactivity. 

They can effectively break down a wide range of organic pollutants, including 

pharmaceutically active compounds, pesticides, and phenols, into less harmful or 

biodegradable compounds [40]. AOPs can be classified into homogeneous and 

heterogeneous processes, each involving different combinations of chemical reagents, 

light introduction, catalysts, or oxidants. The general classification of AOPs processes is 

presented in Figure 1.1. 
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Figure 1.1. General classification of advanced oxidation processes. 

Among AOPs, heterogeneous processes were selected for further investigation. 

Heterogeneous systems are more stable under a range of environmental conditions, 

making them suitable for long-term operation. Moreover, homogeneous processes often 

require low pH and high oxidant dosages. Finally, it is possible to design solid-state 

catalysts for targeted activation under specific light wavelengths or other conditions, 

improving the process control [41,42]. 

1.2.2. Heterogeneous catalytic activation of persulfates 

The most typical approach of wastewater purification and disinfection is the 

introduction of oxidizing agents, including oxygen (O2), ozone (O3), hydrogen peroxide 

(H2O2) or chlorine dioxide (ClO2). These oxidants can be applied standalone or in 

combination with UV light, ultrasounds or the presence of a catalyst [40,43]. 

Over recent years, persulfate-based oxidants like peroxydisulfates (PDS) and 

peroxymonosulfates (PMS) have been extensively investigated for the degradation of 

organic pollutants with minimal interference from water parameters. These compounds 

are white solid powders with high solubility in water, forming acidic water solutions. The 

commercial compounds used as oxidants are sodium or potassium peroxydisulfate 

(Na2S2O8, K2S2O8) and Oxone® (KHSO5 · 0.5 KHSO4 · 0.5 K2SO4) [44,45]. Their stability 

depends on the pH of the water solution – both PMS and PDS are relatively stable in 

acidic (pH 3-7) and neutral (pH = 7) conditions [46]. The chemical data of both PDS and 
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PMS anions are listed in Table 1.4. In the PhD dissertation, only processes with PMS 

were investigated. The main reason for this selection is its unique asymmetric structure, 

resulting in easier activation of PMS by metal oxide catalysts than that of PDS, thus 

requiring lower energy input [47,48]. 

Table 1.4. Chemical data of PMS and PDS, based on [44–46]. Oxygen, sulfur and hydrogen 

atoms are labelled as red, yellow and white, respectively. 

Chemical data Peroxymonosulfate (PMS) Peroxydisulfate (PDS) 

Chemical structure of anions 

  
Chemical formula of anions HSO5- S2O82- 

Molecular symmetry 
Asymmetric oxidant, 

HO−O−SO3 
Symmetric oxidant, 

SO3−O−O−SO3 

Comparison to H2O2 
Replacement of one H atom 

in H2O2 with a SO3 group 

Replacement of two H atoms 
in H2O2 with two groups of 

SO3 

E0 (V vs. NHE at pH = 7 ) 1.82 2.01 

Generally, PMS and PDS are strong oxidizers, but they react directly with the organic 

pollutants at a low reaction rate. In this regard, appropriate activation of PMS and PDS 

is crucial for generating radicals with strong oxidation potential. The activation of 

persulfates involves breaking the O−O bond by homolytic or heterolytic cleavage. This 

can occur upon applying energy such as radiation, heat and ultrasounds, in alkaline 

conditions or in the presence of transition metals (e.g. Co, Fe, Mn, Cu) and 

carbonaceous materials [46,49]. Considering the advantages of heterogeneous catalytic 

systems, several materials based on the aforementioned elements were investigated for 

PMS/PDS activation. For example, the combination of Co(OH)2 and g-C3N4 remarkably 

improved PMS activation, resulting in almost 96% of enrofloxacin degradation within 30 

minutes [50].  

As a result of PMS/PDS activation, highly reactive species can be obtained. The most 

characteristic feature of this method is the ability to produce sulfate radicals (SO4
•−), a 

powerful oxidant with a standard redox potential of +2.60-3.10 V vs. NHE. The possible 

mechanisms of SO4
∙− generation from PMS/PDS activation by metal ions and metal oxide 

are presented as reactions 1-2 [46,51]. Due to the possibility to generate this specific 

radical, oxidation processes using PMS and PDS are often described in the literature as 

sulfate radical-based advanced oxidation processes (SR-AOPs). 
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HSO5
− + Mn+ → M(n+1)+ + SO4

•− + OH− (1) 

S2O8
2− + Mn+ → M(n+1)+ + SO4

•− + SO4
2− (2) 

However, labelling these oxidation processes as sulfate radical-based AOPs can be 

confusing, because both PMS and PDS can be a source of other reactive species. 

Persulfates can also decompose into hydroxyl radicals (•OH) as well, characterized by a 

high redox potential of 1.9–2.7 V vs. NHE. The possible formed •OH radicals can be  

a result of direct reaction with oxidant (the case of PMS is shown as reaction 3) or 

reaction with water over M(n+1)+ and sulfate radicals (reactions 4-5) [49,52]. 

HSO5
− + Mn+ → M(n+1)+ + •OH + SO4

2− (3) 

M(n+1)+ + H2O → Mn+ + •OH + H+ (4) 

SO4
•− + H2O → SO4

2− + •OH + H+ (5) 

Furthermore, non-radical pathways for PMS or PDS activation have been reported, 

which included singlet oxygen (1O2) or direct electron transfer between pollutant and 

oxidant mediated by the catalyst. The generation of 1O2 is often associated with dissolved 

oxygen in water, as shown in the schematic route in Equation 6. The reaction between 

PMS/PDS and H2O could also contribute to the formation of H2O2 [52,53]. 

O2 → H2O2 → O2
•− → 1O2 (6) 

Compared with the most common oxidant, hydrogen peroxide, the application of 

PMS and PDS in wastewater treatment has many advantages: 

 persulfates exist in solid form and are more stable during storage and 

transportation than H2O2, 

 more ROS types can be generated in the process, 

 PMS and PDS can be activated in several ways, in opposite to H₂O₂, which 

primarily relies on Fenton or photo-Fenton reactions (requiring Fe2+ and acidic 

conditions). 

1.2.3. Heterogeneous photocatalysis 

Heterogeneous photocatalysis has evolved into one of the most extensively 

researched technological processes, with a growing number of publications each year. 

According to Scopus database, 63,964 publications were published in 2024 with the 

keyword “photocatalysis”. 

International Union of Pure and Applied Chemistry (IUPAC) defines photocatalysis 

as a process in which a change in the rate of a reaction or its initiation occurs under the 
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influence of UV, visible or infrared radiation in the presence of a photocatalyst. 

Essentially, a photocatalyst is a semiconductor which can absorb irradiation from solar 

spectrum and participate in the chemical transformation of the reaction substrates [54]. 

The process of heterogeneous photocatalysis using a semiconductor is initiated 

when the incident photon has energy equal to or greater than the energy required to 

transfer an electron from the valence band (VB) to the conduction band (CB), i.e. energy 

equal to the band gap (Eg). Then, an absorbed photon induces electron (e−) excitation to 

the higher energy state. Simultaneously, the low-energy state, which remains 

unoccupied due to the e− excitation, acts as an electron acceptor and can be attributed 

to the electron deficiency, namely a positively hole (h+). Then, photogenerated electron-

hole pairs migrate to the photocatalyst surface and react with the adsorbed molecules, 

e.g. H2O, organic molecules, CO2 [55,56]. A graphical representation of the 

photocatalytic reactions (photooxidation and photoreduction), is presented in Figure 1.2. 

a)       b) 

 

Figure 1.2. Illustration of a) photocatalyst excitation and b) possible redox reactions. 

Photocatalytic processes have been extensively studied for solar energy conversion 

into chemical energy, degradation of organic pollutants, hydrogen evolution reaction 

(HER), oxygen evolution reaction (OER), carbon(IV) oxide reduction reaction (CO2RR)  

into potential liquid and gaseous fuels. Additionally, these processes are investigated for 

heavy metal ions removal and in facilitating organic synthesis. The fundamental 

requirement which allows to initiate the photocatalytic reaction is that the band position 

of the used photocatalysts must be consistent with the redox potentials of the reaction of 

interest, as presented in Table 1.5. Especially oxidation reaction is correlated with the 

ability to generate reactive oxygen species upon irradiation, usually identified as hydroxyl 

radicals (∙OH), superoxide radicals (O2
∙–), hydrogen peroxide (H2O2) or rarely singlet 

oxygen (1O2) [57]. 
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Table 1.5. Redox potential of selected reactions, based on [58,59]. 

Reaction (the main products were bolded) E0 (V) vs. NHE at pH = 7 
2 H+ + 2 e- → H2 -0.41 
2 H2O + 4 h+ → O2 + 4 H+ +0.82 
H2O + h+ → ·OH + H+ +2.29 
O2 + e- → ·O2

- -0.33 
O2 + 2 H+ + 2 e- → H2O2 +0.28 
CO2 + 2 H+ + 2 e- → CO + H2O -0.53 
CO2 + 8 H+ + 8 e- → CH4 + 2 H2O -0.20 

Based on the redox potentials, photocatalysts can be classified into reduction 

photocatalysts and oxidation photocatalysts [58]. As shown in Figure 1.3, reduction 

photocatalysts with high CB positions can produce photogenerated electrons with strong 

reducing power, for example: Cu2O, g-C3N4, ZnS, CdS. However, too high VB position 

does not provide the strong oxidizing power of photogenerated holes, necessary for e.g. 

water oxidation to hydroxyl radicals and molecular oxygen. Meanwhile, oxidation 

photocatalysts, e.g. WO3, BiVO4, Fe2O3, BiOCl, are capable of producing 

photogenerated holes with strong oxidizing potential due to their low VB positions, but 

the photogenerated electrons have weak reducing abilities due to the low CB positions. 

Considering practical applications, reduction photocatalysts are mainly used for the 

production of solar fuels via CO2 reduction or hydrogen evolution reaction, while 

oxidation photocatalysts are used for pollutant degradation and selective oxidation of 

organic compounds [58,59]. 

 

 

Figure 1.3. Approximate band positions of selected photocatalysts, based on [58,59]. 
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Among the different semiconductors investigated, titanium(IV) oxide (TiO2) has been 

the most extensively studied photocatalyst. Due to its strong oxidizing ability, high photo- 

and chemical stability and resistance to corrosion, TiO2 became a promising 

semiconductor for photocatalytic applications, including wastewater treatment 

processes. For example, I. Rapti et al. described photocatalytic degradation of PhACs 

from hospital effluent in a pilot-scale 300 dm3 reactor under natural sunlight using 

commercial TiO2 P25 (Evonik). Measurements of toxicity rate confirmed that effluents 

were non-toxic after photocatalytic treatment [60]. There are at least 11 reported 

polymorphs of TiO2, but three phases of TiO2 are commonly recognized to occur 

naturally: anatase, rutile (both exhibit a tetragonal unit cell) and brookite with 

orthorhombic crystal structure [61]. Their visualized unit cells are presented in Figure 

1.4. Among the polymorphs, anatase exhibits the highest photocatalytic activity due to 

two features of the electronic structure. First, anatase is an indirect band gap 

semiconductor, in opposite to both rutile and brookite, which belong to the direct band 

gap semiconductors. Secondly, compared to other polymorphs, anatase has the lightest 

average effective mass of photogenerated electrons and holes, which facilitates the 

migration of photogenerated charge carriers to the photocatalyst’s surface [62]. The band 

structure of anatase is suitable for the generation of several ROS, such as hydroxyl and 

superoxide radicals, important for initiating redox reactions and CECs degradation. 

 a) α = β = γ = 90°, a = b, a ≠ c b) α = β = γ = 90°, a = b, a ≠ c 

 

 
c) α = β = γ = 90°, a ≠ b ≠ c 

 
Figure 1.4. Unit cells of TiO2 polymorphs: a) anatase, b) rutile and c) brookite, visualized in 

VESTA software [63]. CIF files 2310710, 1534781 and 8104269 from the Crystallography Open 

Database were used for visualization. 
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However, unmodified anatase is not able to fully utilize solar light due to the wide 

band gap energy of 3.20 eV, which corresponds to the absorption thresholds at ~388 

nm. In this regard, research attention is focused on visible-light-active semiconductors 

such as bismuth orthovanadate (BiVO4). In nature, three main polymorphs of BiVO4 can 

be found: pucherite with orthorhombic crystal structure, dreyerite with tetragonal zircon 

(t–z) structure, and clinobisvanite with monoclinic scheelite (m–s) structure [64]. 

However, the fourth polymorph with tetragonal scheelite (t–s) structure can be obtained 

from the reversible transition of BiVO4 (m–s) [65]. All these unit cells were visualized and 

shown in Figure 1.5. The highest photocatalytic activity under visible light was observed 

for BiVO4 (m–s), besides noticeable similarities between polymorphs presented in 

Figures 1.5.c and 1.5.d. Herein, the minor structural changes have a detrimental effect 

on the electronic structure of BiVO4. In tetragonal (t–s) BiVO4, only a transition from O2p 

to V3d occurs, resulting in a UV absorption band (Eg = 2.9 eV). In the case of monoclinic 

(m–s) BiVO4, an additional transition from Bi6s is possible, which requires lower energy 

input. Therefore, (m–s) BiVO4 is a visible-light-responsive photocatalyst with a band gap 

energy of about 2.4-2.5 eV [66]. 

BiVO4 has been frequently investigated in solar-assisted photocatalytic processes 

due to its suitable band gap energy for absorbing visible light. The most described 

application of pristine BiVO4 includes photocatalytic O2 evolution (OER) [67,68]. Although 

BiVO4 exhibits strong oxidation ability, the formation of particular ROS is different from 

that for TiO2. Especially, the formation of superoxide radicals is not possible via single 

electron reduction due to the low position of the conduction band (presented in Figure 

1.3). Moreover, Nakabayashi et al. suggested that water oxidation to ⋅OH is not 

favourable for BiVO4 [69]. Therefore, considering the application of BiVO4 in 

photocatalytic CECs degradation, a detailed investigation into radical formation and 

strategies for enhancing the photocatalytic activity are needed. 
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   a) α = β = γ = 90°, a ≠ b ≠ c b) α = β = γ = 90°, a = b, a ≠ c 

 
 

   c) α = β = 90°, γ = 90.4°, a ≠ b ≠ c d) α = β = γ = 90°, a = b, a ≠ c 

  

Figure 1.5. Unit cells of BiVO4 polymorphs: a) orthorhombic, b) tetragonal zircon (t–z), 

c) monoclinic scheelite (m–s) and d) tetragonal scheelite (t–s), visualized in VESTA software [63]. 

CIF files 9000054, 9011741, 9013437 and 9012062 from the Crystallography Open Database 

were used for visualization. 

1.2.4. Persulfate-assisted photocatalysis 

While heterogeneous photocatalysis with semiconductors takes advantage of its 

ability to achieve total mineralization of a large variety of persistent organic pollutants in 

a broad pH range, the kinetic reaction rate is usually lower than that of homogeneous 

processes using oxidants [70]. This method is also limited by the absorption of visible 

light and not satisfactory quantum yield of reactive species generation [59,71]. On the 

other side, pollutants degradation using oxidants is strongly pH-dependent and still 

suffers from incomplete mineralization yield [70,72]. 

Therefore, coupling heterogeneous photocatalysis with persulfate activation can be 

a sustainable solution to overcome the aforementioned challenges and to achieve a 

more efficient system of CECs removal with a satisfactory reaction rate. In this system, 
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the semiconductor has a dual role, as a photocatalyst and PMS/PDS activator. 

Moreover, persulfates can capture photogenerated electrons, leading to the suppression 

of electron-hole pair recombination and promoting the photocatalytic process [42,73]. 

Therefore, persulfate-assisted photocatalysis may become a promising technology able 

to remove contaminants of emerging concern under solar light and at mild conditions. 

1.3. Strategies for enhancing photocatalytic activity and PMS activation 

Several approaches for enhancing the photocatalytic activity and PMS activation 

have been developed to achieve a high degradation rate of CECs and expand the 

potential applications of these technologies. These strategies focus on optimizing key 

parameters, including light absorption, charge separation, surface reactivity, and mass 

transfer. By manipulating the morphology, surface properties, and electronic structure of 

the (photo)catalysts, significant improvements in their performance and functionality can 

be achieved. 

1.3.1. Morphology control and crystal facets engineering 

Generally, the properties of bulk solid materials result from the combined effects of 

interactions of a large number of particles, determined by the type of these particles 

(atoms, ions, molecules) and their interdependencies. At the macroscale, the number of 

particles on the surface is small compared to the number of particles in the volume and 

the surface-area-to-volume ratio (S/V) is close to zero. Although the surface properties 

can be different than those for the bulk, the final physicochemical features of the material, 

such as colour, refractive index, thermal and electrical conductivity, are the result of the 

structure and interactions primarily within the volume of the material. In the case of 

nanomaterials with dimensions less than 100 nm, a large number of atoms are localized 

either at the surface or in its vicinity, leading to a high S/V parameter [74,75]. 

Reducing particle size and tailoring catalyst morphology are key factors that influence 

the properties of the final materials. First, specific surface area and pore volume are 

increased, which facilitate the adsorption and diffusion of reactants. Moreover, the 

electron and hole diffusion path can be shortened, allowing for a faster migration of 

charge carriers from the bulk to the photocatalyst’s surface and reducing recombination 

rate [76,77]. Moreover, the thermodynamics and phase equilibria can be changed at the 

nanoscale. For example, among TiO2 polymorphs, rutile is the most stable at large 

particle size and anatase for the smallest particles [78]. The hydrated forms are also 

favourable for nanomaterials, because phases with structural water or hydroxylated have 

smaller surface energies than their anhydrous counterparts [79]. Finally, nanostructured 
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semiconductors may exhibit different light absorption and light harvesting ability due to 

antenna and quantum size effects [80]. 

Considering the tunable optoelectronic properties and enhanced surface area, 

nanotechnological approaches have been extensively investigated for advanced 

oxidation processes and water purification technologies. The role of catalyst morphology 

was observed by Y. Wang et al., who investigated hierarchically structured MnO2 for 

PMS-assisted catalytic oxidation of phenol. In these studies, all the presented 

nanostructures (2D nanosheets, 3D sea urchin-like and 1D tetragonal nanorods) 

demonstrated remarkably enhanced catalytic activity compared to commercial bulk 

MnO2, which provided only 15% phenol degradation after 60 min. Among synthesized 

nanostructures, the highest reaction kinetics was obtained when 2D nanosheets were 

used as PMS catalytic activator, achieving 100% phenol removal within 30 min. Therein, 

the nanostructuration led to the phase composition and porosity of MnO2 [81]. Hence, 

the particle size and morphology adjustment have a significant impact on the 

(photo)catalytic performance.  

Finally, precursor morphology-controlled synthesis can be an effective strategy for 

tailoring the properties of photocatalysts. By carefully designing the morphology of the 

substrate, it is possible to adjust the crystal growth, specific surface area, and active site 

distribution of the final material. For example, J. Zheng et al. described the effect of 

NH4VO3 morphology (butterfly-like, rhombohedral, and flower-like) on the 

electrochemical properties of V2O5, which can be used as electrodes for supercapacitors. 

The precursor morphology affected the initial specific capacitance and cycling stability of 

the final electrode material [82]. However, far less attention has been given to how 

precursor morphology may affect the crystal growth, surface properties and 

photocatalytic activity of the semiconductors. Meanwhile, this strategy could provide new 

opportunities to achieve enhanced light utilization and the generation of reactive oxygen 

species. Therefore, a systematic study on precursor morphology was performed in the 

doctoral dissertation for the development of metal oxide-based photocatalyst design. The 

morphology of titanium oxyfluoride (TiOF2) and ammonium metavanadate (NH4VO3) was 

selected for investigation, as these compounds had not been applied for precursor 

morphology-controlled synthesis of the photocatalysts yet. 

Within the term ‘morphology control’, crystal facets engineering can also be included. 

Crystallography reveals that each crystal lattice consists of atoms periodically arranged 

in a highly ordered microscopic structure. However, if the crystal lattice were cut in 

specific directions, a different atom arrangement at the surface would be obtained. Each 

crystal facet represents a specific plane along which the atoms or molecules are 

arranged in a regular, repeating pattern [83,84]. 
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Atom arrangement and coordination of the surface intrinsically determine surface 

energy, geometry, and adsorption energy (with potential dissociation), which affect the 

electronic properties of the surface. The photocatalytic activity is affected by the surface 

structure, which can be controlled by specific crystal facets exposure to the environment. 

Therefore, the exposition of a particular crystal facet has emerged as a promising 

approach of photocatalysts design with the possibility to tailor the physicochemical 

properties for specific applications. The arrangement of exposed facets determines 

a specific shape of the particle. By the analysis of material morphology, it is possible to 

ascribe crystal facets in the material [84,85]. 

Among crystal facet engineering of inorganic semiconductors, TiO2, especially the 

anatase polymorph, became one of the most extensively studied materials. According to 

the Wulff construction and calculated surface energy for a particular crystal facet, the 

shape of anatase under equilibrium conditions is a truncated tetragonal bipyramid 

enclosed with the eight isosceles trapezoidal surfaces composed of {1 0 1} facets (94% 

of their exposition) and two top squares at base composed of {0 0 1} facets [86,87]. 

Figure 1.6 presents the equilibrium shape and atom arrangement in the most 

investigated anatase crystal facets, namely {1 0 1}, {1 0 0} and {0 0 1}. Their 

corresponding surface energies are 0.44 J/m2, 0.53 J/m2 and 0.90 J/m2 [83,86]. What is 

worth attention, {1 0 0} facets are not present in the equilibrium shape, although they are 

more thermodynamically stable than {0 0 1}. In the case of highly-energetic {0 0 1} facets, 

fluorine ions can stabilize their structure, promoting their exposition instead of the 

thermodynamically favoured {1 0 1} [88]. Depending on the synthesis conditions and F- 

content, anatase can form several euhedral shapes, including: octahedra with exposed 

{1 0 1} crystal facets, plates with dominant {0 0 1} facets, decahedra with mixed {1 0 1}/{0 

0 1} and elongated rods with topped off with truncated pyramids, containing also {1 0 0} 

facets [83,89,90]. These possible shapes are presented in Figure 1.7.f. 

The idea of crystal facets engineering can be extended to other photocatalytic 

materials, such as bismuth orthovanadate. The most investigated shape of (m–s) BiVO4 

is decahedral with exposed {0 1 0} and {1 1 0} crystal facets, with corresponding surface 

energies equal to 0.27 J/m2 and 0.28 J/m2 [91].  Moreover, high-index crystal facets like 

{1 2 0} in octahedra and {1 1 1} in octadecahedra (combined with {0 1 0} and {1 1 0}) 

were also reported [92,93]. All these described crystal planes and possible shapes are 

presented in Figure 1.7. However, the formation of other multifaceted microcrystals also 

occurs. For example, X. Zhai et al. synthesized and characterized BiVO4 microcrystals 

enclosed with up to 42 low- and high-index facets [94]. 
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a) b) 

 
c) d) e) 

(1 0 1) (1 0 0) (0 0 1) 
f) 

 

 

Figure 1.6. a) Anatase shape under equilibrium conditions, visualization of the b) 4 anatase unit 

cells with highlighted lattice planes, c) (1 0 1), d) (1 0 0) and e) (0 0 1) surfaces in anatase, 

f) possible shapes of anatase crystals. Crystal structures were visualized using VESTA software 

[63]. CIF file 2310710 from COD was used for visualization. 
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a)  

 
b) c) 

  

(0 1 0) (1 1 0) 
d) e) 

  

(1 2 0) (1 1 1) 
f) 

 

Figure 1.7. a) 6 unit cells of (m–s) BiVO4 with highlighted lattice planes, visualization of the 

b) (0 1 0) and c) (1 1 0) surfaces, d) (1 2 0) and e) (1 1 1) surfaces, f) possible shapes of (m–s) 

BiVO4 crystals. Crystal structures were visualized using VESTA software [63]. CIF file 9013437 

from COD was used for visualization. 



| Marta Kowalkińska 

Page | 39 
 

The shape-controlled synthesis is the possibility to create a homojunction with facet-

selective reduction and oxidation facets within the single-component material, leading to 

the separation of photogenerated charge carriers. This effect is especially investigated 

for decahedral shapes like anatase with combined {0 0 1}/{1 0 1} facets and (m–s) BiVO4 

with {0 1 0}/{1 1 0} ones. Spatial separation of photogenerated charge carriers among 

decahedral (m–s) BiVO4 was confirmed by R. Li et al., who performed selective 

deposition of the reduction (Au, Pt, Ag) and oxidation (MnOx, PbO2) co-catalysts [95]. 

Moreover, facet-dependent effects can be obtained in both photocatalysis and PMS 

activation due to changes in adsorption/desorption energies and different charge 

distributions. Y. Zhao et al. investigated Fe(III) impregnated on anatase TiO2 with 

different exposition of {0 0 1} and {1 0 1} crystal facets for PMS-assisted photocatalytic 

degradation of bisphenol A. The enhanced degradation rate of the pollutant was 

observed for Fe-TiO2 with high contribution of {1 0 1} facets, due to stronger charge 

transfer between iron and TiO2 and, in consequence, faster redox cycle Fe(III)/Fe(II) [96]. 

Therefore, atomic-scale design of the photocatalyst’s surface should be of particular 

attention, considering the expected maximization of the reaction rate and selectivity. In 

this regard, crystal facets-engineered photocatalysts based on TiO2 and BiVO4 were 

investigated in a doctoral dissertation for facet-dependent photocatalytic CECs 

degradation. Moreover, a literature study of crystal facets exposure in TiO2 polymorphs 

(anatase, rutile and brookite) was demonstrated in a published book chapter [P2]. 

1.3.2. Surface modification 

Despite promising possibilities of heterogeneous photocatalysis, the low efficiency of 

the single-component photocatalysts limits their practical applications. The key challenge 

is to inhibit the recombination of the photogenerated electrons and holes, which undergo 

recombination due to the strong Coulomb attraction. Moreover, for a pristine 

photocatalyst, it is difficult to find a compromise between strong redox ability and a broad 

light absorption range [97,98]. On the one hand, a large band gap would include redox 

potential for both oxidation and reduction processes. However, to improve the efficiency 

of solar light utilization, a smaller band gap, which increases the capability of light 

harvesting, is required [99]. Therefore, facile strategies to overcome these challenges 

are crucial for enhancing the photocatalytic performance. 

In this regard, surface modification can be a strategy to enhance both the 

photocatalytic performance and PMS activation. Common approaches include the 

deposition of nanoscale species on the (photo)catalyst surface, including nanoparticles, 

clusters and single atoms. The difference between particular species is presented in 
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Figure 1.8. Due to their size in the range of nanometers, they exhibit unique properties 

like quantum size effects, abundant surface-active sites, and flexible compositional 

tunability, which can be designed with atomic-level precision [56,100]. Therefore, surface 

modification by sub-nanometer species can be a promising way to enhance the light 

absorption, charge carriers separation, and to adjust interfacial reaction pathways. 

 

Figure 1.8. Geometric and electronic structures of the single atom, cluster and nanoparticle. 

Several effects are accompanied with surface modification by metallic compounds. 

Firstly, as a result of the interface interaction between a noble metal nanocrystal (e.g. Pt, 

Pd, Ag, Ru) and a semiconductor structure, a junction is formed. Since the work function 

of metals is larger than that of n-type semiconductor, but smaller than that of p-type 

semiconductor, a charge transfer is possible when combined. When n-type 

semiconductors are in contact with metal nanoparticles, electrons are transferred from 

the CB of the semiconductor to the Fermi level of a metallic compound, thus building up 

an equilibrium state of Fermi levels between these two components. As a result, the 

surface of the metallic component accumulates negative charges, while the holes in the 

VB of the semiconductor lead to a positively charged surface [101]. Moreover, localized 

surface plasmon resonance (LSPR) may occur for metal nanoparticles, in which, when 

a nanoparticle absorbs light, oscillating electrons become excited and subsequently 

relax by colliding with the lattice of plasmonic materials. Thus, the surrounding 

environment heats up, accelerating the redox reaction and mass transfer rate, leading to 

the enhancement of the photocatalytic activity [102,103]. 
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The most frequently studied type of surface modification is the deposition of metallic 

nanoparticles. However, single-atom catalysts (SACs) have been of great interest since 

2011, when Qiao et al. showed that anchoring highly dispersed Pt1 atoms on FeOx 

crystals caused unusual catalytic activity [104]. In this regard, the number of publications 

about surface manipulation using clusters and isolated atoms has grown over the last 

years. Due to their ultrasmall size (below 2 nm), they exhibit nonmetallic behaviors with 

energy quantization without demonstrating the LSPR effect. Instead, they provide a high 

surface area-to-volume ratio, which can bring precise control of the active site dispersion 

and tailored surface reaction kinetics at low metal loading [105,107]. 

Concerning unique metal-support interaction, surface-modified materials have been 

thoroughly explored for (photo)catalytic applications. For example, S. Saedy et al. 

investigated the promotional effect of CuxO clusters grown on TiO2 on photocatalytic H2 

production. Deposition of clusters enhanced photocatalytic activity due to induced 

substantial reduction of Ti4+ to Ti3+ on the surface, leading to increased charge carrier 

separation and improved light absorption [108]. Such atomic-precise control can be 

beneficial for PMS activation as well. J. Miao et al. presented single-atom transition 

metals (Co, Fe, Mn and Ni) in M−N moieties anchored on carbon nanotubes for PMS-

assisted catalytic sulfamethoxazole degradation [109]. Experimental studies and 

theoretical calculations confirmed that a large effective magnetic moment with a high 

spin state (like in Co−N) favoured the overlap of d orbitals with oxygen-containing 

adsorbates on metal active sites. This effect promoted electron transfer and facilitated 

PMS adsorption, strongly determining their catalytic activity. Therefore, careful 

engineering of the (photo)catalyst surface using sub-nanometer species can be 

a solution for achieving high reaction rates in CECs degradation. 

1.3.3. Formation of heterojunction 

Next to surface modification, the design of heterojunction-based photocatalysts is 

a promising approach due to the ability to enhance the charge carriers separation while 

integrating the benefits of each component. A heterojunction can be defined as the 

interface between two different semiconductors with unequal band structure, leading to 

the band alignments [110]. Typically, three types of conventional heterojunction can be 

distinguished: with a straddling alignment (type-I), those with a staggered alignment 

(type-II), and with a broken gap (type-III) [71,97]. The schematic illustration of these 

heterojunctions is presented in Figure 1.9. Generally, type-I heterojunction with 

straddling alignment (Figure 1.9.a) does not allow to separate charge carriers, due to the 

accumulation of photogenerated electrons and holes in the same semiconductor [111]. 
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However, N. Imanuella et al. proposed an inverted F-scheme heterojunction based on 

straddling alignment, in which electrons as CB of the semiconductor A have two possible 

electron migration channels – recombination with holes in VB in semiconductor B or 

transfer to another CB. This mechanism should promote charges carriers’ separation 

and preserve the high oxidation ability of holes in semiconductor A [112]. In the case of 

the type-III heterojunction (Figure 1.9.b), the band gaps do not overlap, so the migration 

of electrons and holes cannot occur, making it unsuitable for enhancing the separation 

of charge carriers. Therefore, among the heterojunction types, only staggered (type-II) 

alignments allow to both migrate electrons and holes and their spatial separation. 

However, there are two main mechanisms of charge carriers separation for this 

alignment. As shown in Figure 1.9.c, a substantial separation of electrons and holes is 

achieved, but at the expense of the redox abilities of transferred charge carriers. 

Moreover, electrostatic repulsive forces between holes or electrons are huge to restrain 

their migration in a type-II heterojunction. These problems do not occur in a typical direct 

Z-scheme heterojunction (Figure 1.9.d), in which strong oxidation/reduction abilities of 

photogenerated charge carriers are preserved, besides the recombination of electrons 

and holes with inferior redox power. As a result, a Z-scheme heterojunction-based 

photocatalyst has simultaneously the strong redox ability for initiating photocatalytic 

reactions and the spatially separated reductive and oxidative active sites [97,98]. 

a) b) 

 
                      A                 B             
c)   d) 

 
Figure 1.9. The most common types of heterojunctions formed by two semiconductors: 

a) straddling (type-I), b) broken gap (type-III) and c), d) staggered (type-II) alignments; figure 

d) refers to the direct Z-scheme heterojunction. 
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Formation of the heterojunction in the semiconductor can be a game-changer for the 

photocatalytic activity. For example, T.-Y. Liang et al. reported the superior photocatalytic 

activity of Ag2S deposited onto Cu2O cubes toward methyl orange removal, although 

both single-component materials were photocatalytically inactive. An unexpected high 

photocatalytic activity could be attributed to the charge carriers’ separation due to the 

creation of a Z-scheme heterojunction [113]. Therefore, this approach is expected to be 

a promising solution considering solar light utilization and enhancing photocatalytic 

activity.  
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2. RESEARCH OBJECTIVES AND HYPOTHESES 

The literature overview highlighted the importance of eliminating contaminants of 

emerging concern, including pesticides, pharmaceutically active compounds and 

phenols from water. Advanced oxidation processes became a promising approach for 

degrading several organic contaminants, especially those persistent to conventional 

treatment methods. Especially heterogeneous-based AOPs have been of particular 

attention due to higher stability under a wide range of environmental conditions and the 

possibility to tailor the properties of solid-state materials for specific reactions. 

In the PhD dissertation, two AOP techniques were selected for investigation: 

heterogeneous photocatalysis and PMS-assisted photocatalysis. Both processes are 

based on solid-state photocatalysts, therefore, the presented investigation focused on 

the synthesis and characterization of the materials, designed for contaminants of 

emerging concern oxidation under specific conditions. To achieve the highest efficiency 

of CECs removal, several strategies for enhancing photocatalytic activity and PMS 

activation were considered, primarily the impact of morphology and crystal facets 

exposition, formation of heterojunction and interface modification. 

In this regard, two groups of photocatalysts were studied, whose selection was based 

on their band positions and possible strong oxidation ability: 

 TiO2-based photocatalysts: F-TiO2 and TiO2/TiOF2, 

 Scheelite-type compounds: (m–s) BiVO4, CaWO4, SrWO4, BaWO4, CaMoO4, 

SrMoO4 and BaMoO4. 

Although photocatalytic materials and catalytic PMS activators have been extensively 

studied over the last decade, there are still several research gaps within the existing 

literature. Therefore, to achieve the intended goal, several studies have been undertaken 

to explain: 

I. How does the morphology of the precursor affect the photocatalytic activity of 

the photocatalyst? 

II. Can TiOF2 be used as a precursor for TiO2 synthesis? 

III. Can degradation of contaminants of emerging concern and their toxicity 

assessment be facet-dependent? 

IV. What is the role of TiOF2 in the TiO2/TiOF2 binary photocatalyst, although 

pristine TiOF2 is not photocatalytically active? 

V. Which crystal facet of (m–s) BiVO4 is the most favourable for photocatalytic 

oxidation processes and PMS activation? 

VI. Is the surface of (m–s) BiVO4 always stoichiometric? 
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VII. Can alkaline-earth-metal tungstates and molybdates be used in 

photocatalytic oxidation processes, despite the wide band gap energy? 

VIII. What is the mechanism of ROS generation in PMS-assisted photocatalysis 

with BiVO4? 

The aforementioned aspects are still in the minority of research interests. Therefore, the 

goal of the presented study was not only fundamental studies of the possible 

photocatalysts, but also to find the relationships between the material structure (chemical 

and phase composition, crystal facets exposition, morphology) and actual activity toward 

oxidation and mineralization of contaminants of emerging concern, toxicity rate and/or 

ROS generation. 

Following identified research gaps and raised questions, hypotheses derived directly 

from analyses of existing studies and as a result of ongoing work are formulated as 

follows: 

H1. Alkaline-earth metal tungstates and molybdates can be used as 

photocatalysts. 

H2. The morphology of the precursor for semiconductor synthesis influences the 

photocatalytic activity of the final photocatalyst. 

H3. Degradation of contaminants of emerging concern, toxicity rate of treated 

water and PMS activation can be facet-dependent. 

H4. TiOF2 has a dual role – as a precursor for F-TiO2 synthesis and as 

a photocatalyst if coupled with other semiconductors. 

H5. Deposition of Cu sub-nanometer species enhances the photocatalytic 

activity and PMS activation. 

H6. Surface non-stoichiometry of BiVO4 is a critical factor for photocatalytic 

activity and PMS activation. 

H7. Increased generation of hydroxyl radicals is the main reason of enhanced 

degradation rate when PMS is introduced to the photocatalytic process. 

In this regard, the canon of PhD thesis [P1-P6] includes the studies conducted to gain 

a better understanding of the effects of precursor type and photocatalyst morphology on 

physicochemical properties and photocatalytic activity. As presented schematically in 

Figure 2.1, the main criterion was the material selected for investigation. Depending on 

its properties, such as phase composition, morphology, band gap value, specific 

research aspects were considered.  

The main objective of publication [P1] was to explore the potential of alkaline-earth 

metal tungstates and molybdates in photocatalytic degradation of phenol, including also 
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differences between tungstates and molybdates. The research study described in [P3] 

and [P4] was devoted to the application of titanium oxyfluoride (TiOF2) in F-TiO2 

synthesis. The role of crystal facets exposition of obtained F-TiO2 toward photocatalytic 

naproxen degradation [P3] and the effect of the precursor morphology [P4] were 

investigated. TiOF2 was also used as a component in {0 0 1} TiO2/TiOF2 binary 

photocatalyst, as described in [P5]. Since all the studied photocatalysts primarily 

exhibited UV activity, the research focus was also on the ability to activate the 

semiconductor under visible light. In this regard, the same aspects investigated within F-

TiO2 were also considered for BiVO4, including the morphology of the precursor (herein: 

ammonium metavanadate) in [P6] and crystal facets exposure. Moreover, research 

studies concerning BiVO4 also involved PMS-assisted photocatalysis.  

 

Figure 2.1. Thematic correlation between the manuscripts that constitute the scientific 

achievement in the PhD dissertation. 
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3. RESEARCH METHODOLOGY 

3.1. Synthesis procedures 

Most of the photocatalysts and precursors described in the doctoral dissertation were 

prepared using the solvothermal method. However, there were a few exceptions when 

chemical reduction was selected for material preparation. The synthesis time, 

temperature, duration, reactants, and environment were adjusted based on the work and 

the material being designed. Exact descriptions of the synthesis procedure are presented 

in publications, but general information about important aspects of particular syntheses 

are presented in the subsections below. 

3.1.1. Alkaline-earth metal tungstates and molybdates 

Alkaline-earth metal scheelite-type compounds (CaWO4, SrWO4, BaWO4, CaMoO4, 

SrMoO4, BaMoO4) were synthesized via a hydrothermal route. Two aqueous solutions 

were prepared separately, first with alkali metal salts and the second containing Na2WO4 

· 2 H2O (for tungstates) or Na2MoO4 · 2 H2O (for molybdates), and then mixed with each 

other. After obtaining uniform stable suspensions, the mixture was transferred into a 200 

cm3 Teflon-lined stainless-steel autoclave and was heated at 160 °C for 6 h. After cooling 

down naturally to room temperature, the obtained white solids were washed by deionized 

water several times, separated through centrifugation and dried to a dry mass. 

3.1.2. TiOF2 precursor and TiO2-based photocatalysts 

Generally, synthesis of TiOF2 precursors requires solvothermal conditions and a 

source of fluorine. The most common procedure of TiOF2 preparation in doctoral 

dissertation, used in [P3] and [P4], included HF-free method, in which TiF4 substrate 

was mixed in 120 cm3 of 1-butanol. This suspension was then transferred into a Teflon-

lined stainless-steel autoclave and heated at 210 °C for 24 h. More TiOF2 syntheses 

were proposed in [P4], considering morphological differences. The procedure was then 

modified and an appropriate amount of 48% hydrofluoric acid (HF) was added to the 

reaction mixture. Moreover, to achieve cubic TiOF2, different substrates were used for 

synthesis; titanium(IV) isopropoxide (TTIP) was dissolved in acetic acid in the presence 

of HF and underwent solvothermal treatment at 200 °C in 12 h. 

TiOF2 powders were then used as the precursors for F-TiO2 preparation. In this 

regard, 0.2 g TiOF2 was dispersed in deionized water and mixed in aqueous NH4F 

solution in different NH4F:TiOF2 molar ratio. Optionally, NH3(aq) solution in different 

amounts was added as a capping agent. The obtained mixtures were then transferred 
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into a 200 cm3 Teflon-lined stainless-steel autoclave and heated at 200 °C for 20 h. After 

cooling naturally, beige solids were centrifuged and washed several times with water and 

anhydrous ethanol to remove residual NH4
+ and F– ions, then dried to dry mass. The 

effect of synthesis parameters was a part of [P3] publication. [P4] manuscript included 

only one synthesis condition – the aqueous mixture of TiOF2 precursor and NH4F in molar 

ratio 4:1 was prepared, and 10 cm³ of NH3(aq) was added. 

TiOF2 was also used as a component of binary {0 0 1} TiO2/TiOF2 photocatalysts with 

controllable TiOF2 content, described in [P5]. To achieve this goal, 17 cm3 of titanium(IV) 

butoxide (TBT) was dissolved in 30 cm3 of 1-hexanol. After obtaining a uniform mixture, 

3.4 cm3 of 48% HF was slowly added to the reaction environment. Then, the resulting 

milky suspension was transferred into a 200 cm3 Teflon-lined stainless-steel reactor and 

was kept at 210 °C. The content of TiOF2 in the binary photocatalyst depended on the 

time of solvothermal synthesis, so durations of 3 h, 6 h, 8 h, 10 h, 12 h, 16 h and 24 h 

were investigated. After cooling down naturally, the precipitate was centrifuged and 

washed with water, anhydrous ethanol and 0.1 M NaOH solution to remove residual 

organic reagents and excess fluoride ions, then finally dried to dry mass. 

3.1.3. NH4VO3 precursor and BiVO4-based photocatalysts 

In case of BiVO4 synthesis, the morphology and crystal facets exposure is mainly 

dependent on two factors: pH of the solution and the presence of surfactants. Especially 

vanadium plays the key role in the formed morphology and crystal growth, as water and 

V5+ can act as Lewis base and acid, respectively. Therefore, electrons can be transferred 

to the vacant 3d orbital of vanadium, which has a strong polarizing power. This transfer 

induces the formation of a complex [V(OH)h(OH2)6-h](5-h), in which h is a ratio of water 

hydrolyzed by solvation of V5+. The parameter h depends on the pH value of the 

environment and leads to the different stoichiometry of the vanadium complex. Finally, 

the reaction of these vanadium forms can result in the formation of H2O–V–OH or HO–

V–OH  bonds and a different morphology of the final vanadium-based material [114,115]. 

In most BiVO4 synthesis, the most frequently used vanadium source is ammonium 

metavanadate (NH4VO3), a compound with a polymeric structure consisting of chains of 

[VO3]− connected by hydrogen bonds [116]. Changes of pH directly influence the 

formation of hydrogen bonds by affecting the degree of ionization of molecules, which 

can lead to changes in material properties. Moreover, the morphology of the NH4VO3 

can also be a key parameter, because of different contributions of V=O and V-O-V bonds 

and the amount of hydrolyzed water. 
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In this regard, two samples of NH4VO3 precursors were compared and described in 

[P6] – the commercial one from Merck and the as-synthesized one. The self-made 

precursor procedure was as follows: 0.25 g of vanadium(V) oxide (V2O5) was dispersed 

in 300 cm3 of 1.25 M aqueous solution of ammonium acetate using an ultrasonic bath. 

Then, the yellow uniform solution was left for 24 h to achieve the precipitated white solids. 

Finally, this precipitate was washed several times with anhydrous ethanol and 

centrifuged. The final NH4VO3 was dried at 40 °C in a vacuum oven to dry mass. 

(m–s) BiVO4 was synthesized via a hydrothermal route. For investigating the role of 

precursor morphology, three solutions in 2 M aqueous nitric acid were prepared 

separately: with NH4VO3 (vanadium source), Bi(NO3)3 ⋅ 5 H2O (Bi source) and sodium 

dodecyl sulfate (SDS). After ensuring that all the reagents were dissolved, these three 

solutions were mixed. Subsequently, the mixture was diluted by deionized water and 

transferred into a 100 cm³ Teflon-lined stainless-steel reactor. The conditions of 

hydrothermal treatment were 150 °C and 24 h. After cooling down naturally, the yellow 

precipitates were centrifuged and washed with deionized water and anhydrous ethanol 

to purify the sample from excess ions and surfactant residues. 

The described above synthesis procedure was also repeated for obtaining polyhedra 

with Bi-rich surfaces. The parameter conditions were exactly the same for multifaceted 

BiVO4, but the commercial NH4VO3 from Merck was used. In case of octahedral BiVO4, 

the only difference was a surfactant – SDS was replaced by sodium dodecylbenzene 

sulfonate (SDBS). Regarding decahedral BiVO4, no surfactant was used. Instead, the 

substrates (NH4VO3 and Bi(NO3)3 ⋅ 5 H2O) were dissolved in 1.5 M HNO3 solution. This 

mixture was extremely acidic with pH = 0.45, so 2 M NH3(aq) solution was required to 

adjust the pH to 0.89. The final mixture was transferred to a 100 cm3 Teflon-lined 

stainless-steel autoclave and heated at 200 °C for 24 h. 

Within [P6], the interface modification by CuOx sub-nanoclusters was also performed. 

To achieve this, BiVO4 sample was added to an aqueous solution with SDS, and then, 

1.5 cm3 of 0.1 M CuCl2 water solution was dropped into the mixture. Cu2+ cations were 

further reduced by 2.5 cm3 of 0.2 M NH2OH ⋅ HCl aqueous solution. Finally, CuOx/BiVO4 

was washed several times with deionized water and anhydrous ethanol, centrifuged and 

dried to dry mass in vacuum conditions. 
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3.2. Characterization techniques 

All the described materials were characterized considering their: crystal structure and 

phase composition. Their crystal structure and phase composition were analyzed using 

powder X-ray diffraction (XRD) with Cu Kα radiation. Phase identification was performed 

based on the available reference cards of the standard compounds, provided by The 

International Centre for Diffraction Data (ICDD) database. If possible, the Rietveld 

refinement was performed using X’Pert HighScore Plus 2006 software (Malvern 

Panalytical), including lattice parameters, specimen displacement, polynomial 

coefficients for the background function, profile parameters and Gaussian/Lorentzian 

profile coefficients. For Rietveld refinement [117], crystallographic information files (.cif) 

were obtained from Crystallography Open Database (COD). The amorphous phase 

content was analyzed using NiO as an internal standard (provided by Sigma-Alrich). The 

average crystallite size, defined as the size of the coherent diffracting domains, was 

estimated from the Scherrer equation with the usual assumption of spherical crystallites. 

For selected solid materials, the bond identification was determined by Fourier-

transform infrared spectroscopy (FTIR) in the transmittance mode. In each 

measurement, pellets containing KBr and a powder sample were performed. 

The morphology of solid materials, especially considering the exposition of specific 

crystal facets, was investigated using electron microscopy techniques: mostly scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM) for fine 

particles. Depending on the specific features like chemical composition or crystal phase 

identification, the morphological observations were supported by energy-dispersive X-

ray spectroscopy (EDX) and selected area electron diffraction (SAED), respectively. The 

parameters of surface area and pore volume were investigated using low-temperature 

nitrogen sorption based on Brunauer–Emmett–Teller (BET) method. Before each 

measurement, the analyzed photocatalysts were degassed. 

The effect of pH on the photocatalyst’s surface charge was measured as zeta 

potential. For each measurement, the diluted suspension of a sample in KCl water 

solution was prepared. 

The surface chemical composition and chemical state of the photocatalysts were 

analyzed by X-ray photoemission spectroscopy (XPS), carried out at room temperature 

under ultrahigh vacuum conditions. The carbon C1s peak position was calibrated to 

285.0 eV and used as an internal standard to determine other photoelectron peaks’ 

binding energy. This method was also used to determine the position of the valence band 

(VB) in relation to the Fermi level. 
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The thermal stability and phase transition of TiOF2, were demonstrated using thermal 

gravimetric analyzes (TGA) in a range of 25–800 °C at a heating rate of 10 °C·min−1 

under a nitrogen atmosphere. 

X-ray absorption spectroscopy (XAS) at the Cu K edge was performed in [P6] to 

investigate the presence and nature of copper sub-nanoclusters. This analysis was 

carried out at the ASTRA beamline of the SOLARIS National Synchrotron Radiation 

Centre in Kraków, Poland. The investigated sample was ground in an agate mortar and 

spread on the Kapton tape. Cu foil was used to calibrate and align collected spectra, 

whereas commercial copper oxides (Cu2O and CuO) were the Cu(I) and Cu(II) reference 

materials, respectively. Reference compounds were measured in transmission mode, 

whereas the as-synthesized sample was measured in fluorescence mode. Data 

processing and analysis were examined by ATHENA software from Demeter software 

package [118]. 

The diffuse reflectance UV-Vis spectroscopy (DR/UV-vis) measurements were 

performed to determine the light absorption range and calculate band gap energy based 

on Tauc’s method [119]. All these spectra were recorded in relation to barium sulfate 

(BaSO4). Photoluminescence spectroscopy (PL) was performed to check the intensity of 

radiative emission upon excitation. For selected series, time-resolved 

photoluminescence (TRPL) spectroscopy was demonstrated to determine the average 

lifetime of photogenerated charge carriers. The excitation wavelength was adjusted to 

the bandgap of materials. The presence of trapping centers in the alkaline-earth metal 

scheelite-type compounds was confirmed by thermoluminescence (TL) spectroscopy. 

Finally, the time-resolved microwave conductivity (TRMC) spectroscopy was employed 

to study the charge-carrier dynamics in TiO2/TiOF2 series under UV light excitation.  

Electrochemical measurements were also performed for selected photocatalysts. For 

electrochemical studies, the photocatalyst powders were dispersed in aqueous or 

water/alcohol solutions, sonicated to obtain stable suspensions, and deposited onto 

conductive substrates such as fluorine-doped tin oxide (FTO) or carbon screen-printed 

electrodes by drop-casting, followed by drying. To improve the stability of layers, the 

electrode surfaces were blocked with a thin Nafion layer applied either by drop-casting 

or spin-coating. Then, prepared electrodes were placed in a three-electrode 

configuration, in which Ag/AgCl was a reference electrode and aqueous Na2SO4 solution 

was a supporting electrolyte. Optionally, [Fe(CN)6]3–/4– was used as a redox probe. 

Measurements were conducted using potentiostat-galvanostat systems, enabling 

techniques such as cyclic voltammetry (CV), electrochemical impedance spectroscopy 

(EIS), and Mott-Schottky diagrams. Additionally, photocurrent experiments were 



| Marta Kowalkińska 

Page | 52 
 

performed under controlled LED illumination to evaluate photocurrent density upon 

irradiation. 

3.3. Evaluation of the photocatalytic activity and toxicity assessment, ROS 

generation 

Most of the photocatalytic and PMS-assisted processes were performed as 

a suspension in 25 or 50 cm3 quartz photoreactor (1) with a cooling jacket connected to 

a thermostat to maintain a constant temperature of 20 °C. The photocatalytic set-up, 

placed in a black box, included also: a magnetic stirrer (2), hoses for the sample 

collection and connection to airflow and a quartz window as the light’s entry. The light 

source was 300 W xenon lamp with IR filter (4), optionally equipped with cut-off filter λ > 

420 nm (3), if visible-light responsive photocatalysts were investigated. The schematic 

illustration of this experimental set-up is presented in Figure 3.1. (also shown in [P6]). 

a) b) 

 

Figure 3.1. Schematic illustration of a) 25 cm3 quartz reactor and b) experimental set-up. For 

better clarity of illustrations, Xenon lamp and thermostat were not presented. Adapted from [P6]. 

Moreover, the publication [P5] includes another experimental set-up. In that case, the 

experiments were carried out in a batch beaker-type glass reactor with a volume of 100 

cm3. The slurry photocatalyst suspension was exposed to 24 W UV-A light centered at 

365 nm with a light intensity equal to 6 mW/cm2. 

In a typical experimental procedure, an appropriate concentration of the 

photocatalyst was dispersed under stirring in an aqueous solution of CECs. Before light 

introduction, the photocatalyst suspension was stirred for min. 30 minutes in the 

darkness to achieve the adsorption–desorption equilibrium. In case of PMS-assisted 
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processes, an Oxone® solution with appropriate concentration was added to the slurry 

system. The total PMS concentration in the reactor. 

In the PhD dissertation, several organic contaminants classified as CECs were 

investigated, mostly PhACs and phenols, and listed in Table 3.1. 

Table 3.1. CECs selected for investigation during PhD studies. 

Name CECs type Molecular structure λmax (nm) 

Phenol Phenolic compound 

 

271 

4-chlorophenol Phenolic compound 

 

224 

Myclobutanil Pesticide 

 

220 

Naproxen PhACs 

 

230 

Ofloxacin PhACs 

 

294 

Carbamazepine PhACs 

 

285 

The concentration of degraded CECs was mostly monitored using a high-

performance liquid chromatography (HPLC) combined with a photodiode array detector 

(PDA). Quantitative analysis of CECs was performed using the external calibration 

method with solutions of standard compounds. Optionally, the efficiency of the 

photocatalytic reaction was monitored as a change in the concentration of total organic 

carbon (TOC) before and after reaction, which is often attributed to the mineralization of 
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CECs to CO2. In this regard, TOC analyzer was used. The concentrations of selected 

inorganic ions, mainly SO4
2−, Cl− and F−, were monitored by Dionex ICS-1100 Ion 

Chromatography. Dionex™ Combined Seven Anion Standard II was used as an external 

standard to prepare the calibration curve. Metal leaching was monitored by inductively 

coupled plasma optical emission spectroscopy (ICP-OES). Intermediate products of 

CECs degradation were also examined in selected studies. In this regard, the high-

performance liquid chromatography–mass spectrometry (LC-MS) system was 

employed. The mass spectrometer was operated in two modes: full scan and 

fragmentation ions monitoring. 

The toxicity assessment of solutions after photocatalytic and PMS-assisted 

photocatalytic treatment was evaluated by Microtox® bioassay, based on the inhibition 

of luminescence from Vibrio fischeri bacteria. The measurements of light output were 

carried out after 5 min and 15 min. The toxic environment induces a decline in the light 

output, so the percent decrease in light output was recorded. 

ROS generation by selected photocatalysts was also monitored by electron spin 

resonance (ESR) spectroscopy in the presence of spin traps. For spin trapping 

experiments, chemicals 5,5-Dimethyl-1-pyrroline N-oxide (DMPO), α-phenyl-N-tert-

butylnitrone (PBN) and 2,2,6,6-tetramethyl-4-piperidinol (HTMP) were used. The 

measurements were performed at room temperature under aerobic and hypoxic 

conditions. Moreover, the photocatalytic generation of hydroxyl radicals (•OH) was 

examined by studying the selective oxidation of coumarin to 7-hydroxycoumarin (7-OHC) 

[120]. The concentration of 7-OHC was monitored by photoluminescence spectroscopy 

using an external calibration curve for quantification. 

3.4. Computational techniques 

Computational simulations of the electronic structure and energetics of the selected 

materials were performed based on density functional theory (DFT). Quantum Espresso 

software package was used for the calculations [121,122]. The preparation of all models 

was based on the existing crystallographic information files of the bulk crystal structures 

(.cif files), which were optimized concerning positions of all atoms and unit cell 

dimensions, following the Broyden–Fletcher–Goldfarb–Shanno algorithm (BFGS). Next, 

surface models were built from the optimized bulk structure, and geometry was further 

relaxed under the fixed cell dimensions, including all atoms in each case. Depending on 

the research study, further point defects, interfaces and adsorbing molecules were 

introduced, followed by analogous optimizations. Optimized models were used for further 

analysis of charge density (Bader [123]), its differences, density of states (DOS) 
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distributions and adsorption energies for the analyzed system(s). All procedures were 

calculated to the default threshold values of Quantum Espresso with Perdew-Burke-

Ernzerhof (PBE) functionals [124]. Further details, like specific pseudopotentials, k-point 

grids, introduction of Hubbard on-site corrections (U), wave functions energy cut-off, etc. 

differed between the studies; however, they were always selected following the existing 

studies of similar systems (TiO2, TiOF2, BiVO4). 

In case of the publication [P5], the preparation of (0 0 1) TiO2/TiOF2 interface utilized 

fact of the almost identical unit cell lengths along the respective (0 0 1) and (1 0 0) planes 

of both structures (aTiO2 = 3.7845 Å and aTiOF2 = 3.798 Å, a 0.36% difference) and the 

known mechanism of the (1 0 0) TiOF2 plane being an intermediate product for the 

growth of the anatase (0 0 1). Therefore, no detailed optimization of the interface model 

was needed, and the corresponding surfaces were directly connected via the planes 

created by OX and OY axes. 

To estimate the ecological toxicity of selected by-products, the Ecological Structure 

Activity Relationships (ECOSAR) software was used to assess acute and chronic toxicity 

potential.  
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4. RESULTS 

The canon of doctoral dissertation [P1-P6] includes the theoretical and experimental 

approach to better understand the role of morphology and phase composition of the 

photocatalyst on physicochemical properties, photocatalytic activity and PMS activation. 

During PhD studies, numerous aspects were considered for investigation. Based on the 

research performed, five research articles and one book chapter were published. All the 

studies and related manuscripts listed in the dissertation have three features in common: 

 material characterization was performed and described in each research article, 

 each photocatalyst was applied in the degradation of contaminants of emerging 

concern in the aqueous phase, 

 only heterogeneous advanced oxidation processes based on photocatalysis were 

considered for investigation. 

The most important aspects discussed in chapters are presented in Table 4.1. 

 

Table 4.1. The summary of the research considered in chapters and articles, marked in green. 

Key aspects under consideration 
Chapters 

I II III IV V VI 
TiO2-based photocatalysts       
Photocatalysts with scheelite-type structure       
Precursor design (TiOF2 or NH4VO3)       
Crystal facets engineering       
Surface modification/Formation of 
heterojunction 

      

UV-light active photocatalysts       
Visible-light active photocatalysts       
PMS-assisted photocatalytic oxidation       
Degradation of phenolic compounds       
Degradation of pharmaceutically active 
compounds 

      

Degradation of pesticides       
Analysis of TOC conversion       
Generation of radicals       
Toxicity assessment       
DFT calculations       
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4.1. Chapter I: Photocatalytic activity of alkaline-earth metal scheelite-type 

tungstates and molybdates 

Based on [P1] M. Kowalkińska, P. Głuchowski, T. Swebocki, T. Ossowski, A. Ostrowski, 

W. Bednarski, J. Karczewski, A. Zielińska-Jurek, Scheelite-Type Wide-Bandgap ABO4 

Compounds (A = Ca, Sr, and Ba; B = Mo and W) as Potential Photocatalysts for Water 

Treatment, The Journal of Physical Chemistry C, 125(46), 2021, 25497-25513. 

In the present study, alkaline-earth metal compounds with scheelite-type structure 

and general formula ABO4 (A = Ca, Sr, Ba and B = Mo, W) were investigated for 

photocatalytic phenol degradation. The main motivation was to develop earth-abundant 

materials for photocatalytic applications. Many of these compounds occur naturally as 

minerals, such as CaWO4 (scheelite) and CaMoO4 (powellite) [125]. Therefore, the main 

goal of these studies was analyses of alkaline-earth metal tungstates and molybdates 

as potential photocatalytic active materials. 

Structural characterization confirmed that all synthesized materials crystallized in the 

tetragonal scheelite structure with high crystallinity, while morphological analyses using 

SEM microscopy revealed microspheres for Ca- and Sr-based compounds and 

formation of microcrystals for Ba-based ones. The specific surface areas were extremely 

low (less than 10 m²/g for almost all samples), particularly for BaWO4 and BaMoO4, which 

would suggest poor photocatalytic performance due to low dispersion in aqueous 

solution. All the obtained materials absorb light in the UV range (as shown in Figure 

4.1.a), which is typical for wide-bandgap compounds and could be a limiting factor that 

affects the photocatalytic performance in the UV-vis range. 

However, the experimental results revealed that as-synthesized tungstates and 

molybdates were capable of degrading phenol despite their low specific surface area 

and wide band gap energy, depicted in Figure 4.1.b. HPLC analyses confirmed the 

formation of catechol and hydroquinone as the main intermediate products of phenol 

oxidation. The highest rates of phenol degradation were achieved for BaWO4 and 

SrWO4, which exhibited the longest average charge carrier lifetimes, as proved by time-

resolved photoluminescence spectroscopy. Thermoluminescence (TL) glow curves 

revealed that trap depths strongly influenced the photocatalytic activity. Tungstates 

exhibited shallower traps which promoted the electron transfer, in opposite to 

molybdates’ deeper. These results, collected and presented in Table 4.2, were 

consistent with electrochemical measurements, which shown that AWO4 tungstates had 

less insulating character than AMoO4, and more efficient charge transfer can be 

achieved. 
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 a) b) 

  

Figure 4.1. a) Band edge positions  determined from the Mott−Schottky analysis and UV−vis 

absorption and b) photocatalytic phenol degradation over ABO4 compounds under UV-vis light. 

 

Table 4.2. The photoluminescence carrier lifetimes and energy traps for scheelite-type 

compounds, derived from TRPL and TL spectroscopy. 

Compound τ1 (µs) τ2 (µs) <τ> (µs) Trap energy (eV) 

CaMoO4 20.11 ± 2.03 10.89 ± 1.26 17.08 ± 3.71 
0.71 ± 0.02 
0.89 ± 0.04 

SrMoO4 35.53 ± 0.13 4.17 ± 0.03 8.61 ± 0.10 0.70 ± 0.01 
BaMoO4 61.62 ± 2.53 29.98 ± 1.85 50.76 ± 5.22 0.74 ± 0.02 

CaWO4 129.61 ± 7.39 10.16 ± 0.03 12.38 ± 0.75 
0.65 ± 0.01 
0.87 ± 0.03 

SrWO4 110.12 ± 0.35 - 110.12 ± 0.35 0.63 ± 0.01 
BaWO4 110.25 ± 0.29 - 110.25 ± 0.29 0.70 ± 0.02 

 

Finally, the mechanism of ROS generation was investigated for SrWO4 and BaWO4 

using electron spin resonance (ESR) spectroscopy with PBN as a spin trap. The ESR 

spectra of the UV-irradiated suspensions, shown in Figure 4.2, contained signals typical 

for hydroxyl radicals. However, the comparison of ESR spectra under aerobic and 

hypoxic conditions suggested that superoxide radicals can also be formed, although they 

were not directly detected. 
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a) BaWO4 b) SrWO4 

  

Figure 4.2. ESR spectra of a) BaWO4 and b) SrWO4 aqueous suspension, contained PBN as 

a spin trap performed under hypoxic and aerobic conditions before and after UV irradiation. 

The presented results confirmed that alkali-earth metal scheelite-type compounds 

can be used as photocatalysts upon UV irradiation. However, their photocatalytic activity 

remains low compared to other wide-band gap semiconductors like TiO2. In this regard, 

the investigation of scheelite-type compounds in the photocatalytic degradation of 

organic contaminants was further shifted to bismuth orthovanadate. 
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1. Size distribution of nanoparticles or microcrystals
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Normal distribution of nanoparticles (for calcium and strontium compounds) or 

microcrystals (for barium compounds) size was performed for each sample. All the size 

distributions are presented in Figure S1. To determine the size distribution of nanoparticles and 

agglomerates, SEM images of all samples were measured. Then the ImageJ software was 

applied to analyze the nanoparticles’ and agglomerates’ sizes. All measurements were carried 

out manually. For each considered sample, the morphological parameters were measured at 

least min. 100 times (for nanoparticles’ size) or 50 times (for agglomerates’ size). Finally, the 

obtained data were a basis of size distribution and were used to calculate the mean agglomerate 

diameter and mean nanoparticle size as well as to plot histograms.
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Figure S1. Size distribution graphs of nanoparticles (CaMoO4, CaWO4, SrMoO4, SrWO4)

and microcrystals (BaMoO4, BaWO4)

2. Adsorption isotherms

The SEM analyzes were completed by adsorption isotherm measurements (Figure S2).
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Figure S2. Low-temperature N2 adsorption isotherms measured for the obtained samples. 

The inset shows the pore size distributions
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3. Band gap calculations

The band gap of obtained scheelite-type photocatalysts was calculated using the Tauc 

method. This method includes the fact that the optical band gap is associated with the 

absorbance and the photon energy by the equation: (FKM . hν)n = A (hν - Eg), where FKM is a 

Kubelka-Munk function, hν is the photon energy, A is the absorption coefficient, Eg is the 

optical bandgap of the material and n is the constant associated with the different types of 

electronic transitions. In the case of the molybdates and tungstates with scheelite-type 

tetragonal structure, directed electronic transition is allowed (n=2), so the band gap value was 

determined by extrapolating the straight portion of the curve to y=0. 

The transformations of Kubelka-Munk function versus photon energy were presented in 

Figure S3. The uncertainties of measurements came from the least-squares approximation of 

linear jump of (FKM . Eph)½ data and included in the graphs. Due to the discrepancy in the 

literature, it is hard to compare results of Eg values in this work with other reports. In general, 

band gap values are in ranges 3.4-4.4 eV (molybdates) or 4.2-6.2 eV (tungstates). The 

differences in band gaps can be explained by different structural defects, e.g., oxygen vacancies, 

which can promote the formation of intermediate energy states within the bandgap. 
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Figure S3. The transformation of Kubelka-Munk functions vs. photon energy for alkali-

earth metal tungstates and molybdates.
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4. Additional information about optical properties of ABO4 compounds

The excitation spectra of obtained samples are presented in Figure S4. The highest intensity 

of excitation is noticed only for calcium compounds. These observations are in agreement with 

emission spectra (see Fig. 7 in the main text) of photocatalysts and confirm the 

photoluminescence properties of CaWO4 and CaMoO4.

Figure S4. Excitation spectra of alkali-earth metal a) molybdates (λem = 510 nm for 

BaMoO4, λem = 513 nm for SrMoO4 and λem = 528 nm for CaMoO4), b) tungstates (λem = 392 

nm for BaWO4, λem = 399 nm for SrWO4 and λem = 413 nm for CaWO4).

5. Flat bands and capacity of ABO4 compounds determination

Based on EIS spectra, flat bands and the capacity of the obtained scheelite-type compounds 

were determined. These parameters were presented in Figure S5 and Table S1, together with 

the uncertainty of these values.
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Figure S5. The EFB (blue) and CSC (grey) parameters of alkali-earth metal tungstates and 

molybdates obtained using EIS.

Table S1. The EFB and CSC parameters of presented photocatalysts obtained by means of EIS.

Sample EFB vs. Ag/AgCl (mV) CSC (μF/cm2)

CaMoO4 -379.28 ± 14.24 402 ± 12.45
SrMoO4 -522.81 ± 19.22 500 ± 8.22
BaMoO4 -101.50 ± 12.44 543 ± 10.82
CaWO4 -326.15 ± 21.51 207 ± 4.54
SrWO4 -359.91 ± 26.95 204 ± 10.33
BaWO4 -374.45 ± 10.01 200 ± 4.91

6. Detailed study of phenol photocatalytic degradation

Additional results of phenol degradation for each sample are presented below in Figure S6. 

1,2-dihydroxybenzene (catechol) and  benzene-1,4-diol(hydroquinone) are the two main 

derivatives that appear during the photocatalytic process. The reaction kinetics are shown in the 

main manuscript.
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Figure S6. Phenol (black lines), hydroquinone (blue lines), and catechol (pink one) 

concentration vs. irradiation time for different scheelite-type photocatalysts.

Small differences in phenol removal can result from minor photocatalyst loss during 

filtration, which is necessary for preparing samples for HPLC analysis.

To study the mineralization efficiency, the total organic carbon (TOC) measurements were 

performed (Figure S7). No significant decline of TOC in comparison with phenol (20 ppm) was 

observed. Minor deviations resulted from measurement uncertainty (2%).
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Figure S7. TOC measurements for scheelite-type compounds after the photocatalytic process.

7. Stability of scheelite-type compounds

To confirm the stability of the presented materials, three cycles of the photocatalytic process 

were performed. The phenol degradation efficiency after cycles is presented in Figure S8. 

Figure S8. The efficiency of phenol degradation after 120 minutes of the photocatalytic 

process using a) SrWO4 and b) SrMoO4 after three degradation cycles.
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In addition, X-Ray diffraction patterns are demonstrated for each photocatalyst (Figure S9). No 

additional peaks from other phases were detected, confirming that all scheelite-type compounds 

are stable after the photocatalytic process and can be reused without specific treatment. The 

same conclusions can be found after comparing the XRD patterns of SrWO4 and SrMoO4 after 

three cycles of the photocatalytic process. The investigations about the stability of ABO4 

materials were completed by SEM analysis, presented in Figures S10 and S11. It was shown 

that after the photocatalytic process, the agglomerates present in Figures 3 and 4 (main 

manuscript) had fallen apart, and in consequence, these microspheres are fragmented. These 

pieces of spheres can also join each other and create bigger agglomerates. However, the new 

formations are more irregular than before the photocatalytic process. After three degradation 

cycles, there were no significant changes in the morphology of SrMoO4 and SrWO4. In the case 

of barium compounds, the obtained microcrystals were also visible, but for BaMoO4, the 

polyhedra created the single elongated agglomerates, whereas, for BaWO4, the agglomerates 

consisted of many particles.
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Figure S9. XRD patterns of ABO4 compounds before and after the photocatalytic process.
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Figure S10. SEM images of ABO4 compounds after the photocatalytic process.
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Figure S11. SEM images of a) SrWO4 and b) SrMoO4 after three degradation cycles.
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4.2. Chapter II: Facet-dependent naproxen degradation over F-TiO2 synthesized 

from TiOF2 

Based on [P3] M. Kowalkińska, K. Sikora, M. Łapiński, J. Karczewski, A. Zielińska-Jurek, 

Non-toxic fluorine-doped TiO2 nanocrystals from TiOF2 for facet-dependent naproxen 

degradation, Catalysis Today, 413, 2023, 113959. 

Herein, titanium oxyfluoride (TiOF2) was used for the first time as a precursor for 

crystal facet-engineered F-TiO2, as it naturally introduced fluoride ions into the reaction 

environment. These photocatalysts were obtained through hydrothermal synthesis in the 

aqueous NH4F/TiOF2 mixture (series A:1), optionally with additional capping agents 

NH3(aq) or NaF. 

SEM images, shown in Figure 4.3, revealed the agglomerates of F-TiO2 composed 

of smaller nanocrystals. The presence of particular capping agents influenced the crystal 

facets exposition. After hydrothermal treatment of aqueous NH4F/TiOF2 mixture, the 

formation of decahedral F-TiO2 with exposed {0 0 1} and {1 0 1} facets. Similar results 

were noticed for the sample, for which NaF was used during synthesis. When NH3(aq) 

was introduced to the reaction environment, the exposition of {1 0 1} and {1 0 0} crystal 

facets was favoured. EDX spectroscopy confirmed the presence of fluorine in all 

samples, although no surface fluorine was detected by XPS spectroscopy for samples 

synthesized with NH3(aq) as the capping agent. These results suggest that doping occurs 

instead of surface modification by fluoride ions. 

4:1 10:1 4:1 + NaF 

 

 

 
4:1 + 2 ml NH3 4:1 + 10 ml NH3 4:1 + 20 ml NH3 

  

 

  Figure 4.3. Zoomed SEM images of selected F-TiO2 nanostructures with marked crystal shapes. 
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Then, F-TiO2 photocatalysts were investigated toward photocatalytic degradation of 

naproxen (NPX) under UV-vis and visible light (λ > 420 nm), as presented in Figure 4.4. 

NPX undergoes rapid photolysis under UV-vis light, which makes difficulties in kinetics 

of photocatalytic processes. However, the effect of photolytic TOC conversion of NPX 

solution was relatively low, reaching 10% of TOC reduction, so this parameter was 

a direct confirmation that photocatalytic processes occur. Among the series, the most 

promising was sample 4:1 + 10 ml NH3 due to the highest TOC conversion yield (65% of 

TOC reduction after 60 min) and the highest photocatalytic activity under visible light. 

     a) b) 

 
     c) d) 

 

Figure 4.4. NPX degradation a) without photocatalysts (only photolysis), b) using F-TiO2 

photocatalysts from A:1 series, c) using photocatalysts with the addition of NH3 or NaF to 

synthesis under UV-Vis and d) under visible (> 420 nm) light. 
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Then, the NPX photocatalytic degradation pathway was monitored using liquid 

chromatography-mass spectrometry (LC-MS). Remarkably, a dimer intermediate was 

detected when the NPX solution was treated by F-TiO2 samples with exposed {0 0 1} 

facets. This by-product was not observed during photocatalysis with samples with mostly 

{1 0 1} crystal facets exposure. Moreover, the toxicity rate of post-process solutions was 

examined using Microtox® bioassay with Vibrio fisheri bioluminescence bacteria. 

Remarkably, no inhibition of bacteria’s bioluminescence was noticed for solutions after 

photocatalytic treatment with F-TiO2 synthesized in the presence of NH3(aq). Based on 

these results, we proposed that {0 0 1} facets induced dimer formation, leading to lower 

TOC removal and the highest toxicity rate of the post-process solution. 

a) 

 
b) c) 

 

 

Figure 4.5. a) Products of NPX photocatalytic degradation under UV-vis irradiation, b) TOC 

conversion of NPX solution, c) Toxicity rate measurements using Microtox® bioassay.
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Non-toxic fluorine-doped TiO2 nanocrystals from TiOF2 for facet-dependent 
naproxen degradation 
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A B S T R A C T   

In the present study, the photocatalytic degradation of naproxen (NPX), which is a nonsteroidal anti- 
inflammatory drug (NSAID), frequently detected in drinking water, was investigated. The F-doped TiO2 with 
defined morphology was successfully obtained from TiOF2 and applied for photocatalytic degradation under 
UV–vis and visible light. All samples were characterised by X-ray diffraction, scanning electron microscopy, X- 
ray photoelectron spectroscopy, zeta potential, diffuse reflectance spectroscopy, and Brunauer–Emmett–Teller 
surface area analyses. The effect of morphology on the photocatalytic activity of the F-TiO2 nanostructures with 
exposed {1 0 1}, {0 0 1} and {1 0 0} facets was studied. Octahedral F-TiO2 particles with exposed {1 0 1} facets 
revealed the highest photocatalytic activity, and degraded 100% of the initial NPX concentration after 40 min of 
the photodegradation process under simulated solar light (UV–vis). Moreover, this sample exhibited the highest 
TOC removal and NPX degradation under visible light (>420 nm). Based on HPLC-MS analysis, it was assumed 
that {0 0 1} facets present in fluorinated decahedral nanostructures promote the formation of a dimer, which 
further hinders the mineralisation rate. Therefore, decahedral nanostructures exposing {1 0 1} and {0 0 1} facets 
revealed lower photocatalytic activity than octahedral F-TiO2 particles with exposed {1 0 1} facets, which is also 
consistent with DFT studies. Finally, toxicity assessment of post-process suspensions using Microtox bioassay 
confirmed that fluorine-doped octahedral anatase particles are non-toxic, although fluorine ions were the re
actants of the synthesis from TiOF2. Overall results showed the possibility of application of highly efficient and 
environmentally safe fluorine-doped anatase photocatalysts in improved degradation of naproxen.   

1. Introduction 

An excessive introduction of organic contaminants to water is a 
serious environmental hazard. The effluents may contain large amounts 
of toxic organic compounds, which are not susceptible to treatment 
using conventional methods [1,2]. Therefore, the efficient treatment of 
wastewaters is an ambitious challenge. Among the group of emerging 
contaminants, pharmaceuticals and personal care products (PPCP) are 
extensively and increasingly being detected in the water. PPCPs can be 
further classified as antibiotics, contrast agents, hormones, and 
nonsteroidal anti-inflammatory drugs (NSAIDs). Their presence in nat
ural sediments, groundwater, surface water, and even drinking water 
can hinder the proper functioning of the human body and other or
ganisms in the natural environment. The toxicity and persistence of 

some pollutants and limited drinking water resources have made it 
necessary to search for new advanced treatment technologies for envi
ronmental protection, applying innovative nanotechnology solutions to 
purify water from emerging contaminants [3]. 

Recently, the commonly used worldwide pharmaceuticals from the 
group of nonsteroidal anti-inflammatory drugs have gained attention 
due to the concern of possible effects on living aquatic organisms and 
humans. An example of a pain killer from the NSAIDs group, which 
occurs in the environment causing an emerging problem, is naproxen 
(NPX). It is a commonly used drug for treating osteoarthritis in patients, 
unlike diclofenac and other NSAIDs, because at high doses, it poses a 
lower vascular risk [4]. Moreover, the prolonged duration of action 
resulting from a long biological half-life and no need for a prescription 
are reasons for its popularity in the pharmaceutical market and, as a 
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consequence, its presence in surface waters. Caban et al. have detected 
naproxen in ground and surface water in Gdańsk (Poland). In this study, 
naproxen, next to paracetamol, was one of the most frequently detected 
active pharmaceutical ingredients in drinking water [5]. Although the 
established concentration of NPX was at the ng.dm− 3 level, it is not 
completely removed during wastewater treatment processes and can 
bioaccumulate and biomagnify in living organisms, which can cause 
antibiotic resistance, skin irritation, endocrine disruption or neurotoxic, 
and even immunotoxic reactions [6,7]. Therefore, the elimination and 
degradation methods of NPX in WWTP are highly desirable. Among 
water treatment technologies, heterogeneous photocatalysis is worthy 
of attention because it allows for the degradation of trace amounts (at 
the level of a few mg⋅dm− 3 to several hundreds of µg⋅dm− 3) of organic 
pollutants from water or air. If photocatalysts are active under visible 
light, they open up the possibility of utilising solar irradiation instead of 
highly energy-consuming UV lamps. However, so far, the low quantum 
efficiency under visible light and fast charge carriers recombination are 
still limiting factors in photocatalysis [8]. 

Titanium (IV) oxide is one of the most promising photocatalysts due 
to its strong oxidising potential, low cost, and long-term stability against 
photocorrosion and chemical corrosion [9,10]. However, the large 
bandgap energy of about 3.2 eV for anatase, and in consequence, the 
capability of being excited only by ultraviolet light is a limitation for the 
application of photocatalysis in the presence of solar light. In this regard, 
attention has been paid to extending the optical response of TiO2-based 
photocatalyst. It is of great importance to develop photocatalysts that 
can be used in both UV and visible light regions. The first attitude is 
doping by using transition metal cations into TiO2 lattice. However, this 
approach often leads to localising d-states deep in the bandgap of tita
nium (IV) oxide, which acts as the recombination centres for photoex
cited electrons and holes and lowers the photocatalytic activity. 
Moreover, doping may contribute to unfavourably shifting the conduc
tion band below the redox potential of adsorbates, which inactivates the 
photocatalyst [11]. Therefore, doping with anions, usually non-metal 
atoms, seems to be a promising alternative for structure modification 
because they result in the p-states near the valence band, much like 
other deep donor levels in TiO2 [12]. 

Among modified photocatalysts, fluorinated titanium(IV) oxide has 
been reported as a promising photocatalytic material, including intro
ducing defects to crystal lattice and surface fluorination. The great po
tential of F-TiO2 results from strong complexation between F- and Ti as 
well as the high electronegativity of fluorine leading to more efficient 
hole-induced direct water oxidation. Next to changes in surface struc
ture, doping of TiO2 with fluorine improves its photoreactivity through 
tailoring the band structure [12]. However, fluorine is toxic to the 
central nervous system, and excessive exposure to this element can cause 
harmful effects such as permanent damage to all brain structures, 
memory dysfunction, and behavioural problems [13]. Moreover, most 
described fluorinated TiO2 were synthesised using hydrofluoric acid as a 
capping agent. The HF-assisted synthesis allows for stabilising 
high-energetic crystal facets, but their efficiency is low due to the 
etching of the anatase structure and dissolution–recrystallisation pro
cesses [14]. Therefore, titanium oxyfluoride (TiOF2) is a desired pre
cursor because it naturally introduces fluorine ions inside the reaction 
system. Our previous study showed that the application of TiOF2 enables 
to control of the growth of selected crystal facets using simple stabilising 
agents [15]. 

In this regard, in the present study, faceted F-TiO2 photocatalysts 
from the combination of NH4F and TiOF2 were for the first time suc
cessfully synthesised. Furthermore, the photocatalytic activity towards 
NPX degradation over F-doped titanium(IV) oxide together with the 
Microtox bioassay test were studied in detail. To our best knowledge, 
there are no studies of the toxicity assessment of fluorinated TiO2 with 
defined morphology. The efficiency of proposed photocatalysts was 
studied on three parameters: (i) removal of NPX under simulated solar 
and visible light, (ii) total organic carbon removal, and (iii) toxicity 

assessment. Finally, the role of surface structure compared with DFT 
calculations and facets exposition toward NPX degradation pathway 
were discussed. 

2. Experimental 

2.1. Synthesis of F-TiO2 

The synthesis of titanium oxyfluoride (TiOF2) by a facile and HF-free 
solvothermal method was described in our previous study [15]. Tita
nium (IV) tetrafluoride (TiF4), 1-butanol, ammonium fluoride (NH4F), 
sodium fluoride, and ammonia water (25%) were used as received from 
Sigma-Aldrich. The synthesis of F-TiO2 was performed from TiOF2 pre
cursor (0.2 g) dispersed in 50 cm3 of deionised water. Then, TiOF2 
suspension was added to 50 cm3 of NH4F solution in NH4F: TiOF2 molar 
ratios of 1:1, 2:1, 3:1, 4:1, 5:1 and 10:1. The obtained solution was 
transferred into a 200 cm3 Teflon-lined stainless-steel autoclave and 
kept at 200 ◦C for 20 h, then cooled down naturally. After each reaction, 
beige precipitates were centrifuged and washed several times with water 
and ethanol to remove residual inorganic ions, then dried at 80 ◦C. The 
obtained photocatalysts were denoted as A:1, where A is the NH4F: 
TiOF2 molar ratio used in the synthesis. In addition, the effect of fluorine 
concentration was studied. In the first series, the appropriate amount of 
ammonia water was added, preserving the same volume of solution 
(100 cm3) as earlier. The second part included the addition of NaF as a 
source of fluoride ions. In this case, the concentration of F- was the same 
as in sample 10:1. Moreover, several attempts were performed with 
hydrofluoric acid but without success due to etching the anatase 
structure. 

3. Materials characterisation 

The characterisation methods applied in this work can be found in 
the subsection 2.1. Material characterisation in the Supplementary In
formation (SI). 

4. Results and discussion 

The powder X-ray diffraction (XRD) analyses confirmed the phase- 
pure anatase crystallographic structure of the obtained photocatalysts 
(see Fig. S1 in Supplementary Information). No signal for any impurities 
was noticed. However, a close look into the (101) peak might suggest 
that the lattice is deformed. This peak is slightly shifted, indicating the 
lattice distortions due to the presence of a dopant. The more NH4F was 
used in synthesis, the more remarkable shift was observed. A similar 
situation occurred when NH3 or NaF was added during the synthesis. 
The lattice parameters and unit cell volumes calculated using Rietveld 
refinement are presented in Table S1. 

The obtained photocatalysts’ morphologies were examined using 
scanning electron microscopy. Fig. 1 shows the SEM images of F-TiO2 
prepared from TiOF2. Moreover, SEM observations, including the trun
cation level and facet identification, are presented in Table S2 in SI. For 
all samples, the agglomerates composed of smaller nanostructures were 
observed. However, significant changes in individual photocatalysts can 
be noted. Firstly, the samples from the series without additives started 
the agglomeration process in hollow boxes on a bulk microparticle, 
which originates from the precursor, as well as creating crystal facets. 
The more NH4F was used in the synthesis, the more faces from TiOF2 
cubes were unfolded, and more nanoparticles were distinguished on 
microscopy analyses. Therefore, samples n:1 and 4:1 + NaF are deca
hedral in shape with exposed {0 0 1} and {1 0 1} facets. However, this 
increased tendency has a limitation. Based on Yang et al., it was assumed 
that hydrothermal conditions, where water is the solvent, do not allow 
to stabilise only {0 0 1} facets [16]. Therefore, there is a limitation of 
synthesis nanostructures with {0 0 1} facets. There is a maximum value 
of truncation level (also the {0 0 1} to {1 0 1} ratio) and even higher 
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Fig. 1. (a-f) SEM images of F-TiO2 nanostructures, g) Morphology evolution and transformation of F-TiO2 from TiOF2.  
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amount of fluorine in the reaction do not influence on the morphology of 
the photocatalyst. For further growth of {0 0 1} facets, changing the 
solvent from water to alcohol is needed [14]. 

Based on Lee and co-workers’ study [17] and the above observations, 
the mechanism of anatase nanocrystals synthesis from titanium oxy
fluoride and ammonium fluoride is proposed and can be described ac
cording to the following equations:  

TiOF2 + NH4F → NH4TiOF3                                                            (1)  

NH4TiOF3 + 5H2O → [Ti(OH)6]2− + 2H+ + 2HF + NH4F                  (2)  

[Ti(OH)6]2− + 2H+ → TiO2 + 4H2O                                                 (3) 

According to Eqs. (1)–(3), three important roles of ammonium 
fluorine can be highlighted: i) a source of the intermediate product of 
NH4TiOF3, which can further hydrolyse to TiO2, ii) capping agent, and 
iii) fluorine ions as the self-etching agent instantaneously produced in 
the system. However, the addition of NH3(aq) to the reaction system 
preserved the bulk cube originating from titanium oxyfluoride and 
prevented hollowing microparticles out. Ammonia molecules act as F- 

scavengers, preventing adsorption on the photocatalyst’s surface. 

Fluorine ions stabilise the {0 0 1} facet [18], which explains that on the 
cubes’ faces, small nanoparticles with octahedral shapes with {1 0 1} 
facets are noted, as presented in Fig. 1d-e. For octahedral nano
structures, adding more ammonia to the synthesis caused lowering the 
truncation level and more distinct {1 0 1} facet exposition. So far, the 
synthesis of octahedral TiO2 requires specific capping agents like a 
combination of hydrazine and sulphate ions [19] or using Na2Ti3O7 
phase [20]. The advantage of using TiOF2 as a precursor is the simpli
fication of the procedure of octahedral titanium (IV) oxide synthesis 
with good reproducibility. However, as presented in Fig. 1f, adding a 
high amount of NH3(aq) to the reaction system caused the formation of {1 
0 0} facets, which was consistent with our previous study [15]. 

To confirm the presence of fluorine in the photocatalyst’s structure, 
Energy Dispersive X-Ray Analysis (EDX) was performed for selected 
samples (Table S2 in Supplementary Information). The presence of 
fluorine was confirmed in most of the analysed samples. In the case of 
series + NH3, the fluorine content is lower due to decreased amount of 
surface fluorine, replaced by -OH groups. 

Based on SEM and EDX analysis, the schematic synthesis procedure 
of the fluorinated TiO2 with defined morphology is presented in Fig. 1g. 
Overall, adding ammonium fluorine without additives enables to grow 

Fig. 2. a) A relationship between the surface area of photocatalysts and NH4F: TiOF2 ratio (black axis) or NH3 volume used during synthesis (the dark red one), b) 
The total and partial density of states for F-doped (101), and (001) slab model, obtained with the GGAU methodology, c) Zeta potential determined from the 
electrophoretic mobility in dependence of the pH, I = 1⋅10− 2 M KCl. 
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decahedral nanoparticles with exposed {1 0 1} and {0 0 1} facets. If a 
certain amount of ammonia water is introduced to the reaction system, 
only {1 0 1} facets are present in octahedral nanostructures. Further
more, the XPS analysis showed that the surface of the series with NH3(aq) 
addition did not contain fluoride (see Fig. S2 in Supplementary Infor
mation). The most photocatalytic active sample of octahedral F-TiO2 
had negligible F- ions on the surface. However, the fluorine atoms are 
present in the lattice, which was confirmed by EDX analysis. For sample 
with NaF presence, the content of F- was about 7%, and it was slightly 
lower than for F-TiO2 without additives. 

Among the F-TiO2 samples, the relatively highest surface area in the 
series is noticed for NH4F: TiOF2 with a 3:1 molar ratio, see in Fig. 2a. 
However, the addition of NH3 to the reaction system contributed to the 
growth of {1 0 1} facets and increased the surface area of photocatalysts. 
However, an increase in SBET value is limited, and the decrease of the 
surface area for the 4:1 + 20 cm3 NH3 sample is noted, which may be a 
result of nanocrystals formation with {1 0 0} facets. 

To better understand the optical properties of F-TiO2 nanostructures, 
DR/UV–vis spectra were analysed (Fig. S3 in SI) and compared with 
theoretical calculations using the Density Functional Theory (DFT) 
method. The DOS simulation is depicted in Fig. S4 in SI. The total and 
partial density of states for F-doped (101) and (0 0 1) slab model is 
presented in Fig. 2b. The bandgap of (0 0 1) and (1 0 1) F-doped surface 
were 1.84 eV and 1.64 eV, respectively. Therefore, the {1 0 1} facets in 
fluorine-doped anatase nanostructures are supposed to reveal better 
visible light response than {0 0 1} facets. Similar to bulk F-doped 
anatase, all models are characterised by the presence of midgap states. 
However, the significant difference between these two slabs is in the 
type of midgap states. A distinct DOS band in the (1 0 1) surface slab can 
be noted, opposite the small two bands in (0 0 1). This change in elec
tronic structure is a reason for enhanced light absorption in the visible 
region. Therefore, the decahedral F-TiO2 photocatalysts as a combina
tion of {1 0 1} and {0 0 1} facets may exhibit lower photocatalytic ac
tivity under visible light compared to octahedral F-TiO2 with exposed 
only {1 0 1} facets. 

Furthermore, to study the surface properties of the F-TiO2 photo
catalysts, the electrophoretic mobility of these particles at different pH 
values (zeta potential) was investigated. The isoelectric point (IEP), 
which represents the pH where the electrophoretic mobility changes 
from positive to negative was determined for sample 4:1 of F-TiO2 
exposing {1 0 1} and {0 0 1} facets, sample 4:1 + 10 ml NH3 of F-TiO2 
exposing {1 0 1} facets, and sample 4:1 + 20 ml NH3 with exposed {1 
0 1} and {1 0 0} facets (see Fig. 2c). In the case of 4:1 + 20 ml NH3 with 
exposed {1 0 0} facets, the IEP = 6.1 is close to the values reported in the 
literature for anatase [21]. However, the shift towards acidic conditions 
was observed and the IEP for octahedral and decahedral F-TiO2 were 5.4 
and 4.5, respectively. So, the following order of IEP based on the facet 
exposition can be noticed: {0 0 1} < {1 0 1} < {1 0 0}. These results can 
be explained by differences in the surface atom rearrangement and 
electronic distribution on the surface. In consequence, there will be a 
different rate of surface hydroxylation and protonation for particular 
facets. The {0 0 1} facets, due to F- stabilisation, are the most negatively 
charged in comparison with {1 0 1} and {1 0 0} facets, which is 
consistent with the existing literature [22]. The higher stability of sus
pension was noticed at a pH of about 4 and above 7. In addition, these 
results were compared with the initial pH of the photocatalyst suspen
sion in NPX solution. The pH of the photocatalyst suspension was 4.8 for 
octahedral F-TiO2 (sample 4:1 + 10 ml NH3) and 4.3 for decahedral 
F-TiO2 (sample 4:1), whereas pure NPX solution had the initial pH of 
4.9. The pKa of NPX is about 4.2, so during photocatalysis with F-TiO2, 
naproxen occurs in a deprotonated form with a negative charge. During 
NPX removal, the photocatalyst surface was positively charged (pH <
pHIEP), which facilitated the attraction of the deprotonated form of the 
naproxen molecule at the photocatalyst surface. 

The photocatalytic activity of the as-prepared F-doped TiO2 was 
investigated in the reaction of NPX degradation under UV–vis and 

visible (λ > 420 nm) light. The results are presented in Fig. 3. Firstly, the 
photolysis of NPX was analysed to notice the differences between pro
cesses with or without photocatalyst. The concentration of NPX 
decreased rapidly during photolysis under UV–vis light (Fig. 3a and c), 
and after 90 min of irradiation, the observed reduction of naproxen 
concentration was 91%. The high level of photolytic processes can be 
explained by deprotonation of carboxylic acid group in NPX molecule, 
which occurred, when pH > pKa. This deprotonated NPX molecule, 
having a π→π * conjugation system, is supposed to easily undergo 
photolysis. Marotta et al. reported the photolysis of naproxen under 
monochromatic irradiation with a wavelength of 254 nm (UVC light), 
indicating a significant role of dissolved oxygen in a solution due to its 
predominant role in the generation of singlet oxygen at aerated condi
tions. The major by-product was 1-(6-methoxy-2-naphthyl)ethanol, 
which molecule differs from NPX compound replacement of -COOH 
group by -OH [23]. The photolysis of NPX in visible light was signifi
cantly lower than NPX removal under UV–vis light. The photocatalytic 
degradation process was more effective than the photolysis. All F-TiO2 
photocatalysts were highly photoactive in NPX decomposition. What is 
worth noticing, the removal rate was dependent on the morphology of 
the F-doped TiO2 photocatalyst. In the case of samples 5:1 and 10:1, 
about 100% of NPX was degraded after 60 min of irradiation. Among the 
nanostructures with exposed {1 0 1} and {0 0 1} facets, samples with a 
higher molar ratio of NH4F to TiOF2 were the most active in the series 
without additives (NaF or NH3). Furthermore, the presence of sodium 
fluoride in the synthesis (sample 4:1 + NaF) of decahedral fluorinated 
anatase particles negatively affected NPX degradation (see Fig. 3c). 
However, for octahedral F-TiO2 with exposed {1 0 1} facets (sample 
4:1 + 10 cm3 NH3), the degradation rate markedly increased, and after 
40 min, naproxen was completely degraded. 

Based on NPX degradation analyses performed in the presence of 
scavengers, it can be noticed that •OH are the predominant reactive 
oxygen species in NPX degradation using octahedral F-TiO2, whereas 
O2
•− are more important in the photodegradation in the presence of 

decahedral F-TiO2 (see Fig. S5 in SI). Finally, the relative photonic ef
ficiency was calculated and the value reached 2.94 for NPX solution. 
Detailed information about these calculations are in Supporting 
Information. 

Regarding the photocatalytic activity under vis light, the higher 
NH4F: TiOF2 ratio resulted in increased and more efficient NPX photo
degradation in the presence of the obtained F-doped decahedral anatase 
particles (see Fig. 3b and d). Furthermore, the series with F-doped 
octahedral anatase particles (samples 4:1 + NH3) revealed much more 
efficient naproxen photodegradation than decahedral F-TiO2 under vis 
light. The highest visible-light driven photocatalytic activity was 
observed for sample 4:1 + 10 ml NH3. After 120 min, 63% of naproxen 
was degraded. The significant difference is noticed while comparing 
samples 10:1 and 4:1 +NaF, which have the same fluorine amount in the 
reaction system. For sample 10:1, 48% of NPX removal was observed 
after 120 min of visible light irradiation, whereas the sample 4:1 + NaF 
reached only 31% in the same process parameters. The results for this 
sample can be explained by the presence of Ti3+ on the 4:1 + NaF sur
face, which may act as recombination centres and, in consequence, 
decrease the photocatalytic activity. The calculated constant rates based 
on a pseudo-first order model are presented in Table S3 in Supplemen
tary Information. The visible light-driven photocatalysts towards NPX 
degradation were reported previously, such as AgBr-α-NiMoO4 [24], 
reduced graphene oxide/ZnIn2S4 [25], Ag/AgI/ZnO [26] or TiO2 
immobilised on polyacrylonitrile/multiwall carbon nanotubes compos
ite (PAN-CNT/TiO2-NH2) [27]. These materials rapidly degraded NPX 
under visible light irradiation, although the light intensity used during 
the photocatalytic experiment was high (~100 mW/cm2). Herein, we 
have focused on single-component photocatalyst with simple synthesis 
conditions and unsophisticated modifications. Our results showed that 
using photocatalysts for efficient naproxen removal without high-energy 
rays is possible. 
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Fig. 3. Photocatalytic degradation of naproxen as a function of concentration (a, b) and ln(C/C0) (c, d); photocatalytic performance was determined under UV–vis 
irradiation (a, c) and visible (> 420 nm) light (b, d); TOC removal in the presence of F-TiO2 photocatalysts after photocatalytic process (e, f). 
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The TOC removal in the presence of F-TiO2 photocatalysts after 60 
and 90 min of UV–vis irradiation is presented in Fig. 3e. During 
photolysis, NPX molecules undergo partial mineralisation, but this re
action’s mineralisation rate is slow. For the photocatalytic process, the 
efficiency of TOC reduction increased for all F-TiO2 materials except the 
sample 4:1 + 20 cm3 NH3, probably due to the presence of {1 0 0} 
facets. These observations are consistent with Xu et al., who have sug
gested that {1 0 0} facets are strongly reductive, and electrons trans
ferred to the surface can reduce H+ into H2 effectively [28]. For 
NH4F+TiOF2 series with decahedral nanostructures, all photocatalysts 
exhibit a similar TOC removal in the range of 30–50% after 90 min of the 
photocatalytic process. Similar results were obtained for the sample 
4:1 + NaF, so the type of fluorine source does not influence the NPX 
conversion to CO2. Meanwhile, a significant enhancement in TOC 
removal of about 70% was observed for series with ammonia water 
addition. The most efficient photocatalyst was the sample 4:1 + 10 cm3 

NH3, for which 65% of TOC reduction was noticed after 60 min of the 
photocatalytic process. This sample also revealed the highest photo
catalytic activity under UV–vis and vis light irradiation. Such high TOC 
removal rates have so far been observed for commercial P25 [29,30] or 
ternary photocatalysts like single atom-dispersed silver and carbon 
quantum dots co-loaded with carbon nitride [31]. However, the addition 
of a higher amount of NH3(aq) contributed to growing {1 0 0} facets, 
which in consequence, probably inhibited the degradation process and 

mineralisation. These results are in agreement with our previous study 
regarding facet-dependent photocatalytic activity towards phenol 
degradation using TiO2 with defined morphology. The octahedral 
nanostructures with exposed {1 0 1} facets are more suitable for phenol 
mineralisation than decahedral ones due to the increased formation of 
O2
•− on the {1 0 1} surface and favoured electron localisation on the 

surface [15]. In this study, octahedral F-TiO2 is more efficient in NPX 
mineralisation than decahedral nanostructures, suggesting that the NPX 
degradation pathway can be facet-dependent. 

For a better understanding of the NPX degradation pathway, post- 
process water after 10 and 20 min of photocatalysis and 90 min of 
photolysis were analysed using liquid chromatography-mass spectrom
etry (HPLC/MS). Table S4 shows the detected intermediate products, 
and Fig. 4a depicts the detected products of NPX photocatalytic degra
dation. In the case of photolysis, the presence of two principal pseudo
molecular ions representing - 2-acetyl-6-methoxynaphthalene (NPX 1) 
and dimer C26H26O4 can be observed. It can be assumed that the 
dimerisation process leads to the creation of more complex compounds 
which are supposed to be less susceptible to photo-induced degradation 
processes. Therefore, the TOC removal will be lower when the dimer is 
formed. However, partial mineralisation during the photolytic process is 
observed, which is probably a result of partial naproxen decarboxylation 
[32,33]. Next to NPX 1, 1-(6-methoxy-2-naphthyl)ethanol (NPX 2) and 
2-ethyl-6-methoxynaphtalene were noticed. Surprisingly, in the case of 

Fig. 4. a) Products of NPX photocatalytic degradation under UV–vis irradiation, Microtox test of b) NPX and derivatives solutions and c) post-treatment wastewater 
using selected photocatalysts. 
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octahedral F-TiO2 with {1 0 1} facets, no products of dimerisation were 
detected, in opposite to decahedral particles. These results indicate 
different NPX degradation pathways depending on facet exposition. 
When {0 0 1} facets are exposed in the photocatalyst, the formation of 
dimer C26H26O4 is induced, in opposite to {1 0 1} facets. By analogy to 
photolysis, the dimerisation process is unfavourable for NPX removal 
because it inhibits the mineralisation to CO2 and H2O. Therefore, the 
highest TOC removal was noticed for the photocatalyst 4:1 + 10 cm3 

NH3, which is octahedral in shape, and dimer compounds were not 
produced during the degradation process. More detailed studies about 
by-products formation are presented in Fig. S7 in Supporting 
Information. 

To study the toxicity of NPX mixture in the presence of F-TiO2 
photocatalysts, Microtox bioassays were performed. The results are 
presented in Fig. 4. Firstly, the NPX initial solution and two by-products 
were analysed. It can be observed that the toxicity of NPX is moderate 
(49%). The presented results of the NPX solution are comparable with 
the literature [29]. However, there is a lack of information about the 
toxicity of main by-products. In this regard, additional measurements 
were performed in the maximum concentration detected by HPLC 
analysis. Remarkably, 2-acetyl-6-methoxynaphthalene (NPX 1) is simi
larly toxic to naproxen, although the concentration of this intermediate 
is just 5 mg . dm− 3. This effect may be a result of changes in the aliphatic 
chain (-CH(CH3)-COOH for NPX and -C(O)-CH3 for NPX 1). The toxicity 
assessment for 1-(6-methoxy-2-naphthyl)ethanol (NPX 2) showed lower 
inhibition of Vibrio fisheri bioluminescence than two previous com
pounds, which may be a result of replacing the ketone group with the 
hydroxyl group. 

What is worth noticing the direct NPX removal during the photolysis 
process did not decrease the toxicity (see Fig. 4c). In the case of pho
tocatalysis using F-doped TiO2, the rise in toxicity after 60 min of the 
photocatalytic degradation process is observed for 4:1 and 10:1 samples. 
Two reasons for this effect can be indicated. Firstly, F-TiO2 decahedral 
nanostructures had fluorine ions on the surface, necessary to create {0 
0 1} facets, which are supposed to be toxic. Secondly, {0 0 1} facets 
promote the formation of a dimer, which may be more toxic than other 
compounds presented in Figure 5a. Remarkably, no inhibition of bac
terias’ bioluminescence is observed in the presence of octahedral F-TiO2 
in NPX solution, which also correlates well with the high TOC removal of 
this sample. This photocatalyst also had negligible F- ions on the surface, 
confirmed by the XPS analysis. Therefore, the application of F-TiO2 with 
exposed {1 0 1} facets is supposed to be environmentally friendly. On 
the other hand, the post-treatment wastewater after the photocatalytic 
process in the presence of sample 4:1 + NaF is the most toxic in the 
series. By analogy to HPLC analysis, these nanostructures promote 
different degradation pathways without NPX 1 formation; therefore, 
these by-products may be more toxic than from other series. 

5. Conclusions 

Fluorine-doped anatase nanostructures synthesised from titanium 
oxyfluoride with defined morphology were for the first time obtained 
and applied for efficient naproxen photocatalytic degradation under 
UV–vis and vis light. The effect of NH3, NaF and NH4F introduced during 
solvothermal synthesis on preparation of F-TiO2 nanocrystals with 
exposed {0 0 1}, {1 0 1} and {1 0 0} facets was investigated. The 
octahedral F-TiO2 with exposed {1 0 1} facets and fluorine-free surface 
exhibited the highest photocatalytic activity. Moreover, this sample 
(4:1 + 10 cm3 NH3) revealed the highest efficiency of NPX removal 
under visible light (> 420 nm) and the highest TOC removal under 
simulated solar light. The high photocatalytic activity can be explained 
by DFT calculations, which suggest the presence of additional surface 
states when fluorine atoms are introduced to the (1 0 1) surface as well 
as a lower surface bandgap than (0 0 1). The facet dependence was 
crucial in changes in the concentration of 2-acetyl-6-methoxynaphtha
lene. Remarkably, our study showed that {0 0 1} facets of F-doped 

decahedral anatase particles promote the dimerisation process, inhib
iting efficient NPX removal. Finally, Microtox bioassay tests confirmed 
that the application of octahedral fluorine-doped anatase particles is 
safe for the environment. In view of the excellent photocatalytic per
formance and non-toxicity, the fluorinated TiO2 nanomaterial has the 
potential for practical application, thus providing a new idea for 
wastewater treatment from active pharmaceutical ingredients. 
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Jurek: Conceptualization, Methodology, Validation, Supervision, 
Writing – review & editing, Project administration, Funding acquisition. 

Declaration of Competing Interest 

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: 
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2. Experimental 

2.1. Material characterisation 

The synthesised photocatalysts’ crystal structure and phase composition were characterised 

by X-ray powder diffraction (Cu Kα radiation, Rigaku MiniFlex 600 X-Ray diffractometer) in 

the 5-80° 2 range. The analyses and Rietveld refinements were performed with the 

HighScorePlus software package (PANalytical, 2006) and the Crystallographic Open Database 

with data fitting based on the pseudo-Voigt profile function. The specimen displacement, lattice 

parameters, polynomial coefficients for the background function, profile parameters, and 

Gaussian and Lorentzian profile coefficients were refined. The amorphous phase content was 

estimated using an internal standard (NiO, Sigma Aldrich). The morphologies of F-doped 

anatase nanostructures were investigated by scanning electron microscope (SEM) with a field 

emission gun, model FEI Quanta FEG 250. A truncation level, which is defined as a ratio 

between their top and a middle side (A/B) of a particle, was selected as a parameter to describe 

decahedral and octahedral nanostructures. The ImageJ software was used for measurements of 

A and B values. Next, Micromeritics Gemini V instrument was used to determine the porous 

structure parameters of the photocatalytic materials, including Brunauer–Emmett–Teller (BET) 

surface area and pore volume, using low-temperature nitrogen adsorption. Before measurement, 

the analysed materials were degassed at 200°C for 2 h. The surface area was determined by the 

multipoint BET method. To complete the surface properties analysis, the detailed chemical 

composition of the photocatalysts’ surface was analysed by the X-ray photoemission 

spectroscopy method (XPS). XPS measurements were carried out at room temperature under 

ultrahigh vacuum conditions with pressures below 1.1 · 10-6 Pa using Omicron NanoScience 

equipment with Argus hemispherical analyser. Spectra deconvolution was performed with the 

CASA XPS software package using the Shirley background subtraction and Gauss-Lorentz 
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curve fitting algorithm by the least-squares method - GL (30). The XPS spectra were calibrated 

to obtain binding energy of 285.00 eV for the C 1s peak.  

Moreover, zeta potential was determined from the electrophoretic mobility in dependence 

of the pH using Malvern Nano Zetasizer (Malvern Instruments Ltd., Malvern, UK). These 

measurements were performed in 10-2 M KCl solution with the photocatalyst loading of 0.5 

g∙dm3. Finally, the optical properties were studied using a UV–Vis spectrophotometer (Thermo 

Fisher Scientific Evolution 220) to measure diffuse reflectance (DRS), using barium sulfate as 

a standard. Based on the obtained spectra and conversion to the Kubelka-Munk function, the 

bandgap energy calculations were performed using Tauc’s method. 

2.2. Theoretical studies 

The electronic structure of pure and F-doped anatase, in bulk form as well as (101) and 

(001) surfaces, were determined computationally using density functional theory calculations 

(DFT) within the generalised gradient approximation (GGA), as implemented in Quantum 

Espresso 6.5 software package [1,2]. All calculations were performed using ultrasoft 

pseudopotentials with projector augmented wave method (PAW). The electronic wave 

functions were expanded to the energy cut-off of 500 eV. During the calculations of bulk 

materials, the 2 × 2 × 1 anatase supercell was used, while for the (001) and (101) surface, a 

single layer was created. K-point grids of 3 × 3 × 3 and 3 × 3 × 1 were used for the bulk and 

slab models, respectively. Fluorine doping was modeled next to the pure structures by removing 

a single O atom. During the calculations, the Hubbard parameter U = 5.5 eV was applied for Ti 

atoms. All calculations were performed under the same conditions to be comparative. 

2.3. Determination of photocatalytic activity 

Naproxen, (S)-(+)-2-(6-Methoxy-2-naphthyl)propionic acid was provided by Sigma-

Aldrich. Photocatalytic activities of the obtained samples were analysed by measuring the rate 

of NPX decomposition in an aqueous solution under UV-vis irradiation using a xenon lamp 
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(model 6271H, Oriel, USA) as a simulated solar light source with a narrow range of UV light. 

However, water filter, which cut-off the infrared light, was always used for each photoinduced 

process. For each experiment, 25 cm3 of pollutant solution (15 mg∙dm-3) and 12.5 mg (0.5 

g∙dm3) photocatalyst were put into a quartz reactor under magnetic stirring. The UV-spectrum 

flux intensity at the reactor border was 45 mW∙cm-2. In addition, a cut‐off glass filter (GG420; 

λ > 420 nm) was used to test the photocatalytic activity under visible light. The photocatalyst 

suspension of the photocatalyst was thermostated at 20°C and bubbled with 6 dm3 ∙ h-1 of 

airflow. Before the photodegradation process, the aqueous suspension of the photocatalyst was 

mixed in darkness for 30 min to analyse the adsorption of NPX on the photocatalyst surface. 

The point ‘-30’ corresponds to the concentration of the initial NPX solution (15 mg∙dm-3).  After 

the dark process, the NPX concentration was 15 ± 2 mg∙dm-3. Then, the process was initiated 

by turning on the Xe lamp. All the experiments were studied for 90 minutes (UV-vis) or 120 

minutes (Vis) of irradiation. The aqueous suspension’s aliquots of 1 cm3 were collected at 

regular periods during irradiation and passed through syringe filters (Ø = 0.2 μm) to remove the 

photocatalyst particles. 

The evolution of NPX concentration and the first derivative 2-acetyl-6-methoxynaphthalene 

(NPX 1) was monitored using a high-performance liquid chromatography system (HPLC, 

model Shimadzu LC-6A), combined with a photodiode array detector (SPD-M20A) and C18 

column (Phenomenex Gemini 5 µm; 150x4.6 mm) working at 45°C. During measurements, the 

mobile phase was composed of (v/v) 70% acetonitrile and 30% water with 0.1% formic acid at 

a flow rate of 0.35 cm3∙min-1. Quantitative analysis of NPX and NPX 1 was performed utilising 

the external calibration method. An HPLC-grade acetonitrile and formic acid solution were 

provided by Sigma Aldrich. Additionally, the total organic carbon (TOC) concentration after 

each photocatalytic process was monitored using the Shimadzu TOC-L analyser. The high-

performance LC-MS system employed consisted of an HCT Ultra spectrometer (Bruker 
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Daltonics, Billerica, Massachusetts, US) with an ESI source coupled with an Agilent 1200 

liquid chromatography (Agilent Technologies, Santa Clara, California, US). Chromatographic 

separation was conducted on Eclipse XDB-C8, 4,6 x 150 mm, 5 um (Agilent) column. Mobile 

phase A was water with 0.1% formic acid and phase B acetonitrile with 0.1% formic acid. The 

gradient program was as follows: 0 min – 10% B, 20 min – 90% B, 25 min – 90% B, 30 min – 

10% B. The flow was set at 0.4 cm3min-1, and the injection volume was 50 μl. The column 

oven temperature was set to 25°C, and UV chromatograms were recorded at 230, 254, and 270 

nm. Spectra were acquired in positive and negative ESI mode, the capillary voltage was set at 

113 V, the scanned mass range was 50–850 m/z, and the accumulation time was 200,000 ms. 

The parameters capillary voltage,  drying gas flow, nebulising gas, and source temperature was 

respectively:  4.0  kV,  10  dm3min−1, 30 psi, and 350 °C. Helium (99.999%) was used as the 

collision gas in the ion trap. The mass spectrometer was operated in full scan and MS/MS 

modes. Finally, the effect of reactive oxygen species was determined by performing 

photocatalytic tests in the presence of scavengers. Isopropyl alcohol, sodium azide, and 

benzoquinone provided by Sigma Aldrich were used as •OH, 1O2, and O2
•− scavengers. 

Finally, according to IUPAC recommendation [3], the relative photonic efficiency was 

calculated for naproxen, which is a comparison between the initial rate of NPX with initial rate 

of phenol. For these measurements, 0.5 g∙dm3 of 4:1+10 ml NH3 sample was used. The light 

source was a combination of 25 LEDs, with the maximum located at λ=375 nm. The photon 

flux was (4 ± 0.5) mW·cm−2. Under these conditions, the effect of photolysis was negligible. 

The rate constants of photocatalytic degradation of phenol and NPX were 0.0023 min-1 and 

0.013 min-1, respectively. Based on performed experiments, the relative photonic efficiency 

was 2.94. So, the efficiency of NPX degradation will be ca. 3 times higher compared to 

photocatalytic degradation of phenol (as a standard). These simple experiments can be useful 

in further comparison of the procedures for the degradation of organic pollutants. 
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2.4. Toxicity assessment 

Microtox bioassay evaluated the toxicity of solutions treated during the photodegradation 

process. The Microtox tests using the inhibition of luminescence from Vibrio fischeri bacteria 

as an acute reagent was performed on a Microtox model M500 (Microbics Corp., Carlsbad, 

California). The measurements of light output were carried out after 15 minutes. The addition 

of toxic compounds was indicated by a decrease in the light output. The toxicity was recorded 

as the percent decline of light output, which was calculated using the formula: 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 100% 
𝐼𝑠 − 𝐼𝑒

𝐼𝑠
  

in which Is is the light level of blank and Ie - the light level of exposure sample. The reagents 

for the Microtox test were supplied by Microbic Corporation [4].  

3. Results and discussion 

3.1. Structural and morphological analyses 

The phase structure of the photocatalysts was analysed using powder X-ray diffraction 

(XRD), as presented in Figure S1. All XRD patterns are ascribed to anatase, confirming the 

complete transformation from TiOF2. The crystallite size from Scherrer’s equation and 

amorphous phase content were also estimated. The hydrothermal treatment of TiOF2 allows to 

obtain highly crystalline materials with low amorphous phase content. The only exceptions 

were samples 1:1, 2:1, and 4:1 + 10 cm3 NH3, for which the content of amorphous content is 

much greater than 0. Moreover, in the case of samples with the addition of NaF, 10 cm3 NH3 

and 20 cm3 NH3 are characterised by decreased crystallite size compared to other photocatalysts 

from the series. These estimated parameters are also presented in Table S1. 
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Figure S1. XRD patterns of samples from a) NH4F+TiOF2 series, c) effect of NH3 and NaF 

addition. Main reflexes originating from anatase were indexed. The zoom into (101) peaks is 

presented in b) and d). 

Table S1. Structural parameters of F-TiO2 photocatalysts. 

Sample name 

Amorphous 

phase content 

(% w/w) 

Crystallite 

size (nm) 

Lattice parameters 

a, b (Å) c (Å) V (Å3) 

1:1 11 34 3.788 9.505 136.39 

2:1 8 33 3.787 9.492 136.13 

3:1 0 32 3.798 9.495 136.96 

4:1 0 33 3.790 9.494 136.37 

5:1 0 28 3.790 9.495 136.39 

10:1 0 30 3.790 9.486 136.26 

4:1 + 2 ml NH3 0 32 3.788 9.498 136.29 

4:1 + 10 ml NH3 15 23 3.786 9.494 136.09 

4:1 + 20 ml NH3 0 24 3.788 9.503 136.36 

4:1 + NaF 1 21 3.786 9.496 136.11 

 

3.2. Surface properties 

The photocatalytic performance strictly depends on photocatalysts’ surface state because of 

the interactions with adsorbed water and pharmaceutical molecules. In this regard, the surface 

properties of fluorinated TiO2 were intensively studied. Firstly, the surface area (SBET) of F-

TiO2 photocatalysts using the Brunauer–Emmett–Teller (BET) method was analysed (see 

Table S2). The SBET values for samples without additives were in the range of about 12 - 15 

m2g-1. The relatively highest surface area in this series is noticed for NH4F: TiOF2 of a 3:1 

molar ratio. Further addition of NH4F did not affect the increase of the surface area of F-TiO2. 

The addition of NH3 to the reaction system contributed to the growth of {1 0 1} facets and 
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increased the surface area of photocatalysts. However, an increase in SBET value is limited, and 

the decrease of the surface area for the 4:1 + 20 cm3 NH3 sample is noted, which may be a result 

of nanocrystals formation with {1 0 0} facets. In the case of the sample with NaF addition, the 

highest surface area from the series was noted. 

Table S2. The representation of the specific surface area, morphology, and elementary 

composition summation of F-TiO2 samples. 

Sample name 

Surface 

area 

(m2∙g-1) 

Pore 

volume 

(cm3∙g-1) 

F content 

from 

EDX 

analysis 

(%) 

Crystal shape Identified facets 
Truncation 

level A/B 

Elementary content based 

on XPS studies (%) 

Ti F 

1:1 12.2 0.0191 nd - - nd nd nd 

2:1 12.6 0.0197 nd Decahedral {0 0 1}, {1 0 1} 0.55 ± 0.09 nd nd 

3:1 15.0 0.0338 nd Decahedral {0 0 1}, {1 0 1} nd nd nd 

4:1 11.8 0.0250 3.88 Decahedral {0 0 1}, {1 0 1} 0.61 ± 0.07 84 16 

5:1 11.7 0.0058 nd Decahedral {0 0 1}, {1 0 1} nd nd nd 

10:1 12.7 0.0060 3.80 Decahedral {0 0 1}, {1 0 1} 0.60 ± 0.08 89 11 

4:1 + 2 ml NH3 19.9 0.0098 2.74 Octahedral {1 0 1} 0.19 ± 0.04 >99 <1 

4:1 + 10 ml NH3 31.1 0.0151 2.15 Octahedral {1 0 1} 0.14 ± 0.04 ~100 ~0 

4:1 + 20 ml NH3 24.7 0.0122 nd 

Rectangular with 

bipyramidal 

prisms 

{1 0 1}, {1 0 0} nd nd nd 

4:1 + NaF 37.9 0.0183 5.54 Decahedral {0 0 1}, {1 0 1} nd 93 7 

Simultaneously, samples 4:1, 10:1, and 4:1 with additives were analysed using X-ray 

photoelectron spectroscopy (XPS) to determine their surface chemical composition. We have 

focused mainly on titanium and fluorine content due to strong interactions between Ti and F. 

During the syntheses, F- ions from ammonium fluorine and TiOF2 were introduced to the 

reaction system. As reported previously, fluorine ions affect the surface structure of the growing 

anatase [5,6], according to the following equations: 

TiOF2 + H2O → TiO2 + 2HF         (4) 

TiO2 + 4H+ + 6F− → [TiF6]
2− + 2H2O       (5) 

However, the presence of ammonium ions can also influence the course of reactions (4) and (5) 

and, in consequence, modify the surface properties of fluorinated TiO2. In this regard, Ti2p and 

F1s spectra of selected samples were analysed (see Figure S2 and Table S2). For most of the 
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analysed samples, well-defined Ti4+ doublet ascribed to stoichiometric TiO2 surface structure 

around ~458.7 eV  (2p1/2) and ~464.4 eV (2p3/2) was noticed [7]. The majority of obtained F-

TiO2 samples showed a binding energy peak centered at ~684 eV in F1s spectra, typical of the 

Ti-F bond [8]. However, the sample 4:1+NaF exhibited an additional signal at the lower 

energies in Ti 2p spectra, which originated from the presence of Ti3+ states, despite the same 

amount of F- in the reaction system as in the 10:1 sample. The 10% percentage of Ti3+ species 

can result from the surface presence of oxygen vacancies induced by the molecular HF formed 

during the hydrothermal process [9]. Significant changes are also noticed in surface fluorine 

content. The F- amount for the photocatalysts 4:1 and 10:1was about 10-15%, but the addition 

of ammonium hydroxide to the synthesis markedly reduced the fluorine amount, and almost 

fluorine-free surfaces were obtained. Although the surface of the series with NH3(aq) addition 

did not contain fluoride, the fluorine atoms were present in the lattice, which was confirmed by 

EDX analysis. For samples with NaF presence, the content of F- was 7%, and it was slightly 

lower than for F-TiO2 without additives. 

 

Figure S2. The XPS spectra of selected F-TiO2 samples showing Ti2p and F1s signals with 

Lorentzian fits, respectively. 
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3.3. Optical properties and DOS calculations 

The effect of fluorine doping on light absorption properties was analysed using DR/UV-vis 

spectroscopy (see in Figure S3). All samples were characterised by high absorbance in the UV 

range (< 350 nm). However, except for the 1:1 sample, most of the titanium (IV) oxide 

photocatalysts can absorb visible light, primarily samples 5:1 and the series with NH3(aq)  

addition. What is worth noticing, the sample 4:1 + NaF revealed a lower absorbance above 400 

nm than sample 10:1, although the amount of fluorine in the reaction system was the same. The 

modification of the synthesis procedure influenced the fluorine content in bulk material as well 

as photocatalyst’s surface, together with Ti3+ presence. Based on converted spectra to Kubelka-

Munk function, the optical bandgap values were calculated using the Tauc method. Small 

changes of Eg compared with unmodified anatase (~ 3.2 eV) are noticed, indicating that F- 

presence does not change band structure significantly. However, shallow traps originating from 

additional bands from F-doping are supposed to be present. In our previous study regarding 

scheelite-type compounds, based on thermoluminescence spectra, it was found that 

photocatalysts with deeper traps exhibited lower photocatalytic activity than those with 

shallower ones [10]. Kohtani et al. reported that for titanium (IV) oxide, shallow traps (up to 

0.7 eV) revealed higher electron transfer efficiency from the defects to the species adsorbed on 

the surface, which led to better photocatalytic performance [11]. 
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Figure S3. DR/UV-vis spectra of F-TiO2 samples a) without and b) with NH3 or NaF 

addition. 

The calculated density of state (DOS) distributions is shown in Figure S4, including bulk, 

pure and fluorine doping samples. For this GGAU methodology in the bulk anatase bandgap 

energy (Eg) was 2.28 eV. This value does not change for F-doped bulk TiO2, but introducing F 

atoms to crystal lattice allows the creation of the midgap states (~ 0.2 eV) near the conduction 

band, which is typical for non-metal doping [9,12]. However, additional states are not derived 

from F 2p orbital, so they do not originate directly from F presence in the structure. Remarkably, 

structural distortions caused by replacing oxygen atoms with fluorine influence the creation of 

new occupied states from Ti 3d orbitals, which confirms the charge transfer and the reduction 

of Ti4+ to Ti3+ or other degenerated Ti surface states. This observation is consistent with 

González-Torres et al. [13] study, which proved that the F atom distributes its unpaired electron 

towards neighbours Ti atoms. Therefore, in Figure 2c in the main manuscript, only partial DOS 

from Ti and O are depicted.  
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Figure S4. The total and partial density of states for bulk pure and modified anatase. Results 

were obtained with the GGAU methodology. 

3.4. Photocatalytic naproxen degradation 

The photocatalytic naproxen degradation was studied, and the results are presented in 

Figure 3 in the main manuscript. Furthermore, the corresponding rate constants for both 

naproxen degradation and TOC conversion were calculated using a pseudo-first and zero-order 

kinetic model, respectively. The reaction rate constants are presented in Table S3. However, it 

should be noted that in the case of reactions under UV-vis light, the kinetic model consists of 

photolysis and photocatalysis, due to the high rate constant of the photolytic reaction. 
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Table S3. Reaction rate constants of photocatalytic processes using F-TiO2. 

Sample name 

Degradation under UV-vis light 
Degradation under visible light 

(>420 nm) 

k (· 10-2 min-1) RSSQ 
kTOC (· 10-2 

mg · L-1   · min-1) 
RSSQ k (· 10-3 min-1) RSSQ 

Photolysis 3.65 ± 0.70 1.059 1.61 ± 0.17 0.011 0.62 ± 0.02 < 0.001 

1:1 4.06 ± 0.41 0.376 4.21 ± 1.46 0.893 0.25 ± 0.01 < 0.001 

2:1 6.55 ± 0.27 0.175 3.61 ± 0.01 < 0.001 3.94 ± 0.30 0.002 

3:1 7.22 ± 0.59 0.791 4.69 ± 0.24 0.025 5.87 ± 0.35 0.003 

4:1 5.64 ± 0.75 1.278 5.16 ± 0.28 0.033 2.56 ± 0.47 0.006 

5:1 5.25 ± 0.65 0.960 4.68 ± 0.02 0.010 2.21 ± 0.11 < 0.001 

10:1 4.92 ± 0.57 0.744 5.24 ± 1.01 0.427 6.14 ± 0.89 0.021 

4:1 + 2 ml NH3 7.42 ± 0.58 0.230 8.20 ± 0.61 0.156 6.66 ± 0.83 0.018 

4:1 + 10 ml NH3 8.31 ± 0.79 0.427 8.37 ± 2.48 * 2.577 * 9.09 ± 1.14 0.012 

4:1 + 20 ml NH3 6.05 ± 0.30 0.198 no mineralisation - - - 

4:1 + NaF 5.98 ± 0.60 0.816 4.78 ± 0.03 0.035 3.41 ± 0.56 0.008 

* The kinetics of TOC conversion was changing after 60 minutes of the photocatalytic process and the non-linear 

tendency can be observed. Therefore, we calculated the second kTOC excluding the point at t=90 min (only for two 

point). The value was kTOC = 11.23 · 10-2 mg · L-1 · min-1. 

In general, the photocatalytic process depends on a type of photocatalyst, including its 

surface properties. Herein, the fluorine-doped TiO2 with different surface structures are 

investigated, which can affect the naproxen degradation pathway. The initial pH of the 

photocatalyst suspension was about 4.8 for octahedral anatase particles (sample 4:1 + 10 ml 

NH3) and slightly lower (pH  4.3) for decahedral anatase particles (sample 4:1). The pH of the 

irradiated solution changes during the photodegradation process with 4:1 + 10 ml NH3 sample, 

reaching a pH value of about 6 after the complete mineralisation process. 

Furthermore, the NPX degradation analyses were performed in the presence of scavengers 

of reactive oxygen species O2
•−, •OH, and 1O2. The results of NPX removal are presented in 

Figure S5. It can be noticed that hydroxyl radicals are the predominant reactive oxygen species 

in NPX degradation using octahedral nanostructures, whereas superoxide anion radicals are 

more important in the photodegradation in the presence of decahedral anatase particles. 

Remarkably, for the 4:1 + NaF sample, which is characterised by surface Ti3+ presence, the 

degradation rate is similar to that observed in the presence of •OH scavenger. Therefore, the 

surface defects can lead to the formation of other reactive species like superoxide radicals and 

hinder the formation of hydroxyl radicals. Nowotny et al. [14], based on theoretical calculations, 
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have reported that Ti3+ sites are localised deeply below the conduction band edge of anatase. 

Therefore, the presence of surface defects may act as recombination centres instead of 

photogenerated electron traps, which hinders the radical formation crucial in the photocatalytic 

degradation process. This effect can be a reason for the lower NPX mineralisation rate of 

decahedral F-TiO2 compared to octahedral nanostructures. 

 
Figure S5. Photodegradation of naproxen using 4:1 series, 4:1 + 10 ml NH3, and 4:1 + NaF 

under UV-vis irradiation in the presence of scavengers. 

Moreover, NPX degradation products were detected using HPLC/DAD and HPLC/LC-MS 

analyses. During each photolytic and photocatalytic process, the most commonly found by-

product was 6’-methoxy-2’-acetonaphtone (denoted as NPX 1, the chemical structure is 

presented in Table S4). Therefore, a quantitative analysis of this compound was performed 

(Figure S6). It can be noticed that the NPX 1 concentration increased to c.a. 6 mg . dm-3 in the 

first 10 minutes of photolysis (Fig. S6 a) and photocatalysis using octahedral F-TiO2 (Fig. S6 

c). Then, the concentration of this by-product decreased in time. In the case of the 4:1 + 10 cm3 

NH3 sample, the process occurred fast, and after 40 minutes of the photocatalytic degradation 

process, the NPX 1 concentration was under the detection limit. At the same time, the naproxen 

concentration was almost zero. What is worth highlighting, the changes in concentration are 
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different for decahedral and octahedral nanostructures. In Figure S6 b, the formation of NPX 1 

in the presence of the 4:1 sample occurred slower than for other ones. After reaching the value 

of about 1.5 mg · dm-3, the NPX 1 concentration dropped slowly and reached ~0 after 60 

minutes of the photocatalytic degradation process. The main difference between these samples 

is a facet exposition – {1 0 1} for octahedral TiO2 and {0 0 1} coupled with {1 0 1} facets for 

decahedral TiO2. Therefore, it can be concluded that the formation of NPX 1 is facet-dependent, 

and the morphology of anatase nanostructures influenced the degradation pathway at the initial 

step. What is worth noticing, completely different results were obtained using the 4:1 + NaF 

sample. Although decahedral shapes were confirmed, no NPX 1 was detected. The probable 

explanation for lacking this by-product is the presence of Ti3+ on the surface, which may change 

the NPX degradation pathway. This observation is in agreement with results in the 

photocatalytic process in the presence of scavengers. As a consequence, the limited formation 

of hydroxyl radicals may influence on NPX degradation pathway. 

Table S4. Detected intermediate products in NPX photolysis and photocatalytic degradation 

reaction with F-TiO2 nanostructures. 

m/z 
tR 

(min) 
Compound name Chemical structure 

 228.8 (-) 18.4 
(S)-(+)-2-(6-Methoxy-2-

naphthyl)propionic acid (Naproxen) 

 

201.0 (+) 19.5 
2-acetyl-6-methoxynaphthalene 

(NPX 1) 

 

185.1 (+) 17.8 
1-(6-methoxy-2-naphthyl)ethanol 

(NPX 2) 

 

400.9 (-) 16.4 dimer C26H26O4 

 

187.0 (+) 13.5 2-ethyl-6-methoxynaphtalene 

 

(+) - positive ionisation mode, (-) - negative ionisation mode 
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Figure S6. Changes in concentration of NPX and NPX 1 in the process a) without catalysts 

(only photolysis), b) using 4:1 sample (decahedral TiO2), c) using 4:1 + 10 ml NH3 

(octahedral TiO2) under UV-vis irradiation, d) using 4:1 + 10 ml NH3 (octahedral TiO2) under 

visible (> 420 nm) light. 

Based on the LC-MS results and the related literature [15–17], the mechanism of naproxen 

degradation during photocatalytic process is proposed (Figure S7). Demethylation and 

decarboxylation are the principal initial processes in the degradation of naproxen molecule. At 

the beginning of the NPX degradation at aerobic conditions, reactive oxygen species, e.g. O2
•− 

cause decarboxylation and the photodecarboxylated radicals are formed. These 

photodecarboxylated radicals are the precursors of three by-products: 2-ethyl-6-

methoxynaphtalene, 1-(6-methoxy-2-naphthyl)ethanol (NPX 2) and organic superacid, which 

easily transform to 2-acetyl-6-methoxynaphtalene (NPX 1). The second intermediate product 
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can also oxidize to NPX 1. NPX 2 molecules undergo further demethylation during 

photocatalytic process to compound B and then aliphatic chain cleavage. However, holes can 

participate in further transformation to compound C. Simultaneously, several short-lived 

alcohol-based (like compound A) radicals originated from reaction of methyl and hydroxyl 

radicals can be formed, which then react with compounds B and C. These compounds (A, B 

and C) are supposed to participate in dimerization process. Remarkably, the dimer C26H26O4 

formation can be noticed only decahedral F-TiO2. These transformation to dimer occurs only 

for samples with exposed {0 0 1} facets next to {1 0 1} ones. Actually, these NPX 

transformations are strongly attributed to the presence of oxygen in water phase and formation 

of ROS. However, {0 0 1} facets have the strongest affinity to trap holes [18,19], which may 

participate in further transformation of compound B. Finally, this statement can explain, why 

only for photocatalytic processes with decahedral F-TiO2 the dimer is detected. 
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Figure S7. The proposed NPX degradation mechanism, including formation of NPX 1 and 

NPX 2 (a), dimer (b). 
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4.3. Chapter III: The role of TiOF2 morphology on the photocatalytic activity of F-

TiO2 

Based on [P4] M. Kowalkińska, J. Karczewski, A. Zielińska-Jurek, The Effect of Titanium 

Oxyfluoride Morphology on Photocatalytic Activity of Fluorine-Doped Titanium(IV) Oxide, 

Crystals, 13(2), 2023, 356. 

Following studies described in Chapter II [P3], the main goal was to verify if TiOF2 

morphology has an impact on the photocatalytic activity of F-TiO2. A connection between 

the TiOF2 morphology and the photocatalytic activity of the final photocatalyst structure 

was evaluated. In this regard, single‑phase TiOF2 were fabricated via the solvothermal 

method, including HF-assisted and acid-free reactions with TiF4 or titanium 

tetraisopropoxide (TTIP) as a Ti source. SEM microscopy confirmed several 

morphological differences: cubic particles (TP), solid smooth structure with square-

shaped openings (TF_0.17HF), a mixture of cubic and spherical particles (TF_0HF) and 

small ones with undefined shape (TF_0.085HF). BET surface area measurements 

indicated overall low SBET values (<10 m²/g) for all TiOF2 samples. The comparison of 

the precursors’ morphology is presented in Figure 4.6. 

 

Figure 4.6. SEM images of TiOF2 precursors. 
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Abstract: Titanium oxyfluoride (TiOF2) is a metastable product that can be obtained in a fluorine-rich
environment. This material can also be a valuable precursor in the synthesis of titanium(IV) oxide
(TiO2). However, the effect of TiOF2 morphology on the physicochemical properties of TiO2 has not
been studied so far. In this work, single-phase TiOF2 was prepared by a solvothermal method. The
as-synthesized samples exhibited a variety of morphologies, including different shapes and crystallite
sizes. These materials were characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM) combined with energy-dispersive X-ray spectroscopy (EDS), surface area measurements,
thermal gravimetric analysis (TGA) and UV–vis diffuse reflectance spectroscopy (DR/UV–vis).
Furthermore, TiOF2 samples were used as precursors in the synthesis of fluorine-doped titanium(IV)
oxide and applied in photocatalytic phenol degradation under UV-vis light. The experiments showed
that the crystallite size of the precursor, as well as the number of fluoride ions used in the synthesis,
were the predominant factors that affected the photocatalytic activity of the final photocatalyst.

Keywords: titanium oxyfluoride; morphology; titanium(IV) oxide; nanostructures; photocatalyst;
phenol degradation

1. Introduction

Titanium oxyfluoride (TiOF2) is a semiconducting material that exists in two poly-
morphs: a cubic structure and a hexagonal unit cell, which is thermodynamically less
favoured [1]. TiOF2 can be easily synthesized by a solvothermal route, usually with the
addition of hydrofluoric acid [2–4]. Titanium oxyfluoride has been mainly investigated
as an electrode material for lithium-ion batteries. The utilization of this compound could
have numerous advantages, including air stability and low hygroscopicity [5]. According
to Reddy et al., TiOF2 with a cubic unit cell can intercalate four lithium atoms, while the
accident-related energy capacity is higher than commercially available graphite nodes [6].
Nanostructured titanium oxyfluoride is also advantageous due to its more developed
surface area, larger pore volume, and shorter diffusion path for ion transport than its
macroscopic counterparts [5,7]. Therefore, further research on TiOF2-based materials may
be useful in terms of electrochemical applications.

Recently, TiOF2 has also been proposed as a photocatalytic material in heterogeneous
photocatalysis. However, this material does not actually demonstrate noticeable photocat-
alytic activity, as has been studied in H2 evolution [8], hydroxyl radicals generation [9] and
decomposition of organic pollutants so far [10,11]. Due to low photocatalytic activity and
limited practical application, titanium oxyfluoride is still overlooked in the literature. How-
ever, in some studies, TiOF2 is proposed as a precursor of titanium(IV) oxide (TiO2), which
is one of the most described and characterized photocatalysts in the literature [12–15]. Our
recent studies showed that the hydrothermal treatment of TiOF2 in the presence of capping
agents allowed us to obtain anatase nanostructures or fluorine-doped TiO2 nanocrystals,
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with exposed {1 0 1}, {0 0 1} and {1 0 0} facets [4,16]. Therefore, considering the practical
aspect of TiOF2 utilization as a precursor, further investigation of this material is needed.

It is well known that the morphology of the material is a key factor that may influence
either the photocatalytic performance or electrochemical properties [17–19]. However, the
morphological design of the material may be applied to both the final product as well as the
precursor. To our best knowledge, there are no studies concerning the TiOF2 morphologies’
effect on the final structure and properties of TiO2-based materials. Therefore, the main
aim of the present study was the design and synthesis of TiOF2 with a desired structure,
including HF-assisted and acid-free synthesis and physicochemical characterization of
TiOF2 samples. Furthermore, fluorine-doped TiO2 from different TiOF2 precursors was
characterized and applied in photocatalytic phenol degradation under simulated solar light.

2. Materials and Methods

The synthesis of titanium oxyfluoride was proceeded via a solvothermal route. Tita-
nium(IV) fluoride (TiF4), titanium(IV) isopropoxide (TTIP), 1-butanol, hydrofluoric acid
48% (HF), acetic acid (CH3COOH), ammonium fluoride (NH4F) and ammonia water 25%
(NH3(aq)) were provided by Chemat, Poland.

2.1. Synthesis of Titanium Oxyfluoride and F-Modified Titanium(IV) Oxide

In a typical procedure of TiOF2 synthesis, TiF4 or TTIP are used as precursors. The
samples obtained from TTIP are denoted as TP, whereas materials originating from TiF4
are labeled as TF. In the case of TF series, the labels are completed by the volume of
hydrofluoric acid used in the synthesis. The detailed parameters of synthesis conditions
and the nomenclature are presented in Table 1 and the subsections below.

Table 1. Synthesis conditions and nomenclature of TiOF2 samples.

Sample Name Titanium
Source

Titanium Source
Amount Solvent Solvent

Volume (cm3)
HF Volume

(cm3)
Reaction Temperature

and Time

TP TTIP 10.2 cm3 CH3COOH 24.4 3.9 200 ◦C, 12 h

TF_0HF
TiF4

10 g

1-butanol 120
-

210 ◦C, 24 hTF_0.085HF 3.06 g 0.085
TF_0.17HF 0.17

2.1.1. Synthesis of TiOF2–TP Series

The demonstrated synthesis of TiOF2 was based on Chen et al., with modifications [20].
The appropriate amount of TTIP was mixed with acetic acid and kept under stirring using a
Teflon-coated magnetic stirrer bar at room temperature. After 15 min, HF was slowly added
and stirring was continued for 15 min. The obtained mixture was then transferred into a
200 cm3 Teflon-lined stainless-steel autoclave and heated at 200 ◦C for 12 h. The obtained
product was separated through centrifugation and washed several times thoroughly with
ethanol and deionized water to remove the residual organic contamination. After drying at
80 ◦C overnight, the TP sample was harvested.

2.1.2. Synthesis of TiOF2–TF Series

TF_0HF sample was synthesized using TiF4 powder, which was added into a 200 cm3

Teflon reactor with 120 cm3 of 1-butanol. The obtained mixture was stirred for 30 min to
form a uniform suspension. Furthermore, the reactor was transferred into a stainless-steel
autoclave immediately and heated at 210 ◦C for 24 h. The obtained product was separated
through centrifugation and washed several times with ethanol and deionized water. Finally,
the grey powder was dried at 80 ◦C overnight.

A similar procedure was applied to obtain samples TF_0.085HF and TF_0.17HF, but
a different mass of TiF4 was used. In addition, after forming the stable suspension, the
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desired amount of HF was slowly injected. After this step, the reactor was transferred into
an autoclave immediately.

2.1.3. Synthesis of Fluorine-Modified TiO2

Fluorine-modified photocatalysts were synthesized using TiOF2 as precursors. In this
regard, 0.2 g TiOF2 sample was dispersed in 45 cm3 of deionized water (DI). Simultaneously,
0.2904 g NH4F was dissolved in 45 cm3 DI. NH4F solution was added to TiOF2 mixture and
stirred for 15 min using a magnetic stirrer. Next, 10 cm3 of ammonia water was added to the
mixture and the stirring was continued for 15 min. The obtained mixture was transferred
into a 200 cm3 Teflon-lined stainless-steel autoclave and kept at 200 ◦C for 20 h and then
cooled down naturally. After each reaction, beige precipitates were centrifuged and washed
several times with DI and ethanol to remove residual inorganic ions, then dried at 80 ◦C
overnight.

2.2. Materials Characterization

The crystal structure of the samples and phase identification were investigated by
X-ray powder diffraction (Rigaku MiniFlex 600 X-Ray diffractometer, Tokyo, Japan) with Cu
Kα radiation. Data were collected in a 2θ range of 5◦–80◦ with a scan speed 1◦ min−1 and
scan steps 0.01◦. The analysis and Rietveld refinements were performed with the HighScore
Plus software package (Malvern Panalytical, Malvern, United Kingdom) and the Crystallog-
raphy Open Database, with data fitting based on the pseudo-Voigt profile function. Several
parameters were refined, i.e., the specimen displacement, lattice parameters, polynomial
coefficients for the background function, profile parameters and Gaussian and Lorentzian
profile coefficients. The estimation of the crystallite size was performed on the basis of
Scherrer’s equation. A field emission scanning electron microscope (SEM, FEI Quanta
FEG 250, Hillsboro, OR, USA) was used to determine the morphologies of TiOF2 samples.
The presence of titanium and fluorine in all powders was confirmed by energy-dispersive
X-ray spectroscopy (EDS). The Brunauer–Emmett–Teller (BET) surface area of TiOF2 and
F-TiO2 samples was measured by nitrogen adsorption using a Micromeritics Gemini V
instrument. All powders were degassed at 200 ◦C for 120 min prior to N2 adsorption
measurements. The BET surface area was determined by a multipoint BET method. To
study the absorption properties, diffuse reflectance UV−visible spectra (DRS/UV−vis)
were measured using a Thermo Fisher Scientific Evolution 220 spectrophotometer. Barium
sulfate was used as a reflectance standard. Based on the obtained data, bandgap energy (Eg)
calculations were performed using Tauc’s method. To study the thermal stability and phase
transition of TiOF2, thermal gravimetric analyses (TGA) were performed using Thermal
Analysis System 2 SF/1100 (Mettler Toledo, Greifensee, Switzerland). The measurements
were performed in a range of 25–800 ◦C at a heating rate of 10 ◦C·min−1 under a nitrogen
atmosphere.

2.3. Photocatalytic Phenol Degradation

The photocatalytic activity of F-TiO2 photocatalysts was tested towards phenol degra-
dation under UV-vis light, performed in a black box. In a typical experiment, 25 cm3

of 20 mg·dm−3 phenol solution and 25 mg of the photocatalyst were put into a quartz
reactor under magnetic stirring with a speed of 800 rpm. The suspension was aerated
with a constant airflow of 5 dm3·h−1. For an experiment, a 300 W xenon lamp was used
as simulated solar light. The UV spectrum flux intensity at the reactor border was set as
45 mW·cm−2. Before irradiation, the whole system was kept in darkness for 30 min to
provide the adsorption−desorption equilibrium. After that, the process was initiated by
turning on the xenon lamp. The liquid samples (1.0 cm3) were collected every 15 min and
filtered through syringe filters (pore size = 0.2 µm) to remove the photocatalyst particles.

The phenol concentration was monitored using a high-performance liquid chromatog-
raphy system (HPLC, model Shimadzu LC-6A, Kyoto, Japan), combined with a photodiode
array detector (SPD-M20A) and a C18 column (Phenomenex Gemini 5 µm; 150 × 4.6 mm,
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California, USA) working at a temperature of 45 ◦C. During measurements, the mobile
phase, composed of (v/v) 70% acetonitrile, 29.5% water and 0.5% orthophosphoric acid,
was used at a flow rate of 0.3 cm3·min−1. HPLC-grade acetonitrile, orthophosphoric acid
solution and phenol were provided by Merck. Quantitative phenol analysis was performed
using standard compounds using the external calibration method.

3. Results and Discussion
3.1. Structural and Morphological Analyses of TiOF2

To confirm the presence of titanium oxyfluoride in the as-synthesized samples, powder
X-Ray Diffraction (XRD) was performed. XRD patterns of investigated materials compared
with the calculated model are presented in Figure 1. The experimental XRD patterns of
the obtained samples were compared with the reference card 01-077-0132. The presence of
the TiOF2 phase with cubic structure and space group Pm-3 m is observed in all samples.
The unit cell parameters from Rietveld refinement are presented in Table 2. No additional
peaks, as well as low χ2 as a parameter of the goodness of fit, indicated that the obtained
samples are single phase. Moreover, the crystallite size estimated using Scherrer’s equation
is in a range of 40–49 nm in all cases.
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Figure 1. XRD patterns of synthesized TiOF2 samples.

Table 2. Lattice and microstructural parameters of TiOF2 obtained by XRD, BET and EDS analysis.

Sample Name Crystallite Size
(nm)

F/Ti Ratio Calculated
from EDS Spectroscopy

Surface Area SBET
(m2·g−1)

Lattice Parameters
a = b = c (Å)

Goodness of Fit
χ2

TP 49 2.19 3.9 3.799 1.89
TF_0HF 43 2.13 5.2 3.794 1.48

TF_0.085HF 44 2.08 8.5 3.796 1.37
TF_0.17HF 40 - - 3.788 2.62

The morphologies of TiOF2 powders were further studied using scanning electron mi-
croscopy analysis. Figure 2 shows SEM images of the as-synthesized samples. Comparing
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all the SEM images, the difference in morphology within obtained powders was distinct.
The sample TF_0.17HF (Figure 2a) exhibited large agglomerates with a solid structure
and smooth surface, in which smaller crystallites cannot be unambiguously distinguished.
Within the solid structure, square-shaped openings can be observed. In contrast to this
solid morphology, in the case of sample TF_0.085HF (Figure 2b), small particles with unde-
fined shapes can be observed. This variation is in agreement with the literature because
increased fluoride ion concentrations promote the growth of large particles [4,21]. However,
solvothermal alcoholysis of TiF4 without HF addition (Figure 2c) led to the formation
of a mixture of cubic and spherical particles. The morphology is not uniform, which is
probably due to the high amount of TiF4 precursor with respect to 1-butanol. According to
Wang et al., an oxidation process to TiOF2 results from hydrolysis of the initially formed
(RO)xTiF4-x complex. At this stage, the particles are spherical and the further prolongation
of solvothermal synthesis allows one to shape transformation to cubes [10]. A distinct cubic
shape was noticed in the TP sample (Figure 2d). An addition of acetic acid was probably
responsible for two effects: support in HF-assisted crystal growth and a factor determining
the morphology [22].

In general, titanium oxyfluoride can undergo hydrolysis under air conditions and
transform into anatase [23]. In this regard, theoretically, TiOF2 should be stored under low
humic conditions. However, only TF_0.17HF from the series, when stored in the presence
of air, starts oxidizing to titanium(IV) oxide. In other cases, this reaction does not occur, and
these samples are stable. The probable explanation of this phenomenon is the high Ti/F
ratio used in the synthesis. The solvothermal route with TiF4 and HF is also the method of
synthesizing TiO2 with exposed {0 0 1} facets [21,24]. Therefore, an increased F− amount at
the material’s surface may promote the hydrolysis and formation of TiO2.

Finally, EDS spectroscopy was used to estimate the presence of fluorine in TiOF2
samples. Based on these results, the average atomic F/Ti ratio was calculated (see Table 2).
These values are close to the theoretical F/Ti ratio from the general formula of titanium
oxyfluoride, which equals 2.0.

Furthermore, the surface area analyses (SBET) using the BET method for TiOF2 samples
were performed. The SBET values are presented in Table 2. All powders possessed a
surface area below 10 m2·g−1. The lowest SBET value was observed for the TP sample,
which can be explained by the high amount of hydrofluoric acid used in the synthesis
and, in consequence, the largest crystallite size. Although in the preparation of TF series,
titanium fluoride was used as a precursor, the absence or low amount of HF was probably
responsible for the small crystallite size of TiOF2 and increasing the surface area compared
to the TP sample.

The optical properties, including light absorption, were determined using diffuse-
reflectance (DR) UV-Vis spectroscopy. The DR/UV-vis spectra of as-prepared titanium
oxyfluoride samples are presented in Figure 3. All samples possessed the highest ab-
sorbance in a range of 200–400 nm, which is similar to TiO2 [25,26]. Moreover, all samples
in the series were capable of absorbing light above 400 nm, which is in accordance with
the fact that these powders are gray. Based on the transformation of the Kubelka–Munk
function, the bandgap energies of titanium oxyfluoride samples were calculated. The Eg
values equaled 3.2–3.3 eV, which is consistent with previous reports [2,4].
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For a better characterization of the thermal stability of titanium oxyfluoride samples,
thermal gravimetry analyses (TGA) were performed. The TGA curves are presented in
Figure 4. A distinct weight loss is observed at a temperature of around 550 ◦C in the case of
all three samples. The mass variations at these temperatures are −45.17%, −46.75% and
−48.16% for samples TP, TF_0HF and TF_0.085HF, respectively. These results showed that
under a nitrogen atmosphere, TiOF2 does not transform into TiO2 directly; theoretically,
in that case, the mass loss should achieve a value around c.a. −32%. According to Xie
et al., the following transition may occur: 2 TiOF2 → TiO2 + TiF4 [27]. However, these
measurements were performed under air conditions, whereas our samples were heated
under a non-oxidizing atmosphere. Moreover, the powders after TGA analyses had a dark-
blue-gray color, but X-ray diffraction confirmed the presence of anatase. Therefore, this
phase transition may be more complex. The probable explanation is that weight loss results
from TiOF2 transformation to the Ti-O Magneli phase [28]. This product is apparently
metastable and undergoes oxidation to anatase under air conditions. However, based on
the powder color, the final material would be defective and oxygen deficient [25].
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3.2. Characterization and Photocatalytic Activity of TiO2 Synthesized from TiOF2

To study the effect of precursor morphology on the final photocatalyst properties,
X-ray diffraction analyses were performed. The XRD patterns of F-TiO2 are presented in
Figure 5. The experimental XRD pattern of the obtained photocatalysts was compared
with the reference card 03-065-5714. Each TiOF2 precursor was successfully transformed to
anatase under hydrothermal conditions. Moreover, comparing the crystallite size of anatase
samples (Table 3) with the values from Table 2, it can be noticed that the transformation
from titanium oxyfluoride to titanium(IV) oxide allows photocatalysts with small crystallite
size to be achieved. Specifically, sample TP, which exhibited the largest crystallite size in
the TiOF2 series, was able to synthesize F-TiO2 with the smallest crystallites. Finally, the
presence of fluorine in the photocatalysts was confirmed by EDS spectroscopy. The results
of the average F/Ti ratio for F-TiO2 are presented in Table 3.
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Figure 5. XRD patterns of F-modified TiO2.

Table 3. Lattice and microstructural parameters of F-TiO2 obtained by XRD, BET and EDS analysis.

Sample Name Crystallite Size
(nm)

F/Ti Ratio
Calculated from

EDS Spectroscopy

Surface Area
SBET (m2·g−1)

Lattice
Parameter a = b

(Å)

Lattice
Parameter c (Å)

Goodness
of Fit χ2

TiO2 from TP 17 0.086 38.9 3.793 9.488 1.94
TiO2 from
TF_0HF 28 0.072 20.7 3.786 9.499 2.05

TiO2 from
TF_0.085HF 24 0.054 28.1 3.788 9.497 1.95

The differences in crystallite size between samples are correlated with the specific
surface area, which is an important factor concerning the improvement in photocatalytic ac-
tivity [29]. Therefore, to complete the characterization of F-TiO2 samples, surface area mea-
surements using the BET method were performed. The highest surface area of 38.9 m2·g−1

was observed in TiO2 obtained from TP, although this precursor exhibited the lowest surface
area in the TiOF2 samples. However, these measurements are consistent with the estimated
crystallite size by Scherrer’s equation. In the case of the photocatalysts synthesized from
precursors in the TF series, SBET values of about 21–28 m2·g−1 were noticed.

Finally, the photocatalytic degradation of phenol under UV-vis light in the presence of
F-TiO2 was determined. The changes in phenol concentration during the photocatalytic
process are presented in Figure 6a. Under these conditions, the effect of photolysis was
negligible. All F-TiO2 samples were capable of degrading phenol under simulated solar
light. However, the reaction rate constants (Figure 6b) differed for particular photocatalysts.
The lowest phenol degradation efficiency was observed for TiO2 prepared from TP; this
is the only sample that did not fully degrade phenol after 60 min of the photocatalytic
process. For this photocatalytic process, the main phenol derivative detected by HPLC-
DAD was 1,2-dihydroxybenzene (catechol). Remarkably, TiO2 from TP was supposed to
have the smallest crystallite size in the anatase series, but according to SEM images, the
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formed cubes were bigger than crystallites in TF_0HF and TF_0.085HF. Moreover, these
photocatalysts exhibited the highest surface area in the F-TiO2 series. Meanwhile, the
application of the TF series as precursors allowed us to achieve almost 100% degradation
of initial phenol concentration after 1 h of irradiation. For both photocatalytic processes,
two phenol derivatives were predominant: catechol and benzene-1,4-diol (hydroquinone).
It is worth highlighting that the precursor TF_0HF was the only sample in which, during
solvothermal synthesis, no hydrofluoric acid was used. For this photocatalyst, the highest
reaction rate constant was noticed. No correlation between either specific surface area of
fluorinated anatase or the atomic F/Ti was observed. The more important factor was the
morphology of the precursors; TiOF2 from the TF series exhibited smaller crystallite size
and higher surface area than the TP sample. The crystallite size and surface area depended
on the F− content in the solvothermal reaction. Therefore, we can conclude that TiOF2
precursor morphology primarily influences the photocatalytic activity of the anatase-based
photocatalytic material. In particular, the crystallite size and the number of fluoride ions
used in the synthesis significantly influenced the efficiency of phenol degradation.
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Figure 6. Photocatalytic degradation of phenol as a function of concentration to initial concentration
(a) and ln(C/C0) (b).

Previously, it was reported that the morphology of the photocatalysts affects their
photocatalytic activity. Our recent studies about anatase nanostructures with exposed crys-
tal facets showed that facet exposition was responsible for photocatalytic activity as well
as naproxen and phenol degradation pathways [4,16]. The role of morphology was also
investigated by Sulowska et al., who studied organic–inorganic photocatalysts consisting
of two-dimensional anatase nanosheets modified with PEDOT [30]. Various PEDOT mor-
phologies were obtained, including; globular, stuck spindles and microvesicular structures.
It was found that the highest photocatalytic hexavalent chromium removal was observed
for 2D TiO2 combined with microvesicular PEDOT.

Next to photocatalysts’ morphology, a vital role of the substrate type used in pho-
tocatalyst synthesis was also described in certain studies. For example, in the synthesis
of anatase nanocrystals with exposed {0 0 1} facets, the aliphatic chain length in alcohol
solvent influenced the crystal growth rate and the final morphology of TiO2 [25,31]. Next
to the solvent type, it was found that the precursor used in the photocatalyst’s preparation
can affect the properties of the final product. This effect was comprehensively studied by Li
et al., who investigated octahedral anatase nanostructures with exposed {1 0 1} facets [32].
A two-step synthesis was performed to obtain these nanocrystals with defined morphology,
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where the titanium source was potassium titanate nanowires. It was found that an ion
exchange between potassium and ammonium cations influenced the transformation mecha-
nism to titanium(IV) oxide; instead of the in-site transformation and topochemical reaction,
a dissolution–nucleation process was predominant. Therefore, the synthesis of TiO2 with
well-defined facets was more controllable. The effect of the precursor was also described by
Xia et al., who investigated graphitic carbon nitride for photocatalytic H2 evolution [33]. To
obtain different g-C3N4 photocatalysts, thermal polycondensation syntheses using guani-
dine hydrochloride, melamine, urea, dicyandiamide and thiourea as the precursors were
performed. Among the obtained photocatalysts, g-C3N4 synthesized from urea possessed
the most desirable morphology, including the porous-layered structure and high specific
surface area. The above examples showed that the morphology of the precursor is an
important factor that should be considered when designing a new photocatalyst with
desirable properties.

4. Conclusions

In this work, a facile approach to synthesize titanium oxyfluoride (TiOF2) with dif-
ferent morphologies was developed. The solvothermal route was proposed to obtain this
metastable material using TTIP or TiF4 as precursors and, optionally, HF as a reagent and
capping agent. X-ray diffraction supported by Rietveld refinements confirmed the presence
of single-phase materials. Based on electron microscopy analysis, various morphologies
were confirmed, including different shapes and crystallite sizes. However, in most cases,
the microstructure of titanium oxyfluoride had no influence on the thermal stability. The
fluorine content in all samples and atomic F/Ti ratio determined by EDS spectroscopy were
close to the theoretical F/Ti ratio from the general formula of titanium oxyfluoride. Ther-
mal gravimetric analysis curves showed a distinct weight loss at a temperature of about
550 ◦C, which can be attributed to the formation of the oxygen-deficient oxide. Finally,
these samples were applied in the synthesis of fluorine-doped titanium(IV) oxide. The
hydrothermal conditions allowed us to complete TiOF2 transformation to anatase with a
small crystallite size and high surface area. These materials were applied for photocatalytic
phenol degradation under simulated solar light. The analyses showed that F-TiO2 prepared
from the precursor TF_0HF exhibited the highest photocatalytic activity in the series. Sur-
prisingly, the smallest crystallite size of the fluorinated anatase and high specific surface
area did not influence phenol degradation efficiency under UV-vis light. Therefore, we
supposed that the final photocatalytic activity depended on the crystallite size of titanium
oxyfluoride and the number of fluoride ions used in the synthesis of the precursor. It can
also be assumed that the morphology of the precursor is a crucial parameter affecting the
final photocatalytic material physicochemical properties and should be worthy of attention
in further investigations.
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19. Mazierski, P.; Sowik, J.; Miodyńska, M.; Trykowski, G.; Mikołajczyk, A.; Klimczuk, T.; Lisowski, W.; Nadolna, J.; Zaleska-
Medynska, A. Shape-Controllable Synthesis of GdVO4 Photocatalysts and Their Tunable Properties in Photocatalytic Hydrogen
Generation. Dalton Trans. 2019, 48, 1662–1671. [CrossRef]

20. Chen, L.; Shen, L.; Nie, P.; Zhang, X.; Li, H. Facile Hydrothermal Synthesis of Single Crystalline TiOF2 Nanocubes and Their
Phase Transitions to TiO2 Hollow Nanocages as Anode Materials for Lithium-Ion Battery. Electrochim Acta 2012, 62, 408–415.
[CrossRef]

21. Wen, C.Z.; Zhou, J.Z.; Jiang, H.B.; Hu, Q.H.; Qiao, S.Z.; Yang, H.G. Synthesis of Micro-Sized Titanium Dioxide Nanosheets Wholly
Exposed with High-Energy {001} and {100} Facets. Chem. Commun. 2011, 47, 4400–4402. [CrossRef] [PubMed]

22. Ye, J.; Liu, W.; Cai, J.; Chen, S.; Zhao, X.; Zhou, H.; Qi, L. Nanoporous Anatase TiO2 Mesocrystals: Additive-Free Synthesis,
Remarkable Crystalline-Phase Stability, and Improved Lithium Insertion Behavior. J. Am. Chem. Soc. 2011, 133, 933–940.
[CrossRef] [PubMed]

23. Wang, L.; Liu, J.; Min, Y.; Zhang, K. Nontopological Transformation of Hierarchical TiO2 by Self-Regulated Etching and Capping
Roles of F—For Photocatalytic H 2 Evolution. Appl. Surf. Sci. 2019, 473, 738–745. [CrossRef]

24. Gordon, T.R.; Cargnello, M.; Paik, T.; Mangolini, F.; Weber, R.T.; Fornasiero, P.; Murray, C.B. Nonaqueous Synthesis of TiO2
Nanocrystals Using TiF4 to Engineer Morphology, Oxygen Vacancy Concentration, and Photocatalytic Activity. J. Am. Chem. Soc.
2012, 134, 6751–6761. [CrossRef] [PubMed]
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Solvothermal Growth of {0 0 1} Exposed Anatase Nanosheets and Their Ability to Mineralize Organic Pollutants. The Effect of
Alcohol Type and Content on the Nucleation and Growth of TiO2 Nanostructures. Appl. Surf. Sci. 2021, 563, 150360. [CrossRef]

http://doi.org/10.1107/S0021889810016730
http://doi.org/10.1021/acs.jpcc.1c01601
http://doi.org/10.1016/j.apsusc.2019.143729
http://doi.org/10.1016/j.cej.2020.126493
http://doi.org/10.1039/C4TA02553A
http://doi.org/10.1016/j.jpowsour.2006.08.020
http://doi.org/10.1016/j.jiec.2016.11.030
http://doi.org/10.1039/c1cc10851d
http://doi.org/10.1016/j.apcatb.2010.08.014
http://doi.org/10.1039/C3NR04489K
http://doi.org/10.1016/j.jallcom.2011.01.103
http://doi.org/10.1016/j.apcatb.2016.06.049
http://doi.org/10.1016/S0269-7491(02)00107-0
http://www.ncbi.nlm.nih.gov/pubmed/12395856
http://doi.org/10.1016/j.molcata.2003.12.006
http://doi.org/10.1021/acssuschemeng.2c05708
http://doi.org/10.1016/j.cattod.2022.11.020
http://doi.org/10.1016/j.jphotochemrev.2012.06.001
http://doi.org/10.1021/jp9110037
http://doi.org/10.1039/C8DT04225J
http://doi.org/10.1016/j.electacta.2011.12.058
http://doi.org/10.1039/c0cc05798c
http://www.ncbi.nlm.nih.gov/pubmed/21394367
http://doi.org/10.1021/ja108205q
http://www.ncbi.nlm.nih.gov/pubmed/21142068
http://doi.org/10.1016/j.apsusc.2018.12.077
http://doi.org/10.1021/ja300823a
http://www.ncbi.nlm.nih.gov/pubmed/22444667
http://doi.org/10.1016/j.apsusc.2021.150360


Crystals 2023, 13, 356 12 of 12

26. Kumar, M.M.; Badrinarayanan, S.; Sastry, M. Nanocrystalline TiO2 Studied by Optical, FTIR and X-Ray Photoelectron Spec-
troscopy: Correlation to Presence of Surface States. Thin Solid Film. 2000, 358, 122–130. [CrossRef]

27. Xie, S.; Han, X.; Kuang, Q.; Fu, J.; Zhang, L.; Xie, Z.; Zheng, L. Solid State Precursor Strategy for Synthesizing Hollow TiO2 Boxes
with a High Percentage of Reactive {001} Facets Exposed. Chem. Commun. 2011, 47, 6722–6724. [CrossRef]

28. Okamoto, H. O-Ti (Oxygen-Titanium). J. Phase Equilibria Diffus 2011, 32, 473–474. [CrossRef]
29. Song, G.; Gao, R.; Zhao, Z.; Zhang, Y.; Tan, H.; Li, H.; Wang, D.; Sun, Z.; Feng, M. High-Spin State Fe(III) Doped TiO2 for

Electrocatalytic Nitrogen Fixation Induced by Surface F Modification. Appl. Catal. B 2022, 301. [CrossRef]
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4.4. Chapter IV: {0 0 1} TiO2 coupled with TiOF2 for photocatalytic degradation of 

contaminants of emerging concern – Insight into charge carrier dynamics and 

generation of ·OH radicals 

Based on [P5] M. Kowalkińska, N. Keller, F. Fresno, C. Colbeau-Justin, A. Zielińska-

Jurek, Insight into charge carrier dynamics and interface design of {0 0 1} TiO2 coupled 

with TiOF2 for photocatalytic degradation of contaminants of emerging concern, Applied 

Surface Science, 695, 2025, 162893. 

Anatase TiO2 nanocrystals with exposed {0 0 1} crystal facets have received 

significant research attention due to remarkably higher surface energy than other low-

index facets, resulting in high reactivity. These facets can be synthesized mainly in 

a fluorine-rich environment [88,126]. This unique feature was beneficial for several 

photocatalytic reactions [127,128]. However, our previous studies revealed a low TOC 

conversion of aromatic compounds when {0 0 1} TiO2 was used as a photocatalyst [129, 

130]. Meanwhile, this parameter is important for CECs removal because it ensures that 

the initial substrate and any by-products formed during the process have been degraded. 

The main motivation to conduct these studies was to find a one-step facile procedure 

to improve the TOC removal of {0 0 1} TiO2, excluding co-catalyst deposition or interface 

modification with an external compound. In this regard, {0 0 1} TiO2/TiOF2 heterojunction 

photocatalysts with broad TiOF2 content were proposed, because TiOF2 phase can be 

easily achieved in a fluorine-rich environment as well. The synthesis of {0 0 1} TiO2/TiOF2 

with adjustable TiOF2 content has not been proposed in the literature yet. These binary 

photocatalysts were investigated toward photocatalytic degradation of 4-chlorophenol 

(4CP), myclobutanil (MCL) and carbamazepine (CBZ) under UV-A and simulated solar 

light. The study also aimed to clarify the role of TiOF2 in the heterojunction. 

 

Figure 4.8. a) XRD pattern and b) SEM images of {0 0 1} TiO2/TiOF2 samples. 
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Experimental studies showed that introducing a small amount of TiOF2 (1.5–6%) into 

{0 0 1} TiO2 remarkably increased photocatalytic •OH radical generation and in 

consequence, degradation rates and TOC conversion for all investigated CECs 

compared to pristine {0 0 1} TiO2. 

  a)  b) 

  
Figure 4.9. The relationships between the apparent kinetic rate constants of a) 4CP degradation 

and the TiOF2 content, b) CBZ and MCL degradation and the 7-OHC production. 

This enhancement was linked to the improved interfacial charge carriers separation 

and a high number of charge carriers available for initiating redox reactions, supported 

by TRMC and fluorescence lifetime spectroscopy (Figure 4.10). Moreover, DFT 

calculations revealed high potential barriers within TiOF2 structure, explaining the 

optimum at a low level of TiOF2 amount. 

a) b) 

  

Figure 4.10. a) The relationship between fluorescence lifetime of different {0 0 1} 

TiO2/TiOF2 samples and TiOF2 phase content; Inset shows the PL spectra of single-

component materials, and b) TRMC signal after excitation for pure {0 0 1} anatase, TiOF2 and 

{0 0 1} TiO2/TiOF2 photocatalysts.
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A B S T R A C T

Herein, the role of titanium oxyfluoride (TiOF2) on the charge carriers generation and electron transport in the {0
0 1} TiO2/TiOF2 heterojunction photocatalysts was examined. Time-resolved microwave conductivity (TRMC),
fluorescence lifetime spectroscopy, and DFT calculations were applied to investigate the charge carriers dy-
namics. These binary photocatalysts in a broad TiOF2 content were further studied in photocatalytic generation
of hydroxyl radicals (•OH) and degradation of several organic contaminants of emerging concern (CECs), namely
4-chlorophenol (4CP), myclobutanil (MCL) and carbamazepine (CBZ). Regardless of the CEC tested, it was found
that the combination of highly-energetic {0 0 1} TiO2 with TiOF2 phase improved the photocatalytic activity
compared to the pristine anatase. The presence of the TiOF2 phase in the heterojunction increased the interfacial
charge carriers separation and enhanced the generation of •OH radicals. Maximised photocatalytic activity and
TOC reduction were observed for composites with a TiOF2 content of 1.5 %–6 %, which exhibited the highest
number of photogenerated charge carriers and a longer lifetime compared to those with higher TiOF2 content.
DFT calculations revealed high potential barriers within the TiOF2 structure, which explains the optimum at a
low level of TiOF2 amount. Finally, high photocatalytic activity was maintained in five consecutive degradation
cycles.

1. Introduction

Nowadays, with progressive industrialisation, the amount of pol-
lutants in ground and surface water is growing. According to the Euro-
pean Environmental Agency (EEA) report, between 2000 and 2017, the
total number of synthetic chemicals in the market was estimated at
100,000 compounds, excluding transformation products from chemicals
during their life cycles [1]. Some of the commonly used cosmetic in-
gredients, pigments, pesticides and medicines are persistent in the
environment. This leads to ongoing exposure to chemical pollution and
limitation of available drinking water, which negatively affects human
health and the environment. Therefore, further advances in the
deployment of eco-innovations are crucial for reaching effective
wastewater treatment and consequently avoiding bioaccumulation and

biomagnification of contaminants of emerging concern (CECs) in the
environment.

One of the promising methods that are capable of removing persis-
tent organic pollutants and that is classified as green technology is
heterogeneous photocatalysis, in which charge carriers photogenerated
upon the irradiation of a semiconductor material participate in the
degradation of a wide span of CECs such as e.g. phenolic compounds,
pesticides and pharmaceuticals [2–4]. One of the most studied semi-
conductors is TiO2, which has been widely investigated for photo-
catalytic water treatment due to suitable conduction and valence band
edges as well as superior photostability [5,6]. Among many efforts to
improve the photocatalytic performance of TiO2, the shape-controlled
strategies have been the focus of much effort to obtain highly ener-
getic surfaces as the photocatalytic activity critically depends on the
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crystal facets exposition [7–9]. Recently, anatase {0 0 1} crystal facets
have been extensively studied since the research presented by Yang et al.
proved that these facets, despite high surface energy, could be stabilized
by F- ions and formed instead of the thermodynamically stable {1 0 1}
facets [10]. TiO2 exposing amajority of {0 0 1} facets became prominent
because it contains the high density of active unsaturated Ti atoms and
active surface oxygen atoms, which renders numerous active sites and
strong interactions with the adsorbates during the photocatalytic redox
reactions [11,12]. However, our recent studies showed that anatase
{0 0 1} nanosheets exhibited a low mineralisation rate of aromatic
compounds, which is an important factor for CECs removal because high
total organic carbon (TOC) reduction yield in the presence of the pho-
tocatalyst ensures that the substrate and any intermediate products
formed during the process have been degraded [13,14].

In fluorine-rich environments during the solvothermal reaction of a
Ti source, titanium oxyfluoride (TiOF2), a wide bandgap semiconductor
(~3.2 eV) with cubic structure, can also be formed next to anatase
[15,16]. Due to the strong bonding energy of Ti–F, TiOF2 is supposed to
be stable at ambient conditions [17]. However, pristine TiOF2 suffers
from low photocatalytic activity [14,18,19], so practical applications for
this material have been scarcely explored. The majority of the studies
regarding titanium oxyfluoride includes phase conversion to anatase via
calcination [16,18,20] or hydrothermal route [14,21]. The application
of TiOF2 in the heterojunction-based photocatalysts has not been studied
yet and only a few recent studies have been reported, e.g. TiOF2/g-C3N4
[22], Ag3PO4/TiOF2 [23] and TiOF2@Ti3C2Tx [24]. Therefore, coupling
TiOF2 with facet-regulated {0 0 1} anatase may be a perfect solution for
enhancing photocatalytic performance and inducing TOC reduction of
aromatic pollutants, which is a serious limitation for these facets expo-
sition. Two strong advantages support this combination: first, the com-
parable atomic density of states and electron binding energy between
TiO2 and TiOF2 crystals lead to excellent interfacial alignment, facili-
tating efficient migration and separation of photogenerated electron-
hole pairs [18,25]. Remarkably, the formation of {0 0 1} TiO2/TiOF2
can be performed via a one-step facile procedure, excluding co-catalyst
deposition or interface modification with an external compound.
Nevertheless, many aspects of TiOF2-based photocatalysts remain un-
explored, including the synthesis procedure for TiO2/TiOF2 with a
controllable TiOF2 content, the role of the TiOF2 phase and the under-
standing of the photocatalytic activity enhancement [26].

Therefore, this study aims to demonstrate the promise of coupling
highly energetic {0 0 1} anatase crystal facets with controlled amounts
of TiOF2 for the photocatalytic degradation of CECs in water under UV-A
and simulated solar light. The synthesis of a span of {0 0 1} TiO2/TiOF2
binary photocatalysts in various TiOF2 contents was performed under
pronounced steric hindrance conditions, in order to study the mecha-
nism of TiOF2 formation. The activity of these binary photocatalysts was
assessed in the degradation and mineralisation of several persistent
organic pollutants aiming to expand the scope of the study, namely 4-
chlorophenol (4CP), carbamazepine (CBZ) and myclobutanil (MCL).
4CP is a compound widely used in the textile industry, whereas the
anticonvulsant drug CBZ has been proposed as an anthropogenic marker
of water quality [27–29]. The degradation of the triazole pesticide MCL
has been still rarely reported in the literature compared to that of other
organic pollutants so this compound was also selected for investigation
[30]. Moreover, the photocatalytic generation of hydroxyl radicals
(•OH) was monitored and discussed. The behaviour of the photo-
generated charge carriers and the electronic structure of {0 0 1} TiO2/
TiOF2 were extensively studied by fluorescence lifetime measurements,
time-resolved microwave conductivity (TRMC) analysis and density
functional theory (DFT) calculations. Finally, reusability tests were
performed for the most efficient photocatalyst.

2. Results and discussion

The synthesis protocol and characterisation methods applied in this
work can be found in Supplementary Materials.

2.1. Material characterisation

Two distinct phases, namely anatase TiO2 (reference ICDD no. 01-
070-8505) and titanium oxyfluoride TiOF2 (no. 01-077-0132), were
noticed in the photocatalysts, as presented in Fig. 1a. No additional
peaks corresponding to other compounds were detected. The detailed
structural parameters of the photocatalyst series are presented in
Table 1. Based on the XRD analysis, the predominant role of the syn-
thesis time was confirmed. With the increasing time of solvothermal
synthesis, the content of anatase rises and the (101) peak at 2θ = 25.5◦

becomes more distinct. Simultaneously, the content of titanium oxy-
fluoride decreased with increasing the reaction time. This can be
explained by the progressive transformation of TiOF2 into TiO2. For
samples synthesised over times exceeding 16 h, ie. S-16 h and S-24 h, the
main (100) peak at 2θ = 23.7◦ related to TiOF2 has completely vanished,
and only pure anatase can be observed.

In addition to the phase composition, the synthesis time mainly in-
fluences three structural parameters, namely the mean anatase crystal-
lite size, the amorphous phase content and the specific surface area. The
relationship between these parameters and the time of solvothermal
synthesis is presented in Fig. S1 in Supplementary Materials. Globally,
the longer the synthesis time, the larger the mean anatase crystallite
size, so pure anatase samples (S-16 h and S-24 h) exhibit larger mean
crystallite sizes than the binary TiO2/TiOF2 samples. Also, the amor-
phous phase content increased during the first few hours of the sol-
vothermal reaction, reaching a maximum content for 6 h of synthesis,
before dropping down to reach a minimum value for S-24 h when
decreasing the TiOF2 content. This effect can be explained by the fact
that freshly synthesised TiO2 is not fully crystallised and contains a high
fraction of the amorphous phase. During the solvothermal reaction,
progressive crystallisation of the anatase structure occurs, resulting in
the decrease of the amorphous phase contribution. Additionally, the
specific surface area of the samples followed a volcano-like trend within
the 80–100 m2/g range with the increase in the synthesis time, the
highest values being for S-8 h and S-10 h. Those features correlate well
with the simultaneous occurrence of both TiOF2 → TiO2 phase trans-
formation and the progressive crystallisation process of the pure anatase
phase. By contrast, a low specific surface area of 5 m2/g was observed
for pure TiOF2.

Fig. 1b compares the FTIR spectra of TiOF2, {0 0 1} TiO2 and {0 0 1}
TiO2/TiOF2 with different phase compositions. The stretching and
bending vibrations due to adsorption of H2O and the Ti–OH groups are
found at 3100–3600 cm− 1 and 1630 cm− 1, respectively [5]. Bands
located at 539 cm− 1 and 455 cm− 1 can be attributed to Ti–O or
Ti–O–Ti vibrations. Strong absorption peaks centered at 992 cm− 1 are
ascribed to Ti–F bonds [31]. Remarkably, the intensity of this band is
dependent on the TiOF2 content – for pristine titanium oxyfluoride it is
the most distinct and decreases with increasing anatase content. Finally,
for samples prepared with a solvothermal synthesis time exceeding 8 h,
this band cannot be distinguished. This observation can be strictly
correlated with the progressive tranformation from TiOF2 to TiO2.

SEM images in Fig. 2a revealed that the pristine TiOF2 titanium
oxyfluoride phase consists of irregular cubes. With increasing the syn-
thesis time, the formation of two-dimensional anatase nanoparticles is
observed, which resulted from the presence of F- ions during the sol-
vothermal synthesis. These ions stabilise the highly energetic {0 0 1}
facets and promote growth in the hk direction [13,32]. However, dif-
ferences between the anatase nanosheets can be noted, as binary
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samples S-3 h, S-8 h and S-12 h displayed thicker and wider TiO2
nanostructures than in the single-phase counterpart (sample S-24 h). In
the {0 0 1} TiO2/TiOF2 samples S-3 h, S-8 h and S-12 h, the irregular
cubes assigned to the TiOF2 titanium oxyfluoride phase displayed a
larger size than the thick nanosheets. These bulk particles were not
noticed in the S-12 h sample, as the TiOF2 content remains by far much
lower (<1 %) than for samples synthesised with shorter reaction times.

The synthesis time had an impact either on the TiO2 content or on the
morphology changes. Based on SEM and XRD results, the {0 0 1} TiO2/
TiOF2 formation under solvothermal conditions with n-hexanol as a
solvent and its transformation to pure anatase is proposed to rely on the
following mechanism (Eqs. 1–3) [15,33,34]:

2 R-OH → R-O-R + H2O, (1)

(R-O)nTiF4-n + n H2O → TiOF2 + n R-OH + n HF, (2)

TiOF2 + H2O → TiO2 + 2 HF. (3)

Generally, in the presence of alcohols and HF, the Ti precursor un-
dergoes alcoholysis and forms (R-O)nTiF4-n complex. However, for
further transformation to titanium oxyfluoride Eq. (2), H2O molecules
are needed, which amount is limited in solvothermal conditions.

Therefore, alcohol condensation Eq. (1) is probably due to high tem-
perature and increased pressure. The nucleation is slow due to the use of
long-chain alcohol as a solvent and, in consequence, steric hindrance
[13]. H2O also participates in the hydrolysis of TiOF2 to anatase Eq. (3).
However, it is well-known that the subsequent {0 0 1} TiO2 growth is a
result of HF-mediated dissolution-recrystallisation processes, in which
the Ti species are reversibly transferred between its solid oxide form and
dissolved ion, preferably coordinated with 6 ligands in the form of
bipyramid. In addition, an alcohol exchange with halide ligands is
possible under solvothermal conditions [20,35]. The scheme of these
transformations is presented in Fig. 2b. The more dissolution-
recrystallisation processes occur, the more stable and defect-free TiO2
structure is formed, which explains the relatively low amorphous phase
content in the S-24 h sample. Finally, longer durations of solvothermal
synthesis provide more H2O to the reaction environment so that when
the Ti precursor is fully transformed to anatase, this new structure is
surrounded by F- ions and water molecules. While the {0 0 1} facets can
be stabilised mainly by fluoride ions, H2O can promote the formation of
low-energetic crystal facets like {1 0 0} [36]. This is a probable reason
for the formation of wider nanosheets in the pure anatase S-24 h sample
compared to the binary photocatalysts. The proposed mechanism of the

Fig. 1. a) XRD patterns and b) FTIR spectra of the {0 0 1} TiO2/TiOF2 series samples.

Table 1
Characterisation of the photocatalysts using XRD, BET and XPS analyses.

Sample name Phase composition (%) Mean anatase crystallite size (nm) * Amorphous phase content (%) Surface area (m2/g) Surface Ti/F ratio

TiO2 TiOF2

TiOF2 - 100 43 - 5 0.5
S-3h 56 44 8 42 79 1.1
S-6h 74 26 9 60 78 1.2
S-8h 94 6 13 54 99 2.5
S-10h 98.5 1.5 11 54 102 3.7
S-12h >99 <1 12 47 82 n.c.
S-16h 100 - 17 36 84 n.c.
S-24h 100 - 19 21 78 4.9

*For TiO2-containing samples, the mean anatase crystallite size was calculated based on the (101) peak. For TiOF2, the mean crystallite size was calculated based on the
(100) peak. The mean crystallite size for anatase, defined as the average size of the coherent diffracting domains, remains an estimate as it was determined from the
Scherrer equation with the usual assumption of spherical crystallites.
n.c.: non calculated.
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morphological changes is schematically presented in Fig. 2c.
The formation of {0 0 1} facets in anatase nanosheets was confirmed

by transmission electron microscopy (TEM). The TEM images of S-16 h
presented in Fig. 2d revealed a well-defined sheet-shaped structure. As
shown in HRTEM images (Fig. 2e) and corresponding line profile image
(Fig. 2f), the lattice spacing parallel to the front of the nanosheets was
calculated to be ~0.24 nm, which is a direct confirmation that the
exposed top and bottom facets belong to {0 0 1}, because these planes
are arranged to [001] direction [37].

DRS analysis performed on the TiO2/TiOF2 series within the
200–800 nm range (Fig. 3a) exhibited the absorption band and edge
characteristic for both anatase and titanium oxyfluoride phases [14,38].
Pure TiOF2 is grey with a small band above 380 nm, which further
vanishes during TiO2 formation. The derived Tauc plot evidenced that
the bandgap energy of the samples was not significantly influenced by
the phase composition and the morphology changes (Fig. S2 in Sup-
plementary Materials).

Furthermore, ζ potential as a function of pH was studied to investi-
gate the interaction between the photocatalyst surface and the pollutant.
Based on the zeta potential analysis presented in Fig. S3 in Supple-
mentary Materials, the isoelectric point (IEP), which is defined as the pH
where the electrophoretic mobility changes from positive to negative,
was determined. For the samples S-24 h (pure anatase) and S-10 h
(TiO2/TiOF2), the IEP values were 5.7 and 5.5, respectively. Compared
to the literature value of the isoelectric point for TiO2 (6.2) [39,40], a
slight shift towards acidic conditions can be observed. This effect can be
explained by differences in the surface atom arrangement due to the
exposition of {0 0 1} facets stabilised by fluorine ions. The presence of F-

and the unique morphology obtained influence the rates of surface hy-
droxylation and protonation compared to bulk TiO2 [41]. Moreover,
IEPS-10h is slightly lower than IEPS-24h, which is probably a result of the
presence of the titanium oxyfluoride phase in the photocatalyst, which
causes different electronic distribution on the surface compared to pure
{0 0 1} anatase nanocrystals.

Fig. 2. a) SEM images of the TiO2/TiOF2 series samples, for samples S-3 h and S-8 h, TiOF2 and anatase TiO2 phases are marked with red and yellow arrows,
respectively. b) Transformation of Ti species under solvothermal conditions and c) proposed mechanism of the morphology transformation from TiOF2 cubes to {0
0 1} TiO2. d) TEM and e) HRTEM image of the {0 0 1} TiO2 (sample S-16 h) in bright-field mode, f) line profile image.
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The photocatalyst surface was also studied using X-ray photoelectron
spectroscopy (XPS). The XPS spectra at F1s and Ti2p core orbital regions
recorded on the binary TiO2/TiOF2 samples with different TiOF2 con-
tents and both pure TiOF2 and anatase (S-24 h) samples are depicted in
Fig. 3a-b. The survey scans of all the samples are shown in Fig. S4 in
Supplementary Materials. The spectra recorded on the pure titanium
oxyfluoride material showed a characteristic symmetrical contribution
at 685.2 eV ascribed to F- ions (F1s orbital), and a well-defined Ti4+ Ti
2p3/2-Ti 2p1/2 doublet at 459.9 eV and 465.6 eV with a spin–orbit
coupling constant of 5.7 eV (Ti2p orbital) [13,15]. The bulk trans-
formation of the TiOF2 phase into TiO2 with increasing the synthesis
duration is accompanied by a surface change, and the Ti2p orbital
spectra recorded on binary TiO2/TiOF2 samples were characterised by
the presence of two well-defined Ti4+ doublets, with the contribution of
Ti4+–O bonds at ca. 459.1 eV and 464.8 eV, and an additional doublet
at higher binding energy assigned to Ti–F bonds. Contrary to the bulk
ratio, the Ti4+–O contribution was dominant over its Ti–F counterpart
already for the short synthesis duration of 3 h. Thereby the contribution
of the Ti–F species was not evidenced for synthesis durations exceeding
6 h, while simultaneously the F1s orbital signal decreased significantly
when increasing the TiO2 content with increasing the synthesis duration.
Consequently, the Ti/F surface atomic ratio increased strongly with the
increase in the TiO2 content (Table 1). With the electrostatic model of

chemical shifts in XPS, the higher binding energy of the Ti-F bond
contribution compared to that of Ti4+–O results from the higher elec-
tronegativity of fluoride vs. oxygen. This was also observed by Jain et al.
[42], who studied the surface chemical state of TiF4. Similar F-induced
chemical shifts were observed for a span of elements [43]. However, F
atoms are randomly distributed in the titanium oxyfluoride structure
[44], which makes it impossible to distinguish between Ti–F and Ti–O
bonds in the Ti 2p XPS spectra of pure TiOF2.

Valence-band XPS spectra (VB-XPS) presented in Fig. 3d revealed the
position of the valence band relative to the Fermi level. The VB edges
values for pristine TiOF2, {0 0 1} TiO2 (S-16 h), S-3 h and S-8 h were
2.46 eV, 2.27 eV, 2.74 eV and 2.80 eV, respectively. S-3 h and S-8 h
samples, which correspond to {0 0 1} TiO2/TiOF2 photocatalysts,
exhibit a shift toward higher binding energies compared to pure com-
pounds, which can be attributed to the modulation of Fermi level in the
heterojunction.

2.2. Photocatalytic degradation of contaminants of emerging concern

The photocatalytic activity of the samples was studied in the
degradation of organic pollutants classified as contaminants of emerging
concern and differing strongly in terms of chemical functions. Firstly,
the degradation of 4-chlorophenol (4CP) under UV-A light was studied.

Fig. 3. a) DR/UV–vis absorption spectra of the photocatalysts, b) F1s and c) Ti2p orbital XPS spectra recorded on selected samples from the TiO2/TiOF2 series, d) VB-
XPS spectra of selected photocatalysts.
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As presented in Fig. S5 in Supplementary Materials, pristine TiOF2
revealed low photocatalytic activity, whereas Fig. 4a and Fig. S6 show
that all the samples containing {0 0 1} anatase TiO2 in the series could
degrade and mineralise 4CP. The least efficient samples were S-16 h and
S-24 h, which are composed of pure {0 0 1} anatase phase. Both
degradation and mineralisation kinetics were accelerated when the
TiOF2 phase was present in the photocatalyst structure. The relationship
between the TiOF2 content in the heterojunction-based photocatalyst
and both apparent kinetic rate constants for degradation and minerali-
sation evidenced a volcano-type behavior with increasing the TiOF2

content (Fig. 4b). The highest apparent kinetic constants for both 4CP
degradation and TOC reduction were achieved for the sample S-10 h,
namely the heterojunction with a low and optimal TiOF2 content of
about 1.5 %. We observed that a too high titanium oxyfluoride content
inhibited the photocatalytic degradation of the organic pollutant.

Based on the results of 4CP degradation, the photocatalytic activity
of the samples was assessed in the degradation of CECs with more
complex molecular structures, namely myclobutanil and carbamaze-
pine. Fig. 5 depicts the evolution of the relative concentration of both
pollutants for reactions conducted under pure UV-A light or simulated

Fig. 4. a) Photocatalytic degradation of 4CP under UV-A light over TiO2/TiOF2 series, b) relationship between the k-constants and the TiOF2 content. Process
parameters: [4CP]0 = 20 ppm, [cat] = 1 g/dm3.

Fig. 5. Photodegradation of MCL and CBZ under UV–Vis and UV-A light using {0 0 1} TiO2 and {0 0 1} TiO2/TiOF2. Conditions: [CBZ]0 = 14 ppm, [MCL]0 = 20
ppm, [cat] = 1.0 g/dm3.
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solar light, and the apparent kinetic rate constants for degradation are
presented in Table S1 in Supplementary Materials. HPLC chromato-
grams of CBZ and MCL are shown in Fig. S7. Photolysis in the absence of
photocatalysts and the linear plots of ln(C0/C) vs. irradiation time are
shown in Fig. S8. Pure {0 0 1} anatase samples (S-16 h and S-24 h)
exhibited lower apparent kinetics than the heterojunction-based pho-
tocatalysts independently of the light source. The TOC reduction after 2
h of reaction is presented in Fig. 6. Similarly to the results with 4CP, the
highest mineralisation efficiency was observed for samples with a very
low TiOF2 content. In the case of MCL and CBZ solutions, this corre-
sponded to S-8 h and S-10 h samples that have a TiOF2 content lower
than 6 %. These samples exhibited excellent photocatalytic performance
toward CECs oxidation, comparable or higher than the previous reports
regarding CBZ and MCL removal (the comparison of apparent kinetic
rate constants is presented in Table S2 in Supplementary Materials).

Although myclobutanil and carbamazepine are degraded, their
interaction with the photocatalyst surface is different. The pH of the
suspension before the photocatalytic MCL removal was 4.9. Herein, MCL
occurs in the deprotonated form as pH > pKa (2.3) and therefore MCL is
negatively charged in the degradation reaction conditions. The posi-
tively charged surface of the {0 0 1} TiO2/TiOF2 sample consequently
favoured its interaction with the deprotonated form of the pesticide
compound. After the photocatalytic process, the pH of the suspension
slightly dropped down to 4.3, as a result of the release of acidic Cl− ions
during the MCL removal, which is consistent with IC chromatography
analysis of the Cl− ion concentration. By contrast, the CBZ molecule is
neutral, as pH < pKa (13.9), and therefore the electrostatic attraction
with the photocatalyst surface is unlikely.

Based on Figs. 4-6, three samples – S-8 h, S-10 h and S-12 h – with a
relatively low TiOF2 content (below 6 %), can be distinguished as the
most photocatalytically active binary systems with the highest kinetic
rate constants, and for which the highest 4CP, MCL and CBZ removal, as
well as the highest TOC reduction, were observed. Therefore, it can be
assumed that the ability to create the TiO2/TiOF2 heterojunction is a
predominant factor which affects the photocatalytic degradation of
pollutants. The effect of surface fluorination also occurs, but based on
our previous report [45], we can assume that the role of surface fluo-
rination is relatively low compared to the formation of heterojunction.

However, these experiments showed that considering the degrada-
tion of MCL and CBZ, the apparent kinetic rate constant may not be
correlated with the TOC reduction efficiency. For example, S-12 h
exhibited k-constants comparable to those obtained with S-10 h and S-8
h, but the TOC conversion was significantly lower than with the afore-
mentioned samples. This discrepancy was also observed in our previous
studies about facet-engineered TiO2 [14]. The probable reason is that

the presence of titanium oxyfluoride influences the degradation
pathway of the pollutant oxidation. Moreover, the interaction with the
photocatalyst is different for particular CECs due to various pKa values.
Finally, the intermediate products formed during the degradation of the
contaminant can have different adsorption features on the photocatalyst
surface than the initial compound.

2.3. Hydroxyl radicals generation

The ability of the heterojunction photocatalysts to generate •OH
radicals, which participate in the degradation and the mineralisation of
the pollutant, was monitored using a coumarin fluorescence probe
method. The more hydroxyl radicals are generated, the more 7-hydrox-
ycoumarin (7-OHC) is formed by selective oxidation of the coumarin
substrate. Fig. 7a shows the 7-OHC production under UV-A light ob-
tained on selected photocatalysts, whereas the statistical analysis of
coumarin fluorescence probe method is depicted in Fig. S9 in Supple-
mentary Materials. A direct correlation is observed between the hy-
droxyl radicals formation (characterised by the formation of 7-OHC) and
the degradation rate of CBZ and MCL, as shown in Fig. 7b. Indeed, the
concentration of 7-OHC is significantly higher for the {0 0 1} TiO2/
TiOF2 composites (S-8 h and S-10 h) than for pure anatase nanosheets (S-
24 h). This indicates that the presence of the TiOF2 phase helps in the
separation of charge carriers and the enhancement of ROS generation.
The high •OH generation yield obtained with the S-8 h sample is com-
parable to that shown by the Aeroxide© TiO2 P25 (Degussa), as is pre-
sented in Fig. S10 in Supplementary Materials, which confirms the high
photoactivity of the binary TiO2/TiOF2 photocatalysts.

Generation of •OH radicals is often the result of H2O reaction with
photogenerated holes [46,47]. Therefore, higher coumarin conversion
to 7-OHC for {0 0 1} TiO2/TiOF2 can be explained by higher amount of
charge carriers available to drive the reaction. This hypothesis was
verified by the experiment of photocatalytic hexavalent chromium
reduction, presented in Fig. S11 in Supplementary Materials. Similarly,
the enhanced Cr(V) → Cr(III) conversion was observed for TiO2/TiOF2.
Considering that electrons are responsible for reduction reactions, this
suggests that the formation of heterojunction enhances the separation of
electrons and holes.

2.4. The role of TiOF2 – Charge carriers generation and separation, DFT
calculations

Furthermore, to study the role of the TiOF2 phase in the hetero-
junction at an atomic level, DFT calculations were performed. The
optimised model of the (0 0 1) TiO2/(1 0 0) TiOF2 interface, along the

Fig. 6. TOC reduction achieved after 2 h of process under UV-A and UV–Vis light using {0 0 1} TiO2 and {0 0 1} TiO2/TiOF2 photocatalysts.
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Fig. 7. a) 7-OHC generation under UV-A light, b) relationship between the apparent kinetic rate constants for CBZ and MCL degradation and the 7-OHC production
derived from the slopes of Fig. 6a.

Fig. 8. a) Optimized model of the (001) TiO2/(100) TiOF2 interface, considering mutual [0 0 1] axis of both crystal structures, b) the corresponding calculated
electron density distribution map, and c) charge density difference formed as the consequence of the interface formation, d) Total DOS of (0 0 1) TiO2/(1 0 0) TiOF2
interface and e) electrostatic potential plotted along the slab thickness. In panel a), Ti, O and F atoms are blue, red and purple, respectively; in panel c) element
colours were omitted for better clarity.
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analogical [0 0 1] axis, is presented in Fig. 8a. From the output file of
SCF results (necessary for geometrical optimisation), work functions (Φ)
of pristine compounds were obtained, equal to 5.87 eV and 6.76 eV for
(0 0 1) TiO2 and (1 0 0) TiOF2, respectively. The Φanatase is consistent
with the literature [48]. Noteworthy, the interface formation resulted in
a noticeable distortion of the TiOF2 geometry, with O/F atoms deviating
from their cubic-phase positions and recreating lengths and angles
analogical to the (0 0 1) plane of the anatase TiO2. Following the ge-
ometry optimisation, the electronic properties of the interface were
investigated based on the charge density map (Fig. 8b), and charge
density difference (Fig. 8c, 3D model). As observed, overall charge
density shows little difference within the model, with the most notice-
able feature being preferred charge localization on the F atoms within
the TiOF2 structure, in agreement with the extremely high electroneg-
ativity of the fluorine. However, analysis of the charge density difference
revealed further consequences of the interface formation. As presented
in Fig. 8c, electron density became more affected at the interface, with a
clear preference to localize charge at the interfacial F atoms and Ti-O-Ti
bridge of the (0 0 1) anatase plane (dark-yellow regions in the figure). In
this regard, it is expected that the formation of the TiO2/TiOF2 interface
will form additional states that are especially beneficial for electron
localization. To quantitatively investigate the charge change and
transfer, Bader charge analysis was performed for pristine compounds

and in heterojunction (Table S3 in Supplementary Materials). The pos-
itive Bader charge corresponds to electron donation, whereas negative
values show the electrons gained by atoms. The highest interface effect
is noticed for interfacial F atoms, which exhibited a positive value of
Bader charge. These results are consistent with charge density difference
plots.

The calculated density of states (DOS) of the interface between the
anatase (0 0 1) surface and (1 0 0) TiOF2 is presented in Fig. 8d. It can be
seen that the band corresponding to TiOF2 possesses lower energy than
TiO2, so the conduction band (CB) of TiO2 will be located higher than
that of TiOF2. Consequently, the valence band (VB) positions also vary
from each other and the VB of TiO2 possesses higher energy than that of
TiOF2. Finally, plotting of the average electrostatic potential along the
slab (Fig. 8e) revealed that high potential barriers exist within the TiOF2
structure. Above all, this might be the reason behind the long lifetimes of
the generated charge carriers observed for the TiOF2, but might also
contribute to its negligible photocatalytic activity, as the charge carriers
might undergo trapping within the crystal structure, with the low pos-
sibility of migration and transfer after the excitation. However, as
a consequence, efficient charge separation can be achieved only when
TiOF2 forms thin structures at the (0 0 1) TiO2 surface. This is because
further growth of the TiOF2 may trap electrons at the interface and
reduce their possible migration due to the high potential barriers

Fig. 9. a) Fluorescence lifetime for the different TiO2/TiOF2 samples vs. the TiOF2 phase content. The solid line is a guide to the eye only; Inset shows the PL spectra
of pure compounds at λexc = 320 nm, b) TRMC signal after excitation at λ = 360 nm for pure {0 0 1} anatase, TiOF2 and TiO2/TiOF2 photocatalysts, c) Proposed
mechanism of charge carriers separation in illuminated TiO2/TiOF2 based on lifetime measurements and DFT calculations; blue arrow shows the recombina-
tion process.
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existing within its structure. In this regard, it seems reasonable that
small amounts of TiOF2 in the heterojunction can effectively withdraw
both charge carriers from the composite structure, leading to boosted
photocatalytic activity.

Considering the band structures of these two semiconductors, there
are two possible charge carrier transfer pathways in the photocatalytic
systems, that is, a traditional type-II heterojunction or a direct Z-scheme
system. Therefore, DFT calculations were combined with fluorescence
spectra to indicate the type of heterojunction between titanium oxy-
fluoride and {0 0 1} anatase. This time-resolved spectroscopy technique
is supposed to be appropriate for heterojunction classification, as it
provides insights into the evolution dynamics of photogenerated charge
carriers within the heterojunction [49]. Fig. 9a shows the average
fluorescence lifetimes obtained from exponential decay fittings of the
fluorescence delay times measured for the different samples. An
example of experimental and fitted exponential decay curves is pre-
sented in Fig. S12 in Supplementary Materials. Considering the single-
phase compounds, TiOF2 shows a remarkably longer fluorescence life-
time than TiO2, which can be related to longer-lived electron-hole pairs.
The composites show intermediate fluorescence lifetime values that
reasonably follow an asymptotic trend with increasing TiOF2 content.
However, pure TiO2 exhibited significantly higher fluorescence intensity
than TiOF2 (inset in Fig. 9a), so the determined fluorescence lifetimes in
the composites originate from the anatase phase. Based on the presented
trend, it can be noticed that < τ > increases for {0 0 1} TiO2 when
coupled to TiOF2. In this system longer fluorescence lifetime, associated
with higher number of photogenerated electrons, can be achieved when
electrons from the CB of TiOF2 recombine with holes from the VB of
TiO2. In the case of type-II heterojunction, electron flow should be into
CB of TiOF2, resulting in lower fluorescence intensity and lifetime.
Therefore, according to the relative band positions obtained from DFT
calculations, we suggest a Z-scheme heterojunction in {0 0 1} TiO2/
TiOF2. This proposed heterojunction type aligns with the literature,
where it has been studied using different techniques [50].

The TRMCmeasurements are presented in Fig. 9b. It can be observed
that TiOF2 itself does not show any signal, therefore this compound is
supposed not to be photocatalytically active. All the compounds con-
taining TiO2 present a clear, typical high signal with well-defined decay.
However, it can be noted that both S-3 h and S-6 h samples present a
positive A sensitivity factor, whereas the others show signals with
negative A factors. Therefore, it is not possible to compare Imax values of
samples with opposite A factors. These differences in A factors for these
series can be explained by significant variations in the microstructures.
Composite structures consisting of two heterogeneous phases are always
associated with important A factors variations. The structural analysis
confirms this assumption – S-3 h and S-6 h are the only ones containing
TiOF2 in a significant amount with particular heterojunction structura-
tion. The other photocatalysts with a low TiOF2 content possess a similar
behaviour to that of pure TiO2 (S-16 h and S-24 h). However, in the
range of synthesis time from 8 h to 24 h, it is possible to fully compare
the TRMC signals. In this case, S-8 h and S-10 h exhibit the highest Imax
values and slower decays, indicating a high number of charge carriers
available for driving the surface redox reactions and the photocatalytic
process.

Based on DFT calculations, VB-XPS spectroscopy and band gap
measurements, we propose the band position of {0 0 1} TiO2/TiOF2
composite in relation to vacuum. Based on fluorescence lifetime mea-
surements, the mechanism of electron and hole transport is suggested
(Fig. 9c). This mechanism of charge carrier transfer is suitable for pho-
tocatalytic reactions because a Z-scheme photocatalyst has simulta-
neously a strong redox ability for driving photocatalytic reactions and
spatially separated reductive and oxidative active sites. In the case of a
type-II heterojunction, the advantage of charge carrier separation is at
the expense of the redox abilities of charge carriers, which may weaken
some specific surface redox reactions [51].

On the other hand, bulk TiOF2 shows minimal photocatalytic activity

in both oxidation and reduction processes. However, the low photo-
reactivity of a material does not preclude its efficient role in a hetero-
junction, as a material can produce electrons and holes under suitable
irradiation while exhibiting minimal standalone photocatalytic activity.
For example, Liang et al. reported the superior photocatalytic activity of
Ag2S/Cu2O due to formation of Z-scheme heterojunction, although both
pristine materials exhibited poor photocatalytic performance [52].
Although no signal was detected for pristine TiOF2 in TRMC measure-
ments, the calculated electron density distribution map revealed that its
electronic structure significantly differs when used incorporated into the
heterojunction compared to its standalone form. Due to this effect,
comparing photocatalytic performance of TiOF2 in the composite with
its pristine form is challenging.

2.5. Stability and reusability tests of the optimum TiO2/TiOF2
photocatalyst

Reusability tests are of prime importance as leaching of fluorine ions
from the {0 0 1} TiO2/TiOF2 photocatalysts can occur, whether it might
come directly from the TiOF2 phase or residual ions resulting from the
HF-assisted solvothermal synthesis that forms the {0 0 1} TiO2 facets.
Using the most efficient S-8 h binary photocatalyst and the degradation
of MCL under UV–vis irradiation, Fig. 10 shows the ability of the TiO2/
TiOF2 system to be reused for five consecutive test cycles. The photo-
catalytic activity remained stable upon the first three cycles, with an
average apparent kinetic rate constant kMCL of 0.044 ± 0.002 min− 1.
XRD patterns of the fresh and used photocatalysts showed that the {0
0 1} TiO2/TiOF2 photocatalysts undergo minor structural changes
(Fig. S14 in Supplementary Materials) with similar crystallite size (14
nm), while XPS measurements evidenced an increase in the Ti/F surface
ratio (Fig. S15 in Supplementary Materials) and a slight decrease in the
Ti4+− F contribution. The lower Ti4+− F contribution than in the fresh
sample and the slight increase in the Ti/F surface ratio were assigned to
fluorine leaching, as confirmed by the ion chromatography (IC) analysis
of the post-process water (Fig. S16 in Supplementary Materials). IC
showed the presence of both F− released by the photocatalyst, and Cl−

which originates from MCL mineralisation. The experimental Cl− con-
centration was close to the theoretical value, which also confirmed the
high efficiency of MCL dechlorination over three consecutive cycles. The
slight decrease in the photocatalytic activity can be observed in fourth
(0.0395 min− 1) and fifth cycle (0.0391 min− 1). Therefore, it is worth
highlighting that although changes in the structure and surface, the
photocatalytic activity is still high, so that the {0 0 1} TiO2/TiOF2
photocatalyst can be reused in water treatment.

Fig. 10. Reusability tests of the MCL photocatalytic degradation on the S-8 h {0
0 1} TiO2/TiOF2 under UV–Vis light.
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3. Conclusions

In the present work, the potential of {0 0 1} TiO2/TiOF2 hetero-
junction semiconductor photocatalysts was investigated for photo-
catalytic CECs oxidation and •OH generation. The combination of the
TiOF2 phase with highly energetic {0 0 1} crystal facets of anatase
strongly enhanced both the degradation and the mineralisation of the
organic pollutants. TRMC confirmed that the most photoactive samples
(S-8 h and S-10 h) exhibited the highest number of charge carriers
available for driving the surface redox reactions. Time-resolved fluo-
rescence spectra revealed that charge carriers’ lifetimes were prolonged
when TiOF2 was present in the final photocatalyst. DFT calculations and
valence-band XPS spectra showed the favourable band position between
both (0 0 1) TiO2 and (1 0 0) TiOF2 semiconductor phases, facilitating
efficient migration and separation of photogenerated electron-hole
pairs.

The TiOF2 content in the binary photocatalyst, controlled by tuning
the duration of the solvothermal synthesis, was a crucial factor which
affected the photocatalytic performance. Regardless of the pollutant to
degradation, the apparent kinetic rate constants for degradation as well
as the TOC reduction efficiency feature a volcano-type behavior with
increasing the TiOF2 content. The highest performances were obtained
on binary {0 0 1} TiO2/TiOF2 heterojunction photocatalysts with a low
content of the TiOF2 phase in the range 1.5–6 %, corresponding to
synthesis durations of 8 h–12 h. These experimental results align well
with DFT calculations which revealed a high potential barrier for TiOF2
which is responsible for impeded electron migration. Therefore, efficient
charge separation is achievable only when TiOF2 forms thin structures at
the (0 0 1) TiO2 surface. Finally, reusability tests demonstrated high
MCL degradation efficiency over five consecutive test cycles, despite
minor structural changes.

The present study provides information about novel composition-
controlled TiOF2-based photocatalysts with improved charge carrier
dynamics, as a key-factor for enhancing the degradation and minerali-
sation of a span of contaminants of emerging concern with varied
chemical functions.
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[14] M. Kowalkińska, S. Dudziak, J. Karczewski, J. Ryl, G. Trykowski, A. Zielińska-
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M. Kowalkińska et al. Applied Surface Science 695 (2025) 162893 

11 

https://doi.org/10.1016/j.apsusc.2025.162893
https://doi.org/10.1016/j.apsusc.2025.162893
https://doi.org/10.2800/96749
https://doi.org/10.1016/j.jphotochemrev.2012.04.003
https://doi.org/10.1016/j.jhazmat.2020.123099
https://doi.org/10.1021/acs.langmuir.4c00060
https://doi.org/10.1016/j.ceramint.2022.04.241
https://doi.org/10.3390/catal9110940
https://doi.org/10.1016/j.apsusc.2021.150407
https://doi.org/10.1016/j.apsusc.2021.150407
https://doi.org/10.1038/s41467-023-41976-2
https://doi.org/10.1038/s41467-023-41976-2
https://doi.org/10.5772/intechopen.104130
https://doi.org/10.1038/nature06964
https://doi.org/10.1021/ja8092373
https://doi.org/10.1021/ja5044787
https://doi.org/10.1016/j.apsusc.2021.150360
https://doi.org/10.1016/j.apsusc.2021.150360
https://doi.org/10.1016/j.cej.2020.126493
https://doi.org/10.1016/j.cej.2020.126493
https://doi.org/10.1039/c3nr04489k
https://doi.org/10.1039/c3nr04489k
https://doi.org/10.1039/c1cc10851d
https://doi.org/10.1016/j.electacta.2011.12.058
https://doi.org/10.1016/j.jallcom.2011.01.103


[19] Z. Wang, K. Lv, G. Wang, K. Deng, D. Tang, Study on the shape control and
photocatalytic activity of high-energy anatase titania, Appl. Catal. B 100 (2010)
378–385, https://doi.org/10.1016/j.apcatb.2010.08.014.

[20] L. Wang, J. Liu, Y. Min, K. Zhang, Nontopological transformation of hierarchical
TiO2 by self-regulated etching and capping roles of F− for photocatalytic H2
evolution, Appl. Surf. Sci. 473 (2019) 738–745, https://doi.org/10.1016/j.
apsusc.2018.12.077.
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EXPERIMENTAL DETAILS 

 

Chemicals were purchased from Sigma Aldrich and used without purification: titanium(IV) 

fluoride (TiF4, MQ200), titanium(IV) butoxide (TBT, ≥97%), 1-butanol (≥98%), 1-hexanol 

(≥98%), hydrofluoric acid 48% (HF), 4-chlorophenol (4CP, 99+%), myclobutanil 

PESTANAL® (MCL, analytical standard) and carbamazepine (CBZ, analytical standard). The 

aqueous solutions were prepared using deionised water from Milli-Q® integral water 

purification systems. 

 

Synthesis of TiOF2 and {0 0 1} TiO2/TiOF2 heterojunction photocatalysts 

For the preparation of pristine TiOF2, 10 g of TiF4 was added into a 200 cm3 Teflon reactor 

with 120 cm3 of 1-butanol. After stirring the suspension for 15 min at 600 rpm, the reactor was 

transferred into a stainless-steel autoclave and heated at 210 ℃ for 24 h in an electric oven. The 

final product was separated through centrifugation and washed thoroughly with absolute 

ethanol and deionised water to remove residual contamination and fluorine species. After 

drying at 80 °C to dry mass, the TiOF2 grey powder was harvested. 

The synthesis of {0 0 1} TiO2/TiOF2 was performed by solvothermal reaction. In this 

regard, 17 cm3 of TBT was dissolved in 30 cm3 of 1-hexanol. The solution was stirred for 

20 min before 3.4 cm3 of 48% hydrofluoric acid was slowly added to the solution and mixed 

for 5 min. The obtained mixture was transferred into a 200 cm3 Teflon-lined stainless-steel 

reactor and was kept at 210 °C in an electric oven for durations of 3 h, 6 h, 8 h, 10 h, 12 h, 16 

h and 24 h, then cooled down naturally. After the reaction, the precipitate was centrifuged and 

washed four times with water, twice with anhydrous ethanol and twice with 0.1 M NaOH 
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solution to remove residual organic reagents, then finally dried at 80 °C to dry mass. The 

samples were denoted as S-xh, where x is the time of solvothermal reaction. 

 

Material characterisation 

The phase identification and the composition of the samples were investigated by X-ray 

powder diffraction (Bruker D8 Advance diffractometer) equipped with a monochromatic 

copper radiation source (Cu Kα = 1.54 Å), with a scan step of 0.02°. The analyses of the XRD 

patterns were performed with the HighScorePlus software package (PANalytical, 2006) and the 

Crystallographic Open Database. The amorphous phase content was analysed using an internal 

standard (NiO, Sigma Aldrich, Germany). The mean crystallite size defined as the average size 

of the coherent diffracting domains, was determined from the Scherrer equation with the usual 

assumption of spherical crystallites. The bond identification in samples was determined by 

Fourier-transform infrared spectroscopy (FTIR) in the transmittance mode using FTIR Nicolet 

iS10 (Thermo Fisher Scientific, Waltham, MA, USA) spectrometer. The pellets containing KBr 

and a photocatalyst were analysed in each measurement. 

The morphology of the photocatalysts was studied by field emission scanning electron 

microscopy (model JEOL JSM-6700 F FEG) in secondary electrons (SE) mode, EHT = 3.00 

kV, WD = 3.5 mm, aperture size = 20.00 µm. Transmission electron microscopy (TEM) images 

of the {0 0 1} TiO2 (S-16h) were acquired in a JEOL 2100 F. A Gemini V instrument was used 

to measure the surface area of the photocatalysts based on the Brunauer-Emmett-Teller (BET) 

method. All samples were degassed at 200 °C for 2 h before N2 adsorption measurements. 

The surface composition and the surface chemical states of the photocatalysts were 

determined by X-ray photoelectron spectroscopy (XPS) using a Thermo VG Multilab 

ESCA3000 spectrometer (Al Kα anode at hν = 1486.6 eV). The obtained XPS spectra were 

fitted using the CasaXPS software (version 2.3.25), using a Shirley-type background and an 
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Asymmetric Lorentzian function with 50% Gaussian character (LA(50)). The surface atomic 

ratio Ti/F was calculated using the appropriate experimental sensitivity factors, as determined 

by Scofield. The spectra were corrected from electrostatic charging using the adventitious sp2 

carbon C1s peak at 285.0 eV as an internal standard. The effect of the pH on the photocatalysts’ 

surface charge was measured as zeta potential (mV) using Malvern Nano Zetasizer (Malvern 

Instruments Ltd., Malvern, UK). The dispersion of the catalyst at the concentration of 0.2 g/dm3 

in 10-2 M KCl solution was used for measurements. 

The optical properties of the photocatalysts were studied by diffuse reflectance 

spectroscopy (DRS) using a UV–Vis spectrophotometer (Thermo Fisher Scientific Evolution 

220) and barium sulfate as standard material. Absorption spectra were recorded with a slot 

width of 2 nm and an integration time of 1.1 s. The bandgap energy values (Eg) were graphically 

derived using the Tauc’s method and the Kubelka-Munk transformation [1]. 

Photocurrent density were measured obtained using potentiostat–galvanostat Autolab 

PGSTAT204 (Metrohm Autolab) with a 0.5 M Na2SO4 solution as an electrolyte and a built-in 

software, Nova 2.1.4. was used for data analysis. Preparation of the electrode substrates 

modified with the as-synthesised photocatalysts, suitable for electrochemical measurements, 

was performed as follows: firstly, the sample suspension in isopropanol was sonicated for 20 

min. Then, photocatalyst dispersion was dropped-cast onto carbon screen-printed electrodes 

with Ag/AgCl reference electrode (Metrohm DropSens 11L), followed by drying to evaporate 

the solvent completely. Finally, surface blockage was carried out by adding a small drop of 

Nafion (Sigma-Aldrich) onto the electrode. A switchable LED revolver (Instytut Fotonowy, 

Kraków, Poland) was used as a light source. The measurements were performed for λmax = 372 

nm, P = 30.5 mW. 

Fluorescence lifetime was measured through time-correlated single photon counting 

(TCSPC) in a Mini-τ device from Edinburgh Instruments, using as an excitation source a 372 
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nm laser with a pulse width of 61.2 ps at a repetition rate of 1 MHz and with an emission 

bandpass filter at 450 ± 25 nm. Experimental data were fitted to exponential decay curves to 

obtain average lifetimes. Fluorescence spectra were recorded on a Perkin-Elmer LS50B 

spectrometer, with an excitation wavelength of 320 nm, slit widths of 10 nm for excitation and 

emission, and an emission cut-off filter at 400 nm. 

The time-resolved microwave conductivity (TRMC) technique was employed to study the 

charge-carrier dynamics under UV excitation. The incident microwaves were generated by a 

Gunn diode (30 GHz). A laser (EKSPLA, NT342B) tunable between 200 and 2000 nm, 

equipped with an optical parametric oscillator (OPO), was used as a pulsed light source. The 

wavelength used was 360 nm, with an excitation energy of 1.1 mJ/cm2. TRMC technique 

measures the relative change (
∆𝑃(𝑡)

𝑝
) in microwave power reflected by a semiconductor material 

during its excitation by a laser pulse (Equation below). This change (∆𝜎(𝑡)) correlates to the 

variation of sample conductivity for small perturbations. 

∆𝑃(𝑡)

𝑝
= 𝐴∆𝜎(𝑡) = 𝐴𝑒𝜇𝑒∆𝑛𝑒(𝑡) ,         

where ne(t) is the number of excess free electrons at time t, μe is the mobility of free electrons, 

and e is the charge. The sensitivity factor A is independent of time but is dependent on both the 

microwave frequency and the sample conductivity, and can be positive or negative. The primary 

data provided by TRMC include the maximum signal value (Imax), which represents the number 

of excess charge carriers generated by the laser pulse, and the decay that results from the 

decrease of the excess electrons (free electrons) and relates to the lifetime of charge carriers. 

Details can be found in [2,3]. 

 

Theoretical calculations 

The interface between anatase {0 0 1} and TiOF2 was determined computationally using 

density functional theory calculations (DFT) within the generalised gradient approximation 
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with Hubbard parameter (GGA+U), as implemented in Quantum Espresso 6.5 software package 

[4,5]. All calculations were performed using Perdew–Burke-Ernzerhof (PBE) functionals and 

projector augmented wave (PAW) pseudopotentials. Since TiOF2 transforms to TiO2, they 

exhibited similar unit cell a and b parameters [32]. Therefore, during calculations, both crystal 

lattices have a common OX axis. The fluorine atom was the bridge between (0 0 1) TiO2 and 

(1 0 0) TiOF2 surface. These two slabs were separated by vacuum at a distance of 10 Å. The 

electronic wave functions were expanded to the energy cut-off of 450 eV. During the 

calculations of the density of states (DOS) of the TiO2/TiOF2 interface, K-point grids of 4 × 4 

× 1 were used. The first two Ti-O and Ti-O-F layers were used for plotting the DOS of the 

interface itself. During the calculations, the Hubbard parameter U = 3.9 eV was applied for Ti 

atoms, based on the previous report [6]. All calculations were performed under the same 

conditions to be comparative.  

 

Photocatalytic activity analysis 

The evaluation of the photocatalytic activity was carried out in two set-ups depending on 

the light source used. The experiments under UV-A were carried out in a batch beaker-type 

glass reactor with a volume of 100 cm3. The photocatalyst suspension was exposed to 

a 6 mW/cm2 irradiance UV-A light centred at 365 nm, provided by Philips 24 W/10/4 P 

lamps[7,8]. In the case of experiments with simulated solar light, the reactions were performed 

in a quartz reactor with a volume of 50 cm3, using as a light source a 300 W xenon lamp (model 

6271H, Oriel, USA) with a UV irradiance fraction of 21 mW/cm2 (measured in the center of 

the reactor) and equipped with a water IR filter. For measurements using an Xe lamp, the quartz 

reactor was connected to a thermostat to maintain the temperature at 20 °C.  

In a typical reaction procedure, the powder photocatalyst was dispersed at the concentration 

of 1 g/dm3 under stirring in an aqueous solution of the organic pollutant. The initial 4CP, MCL 
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and CBZ concentration was 20 ppm (TOC4CP = 15.4 ppm, TOCMCL = 14.3 ppm) and 14 ppm 

(TOCCBZ = 11.4 ppm), respectively. Before irradiation, the photocatalyst suspension was stirred 

for 60 min at 600 rpm in the dark to ensure the establishment of the adsorption-desorption 

equilibrium. 

The concentration of 4CP was determined by UV-vis spectrophotometry by following the 

disappearance of the main absorption peak at λmax = 224 nm. The degradation efficiency for 

MCL and CBZ was monitored using a high-performance liquid chromatography system 

(HPLC, model Shimadzu LC-6A), combined with a photodiode array detector (SPD-M20A) 

and C18 column (Phenomenex Gemini 5 μm; 150x4.6 mm). The mobile phase includes (v/v): 

60% H2O, 0.5% H3PO4, 39.5% acetonitrile for CBZ detection and 60% acetonitrile, 40% H2O 

+ 0.1% formic acid for MCL analysis. The concentration of these compounds was measured at 

λmax = 285 nm and 220 nm for CBZ and MCL, respectively. The retention time (tR) of CBZ and 

MCL were 4.73 min and 6.99 min, respectively. Quantitative analysis of the pollutants was 

performed using standard compounds from Sigma-Aldrich using the external calibration 

method. An HPLC-grade acetonitrile, formic acid and orthophosphoric acid solution was 

provided by Merck. The apparent kinetic rate constants k for the degradation of the pollutants 

were calculated according to a pseudo-first-order kinetic model. 

Moreover, Total Organic Carbon (TOC) measurements were performed using a TOC 

analyser (Shimadzu, model TOC-L) to determine the organic carbon content in the post-process 

wastewater. The TOC concentration evolution curve was fitted with a zero-order kinetic model 

to obtain the apparent kinetic rate constants for mineralisation kTOC. The anion concentration 

was monitored by Dionex ICS-1100 Ion Chromatography (Thermo Fisher Scientific) and 

Dionex™ Combined Seven Anion Standard II was used to perform the quantitative analysis. 

The generation of hydroxyl radicals (•OH) was investigated under UV-A light by studying 

the selective oxidation of coumarin to 7-hydroxycoumarin (7-OHC) [9,10]. The experiments 
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were carried out in the set-up with UV-A irradiation. The photocatalyst suspension at the 

concentration 0.5 g/dm3 in 0.7 mM aqueous coumarin solution was exposed to a flux of 

6 mW/cm2 UV-A light centered at 365 nm. The 7-OHC evolution was monitored by 

photoluminescence (PL) spectroscopy using a Shimadzu spectrofluorophotometer RF-6000, 

using an external calibration curve for quantification. During the measurements, the excitation 

and emission wavelengths were 332 nm and 454 nm, respectively. 

The photocatalytic hexavalent chromium reduction in CrO4
2- aqueous solution was 

investigate to elucidate the electrons generation. These experiments were also carried out in the 

set-up with UV-A irradiation light centered at 365 nm. The photocatalyst suspension had the 

concentration 1 g/dm3 and the concentration of Cr(VI) solution was 25 mg/dm3. The suspension 

was adjusted to pH = 3. The progress of Cr(VI) reduction was monitored by the colorimetric 

method using diphenylcarbazide as a complexing agent. The absorbance was measured at 

λ = 540 nm. 
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Figure S1. Evolution of the mean anatase crystallite size, the amorphous phase content and 

the specific surface area of the photocatalysts as a function of the synthesis time.  
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Figure S2. Tauc plots as the transformed Kubelka-Munk function vs. photon energy for the 

photocatalysts and TiOF2. 
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Figure S3. Zeta potential as a function of the pH for the pure {0 0 1} anatase and the 

composite with TiOF2, I = 10-2 M KCl, [cat] = 0.2 g/L. 

 
 

 

 

Figure S4. XPS survey spectrum for the photocatalysts. 
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Figure S5. Time-evolution of the relative 4CP concentration during the photocatalytic 

degradation of 4CP under UV-A light using TiOF2.  

 

 

 

Figure S6. Time-evolution of the relative TOC concentration during the photocatalytic 

degradation of 4CP under UV-A light using the different photocatalysts. 
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Figure S7. HPLC chromatograms during photocatalytic a) CBZ and b) MCL degradation 

under UV-A light over S-8h sample. 

                         a)  

 
                        b) 
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Figure S8. Linear relationship between ln(C0/C) and the irradiation time in the case of the 

degradation of MCL and CBZ under UV-vis light and UV-A light using the different 

photocatalysts. 
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Figure S9. Statystical analysis of photocatalytic 7-OHC production observed under UV-A 

light using the Aeroxide P25 TiO2 from Degussa: a) photocatalytic 7-OHC production in 

three independent measurements, b) average photocatalytic 7-OHC production and error bars. 

 

 

Figure S10. Photocatalytic 7-OHC production observed under UV-A light using the Aeroxide 

P25 TiO2 from Degussa and the S-8h TiO2/TiOF2 photocatalyst. 
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Figure S11. Photocatalytic Cr(VI) reduction observed under UV-A light over the {0 0 1} 

TiO2 and {0 0 1} TiO2/TiOF2 photocatalysts. 

 

 

Figure S12. Example of experimental and fitted fluorescence decay curves. IRF: instrument 

response function. 
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Figure S13. Photocurrent density vs. time measurements for selected TiO2/TiOF2 samples. 

 

 
 

Figure S14. XRD patterns of the fresh S-8h TiO2/TiOF2 photocatalyst and the used 

photocatalyst after the MCL removal test. 
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Figure S15. XPS spectra of the fresh S-8h TiO2/TiOF2 photocatalyst, and the used 

photocatalyst after the 1st and 3rd cycle of MCL degradation showing Ti2p signals with 

Gaussian fits and the corresponding Ti/F surface atomic ratio. 

 

 

Figure S16. Cl− concentration in the post-process water collected after the first and the third 

cycle using S-8h, in comparison to the theoretical value. 
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Table S1. Apparent kinetic rate constants for the MCL and CBZ degradation and the associated TOC 

conversion after 2 h of photocatalytic test with {0 0 1} TiO2 and {0 0 1} TiO2/TiOF2 photocatalysts. 

Conditions: [MCL]0 = 20 mg/dm3; [CBZ]0 = 14 mg/dm3; [cat] = 1.0 g/dm3.  

 

 

 

 

Table S2. Comparison of the photocatalytic performance with the literature. 

Photocatalyst Irradiation Solution 
Photocatalyst 

dosage (g·dm-3) 

Rate constant 

(min-1) 
Ref. 

g-C3N4/TiO2 
24 W UV-A lamp λmax = 365 nm, 

3.25 mW/cm2   
CBZ, 10 ppm 0.1 0.0034 [11] 

Ti3C2/TiO2 
300 W Xenon lamp with UG11 filter, 

aerated, light intensity not mentioned 
CBZ, 14 ppm 2.0 0.056 [12] 

FeS2/Fe2O3 
300 W Xenon lamp, light intensity 

not mentioned 
CBZ, 2.5 ppm 0.8 0.0247 [13] 

Al-doped ZnO/Fe3O4 15 W UV-A lamp, 3.3 mW/cm2   CBZ, 1 ppm 0.5 0.079 [14] 

Fe3O4@SiO2/d-TiO2/Pt 
300 W Xenon lamp, 60 mW/cm2, pH 

= 5.5 µl H2O2 
CBZ, 14 ppm 0.5 0.030 [15] 

S-10h 
24 W UV-A lamp λmax = 365 nm, 6 

mW/cm2   
CBZ, 14 ppm 1.0 0.078 

This 

work 

S-10h 300 W Xenon lamp, 21 mW/cm2   CBZ, 14 ppm 1.0 0.074 
This 

work 

LaFeO3@TiO2 
1700 W Xenon lamp with filter 

(λ > 320 nm), 25 mW/cm2   
MCL, 20 ppm 1.0 0.0018 [16] 

S-10h 300 W Xenon lamp, 21 mW/cm2   MCL, 20 ppm 1.0 0.082 
This 

work 

 

Sample 

name 

Photocatalytic process under UV-Vis light Photocatalytic process under UV-A light 

kMCL 

(min-1) 

X2h TOC 

MCL (%) 

kCBZ 

(min-1) 

X2h TOC 

CBZ (%) 
kMCL (min-1) 

X2h TOC 

MCL (%) 

kCBZ 

(min-1) 

X2h TOC 

CBZ (%) 

Photolysis 0.007 - <0.001 - <0.001 - <0.001 - 

S-6h 0.033 31 0.060 60 0.014 13 0.034 10 

S-8h 0.044 59 0.070 51 0.028 70 0.078 40 

S-10h 0.082 32 0.074 78 0.027 59 0.048 50 

S-12h 0.053 22 0.071 7 0.045 18 0.045 16 

S-16h 0.028 21 0.047 15 0.008 0 0.015 14 
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Table S3. Bader charges for separated compounds and in heterojunction. 

  
No Atom 

Bader charge in 

heterojunction (e) 

Bader charge 

separated (e) 

Interface 

effect (e) 

 

TiO2 

structure 

1 O -1.09569 -1.095925 -0.000235 

2 Ti 2.173393 2.173303 -0.000090 

3 O -1.110932 -1.111525 -0.000593 

4 O -1.077801 -1.077716 0.000085 

5 Ti 2.214556 2.214755 0.000199 

6 O -1.12126 -1.121035 0.000225 

7 O -1.102057 -1.101974 0.000083 

8 Ti 2.211906 2.211974 0.000068 

9 O -1.094416 -1.094495 -0.000069 

10 O -1.093058 -1.092811 0.000247 

11 Ti 2.190728 2.187264 -0.003464 

12 O -1.085544 -1.092225 -0.006681 

TiOF2 

structure 

 

 

13 F -0.564405 -0.550999 0.013406 

14 Ti 2.213933 2.212562 -0.001371 

15 O -0.710102 -0.70984 0.000262 

16 Ti 2.117734 2.11760 -0.000134 

17 F -0.575033 -0.574883 0.000150 

18 Ti 2.232746 2.232929 0.000183 

19 O -0.976074 -0.977189 -0.001115 

20 F -0.683455 -0.684121 -0.000666 

21 F -0.703389 -0.703349 0.000040 

22 F -0.703709 -0.703891 -0.000182 

23 O -0.97455 -0.974874 -0.000324 

24 F -0.684321 -0.684335 -0.000014 

 Total electron effect for TiO2 -0.010235e  

 Total electron effect for TiOF2  0.010235e  
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4.5. Chapter V: BiVO4 modification by vanadium precursor design and CuOx sub-

nanoclusters deposition for pharmaceuticals degradation and PMS activation 

under visible light 

Based on [P6] M. Kowalkińska, A. Maximenko, A. Szkudlarek, K. Sikora, A. Zielińska-

Jurek, Addressing challenges of BiVO4 light-harvesting ability through vanadium 

precursor engineering and sub-nanoclusters deposition for peroxymonosulfate-assisted 

photocatalytic pharmaceuticals removal, Separation and Purification Technology, 351, 

2024, 127643. 

The main motivation of performing these studies was the formation of microcrystals 

by bismuth orthovanadate, which limits the light-harvesting ability, and the fast 

recombination of photogenerated charge carriers, which hinders its photocatalytic 

activity toward PhACs oxidation. In this regard, a dual approach was proposed to 

enhance the photoactivity – reducing the size of the precursor and interface modification. 

First, self-synthesized ammonium metavanadate (NH4VO3) was for the first time 

applied to BIVO4 fabrication. This vanadium precursor (NHV_W) exhibited smaller 

particles and a more stoichiometric structure than the commercial NH4VO3 from Merck 

(NHV_C). The comparison of both precursors is presented in Figure 4.11. 

   a) b) 

  

Figure 4.11. a) XRD pattern and b) SEM images of NH4VO3 precursors. 
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When the as-obtained precursor was used instead of the commercial counterpart, 

the resulting (m–s) BiVO4 (BVO_NHV_W) possessed a lower particle size and better 

dispersion in water. These morphological changes resulted in significantly improved light 

absorption, as confirmed by local volume rate of photon absorption (LVRPA) analysis 

using a six-flux radiation model. The comparison of BiVO4 photocatalysts is presented in 

Figure 4.12. 

    a)  

 
    b) 

 

Figure 4.12. a) SEM images and b) corresponding LVRPA distribution in the cross-section of 

photoreactor of BiVO4 photocatalysts. 
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These photocatalysts were investigated toward photocatalytic degradation of 

naproxen (NPX) and ofloxacin (OFL) under visible light (λ > 420 nm). In the second step, 

the interface of BiVO4 was modified by copper species. X-ray absorption near edge 

structure (XANES) spectroscopy of Cu-K edge confirmed the presence of CuOx sub-

nanoclusters with mixed valence state between Cu(I) and Cu(II). The average oxidation 

state of copper species was +1.48 (Figure 4.13.a). This modification caused a several-

fold increase in photocurrent response compared to pristine BiVO4, indicating more 

efficient charge transport. As a consequence, the apparent kinetic rate constants for the 

photocatalytic degradation of NPX and OFL arisen 1.6- and 3.3-fold, respectively (Figure 

4.13.b). 

a) b) 

  

Figure 4.13. a) Normalized Cu–K edge absorption coefficient for sample Cu/0.1 BVO_NHV_W in 

relation to reference materials; inset shows the estimation of an average chemical state, 

b)  Photocatalytic degradation of NPX and OFL over BiVO4-based photocatalysts under visible 

light (λ > 420 nm). 

Next to conventional heterogeneous photocatalysis, the BiVO4-based 

semiconductors were also applied in peroxymonosulfate-assisted reactions under visible 

light. The presence of a low amount of PMS (0.1 mM) accelerated the degradation of 

PhACs, achieving complete degradation of NPX within 60 minutes and almost complete 

removal of ofloxacin (98.2%) within 120 minutes, as shown in Figure 4.14. 
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Figure 4.14. PMS-assisted photocatalytic degradation of a) NPX and b) OFL over BiVO4-based 

photocatalysts under visible light (λ > 420 nm). 

The combination CuOx/BiVO4/PMS/Vis420 showed satisfactory stability and 

reusability over three consecutive cycles, although excessive PMS concentrations were 

found to induce bismuth leaching, highlighting the importance of controlling oxidant 

dosage. Finally, ecological risk assessment was discussed by means of ECOSAR and 

Microtox bioassay using bioluminescent Vibrio fischeri bacteria. ECOSAR data showed 

the harmful effect of NPX and OFL intermediate products, which were more toxic than 

the initial compounds. However, the post-process wastewater after treatment of NPX 

solution with CuOx/BiVO4/PMS/Vis420 system exhibited a lower inhibition rate compared 

to unmodified photocatalysts, ensuring that the process remained environmentally safe. 

Although these results were not achieved for the OFL solution, the toxic effect is not 

permanent, as confirmed by the reduced gamma value (Γ). 

The authors used ASTRA beamline of the National Synchrotron Radiation Centre 

SOLARIS (Cracow, Poland). Moreover, these studies were awarded twice  –  received 

distinction in the X edition of the Polish Academy of Sciences in Gdańsk Award for young 

scientists and Best Poster Award during 12th European Conference on Solar Chemistry 

and Photocatalysis: Energy and Environmental Applications (SPEA12), funded by the 

Royal Society of Chemistry 

 

0 20 40 60 80 100 120

0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80 100 120

0.0

0.2

0.4

0.6

0.8

1.0

b) Ofloxacin

 Vis420                                                  PMS + Vis420                                              BVO_NHV_W + PMS
 Cu/0.1 BVO_NHV_W + PMS            BVO_NHV_W + Vis420                              Cu/0.1 BVO_NHV_W + Vis420
 BVO_NHV_W + PMS + Vis420        Cu/0.1 BVO_NHV_W + PMS + Vis420

C
/C

0
Irradiation time (min)

a) Naproxen
C

/C
0

Irradiation time (min)



Separation and Purification Technology 351 (2024) 127643

Available online 24 April 2024
1383-5866/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Addressing challenges of BiVO4 light-harvesting ability through vanadium 
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A B S T R A C T   

In this study, we present a complex approach for increasing light utilisation and peroxymonosulfate (PMS) 
activation in BiVO4-based photocatalyst. This involves two key considerations: the design of the precursor for 
BiVO4 synthesis and interface engineering through CuOx sub-nanoclusters deposition. The designed precursor of 
ammonium methavanadate (NH4VO3, NHV) leads to reduction in particle size, better dispersion and improved 
light harvesting ability, confirmed by the calculations of the local volume rate of photon absorption (LVRPA) 
using the Six-Flux Radiation Absorption-Scattering model. The morphological changes result in a significant 
improvement in photocatalytic activity under visible light for the degradation of pharmaceuticals (naproxen and 
ofloxacin) compared to the commercial NH4VO3. Additionally, CuOx sub-nanoclusters were deposited on 
designed BiVO4 and characterised using X-ray absorption near edge structure (XANES). The presence of sub- 
nanoclusters enhanced charge carriers separation, resulting in an increase in the apparent rate constants of 
1.60 and 3.32-times for photocatalytic NPX and OFL removal, respectively. The application of obtained Vis light 
active photocatalysts in the presence of 0.1 mM PMS resulted in remarkably more efficient degradation of NPX 
(100 % within 60 min) and OFL (98.2 % within 120 min). PMS/Vis420/CuOx/BiVO4 system exhibited high 
stability and reusability in the subsequent cycles of photodegradation. However, high PMS dosage induced Bi 
leaching which may cause the instability of the photocatalyst. Finally, to address the environmental implications 
of pharmaceutical removal and adhere to the Guidelines for drinking-water quality, toxicity assessments using 
Vibrio fischeri bacteria were performed and compared to a quantitative structure–activity relationship (QSAR) 
model.   

1. Introduction 

Over the last few years, the level of development of the health system 
has risen sharply, contributing to improving the quality of human life 
and reducing mortality. One of the most important achievements of 
modern medicine was the discovery of numerous pharmaceuticals such 
as antibiotics and non-steroidal anti-inflammatory drugs (NSAIDs), 
which have helped treat many diseases. However, the widespread use of 
pharmaceuticals has led to their detection in trace amounts in surface 
and groundwater [1,2]. An example of a compound which is not 

susceptible to biological degradation is ofloxacin (OFL), a fluo
roquinolone antibiotic with a broad spectrum of activity against both 
gram-positive and gram-negative bacteria, frequently detected in Eu
ropean effluents [3–6]. Simultaneously, naproxen (NPX) is a non-ste
roidal anti-inflammatory drug commonly used without prescription to 
treat pain and inflammation, which is the most frequently detected in 
surface- and groundwater in Poland [7]. Studies have shown that even at 
low concentrations, naproxen can have negative effects of long-term 
exposure on aquatic organisms, such as fish and invertebrates [8]. The 
presence of active pharmaceutical ingredients in water can be dangerous 
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to the environment for several reasons. First, they can accumulate in the 
tissues of aquatic organisms, and enter the food chain, potentially 
affecting human health through the consumption of contaminated sea
food [9]. Moreover, antibiotics are toxic to aquatic life and can promote 
the growth of antibiotic-resistant bacteria and other pathogens, which 
can lead to the spread of drug-resistant infections in humans and animals 
[10]. These environmental dangers underscore the importance of 
reducing the release of pharmaceuticals into the environment and 
finding effective technology to remove them from wastewater. 

Recently, Advanced Oxidation Processes (AOPs) have gained sig
nificant attention due to their ability to degrade a wide range of con
taminants, including xenobiotics that resist conventional treatment 
methods. The most interesting advantage of these techniques is that they 
can effectively remove persistent organic pollutants from effluents, 
typically involving the generation of powerful oxidants that are capable 
of breaking down complex organic molecules into simpler, less harmful 
compounds [11–13]. Among AOP techniques, heterogeneous photo
catalysis and sulfate-radical advanced oxidation processes (SR-AOP) 
have become the most extensively studied in the last few years. Perox
ymonosulfate compounds (PMS) act as strong oxidising agents, capable 
of generating highly reactive sulfate radicals SO4

⋅− under UV light or heat 
activation as well as transition metals presence [14–16]. Coupling 
photocatalysis with SO4

⋅− generation in peroxymonosulfate-assisted 
photocatalysis (PAP) allows to enhance the degradation efficiency due 
to the generation of additional reactive species, such as hydroxyl radi
cals (⋅OH), through photocatalytic processes [17]. This synergistic 
combination results in the fast and efficient degradation of persistent 
pollutants, including pharmaceuticals, making peroxymonosulfate- 
assisted photocatalysis a promising technology for advanced water 
treatment applications with potential environmental and economic 
benefits [18–20]. 

However, the practical application of PAP processes for wastewater 
treatment remains challenging. Firstly, PMS concentration should be 
carefully controlled because it directly affects pH and generates high 
levels of sulfate ions, which may be toxic to aquatic life. The lowest 
threshold concentration for SO4

2− is approximately 250 ppm suggested 
by the World Health Organization (WHO) in the Guidelines for Drinking- 
Water Quality (2004, updated in 2022) [21]. Although there is an 
increasing number of studies concerning SR-AOP, too high concentra
tions of PMS are used that exceed permitted standards [22]. Moreover, 
the side effects of activated PMS on in-situ environmental microorgan
isms in water have not been clear yet. The toxicity rate of degraded 
pharmaceuticals and their by-products is crucial for evaluation whether 
the process is environmentally friendly [23]. Therefore, a rationally 
designed system with appropriate photocatalyst type, which will be able 
to generate hydroxyl radicals upon irradiation and activate PMS at low 
dosage, will be crucial regarding the application of PAP processes. 

Considering all the above aspects, bismuth orthovanadate (BiVO4, 
BVO) has received considerable interest due to visible light activity, 
chemical stability and facile preparation methods [24–26]. Several 
studies have shown that BiVO4 can also activate PMS, making this 
photocatalyst promising for PAP processes [27–29]. However, there are 
several drawbacks of BVO application in water treatment. Firstly, this 
photocatalyst suffers from low conduction band potential (~0.3–0.4 V 
vs. NHE) and fast recombination of photoinduced electron–hole pairs. 
Furthermore, BiVO4 usually forms microcrystals with smooth facets and 
low surface area, resulting in poor photocatalyst dispersion in water 
[24,30,31]. Therefore, rational design of BVO material with satisfactory 
light harvesting and limited recombination rate is desired. One of the 
promising methods of promoting charge carriers separation is creating a 
heterojunction [28,32,33] or deposition of metal clusters [34]. Espe
cially, modification by CuOx species has captured extensive research 
interest due to the distinctive Cu2+/Cu+ redox couple, which is benefi
cial for either enhancing photocatalytic activity or PMS activation [35]. 
Among existing CuOx species, nanosized structures like nanoclusters 
have numerous advantages, including their low-coordination 

environment and unique electronic properties [34]. Therefore, the 
deposition of nanoclusters on BiVO4 can guarantee the development of 
number of active sites in the final photocatalyst. 

In this regard, a novel approach of BiVO4 synthesis using self- 
synthesised ammonium metavanadate (NH4VO3, NHV) as a precursor 
is for the first time reported in this study. Local volume rate of photon 
absorption (LVRPA) analysis showed that the proposed precursor 
significantly improved the light harvesting ability of BiVO4, compared 
to the photocatalyst in which commercial NH4VO3 was used. Moreover, 
the interface modification by CuOx sub-nanoclusters enhanced visible 
light activity in reactions of naproxen and ofloxacin degradation, which 
are emerging organic pollutants present in water worldwide. The 
structure of interface-engineered photocatalysts was studied by X-ray 
absorption near edge structure (XANES). Finally, the toxicity assessment 
of post-process water was measured experimentally using Vibrio fischeri 
bacteria and compared to the quantitative structure–activity relation
ship (QSAR) model. Despite the existing reports describing the impor
tance of light use by photocatalysts and the role of PMS on the toxicity 
rate, this topic remains new and represents an important study in the 
field of PAP processes. 

2. Experimental section 

For a two-step synthesis of BiVO4 (BVO), vanadium(V) oxide (V2O5), 
ammonium acetate, sodium dodecyl sulfate (SDS), bismuth(III) nitrate 
pentahydrate (Bi(NO3)3 ⋅ 5 H2O), hydroxylamine hydrochloride 
(NH2OH ⋅ HCl), copper chloride anhydrous (CuCl2) were provided by 
Chemat (Poland) and used without further purification. For photo
catalytic degradation of pharmaceuticals, naproxen (NPX), ofloxacin 
(OFL) and OXONE® with analytical grade was provided by Merck. 

2.1. Synthesis of NH4VO3 

The demonstrated synthesis of ammonium metavanadate (NHV) was 
based on Prześniak-Welenc et al. with the modifications [36]. 0.25 g 
V2O5 was dispersed in 300 cm3 of 1.25 M solution of ammonium acetate 
in water using an ultrasonic bath for 30 min. Next, the yellow uniform 
mixture was left for 24 h. After this time, white solids precipitated from 
the initially yellow solution. This precipitate was separated by centri
fugation (6000 rpm) and washed several times with anhydrous ethanol. 
The final product was dried at 40 ◦C under vacuum conditions (<100 
mbar) to dry mass. This precursor was denoted as NHV_W, where the 
commercial NH4VO3, provided by Merck, was labeled as NHV_C. 

2.2. Synthesis of BiVO4 and interface modification 

In a typical procedure, three 2 M nitric acid solutions were prepared 
separately: 2 mmol of NHV in 10 cm3, 2 mmol of Bi(NO3)3 ⋅ 5 H2O in 10 
cm3 and 0.2 g SDS in 15 cm3. These three solutions were stirred for 30 
min and then mixed together. Subsequently, the mixture was diluted 
with water to volume 70 cm3 and transferred to a 100 cm3 Teflon-lined 
autoclave. The reactor was heated to 150 ◦C and kept at this temperature 
for 24 h in an electric oven. After natural cooling to room temperature, 
the obtained products were separated through centrifugation and thor
oughly washed with deionised water and ethanol to remove the residual 
ions and surfactant. After drying at 80 ◦C to dry mass, the yellow 
powders were obtained. The BiVO4 photocatalysts were denoted similar 
to NHV series, but with the BVO prefix added to the label. 

Interface modification was carried out as follows: 1 g of SDS sur
factant was dissolved in 90 cm3 of water. Secondly, BVO_NHV_W pow
der was added to this solution. After obtaining a uniform mixture, 1.5 
cm3 of 0.1 M CuCl2 aqueous solution was dropped into the mixture. After 
magnetic stirring for 1 h, 2.5 cm3 of 0.2 M NH2OH ⋅ HCl aqueous so
lution was slowly dropped into the above suspension. The mixture was 
kept for stirring overnight. The obtained product was collected by 
centrifugation, washed several times with distilled water and ethanol, 
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and dried at 50 ◦C under vacuum conditions (<100 mbar) to dry mass. 
To find the most optimum Cu/Bi content, several masses of BVO were 
used in the synthesis (0.075 g, 0.10 g and 0.125 g). CuOx-modified 
samples were denoted as Cu-X BVO_NHV_W, where X is the mass of 
BVO_NHV_W photocatalyst used during modifications. 

2.3. Material characterisation 

The crystal structure and phase identification of as-synthesised 
samples were investigated by X-ray powder diffraction (Rigaku Mini
Flex 600 X-Ray diffractometer, Tokyo, Japan) with Cu Kα radiation. 
Data were collected in a 2θ range of 10-80◦ with a scan speed of 1◦ min− 1 

and scan steps 0.01◦. The Rietveld refinement, including specimen 
displacement, lattice parameters, polynomial coefficients for the back
ground function, profile parameters, and Gaussian and Lorentzian pro
file coefficients, were performed with the HighScore Plus software 
package (Malvern Panalytical, Malvern, United Kingdom) and the 
Crystallography Open Database. The crystallite size was estimated on 
the basis of Scherrer’s equation. The bond identification in samples was 
determined by Fourier-transform infrared spectroscopy (FTIR) in the 
transmittance mode. The FTIR Nicolet iS10 (Thermo Fisher Scientific, 
Waltham, MA, USA) spectrometer was used at room temperature in the 
wavenumber range from 4000 to 400 cm− 1. The pellets containing 95 % 
of potassium bromide and 5 % (wt.) of a photocatalyst were analysed in 
each measurement. 

Morphologies of the as-prepared precursors and photocatalysts were 
investigated using scanning electron microscopy (Phenom Pro 6) with a 
back-scattered electron detector (BSE). Transmission electron micro
scopy (TEM) analysis was carried out using the ThermoFisher Tecnai TF 
20 X-TWIN microscope. The water nanoparticle solution was drop- 
casted onto the Au TEM grid. The microscope is equipped with an 
Eagle 2 k HR camera and operates with Field Emission Gun. The primary 
beam energy was set to 200 keV. Selected area electron diffraction 
(SAED) was conducted using an aperture of 800 nm diameter. 

The X-ray photoelectron spectroscopy (XPS) analysis was carried out 
to determine the surface chemical state. The sample was measured 
under ultra-high vacuum (UHV) conditions (Prevac, Poland). For XPS 
measurements, monochromatic Al Kα X-ray radiation (E = 1486.7 eV) 
was applied. All of the binding energies were adjusted in relation to the 
C 1 s peak at 285.0 eV. 

X-ray absorption spectroscopy (XAS) at the Cu K edge was performed 
at the ASTRA beamline of SOLARIS National Synchrotron Radiation 
Centre (Kraków, Poland). The beamline utilised a double bend achro
matic 1.3 Tesla bending magnet to generate the incident photon beam, 
with a critical energy of ~ 2 keV. A modified Lemonnier-type double 
crystal monochromator featuring a Ge(220) crystal pair was employed 
to monochromatise the beam. Slits were employed to shape the resulting 
monochromatic beam, which measured 7 × 1 mm at the sample posi
tion. The investigated CuOx-modified BiVO4 sample (Cu/0.1 
BVO_NHV_W) was grinded in agate mortar and spread on the Kapton 
tape. Before measurements, Kapton tape was checked to exclude the 
presence of Cu species. Cu foil (provided by Exafs Company, Danville, 
USA) was used a reference between ionisation chamber I1 and I2 in 
order to calibrate and align collected spectra. Commercial CuO (Sigma 
Aldrich 241,741 100 g) and Cu2O (Thermo Scientific 40188) were used 
as CuII and CuI reference materials. Copper oxides were measured in 
transmission mode, whereas CuOx-modified BiVO4 sample was 
measured in fluorescence mode with an integration time 8 s. For data 
processing and analysis, ATHENA software from Demeter software 
package was used [37]. 

The effect of pH on the surface charge was measured as zeta potential 
(mV) using Malvern Nano Zetasizer (Malvern Instruments Ltd., Malvern, 
UK). The concentration of the catalysts was 0.5 g ⋅ dm− 3 in KCl solution 
(10-2 M). Measurements of the absorption spectra in the UV–Vis range 
were performed using Thermo Scientific’s UV–Vis Spectrophotometer 
Evolution 220 with integrating sphere in order to determine absorption 

properties of the prepared materials and their optical band gap. Pho
toluminescence effect was measured by photoluminescence (PL) spec
troscopy using Shimadzu spectrofluorophotometer RF-6000. Cut-off 
filter 400 nm was used during recording the emission spectra. For these 
measurements, powder photocatalysts were analysed. 

The electrochemical properties were obtained using potentios
tat–galvanostat Autolab PGSTAT204 (Metrohm Autolab) with a 0.5 M 
Na2SO4 solution as an electrolyte and a built-in software, Nova 2.1.4. 
was used for data analysis. Preparation of the electrode substrates 
modified with the as-synthesised photocatalysts, suitable for electro
chemical measurements, was performed in three stages: dispersion 
preparation, deposition of the sample, and a surface blockage. Firstly, 
the sample suspension in water was sonicated for 15 min. Then, pho
tocatalyst dispersion was dropped-cast onto carbon screen-printed 
electrodes with Ag/AgCl reference electrode (Metrohm DropSens 11L), 
followed by drying to evaporate the solvent completely. Finally, surface 
blockage was carried out by adding a small drop of Nafion (Sigma- 
Aldrich) onto the electrode. For photocurrent measurements, a switch
able LED revolver (Instytut Fotonowy, Kraków, Poland) was used as a 
light source. 

2.4. Determination of photocatalytic activity 

The evaluation of photocatalytic activity toward pharmaceuticals 
degradation was carried out in a set-up presented in Fig. 1. The quartz 
reactor (1) with a volume 25 cm3 was connected with thermostat to 
maintain the temperature 20 ◦C. The slurry suspension was stirred 
continuously with 800 rpm using a magnetic stirrer (2). As a visible light 
source, a 300 W xenon lamp (model 6271H, Oriel, USA) with a cut-off 
filter > 420 nm (3) and water IR filter (4), was used. In a typical reac
tion procedure, an appropriate concentration of catalyst in amount of 1 g 
⋅ dm− 3 was dispersed under stirring in an aqueous solution of pharma
ceutical. The initial concentration of NPX and OFL was 15 mg ⋅ dm− 3 and 
20 mg ⋅ dm− 3, respectively. Prior to irradiation, the photocatalyst sus
pension was stirred for 45 min in the darkness to ensure the adsorp
tion–desorption equilibrium. After the dark process, 0.1 cm3 of PMS 
solution (25 mM) was added. The total PMS concentration in the reactor 
was 0.1 mM. 

The degradation efficiency of pharmaceuticals was monitored using 
a high-performance liquid chromatography system (HPLC, model Shi
madzu LC-6A), combined with a photodiode array detector (SPD-M20A) 
and C18 column (Phenomenex Gemini 5 μm; 150x4.6 mm). The detailed 
information about selected pharmaceuticals studied using HPLC were 
presented in Table 1. Bismuth, vanadium and copper leaching was 
checked by inductively coupled plasma optical emission spectroscopy 
method (ICP-OES SPECTRO BLUE TI, with seaspray nebuliser). Mea
surements were performed for wavelengths: 309.31 nm (vanadium), 
223.06 nm (bismuth) and 324.75 nm (copper). The concentrations of 
SO4

2− and F− was monitored by Dionex ICS-1100 Ion Chromatography 
(Thermo Fisher Scientific). Dionex™ Combined Seven Anion Standard II 
was used to perform the quantitative analysis of the anions. 

The high-performance LC-MS system employed consisted of an HCT 
Ultra spectrometer (Bruker Daltonics, Billerica, Massachusetts, US) with 
an ESI source coupled with an Agilent 1200 liquid chromatograph 
(Agilent Technologies, Santa Clara, California, US). Chromatographic 
separation was conducted on Gemini-NX 5 µm C18 110 Å, 4,6x150 mm 
(Phenomenex) column. Mobile phase A consisted of water with 0.1 % 
formic acid and phase B acetonitrile with 0.1 % formic acid. Gradient 
program was as follows: 0 min – 10 % B, 20 min – 90 % B, 22 min – 90 % 
B, 25 min – 10 % B, 30 min – 10 % B for NPX and 0 min – 1 % B, 5 min – 
1 %, 20 min – 90 % B, 25 min – 1 % B, 30 min – 1 % B for OFL. The flow 
was set at 0.4 cm3 ⋅ min− 1, and the injection volume was 50 mm3. The 
column oven temperature was set to 25 ◦C and UV chromatograms were 
recorded at 214, 230 and 254 nm. Spectra were acquired in positive and 
negative ESI mode, the scanned mass range was 50–800 m/z. The pa
rameters capillary voltage, drying gas flow, nebulising gas and source 
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temperature was respectively: 4.0 kV, 10 dm3 ⋅ min− 1, 30 psi and 350 ◦C. 
Helium (99.999 %) was used as the collision gas in the ion trap. The 
mass spectrometer was operated in full scan and single ion monitoring 
(SIM). 

Optical properties of the photocatalyst suspensions were determined 
for selected BVO-based materials to determine possible differences in 
their photon-absorption ability. Experimental procedure of the mass- 
specific extinction/absorption coefficient was based on the absorbance 
obtained from UV–Vis spectroscopy. Direct/scattered transmittance was 
measured through the water suspensions of various catalysts concen
trations [38]. Measurements were performed in the wavelength range of 
400–500 nm and the final absorbance was calculated as an average 
value in this region. The optical parameters β and κ for particular sam
ples were used to numerical model of the local volume rate of photon 
absorption (LVRPA), following the six-flux model approach [39]. For 
calculations, the applied scattering probabilities in the forward, back
ward and side directions were 0.756, 0.132 and 0.028, respectively, 
based on Henyey-Greenstein phase function [40]. 

2.5. Toxicity rate 

Microtox bioassay evaluated the toxicity of solutions treated during 
the PAP processes. The Microtox tests using the inhibition of lumines
cence from Vibrio fischeri bacteria as an acute reagent were performed on 
a Microtox model M500 (Microbics Corp., Carlsbad, California). The 
measurements of light output were carried out after 15 min. The addi
tion of toxic compounds was indicated by a decrease in the light output. 
The toxicity was recorded as the percent decrease of light output, which 
was calculated using the formula (Equation (1): 

Inhibition =
IS − Ie

IS
⋅ 100% (1) 

in which Is is the light level of blank and Ie − the light level of 
exposure sample. The reagents for the Microtox test were supplied by 
Microbic Corporation. 

Fig. 1. Schematic illustration of a) quartz reactor and b) experimental set-up. For better clarity of illustrations, Xe lamp and thermostat were not presented.  

Table 1 
Detailed characteristics of selected pharmaceuticals.  

Compound name Chemical structure pKa Mobile phase (v/v) Retention 
time (min) 

Maximum 
absorbance 
(nm) 

(S)-(+)-2-(6-Methoxy-2-naphthyl)propionic 
acid (Naproxen, NPX) 

4.2 70 % acetonitrile, 30 % 
water with 0.1 % formic 
acid 
Flow rate 0.35 
cm3•min− 1  

7.1 230 

9-Fluoro-3-methyl-10-(4-methylpiperazin-1- 
yl)-7-oxo-3,7-dihydro-2H-[1,4] oxazino 
[2,3,4-ij]quinoline-6-carboxylic acid 
(Ofloxacin, OFL) 

6.1 
8.3 

15 % acetonitrile, 85 % 
water with 0.1 % formic 
acid 
Flow rate 0.6 
cm3•min− 1  

3.8 294  
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3. Results and discussion 

3.1. Structural and morphological analyses of NHV and BVO, chemical 
state composition 

To investigate the role of NHV precursor morphology, it is necessary 
to understand the crystal structure of ammonium metavanadate. 
Therefore, the crystal structure of NH4VO3 was visualised (Fig. 2a). This 
compound crystallises in an orthorhombic structure with space group 
Pbcm. A unit cell is composed of VO4 tetrahedra, which form chains 
along c direction as a result of electrostatic interaction with intercalated 
NH4

+ cations [41]. Therefore, the changes in lattice parameter c seem to 
be the most important for further structural characterisation. The phase 
identification of the self-obtained and commercial precursors is pre
sented in Fig. 2b. The experimental XRD patterns of NHV samples are 
consistent with reference card 1549780, which corresponds to the 
ammonium metavanadate. In the case of NHV_W, which was synthesised 
from V2O5 reduction, no additional peaks ascribed to another phase 
were detected. Therefore, it can be assumed that single-phase NH4VO3 
was successfully synthesised. Remarkably, when NHV_C and NHV_W are 
compared, the relative intensities of signals in the range of 20-35◦ can be 
noticed. The peak ascribed to (021) plane is the highest in the reference 
card, whereas in NHV_C the peak (121) is the most intense. Moreover, 
for commercial vanadium precursor, (002) signal is lower than (041), 
which is in opposite to the reference card and diffraction pattern of 
NHV_W. Finally, small differences can be observed in c parameters and 
volume cell, as a result of the interaction between VO4 and intercalated 
NH4

+ (Table 2). Rietveld refinement also revealed that NHV_C exhibits a 
non-stoichiometry at V1 position and the crystal structure of this 

compound deviated from the reference standard. The as-synthesised 
NHV_W is more stoichiometric and therefore less structural disorders 
are noticed in the crystal lattice. 

The differences in morphology between commercial and as-prepared 
ammonium metavanadate were observed using scanning electron mi
croscopy (SEM). SEM images of ammonium metavanadate (NHV) sam
ples are presented in Fig. 2c. Commercial NH4VO3 exhibits non-uniform 
morphology with macrosized plate particles. In the case of NHV_W 
sample, plates are thinner and significantly smaller than NHV_C. 

NHV precursors were further analysed by Fourier-transform infrared 
spectroscopy (FTIR) and compared with Standard Reference Database 
69 from NIST Chemistry WebBook. FTIR spectra of NHV_C and NHV_W 
are presented in Fig. 2d. All bands in the standard reference spectrum 
are present in the ammonium metavanadate samples. The wide band 
above 3400 cm− 1 corresponds to the O–H stretching vibration of the 
adsorbed H2O molecules. The bands located at 3200, 2946, 2896 and 
2799 cm− 1 are assigned to the stretching vibration of N–H mode of the 
NH4

+ group [42]. The characteristic band for ammonium cation is also 
located at 1413 cm− 1, which is due to N–H in-plane vibration mode. The 
presence of bands related to the vanadium–oxygen stretching vibrations 
is between 400 and 1115 cm− 1. The strong bands at 912 cm− 1 for NHV_C 
and 919 cm− 1 for NHV_W refer to V = O stretching modes. In-plane and 
out-of-plane V-O-V vibrations modes and are visible in the region be
tween 860 cm− 1 and 470 cm− 1 [43]. Remarkably, the FTIR spectrum of 
NHV_W possesses sharper and narrower bands at 1413 cm− 1, 919 cm− 1 

and 660 cm− 1 than the commercial precursor, which is more similar to 
the theoretical spectrum. Various intensities and widths of these bands, 
especially of V = O and V-O-V bonds may be a result of different in
terconnections between VO4 tetrahedra and hydrogen bonds with 

Fig. 2. a) Crystal structure of ammonium metavanadate visualised by VESTA3 programme [47]; Three unit cells arc shown to illustrate the chain arrangement of the 
VO4 tetrahedra, b) XRD pattern, c) SEM images and d) FTIR spectra and of NHV precursors. Only the most intense XRD patterns were indexed. 
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ammonium ions. Commercial ammonium metavanadate is produced via 
V2O5 dissolution in a hot sodium carbonate solution with the addition of 
potassium permanganate, which is further precipitated by ammonium 
salt [44]. Performing the synthesis of NHV_W in ammonium acetate 
without an oxidant agent and under mild conditions affected the inter
action between VO4

- and NH4
+, resulting in a more stoichiometric 

structure of NH4VO3 [45,46]. Comparing these results with Rietveld 
refinement, it can be assumed that the as-synthesised precursor exhibits 
a more convenient crystal structure than the commercial one. 

Furthermore, NHV samples were used for the preparation of photo
catalysts. The XRD patterns of obtained bismuth orthovanadate (BVO) 
nanomaterials are presented in Fig. 3a. Both diffraction patterns for self- 
obtained BVO_NHV_C and commercial sample BVO_NHV_W are in 
agreement with the reference card 9013437, which corresponds to Cli
nobisvanite polymorph of BiVO4 with monoclinic-scheelite structure. 
According to Table 2, it can be noticed that BVO_NHV_C exhibits more 
distinct non-stoichiometry than BVO_NHV_W, similarly to the NHV 
precursors. For the BVO_NHV_W sample, the occupancy at Bi and V 
positions is significantly higher and closer to the theoretical one (1.0). 
Therefore, it can be concluded that replacing the commercial precursor 
with NHV_W allows us to obtain more suitable crystal structure of 
BiVO4. 

SEM images presented in Fig. 3b prove that the reduction in pre
cursor size influenced the morphology of the final BVO photocatalysts. 
BVO_NHV_C with polyhedra-shaped microcrystals and polydisperse 
nature were observed. In this case, few aggregates of small particles 
were noticed. On the contrary, these particles below 1 µm are predom
inant in BVO_NHV_W, synthesised from NHV_W. This photocatalyst also 
exhibited a polydisperse nature. However, replacing the ammonium 
metavanadate with NHV_W allowed for a reduction in size and forma
tion of small particles. Two effects can be responsible for this result. 
Firstly, smaller particles have shorter VO4 chains, which in solvent in
teracts with H+ and water molecules and in consequence, hinder VO4 
condensation [48]. Secondly, the stoichiometry of the reagent is also a 
decisive factor for the crystal growth [49]. Similar observations were 
described in our previous study, in which the morphology of TiOF2 

precursor had a significant impact on the photocatalytic properties of F- 
doped TiO2 [50]. Therefore, the morphology of the precursor and its 
stoichiometry affect the physicochemical properties and crystal struc
ture of the final photocatalyst. 

The most photocatalytic active sample of BVO_NHV_W was modified 
with CuOx, as confirmed by transmission electron microscopy (TEM). 
Fig. 4a shows nanoparticles with average size (93 ± 27) nm, whereas 
EDX mapping (Figure S1 in Supplementary Materials) revealed uniform 
distribution of Bi, V and O. Size distribution of the particles is presented 
in Figure S2 in Supplementary Materials. Based on high-resolution TEM 
lattice fringe image (Fig. 4b), d-spacing value was calculated, being 
equal to 0.305 nm, which corresponds to (121) plane. In addition, to 
understand the nature of interface modifications, X-ray photoelectron 
spectroscopy (XPS) was performed (Figures S3 and S4 in Supplementary 
Materials). However, no signal, which can be attributed to Cu species 
was detected, probably because of the content below the sensitivity 
level. This obstacle is common for such subtle surface modifications at 
low amount [51]. Therefore, X-ray absorption near edge structure 
(XANES) spectroscopy of Cu-K edge (Fig. 4c) was performed for Cu/0.1 
BVO_NHV_W. This measurement confirms the presence of copper spe
cies in this sample. Based on the values of edge energy positions (E0) of 
the measured spectra, determined at the half of the edge step, and data 
from the literature, it can be assumed that copper exhibits mixed valence 
states between CuI and CuII [52–54]. The average oxidation state, which 
was + 1.48, was estimated from the plotted function between E0 and Cu 
valence state (inset in Fig. 4c). The presented interface modification was 
performed as a chemical reduction of CuCl2 with hydroxylamine hy
drochloride as a reducing agent, so this procedure allows to partially 
oxidise Cu2+ ions. Due to the dissolved oxygen in the solution and aer
obic conditions, deposited Cu+ and Cu2+ further form CuOx at BiVO4 
surface. The presence of metallic or partially reduced form is unlikely, 
because according to Nguyen et al., CuI is resistant to reduction, whereas 
Cu0 is more air-sensitive than copper cations [54]. Moreover, in the 
spectrum of interest, there are no characteristic features corresponding 
to metallic form of Cu, so the presence of Cu0 was excluded. A linear 
combination fitting (LCF) of the sample’s XANES spectrum using the 

Table 2 
Structural parameters of NHV precursors and BVO-based photocatalysts.  

Sample name Crystallite size (nm) * Lattice parameters Volume cell (Å3) Occupancy at V position Occupancy at Bi position 

a (Å) b (Å) c (Å) 

NHV_C 30 4.90227 11.78868 5.82003 336.347 0.73643 n/a 
NHV_W 51 4.90406 11.78744 5.82645 336.806 0.92625 n/a 
BVO_NHV_C 33 7.24992 11.69356 5.09807 309.057 0.81602 0.74800 
BVO_NHV_W 42 7.24928 11.69401 5.09726 308.942 0.93948 0.89422 
Cu/0.1 BVO_NHV_W 41 7.25412 11.69738 5.10215 309.236 0.86620 0.82508  

* Crystallite size was calculated using Scherrer equation, based on the most intense peak in XRD pattern. 

Fig. 3. a) XRD patterns of BVO and b) SEM images of BVO photocatalysts.  
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reference spectra of copper oxides was difficult to provide due to the 
differences in spectra features for crystalline Cu2O and CuO powders and 
amorphous CuOx nanoclusters. These features of CuOx nanoclusters 
spectra are dependent on various factors such as size effects or oxygen 
content in the reaction environment [53–55]. Therefore, according to 
experimental results, synthesis conditions and existing literature, it can 
be concluded that the presence of sub-nanoclusters of mixed copper 
species is the most probable form of Cu present in Cu/0.1 BVO_NHV_W. 

3.2. Optical and electrochemical properties 

Absorption properties of the photocatalysts were investigated using 
diffuse-reflectance (DR) UV/vis spectroscopy, as presented in Fig. 5a. All 
samples, either pure BVO and Cu-modified, absorb light throughout the 
measuring range, so they are capable of utilising the full solar light 
spectrum. The wide band with high absorbance is noticed especially 
below 500 nm. However, replacing the commercial precursor to NHV_W 
allows to achieve slightly higher absorbance for BVO_NHV_W sample. 
Based on the Kubelka-Munk function transformation, the bandgaps (Eg) 
of these materials were calculated. All the Eg values are typical for 
monoclinic-scheelite BiVO4 and correspond to Bi 6 s and V 3d transition 
[56]. Noticeably, two transitions are observed in samples BVO_NHV_W 
and Cu/0.1 BVO_NHV_W, which may suggest the presence of the addi
tional state close to the conduction band. The CuOx modification does 
not significantly influence the absorption properties compared to pure 
BVO_NHV_W. 

Fig. 5b presents the photoluminescence (PL) spectra of the photo
catalysts. All samples have an emission in a similar range with λmax =

525 nm. The order of the PL intensity of the samples is BVO_NHV_W >
Cu/0.1 BVO_NHV_W > BVO_NHV_C, indicating that hypothetically the 
recombination rate of BVO based on commercial NH4VO3 is lower than 
for BVO_NHV_W. In general, photoluminescence phenomena are con
nected with the radiative recombination process. Excited charge carriers 
tend to minimise their energy, therefore, recombination allows to 
release the excess of energy via photons or phonons. However, this effect 
causes a decrease in electrons and holes concentration, which is 

unfavourable for the photocatalytic process [57,58]. However, 
BVO_NHV_W may exhibit better absorption properties and light uti
lisation, so more electron-hole pairs may be generated. If the recombi
nation rate was the same for these photocatalysts, in the case of 
BVO_NHV_W, more charge carriers would recombine, resulting in higher 
PL spectra. Liqiang et al. suggested that the photoluminescence signal 
may occur due to the defect binding of the photoinduced charge carriers. 
In this case, the stronger the emission signal, the higher the photo
catalytic activity because oxygen vacancies and lattice distortions might 
favour reactions at the photocatalyst surface [59]. The effect of 
decreasing photoluminescence signal is clearly observed after CuOx 
modification, so the formation of CuOx/BiVO4 heterojunction can 
effectively hinder the recombination of photogenerated electrons and 
holes. 

In order to study the surface properties of the BVO-based photo
catalysts, the zeta (ζ) potential, which determines the electrophoretic 
mobility of the particles, measured at different pH values was analysed. 
The ζ-potential evolution with the pH value is presented in Fig. 5c. Based 
on this relation, the isoelectric point (IEP) was determined as an OX axis 
intersection. The highest IEP value (equal to 3.8) was noticed for 
BVO_NHV_C. When the precursor is replaced from commercial to as- 
synthesised NHV_W, IEP decreases to 3.0. Finally, CuOx modification 
causes a slight IEP shift to 3.4. Although the differences in isoelectric 
point values are small, the role of ammonium metavanadate is distinct in 
the region of negative ζ-potential. The values of ζ-potential in the pH 
range from 4.0 to 5.8 are more negative for BVO_NHV_W than for 
BVO_NHV_C. In this range, the negatively charged particles are stable in 
the dispersion during the degradation process [60]. For Cu/0.1 
BVO_NHV_W the particles in basic conditions are less negatively charged 
which can be explained by different surface atom rearrangement and 
electronic distribution on the surface due to CuOx modification of the 
sample. 

The role of CuOx modification for BVO photocatalysts was also 
investigated by electrochemical measurements. Firstly, the photocurrent 
response test LED light at λmax = 426 nm was performed (Fig. 5d) to 
illustrate the changes in photoelectric properties. Cu/0.1 BVO_NHV_W 

Fig. 4. a) TEM and b) HRTEM images of Cu/0.1 BVO_NHV_W; inset shows the calculated d-spacing, c) Normalised Cu–K edge absorption coefficient for Cu/0.1 
BVO_NHV_W and reference samples; inset shows the relationship between Cu valence state and E0 energy. 
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exhibits a 7.5-times higher photocurrent intensity than that of unmod
ified BVO_NHV_W, so interface modification allows for a significant 
improvement in visible light response. This result can be explained by 
the role of CuOx nanoclusters presence. CuO or Cu2O are p-type semi
conductors, while BiVO4 exhibits n-type conductivity [61]. Therefore, 
the formation of p-n junction allows to increase charge carriers sepa
ration and limits the recombination rate, which is beneficial for the 
photocatalytic performance of the final material [62]. 

3.3. Determination of photocatalytic activity, LVRPA analyses 

The photocatalytic activity of the BVO-based photocatalysts was 
studied in reactions of naproxen (NPX) and ofloxacine (OFL) degrada
tion under visible light (above 420 nm). Firstly, the effect of different 
NHV precursors was analysed. As can be seen in Fig. 6a-6d, both samples 
were able to degrade pharmaceutical compounds. However, in each 
case, the sample BVO_NHV_W prepared from as-synthesised precursor 
exhibited higher photocatalytic activity. The probable explanation was 
differences in light utilisation. Therefore, in the next step, the local 
volume rate of photon absorption (LVRPA) was calculated numerically 
for a cross-section of the reactor, following the six-flux model approach 
based on the Henyey-Greenstein phase function. The mass extinction 
coefficient (β) and mass absorption coefficient (κ) were determined for 
suspensions of both powders as dependence of the visible light spectral- 
average absorbance of the photocatalyst suspension on the photo
catalyst dosage (Figure S6 in Supplementary Materials). LVRPA distri
bution in the cross-section of the photoreactor for the selected samples is 

presented in Fig. 6e. According to this graph, it can be noticed that 
BVO_NHV_C suspension has very limited optical properties, including 
low spectral-average mass extinction coefficient (β) and mass absorption 
coefficient (κ). Replacing the commercial precursor by a self-synthesised 
one caused significant improvement in LVRPA distribution and 7-times 
and 12.6-times rise of the β and κ coefficients, respectively. These results 
may be connected with the morphology of this photocatalyst, which 
possessed a higher content of small particles than the BVO_NHV_C 
sample. Moreover, better dispersion of BVO_NHV_W was also confirmed 
by ζ-potential, in which these particles were more negatively charged. 

Based on the photocatalytic activity of BVO samples, BVO_NHV_W 
was selected for further modification. The interface modification had an 
impact on the final photocatalytic performance. The most efficient Cu/ 
Bi parameter was when 0.1 g BVO_NHV_W was used for modification. 
Different contents were also studied and the results are presented in 
Figure S5 in Supplementary Materials. The presence of CuOx clusters at 
BVO surface resulted in greater photocatalytic pharmaceuticals removal 
under visible light, achieving 93.9 % and 90 % removal of initial NPX 
and OFL in solution after 2 h of the process, respectively. Based on the 
calculated kinetic rate constants, fitted by a pseudo-first-order kinetic 
model, the modification by CuOx allowed to increase the rate constants 
1.18-times and 3.29-times for NPX and OFL removal, respectively. These 
observed degradation efficiencies are also higher or comparable with 
the latest literature regarding photocatalytic pharmaceuticals removal, 
presented in Table S1 in Supplementary Materials. Two effects can be 
responsible for enhanced photocatalytic activity. Firstly, due to interface 
modification, charge carriers separation is favoured, resulting in 

Fig. 5. a) DR/UV–Vis spectra and b) PL spectra of BVO-based photocatalysts (λexc = 315 nm), c) Zeta potential determined from the electrophoretic mobility in 
dependence of the pH, I = 10-2 M KCl; d) Photocurrent density vs. time measurements of Cu/0.1 BVO_NHV_W compared with BVO_NHV_W under visible light (λmax 
= 426 nm, P = 64 mW). 
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Fig. 6. Photocatalytic degradation of NPX (a, b) and OFL (c, d) using different BVO and the most efficient CuOx-modified BVO under visible light (λ > 420 nm); 
Process parameters: [NPX]0 = 15 ppm, [OFL]0 = 20 ppm, [catalyst] = 1 g ⋅ dm− 3; e) LVRPA distribution in the cross-section of photoreactor for selected 
photocatalysts. 
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decreased signal on PL spectra and multiplied photocurrent density 
compared to pristine BVO_NHV_W. Secondly, the presence of CuOx 
nanoclusters caused an improvement of LVRPA distribution and rise of 
the κ coefficient. 

Based on ζ-potential analysis for Cu/0.1 BVO_NHV_W and literature 
values of pKa for NPX and OFL molecule, it is possible to describe the 
interaction between the photocatalyst and pharmaceutical compound. 
Photocatalytic processes were performed in pH > pHIEP. Therefore, the 
photocatalyst surface was negatively charged. NPX is an acidic com
pound with pKa = 4.2, whereas OFL due to its amphoteric nature, is 
characterised by two pKa values = 6.1 and 8.3 [63–65]. The pH of the 
mixture of photocatalyst in NPX and OFL solution were 5.2 and 6.7, 
respectively. At these conditions, NPX molecule is present in deproto
nated form with a negative charge. Therefore, NPX degradation using 
Cu/0.1 BVO_NHV_W probably occurs in an aqueous solution instead of 
photocatalyst surface. In the case of fluoroquinolone antibiotic, OFL is 
zwitterionic due to two ionisable functional groups in the structure. 
Although the charge of OFL ion and photocatalyst surface are not 
opposite, adsorption may occur. Van Wieren et al. reported that photo
catalytic OFL removal using TiO2 was the highest at conditions where 
OFL was zwitterionic and TiO2 had a net positive surface charge [63]. 

The selected photocatalysts were further used in the 
peroxymonosulfate-assisted photocatalysis (PAP) process to investigate 
the effect of PMS addition. As presented in Fig. 7a, 26 % of initial NPX 
concentration undergoes partial oxidation without photocatalyst in the 
PMS presence, which means that small amount of sulfate radicals are 
photogenerated under visible light. This effect is not observed in reac
tion with ofloxacin (Fig. 7b) and PMS cannot oxidise OFL without a 
photocatalyst. In both reactions, the presence of photocatalysts allows 
PMS to be partially activated without light introduction; however, the 
kinetics of dark reactions is significantly slower than pure photo
catalysis. The simultaneous application of photocatalysts, PMS and 
visible light causes remarkably more efficient pharmaceutical degrada
tion – ca. 100 % after 60 min (kNPX = 0.0966 min− 1) and 98.2 % after 
120 min (kOFL = 0.0408 min− 1) for NPX and OFL removal, respectively. 
In both cases, the higher degradation rate was observed for Cu/0.1 

BVO_NHV_W + PMS + Vis420, nevertheless the positive effect of CuOx 
modification is more distinct for OFL degradation. Based on these re
sults, it can be assumed that the most efficient PMS activator is the 
charge carriers transfer on the irradiated photocatalyst surface. 

Ion chromatography (IC) revealed the presence of F− in post-process 
wastewater after OFL degradation. These results, presented in Table S2 
in Supplementary Materials indicate that CuOx/BiVO4/Vis420/PMS 
system is effective in the defluoridation of fluoroquinolone antibiotics. 

3.4. Effect of the process variables, stability and reusability of the 
photocatalyst 

To investigate the potential of as-prepared photocatalysts in real 
water environment, the effect of the inorganic anions such as Cl− , NO3

−

and CO3
2− on NPX and OFL degradation was studied. Fig. 8a and 8b show 

the ion strength effects of the three ions in the concentration of 2 mM. It 
can be noticed that carbonate, nitrate and chloride ions have a negative 
effect on pharmaceuticals degradation, especially for OFL removal. This 
decrease can be explained by the scavenging effect of inorganic ions due 
to their reaction with sulfate and hydroxyl radicals [66]. Moreover, the 
effect of humic acid (HA) as an example of natural organic matter at the 
concentration of 0.5 mM was also investigated. The HA presence caused 
a distinct decrease in the photocatalytic degradation of both pharma
ceuticals. Especially for NPX degradation, the kinetics was the lowest 
compared to the experiments with addition of inorganic ions. Their 
inhibitory mechanism can be explained by several effects, including: 
competitive adsorption, ROS scavenging and inner filter effect [67]. 

Fig. 8c and 8d show the effect of the solution pH. Due to different 
chemical structure, NPX and OFL interacted diversely with photo
catalyst/PMS system. What is common for both pharmaceuticals, is that 
an acidic environment (pH = 2.9) inhibits the degradation efficiency. At 
this condition, the surface of Cu/0.1 BVO_NHV_W is positively charged 
(pH < IEP), NPX molecule is neutral, whereas OFL forms cation. It can be 
seen that these conditions are unfavoured for pharmaceuticals degra
dation. For naproxen removal in PMS/Vis420/CuOx/BiVO4 system, a 
weak acidic environment is the most effective. What is worthy attention, 

Fig. 7. Photocatalytic degradation of a) NPX and b) OFL using BVO and Cu-modified BVO under visible light (λ > 420 nm) with addition of PMS. Process parameters: 
[NPX]0 = 15 ppm, [OFL]0 = 20 ppm, [catalyst] = 1 g ⋅ dm− 3, [PMS] = 0.1 mM. 
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weak alkaline conditions (pH = 9.4) accelerated OFL removal. Accord
ing to Qi et al., weak base can activate PMS [68], which also explains the 
high efficiency of NPX degradation. Overall results show that high ki
netics of NPX degradation is maintained in the wide range of pH, 
whereas neutral/weak alkaline conditions are the most favourable for 
OFL removal. 

The most efficient photocatalyst Cu/0.1 BVO_NHV_W was also 
studied in PMS-assisted degradation of ibuprofen (IBP), diclofenac 
(DCF) and sulfamethoxazole (SMX), as shown in Fig. 8e. PMS/Vis420/ 
CuOx/BiVO4 system effectively degraded other pharmaceuticals from 
NSAIDs group, reaching 96.2 % IBP and 95.7 % DCF removal after 120 
min of the PAP process, respectively. Notably, this system was also able 

to remove highly persistent antibiotic SMX with removal rates exceeding 
73 % within 120 min. These results demonstrate the ability of the PMS/ 
Vis420/CuOx/BiVO4 system to degrade a wide range of pharmaceuti
cally active compounds. 

The stability of Cu/0.1 BVO_NHV_W in PAP process was analysed as 
leaching of bismuth, vanadium and copper using the ICP-OES technique. 
The results are presented in Table S2 in Supplementary Materials. Ac
cording to the Environmental Protection Agency (EPA), the permissible 
level of copper in drinking water is 1.3 mg/dm3 [69]. Vanadium occurs 
naturally in surface water in a range from approximately 0.04 to 220 μg/ 
dm3 [70]. The observed presence of Cu and Bi in water after the process 
in the presence of 0.1 mM of PMS does not exceed the values reported by 

Fig. 8. Degradation of pharmaceuticals in PMS/Vis420/CuOx/BiVO4 system using using Cu/0.1 BVO_NHV_W: effect inorganic anions and HA presence (a, b), pH of 
the solution (c, d), e) comparison of selected pharmaceuticals, f) PMS-assisted photocatalytic OFL degradation after three subsequent cycles. 
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EPA, so the effect of secondary risk pollution is not probable. However, 
increasing PMS concentration to 1 mM causes significant bismuth 
leaching and, consequently, ca. 4 % Bi loss from the composite. There
fore, the more PMS, the acidity of the environment reaction is 
increasing, which may cause instability of the final material. These re
sults show the importance of controlling PMS concentration in PAP 
processes. Although the more PMS is added to the PAP process, the faster 
the kinetics of pharmaceuticals removal, more limitations may become 
like the stability of the material and secondary risk pollution. 

The surface of Cu/0.1 BVO_NHV_W sample after the PAP process was 
investigated using XPS technique (Figure S7 in Supplementary Mate
rials). The presence of potassium and sulfur was noticed, which is a 
result of PMS addition. S 2p region shows the S 2p3/2-S 2p1/2 doublet at 
168.59 eV and 169.77 eV, which is typical for SO4

2− [71]. Moreover, due 
to the interaction with molecules of pharmaceuticals and H2O, higher 
signals ascribed to –OH, O-C-O-R and C-OH bonds were observed. 
Nevertheless, although the photocatalyst’s surface is covered by residual 
pharmaceutical molecules and its by-products, no significant decrease in 
the photocatalytic activity was observed after 3 subsequent cycles to
ward OFL degradation (Fig. 8f). These results indicate that this material 
can be reused without regeneration and mass losses. Detailed results of 
error estimation and process variables effects are shown in Table S3 and 
S4 in Supplementary Materials. 

3.5. Mechanism of PMS activation and ROS generation 

For Cu/0.1 BVO_NHV_W sample, which was the most efficient 
catalyst, quenching experiments were performed to estimate the pre
dominant reactive species in the PAP processes. For quenching experi
ments, ethanol (EtOH), tert-butanol (TBA) and p-benzoquinone (BQ) 
were selected as SO4

⋅− , ⋅OH and O2
⋅− scavengers, respectively. The results 

in relation to pharmaceutical removal are presented in Fig. 9a. The 
elimination of particular species causes lower NPX and OFL degradation 
compared to the process without scavengers. In both processes, the 
presence of TBA and BQ significantly inhibited NPX and OFL removal, 
however, the lowest reaction kinetics was observed in the presence of 
O2

⋅− scavenger. This observation can be surprising because benzoquinone 
can promote PMS activation and enhance the catalytic activity [72]. 
Based on this competitive effect, superoxide radicals are supposed to be 
the predominant ROS in the PAP process with Cu/0.1 BVO_NHV_W as a 
photocatalyst because more BQ reacts with O2

⋅− radicals rather than with 
SO4

⋅− . This result can be a proof that electron transfer on photocatalyst 
surface was involved in the degradation of pharmaceuticals and played 
a crucial role in the generation of radicals. Superoxide radicals (O2

⋅− ) are 
usually the product of one-electron molecular oxygen reduction, ac
cording to Equation (2) [73]: 

e− + O2→O•−
2 (2)  

The redox potential of the above reaction is − 0.33 V for the standard gas 

Fig. 9. a) Photocatalytic degradation of NPX and OFL using Cu/0.1 BVO_NHV_W photocatalyst under visible light (λ > 420 nm) with the addition of PMS in the 
presence of scavengers, b) Mott-Schottky plot of BVO_NHV_W and Cu/0.1 BVO_NHV_W, c) the proposed mechanism of enhanced NPX and OFL degradation in PMS/ 
Vis420/CuOx/BiVO4 system. 
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state of 1 atm [73]. To check the possibility of generating superoxide 
radicals, Mott-Schottky analyses were performed and presented in 
Fig. 9b. The modification of BiVO4 with sub-nanoclusters caused a shift 
of flatband potential towards more negative. Therefore, the modified 
photocatalyst exhibits resultant conduction and valence bands at − 0.34 
V and 2.09 V, respectively (V vs. NHE), which enables to generate O2

⋅−

via single-electron reaction. According to the literature, due to favour
able band position, copper oxides can also reduce molecular oxygen 
[74,75]. Without CuOx modification, band position is not suitable for 
O2/O2

⋅− reaction, so sub-nanoclusters were supposed to be mainly 
responsible for their generation. Water oxidation to ⋅OH seems to be not 
preferencial for these photocatalysts, which is consistent with studies 
described by Nakabayashi et al. [76]. However, band position of BiVO4 
is suitable for both generating molecular oxygen and H2O2. Hydrogen 
peroxide can further participate in the generation of superoxide and 
hydroxyl radicals as presented below (Equations 3–5) [77–79]. 

O2 + 2 H+ + 2 e− →H2O2 (3)  

H2O2 + e− →⋅OH + OH− (4)  

H2O2 + h+→O•−
2 + 2 H+ (5)  

The possible mechanism of reactive species generation is as follows: 
when the photocatalyst is irradiated, electrons and holes are generated. 
In the case of PAP process, these charge carriers further participate in 
either generation of ROS, or PMS activation (Equations 6–9). 

h+ + OH − →⋅OH (6)  

HSO−
5 + e− →SO•−

4 + OH− (7)  

HSO−
5 + e− →SO2−

4 + ⋅OH (8)  

SO•−
4 + OH − →SO2−

4 + ⋅OH (9)  

Moreover, due to the presence of mixed copper oxides clusters, Cu+/ 
Cu2+ transfer occurs, enhancing the reactive species production in PAP 
process (Equations 10–15): 

≡ Cu+ + HSO−
5 → ≡ Cu2+ + ⋅OH + SO2−

4 (10)  

≡ Cu+ +HSO−
5 → ≡ Cu2+ +OH− + SO•−

4 (11)  

≡ Cu2+ +HSO−
5 → ≡ Cu+ + SO•−

5 +H+ (12)  

≡ Cu2+ + e− → ≡ Cu+ (13)  

HSO−
5 + e− →SO2−

4 + ⋅OH (14)  

SO•−
4 + OH − →SO2−

4 + ⋅OH (15)  

In electron-deficient areas, SO5
⋅− can be produced, which is a radical 

characterised by low redox potential (0.81 V) [19,61], according to 
Equations (12) and (16). However, SO5

⋅− can participate in two reactions, 
resulting in formation of SO4

⋅− , as presented in Equation (17): 

HSO−
5 + h+→SO•−

5 +H+ (16)  

2 H+ + 2 SO•−
5 →2 SO•−

4 + H2O (17)  

Despite the unsuitable band position of BiVO4 to oxidise water to hy
droxyl radicals, ⋅OH can be generated in different reactions, mainly re
action with H2O2 and PMS as well as OH− oxidation. Moreover, it is 
probable that superoxide radicals can be formed and be the predominant 
ROS in PAP process. Finally, CuOx present at the surface can act as a 
catalytic centre and participate in the generation of reactive species. 
Based on the above experimental results and related literature, a 

possible mechanism for the degradation of NPX and OFL in the PMS/ 
Vis420/CuOx/BiVO4 system is presented in Fig. 9c. 

3.6. Products identification, ECOSAR prediction vs. Experimental 
measurements of toxicity assessment 

Ecological risk assessment is crucial for the application of PAP pro
cesses under visible light in wastewater treatment. However, detailed 
information about formed by-products is required. Therefore, liquid 
chromatography coupled with mass spectrometry (LC-MS) analysis was 
performed for PMS/Vis420/CuOx/BiVO4 system. Intermediate NPX and 
OFL products are depicted in Fig. 10a-b and detailed information is 
presented in Table S5 and Figure S8 in Supplementary Materials. Based 
on LC-MS analysis, three NPX by-products were identified: N1 (m/z =
184.9), N2 and N3 (both m/z = 200.9). After 30 min of naproxen 
degradation, the signal coming from N3 increased the most compared to 
other by-products. Therefore, N3 is probably a transformation product 
of N2, which is consistent with the literature [80,81]. In the case of OFL 
degradation, two main products were detected – O1 (m/z = 364.1) and 
O2 (m/z = 378.1). Their signal was also increasing at the time of the PAP 
process, which proves the progressive NPX and OFL degradation. 

Then, quantitative structure–activity relationship (QSAR) models are 
suitable tools for assessing the toxicity of pharmaceuticals and their 
intermediate products. To predict the toxicity of the NPX, OFL and their 
identified by-products, the Ecological Structure Activity Relationship 
Class Program (ECOSAR) was employed in relation to the acute and 
chronic toxicity of fish, daphnia, and green algae [82–84]. The sum
mation of the lethal concentration (LC50), effective concentration (EC50) 
and chronic value (ChV) for several compounds is presented in Table 3. 
According to ECOSAR data, NPX and OFL molecules have no acute 
toxicity. The difference between these pharmaceuticals is in chronic 
toxicity – on the assumption that 102 > ChV > 101, NPX exhibits harmful 
effects, highlighting the importance of its removal from wastewater. 
However, NPX degradation products are toxic or very toxic to that initial 
compound, especially N1 compound. Due to this fact, careful consider
ation of the ecological risk is essential during NPX degradation. In the 
case of OFL by-products, both O1 and O2 are not harmful to aquatic 
organisms. 

Considering this aspect, the theoretical prediction was compared 
with the experiment using Vibrio fischeri bacteria as a bioindicator 
because according to G. G. Cash studies, ECOSAR predicts greater 
toxicity than experimental measurements using Microtox bioassay [85]. 
The experimental toxicity rate of post-process wastewater is presented in 
Fig. 10c. The experimental results of pure NPX and OFL solutions 
correlate with ECOSAR studies – ca. 49 % of bioluminescence inhibition 
was observed for NPX, whereas OFL exhibited almost non-toxic effect on 
bacteria. The progress of NPX removal in PAP process is clearly visible 
during comparison the systems with and without anchored CuOx. After 
120 min of process in PMS/Vis420/BiVO4 system, luminescence inhi
bition is higher than before the reaction. When CuOx nanoclusters were 
present in the photocatalyst, the luminescence was more intense, which 
successfully proves the decrease of toxicity assessment. This result 
highlights the importance of selecting the proper photocatalyst – a 
highly photoactive semiconductor will be able to generate more radi
cals, which induce the transformation of pharmaceuticals. Although 
pure BVO_NHV_W exhibits high photocatalytic activity under visible 
light, it seems to be insufficient considering environmental aspects, 
because there are still intermediate products that are harmful to aquatic 
life. Herein, only creating the heterojunction between BiVO4 and CuOx 
allows to degradation NPX effectively to non-toxic intermediates. 
Therefore, it can be concluded that Cu/0.1 BVO_NHV_W sample was not 
only non-toxic, but also the PAP process in the presence of this photo
catalytic material leads to progressive NPX removal, together with its 
harmful by-products. 

Although the toxicity rate of NPX was successfully decreased, OFL 
removal seems not to be optimistic. Although ECOSAR studies showed 
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that detected by-products were not harmful to the environment, PMS/ 
Vis420/CuOx/BiVO4 system leads to almost full inhibition of biolumi
nescence. Moreover, the gamma value (Γ), defined as the ratio of the 
light lost to the light remaining on time, significantly increased. Several 
studies have raised awareness that OFL degradation may increase the 
toxicity rate. For example, Calza et al. reported that the presence of 
piperazinic ring induced the toxicity of post-process solution after OFL 
degradation towards Vibrio fischeri bacteria. What is worthy of attention, 
this effect was not observed for ciprofloxacin, although this pharma
ceutical and OFL have common structural nucleus [86]. Another 
explanation was reported by Carbajo et al., who suggested the genera
tion of formaldehyde during the oxidation process [87]. Finally, organic 

nitrogen products like amines can also be harmful for aquatic life [88]. 
ECOSAR studies of these compounds also suggest their harmful effect on 
the environment. Therefore, this high toxicity rate originates from 
formed by-products rather than the reaction system. 

In this regard, two effects on toxicity assessment after OFL removal 
were investigated: the role of time prolongation of the PAP process 
(Fig. 10d) and PMS concentration (Figure S9 in Supplementary Mate
rials). Fig. 10d shows that the toxicity rate is decreasing upon pro
gressing OFL degradation in PMS/Vis420/CuOx/BiVO4 system with 
remarkably lower Γ value. This result indicates that toxic effect is not 
permanent and the harmful compounds can be effectively removed in 
PMS/Vis420/CuOx/BiVO4 system. What is worthy of attention, the 

Fig. 10. Intermediate compounds of a) NPX and b) OFL detected by LC-MS, c) Microtox test with Vibrio fischeri bacteria of post-process solutions after 120 min of 
PAP process, d) the evolution of toxicity rate and Γ within time of OFL degradation using PAP process with Cu/0.1 BVO_NHV_W. 
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increased PMS concentration does not change the toxicity assessment, 
although the kinetics of OFL degradation is higher. Therefore, consid
ering economic and environmental aspects, there is no need to exag
gerate with PMS concentration, because a higher kinetic rate constant 
does not influence on toxicity assessment. More important factor is to 
design the system which allows the efficient removal of pharmaceuticals 
and their derivatives as well as does not provide secondary risk 
pollution. 

4. Conclusions 

In this work, for the first time, BiVO4-based photocatalysts were 
investigated in relation to their light-harvesting ability. To address this 
challenge, NH4VO3 was self-synthesised and used in BiVO4 synthesis 
instead of the commercial counterpart. The application of designed 
vanadium precursor in BVO preparation leads to a reduction of particle 
size, dispersion stability and remarkably enhanced visible light ab
sorption and scattering in BiVO4, proved by LVRPA analyses. In conse
quence, changing the precursor allowed to improve the photocatalytic 
activity under visible light (>420 nm), reaching apparent kinetic rate 
constants 0.0140 min− 1 and 0.0066 min− 1 toward NPX and OFL 
removal, respectively. 

Next, BVO_NHV_W sample was modified by sub-nanoclusters of 
mixed copper species with average oxidation state + 1.48, which pres
ence was revealed by XANES measurements. This interface modification 
enhanced charge carriers separation and visible light response, resulting 
in an increase in the rate constants of 1.60 and 3.32-times for NPX and 
OFL removal, respectively. Finally, the addition of PMS at a low con
centration of 0.1 mM accelerated the pharmaceuticals removal. PMS/ 
Vis420/CuOx/BiVO4 system is capable of degrading various pharma
ceutically active compounds. No significant decrease in the degradation 
efficiency was observed in three subsequent cycles of PAP process, 
indicating stability and reusability of Cu/0.1 BVO_NHV_W. Experiments 
with scavengers and Mott-Schottky measurements revealed that super
oxide radicals can be formed and are the predominant reactive oxygen 
species that accelerated the PAP process. 

Moreover, acute toxicity tests using Vibrio fisheri bacteria demon
strated that the proposed process can lower the toxicity rate in NPX 
removal. Based on QSAR models, these experimental results are vital, 
because NPX intermediate products are more toxic than undegraded 
molecules. In the case of fluoroquinolone antibiotic, increased toxicity 
rate and high Γ value were observed for OFL degradation. However, this 
effect is not permanent and the prolongation time of PAP process 
remarkably decreased the bioluminescence inhibition. Significantly, 
higher PMS concentration causes two negative effects: firstly, too high 
dosage induces Bi leaching and 4 % Bi loss from the photocatalyst, 

confirmed by ICP-OES analyses, secondly, despite the higher reaction 
kinetics, it does not lead to toxicity rate reduction. 

In summary, the present study introduces new insight into BiVO4- 
based photocatalyst preparation for improving light harvesting ability, 
which plays a crucial role in photocatalysis and peroxymonosulfate- 
assisted photocatalysis. 
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Table 3 
Acute and chronic toxicity of NPX and OFL and selected transformation products for fish, daphnid and green algae, based on QSAR model. LC50/EC50/ChV＞102, not 
harmful, green label; 102 

≥ LC50/EC50/ChV＞101, harmful, yellow label; 101 
≥ LC50/EC50/ChV＞100, toxic, orange label; LC50/EC50/ChV ≤ 100, very toxic, red label.  
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[43] G.S. Zakharova, C. Täschner, T. Kolb, C. Jähne, A. Leonhardt, B. Büchner, 
R. Klingeler, Morphology controlled NH4V3O8 microcrystals by hydrothermal 
synthesis, Dalton Trans. 42 (2013) 4897–4902, https://doi.org/10.1039/ 
c3dt32550d. 

[44] R.H. Baker, H. Zimmerman, R.N. Maxson, T. Moeller, W.W. Brandt, Ammonium 
metavanadate, Inorg. Synth. (1950) 117–188, https://doi.org/10.1002/ 
9780470132340.ch30. 

[45] S.H. Lee, J.M. Koo, S.G. Oh, S.S. Im, Facile synthesis of ammonium vanadate 
nanofibers by using reflux in aqueous V2O5 solution with ammonium persulfate, 
Mater. Chem. Phys. 194 (2017) 313–321, https://doi.org/10.1016/j. 
matchemphys.2017.03.053. 
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toxic fluorine-doped TiO2 nanocrystals from TiOF2 for facet-dependent naproxen 
degradation, Catal. Today 415 (2022) 113959, https://doi.org/10.1016/j. 
cattod.2022.11.020. 

[82] P. Reuschenbach, M. Silvani, M. Dammann, D. Warnecke, T. Knacker, ECOSAR 
model performance with a large test set of industrial chemicals, Chemosphere 71 
(2008) 1986–1995, https://doi.org/10.1016/j.chemosphere.2007.12.006. 

[83] T. Ni, Z. Yang, H. Zhang, L. Zhou, W. Guo, L. Pan, Z. Yang, K. Chang, C. Ge, D. Liu, 
Peroxymonosulfate activation by Co3O4/SnO2 for efficient degradation of 
ofloxacin under visible light, J. Colloid Interface Sci. 615 (2022) 650–662, https:// 
doi.org/10.1016/j.jcis.2022.02.024. 

[84] Q. Su, J. Li, H. Yuan, B. Wang, Y. Wang, Y. Li, Y. Xing, Visible-light-driven 
photocatalytic degradation of ofloxacin by g-C3N4/NH2-MIL-88B(Fe) 
heterostructure: Mechanisms, DFT calculation, degradation pathway and toxicity 
evolution, Chem. Eng. J. 427 (2022), https://doi.org/10.1016/j.cej.2021.131594. 

[85] G.G. Cash, Prediction of chemical toxicity to aquatic organisms: ECOSAR vs. 
Microtox® assay. Environmental Toxicology and Water, Quality 13 (1998) 
211–216, https://doi.org/10.1002/(SICI)1098-2256(1998)13:3<211::AID- 
TOX2>3.0.CO;2-A. 

[86] P. Calza, C. Medana, F. Carbone, V. Giancotti, C. Baiocchi, Characterization of 
intermediate compounds formed upon photoinduced degradation of quinolones by 
high-performance liquid chromatography/high- resolution multiple-stage mass 
spectrometry, Rapid Commun. Mass Spectrom. 22 (2008) 1533–1552, https://doi. 
org/10.1002/rcm.3537. 

[87] J.B. Carbajo, A.L. Petre, R. Rosal, S. Herrera, P. Letón, E. García-Calvo, A. 
R. Fernández-Alba, J.A. Perdigón-Melón, Continuous ozonation treatment of 
ofloxacin: Transformation products, water matrix effect and aquatic toxicity, 
J. Hazard. Mater. 292 (2015) 34–43, https://doi.org/10.1016/j. 
jhazmat.2015.02.075. 

[88] D. Calamari, R. Da Gasso, S. Galassi, A. Provini, M. Vighi, Biodegradation and 
toxicity of selected amines on aquatic organisms, Chemosphere 9 (1980) 753–762, 
https://doi.org/10.1016/0045-6535(80)90143-5. 
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Figure S1. SEM mapping of Cu/0.1 BVO_NHV_W sample. 
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Figure S2. Size distribution of particles in Cu/0.1 BVO_NHV_W based on TEM image. 
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Figure S3. Survey scan of Cu/0.1 BVO_NHV_W and BVO_NHV_W samples. 

  

Figure S4. XPS spectra of BVO_NHV_W sample at Bi 4f, V 2p and O1s region. 
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Figure S5. Effect of Cu/Bi content on photocatalytic NPX and OFL degradation. 

 

Figure S6. Dependence of the visible light spectral-average absorbance of the photocatalyst 

suspension on the photocatalyst dosage: a) without including scattered part of the radiation and 

b) including radiation scattered through the suspension. β and κ values are slopes of the fitted lines. 
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Figure S7. XPS spectra of fresh and used Cu/0.1 BVO_NHV_W sample: a) survey scan, b) Bi 

4f and S 2p, c) V 2p and d) O 1s region. 
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b) 

 

Figure S8. LC-MS chromatographs during a) NPX and b) OFL degradation in 

PMS/Vis420/CuOx/BiVO4 system. 
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a) b) 

  

Figure S9. The effect of PMS concentration on a) OFL degradation and b) toxicity rate in 

PMS/Vis420/CuOx/BiVO4 system. Post-process wastewater was collected after 120 min of the 

process. 

Table S1. Comparison of photocatalytic degradation of pharmaceutical drugs with reported literature. 

Photocatalyst Irradiation and cut-off filter NPX solution 
Photocatalyst 

dosage (g·dm-3) 

Rate constant 

(min-1) 
Ref. 

S and W co-doped BiVO4 
150 W short arc lamp, λ > 420 

nm 
Acid, 

10 ppm 1.0 0.007 [1] 

H2O2-modified TiO2 
 500 W metal halogen lamp, 

λ > 420 nm 

Type of NPX not 

mentioned, 
0.5 ppm 

0.5 
  

0.044 [2] 

Bi2MoO6/g-C3N4 300 W Xenon lamp, λ > 420 nm 
Type of NPX not 

mentioned, 10 

ppm 
0.2 0.033 [3] 

Ag1/g-C3N4 300 W Xenon lamp, λ > 400 nm Not mentioned 0.2 0.069 [4] 

Ag/AgI/ZnO 300 W Xenon lamp, 

λ > 400 nm 
Acid,  
2 ppm 0.1 0.083 [5] 

Octahedral F-TiO2 300 W Xenon lamp, λ > 420 nm Acid, 
15 ppm, aerated 0.5 0.009 [6] 

Cu/ 0.1 BVO_NHV_W 300 W Xenon lamp, λ > 420 nm Acid, 15 ppm 1.0 0.0224 
This 

work 

Photocatalyst Irradiation source OFL solution 
Photocatalyst 

dosage (g·dm-3) 

Rate constant 

(min-1) 
Ref. 

Co(II)-doped MoS2 
300 W Xe lamp, 

λ > 420 nm 20 ppm, pH = 8 0.1 0.0091 [7] 

CuFeO2 300 W Xe lamp, no filter 10 ppm, pH = 3.6 0.4 0.00918 [8] 

Bi2MoO6/rGO/TiO2  150 W tungsten lamp 4 · 10-5 M 0.4 
  

0.0174 [9] 

BiFeO3 CFL Bulb (85 W) 10 ppm 0.5 0.0097 [10] 

g-C3N4/NH2-MIL88B(Fe) 300 W Xe, λ > 420 nm 10 ppm, pH = 5 0.25 0.0217 [11] 

Cu/0.1 BVO_NHV_W 300 W Xenon lamp, 

λ > 420 nm 20 ppm 1.0 0.0219 This 

work 
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Table S2. Bi, V and Cu leaching and concentration of selected inorganic ions after PAP process with 

Cu/0.1 BVO_NHV_W using ICP-OES and ion chromatography. 

Element 
Concentration after PAP process with 0.1 mM 

PMS (mg · dm-3) 

Concentration after PAP process with 1.0 mM 

PMS (mg · dm-3) 

Cu 0.058 ± 0.005 0.050 ± 0.005 

V 0.070 ± 0.005 0.194 ± 0.009 

Bi under sensitivity level 0.468 ± 0.016 

SO4
2− 18.98 ± 0.91 184.23 ± 9.12 

F− 0.535 ± 0.016 0.699 ± 0.049 

Table S3. Calculations of relative errors. 

NPX degradation using BVO_NHV_W + Vis420 
OFL degradation using Cu/0.1 BVO_NHV_W 

+ Vis420 + PMS 

 k (min-1) R2  k (min-1) R2 

Repetition 1 0.0141 0.9981 Cycle I 0.0384 0.9963 

Repetition 2 0.0126 0.9936 Cycle II 0.0338 0.9916 

Repetition 3 0.0153 0.9927 Cycle III 0.0337 0.9903 

Average 0.0140 Average 0.0353 

Standard deviation 0.001353 Standard deviation 0.002685 

Table S4. Calculations of process variables effects (CuOx modification and PMS addition). 

 Rate constants 

Process/Effect NPX degradation OFL degradation 

BVO_NHV_W + Vis420 (k1) 0.0140 min-1 0.0066 min-1 

Cu/0.1 BVO_NHV_W + Vis420 (k2) 0.0224 min-1 0.0219 min-1 

Effect of CuOx modification k2/k1 1.60 3.32 

Cu/0.1 BVO_NHV_W + Vis420 + PMS (k3) 0.0966 min-1 0.0353 min-1 

Effect of PMS addition k3/k2 4.31 1.61 

Effect of CuOx modification and PMS addition k3/k1 6.90 5.35 
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Table S5. Detected intermediate products formed during PAP process for NPX and OFL degradation 

reaction with Cu/0.1 BVO_NHV_W. All compounds were detected in positive ionization mode. 

m/z tR (min) Compound name Chemical structure 

230.9 20.2 
(S)-(+)-2-(6-methoxy-2-

naphthyl)propionic acid (NPX) 

 

284.9 19.5 
2-methoxy-6-vinylnaphthalene 

(N1) 

 

200.9 20.8 
1-(6-methoxy-2-naphthyl)ethanol 

(N2) 

 

200.9 21.8 
2-acetyl-6-methoxynaphthalene 

(N3) 

 

362.1 16.2 OFL 

 

364.1 15.8 O1 

 

378.1 16.6 O2 
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4.6. Chapter VI: Facet-dependent naproxen degradation and PMS activation over 

BiVO4 microcrystals 

Followed by recent literature and studies presented in [P3], the investigation into 

crystal facets engineering was extended to BiVO4 materials. Two effects of crystal facets 

exposition were considered – for photocatalytic NPX degradation and PMS activation 

during PMS-assisted photocatalysis. For comparison, BiVO4 prepared via solid-state 

reaction was also included in these studies. As shown in Figure 4.15, single-phase 

compounds with high crystallinity were obtained. All the samples crystallized in the 

monoclinic scheelite structure, according to Rietveld refinement performed based on the 

reference card from the COD database. 

 

Figure 4.15. XRD patterns of facet-engineered BiVO4. 

Crystal facets identification was performed based on comparison of SEM images with 

the known crystal symmetry of (m–s) BiVO4. The orientation between particular crystal 

planes was well-defined, resulted directly from the unit cell dimensions (lengths of 

vectors and angles between them). Therefore, geometrical analysis of crystals should 

be consistent with the as-obtained material shapes. When SDBS surfactant was used in 

hydrothermal synthesis, BiVO4 octahedra were formed (Figure 4.16a). The measured 

angles from SEM images are in agreement with the geometrical construction of the 

bipyramids with exposed {1 2 0} and {0 2 1} crystal facets. These facets were identified 

in BVO_O sample, consistent with similar works [93,94]. The same approach was 

applied for the decahedra-shaped BVO_D photocatalyst (Figure 4.16b), and {0 1 0}, {1 

1 0} and {0 1 1} crystal facets were identified, similarly to the published studies [95,131]. 
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In case of BVO_M (Figure 4.16c), synthesized in the presence of SDS surfactant, this 

sample is similar to BVO_D, but more facets can be noticed, such as high-index {1 1 1} 

facets [92], together with the higher exposition of the {1 1 0} facets and lower share of 

the {0 1 0}. EDX spectroscopy confirmed the stoichiometry of the bulk samples, as 

presented in Table 4.3. 

 

Figure 4.16. SEM images of a) BVO_O, b) BVO_D and c) BVO_M and their juxtaposition with 

geometrical configuration. 

The analysis of surface chemical state was performed using XPS spectroscopy. 

Noteworthy, the surface atomic Bi:V ratio, presented in Table 4.3 was significantly higher 

than in the stoichiometric compound prepared via solid-state reaction (0.78). Therefore, 

it can be assumed that facets-engineered photocatalysts prepared under hydrothermal 

conditions possessed bismuth-rich surfaces. Deconvoluted XPS spectra of BiVO4 

samples at Bi 4f and V2p regions (Figures 4.17a-b) revealed well-defined Bi3+ doublets 

with peak separation of 5.3 eV, and V5+ species were detected, exhibiting a peak 

separation of 5.7 eV between V 2p3/2 and V 2p1/2 signals, respectively. Moreover, 

valence-band XPS (VB-XPS) spectra were performed to determine the VB position in 

relation to the Fermi level. As presented in Figure 4.17c and Table 4.3, the VB maximum 

of Bi-rich samples was higher than for the stoichiometric BiVO4. Therefore, the crystal 

facets exposition and surface stoichiometry affected the band structure. 

DR/UV-vis spectroscopy revealed that all the samples absorb light in the UV, blue 

and cyan range, indicating potential visible-light photocatalytic activity. Their band gap 

energies for BVO_O, BVO_D and BVO_M were 2.53 eV, 2.45 eV and 2.42 eV, 

respectively. 
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a) b) c) 

   

Figure 4.17. Deconvoluted XPS spectra at a) Bi4f and b) V2p regions with Gaussian/Lorentzian 

mixed-function, c) VB-XPS spectra of BiVO4 samples. 

Table 4.3. Results of specific surface area, elementary and surface analysis. 

Sample name SBET (m2/g) EDS Bi:V ratio Surface Bi:V VB position (eV) 
BVO_M 0.4 1.03 1.99 2.01 
BVO_D 0.7 0.96 1.84 2.02 
BVO_O 1.4 0.96 2.0 1.86 

BVO solid state not applicable not applicable 0.78 1.62 

The photocatalytic activity of facet-engineered BiVO4 microcrystal materials was 

investigated toward NPX degradation under visible light (λ > 420 nm). Figures 4.18a-c 

present changes of NPX concentration during photocatalysis and PMS-assisted 

photocatalysis. As presented in Figure 4.18a, each photocatalyst interacted with the 

pollutant under visible light, led to a decrease in NPX concentration. The photocatalytic 

degradation rate followed the order BVO_O > BVO_D > BVO_M. However, after 

normalization the kinetic rate constants per specific surface area, BVO_O exhibited the 

lowest ratio. This control calculation suggests that the crystal facets effect is probably 

not observed for the pure photocatalytic process. The addition of PMS oxidant, depicted 

in Figure 4.18b, had two effects: acceleration of NPX degradation rate and TOC 

reduction from 10.09 mg/dm3 (pure NPX solution) to 7.05 mg/dm3 and 7.41 mg/dm3 for 

BVO_O/PMS/Vis420 and BVO_D/PMS/Vis420 systems, respectively. As shown in 

Figure 4.18c, the highest enhancement of the kinetic rate constant without and in the 

presence of PMS was observed for BVO_D. This result suggests that {0 1 0} and {1 1 0} 

crystal facets of decahedral BiVO4 are the most suitable for photocatalytic PMS 
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activation. This enhancement is not correlated with specific surface area and can be 

attributed to crystal facets effect. 

a) b) 

 
                                       c) 

 
Figure 4.18. a) Photocatalytic and b) PMS-assisted photocatalytic degradation of NPX using 

facet-engineered BiVO4 under visible light, c) enhancement of the kinetic rate constants without 

and in the presence of PMS. 

During PMS-assisted photocatalysis, several ROS can be generated. Their 

identification was performed by three methods: quenching experiments (Figure 4.19a), 

fluorescence probe method with coumarin to determine the generation of •OH radicals 

(Figure 4.19b) and ESR spectroscopy (Figure 4.19c). Noteworthy, the first approach 

does not seem to be reliable for PMS-assisted photocatalysis due to the following 

reasons: (1) PMS interacts strongly with numerous scavengers such as NaN3 and 

alcohols, and (2) there are no selective scavengers for sulfate radicals. In case of 

fluorescence probe method, no signals originated from 7-OHC were detected during pure 

photocatalysis with BiVO4, which can be explained by an unsuitable band position for 

water oxidation [69,132]. When PMS was added to the reaction, fluorescence 7-OHC 

was observed, which can be attributed to enhanced ⋅OH generation. BVO_O sample 

achieved the highest production of 7-OHC, consistent with NPX degradation rate. 
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Finally, ESR spectroscopy was performed for BVO_O photocatalyst and PMS. Initial 

studies with numerous trapping agents did not detect signals attributed to the presence 

of SO4
•− nor 1O2. For all ESR spectra, a triplet of doublets described by spin Hamiltonian 

parameters [133,134] was observed, specific for hydroxyl radical in PBN-OH. When 

irradiation was introduced, a substantial increase in the signal intensity was noticed when 

the photocatalyst was present. Moreover, when tert-butyl alcohol and ethanol were 

introduced to BVO_O/PMS/Vis420 system, the intensity of the PBN-OH signal 

significantly decreased, indicating effective quenching of ·OH radicals. Generally, 

ethanol acts as a scavenger for both hydroxyl and sulfate radicals [47] and this ESR 

spectrum has a distinct difference spectrum, whose hyperfine coupling constants can be 

attributed to the formation of the PBN-CH(CH3)OH adduct [133,134] with a low intensity 

signal from PBN-OH adduct. Therefore, the predominant ROS generated in 

BVO_O/PMS/Vis420 system were ·OH  radicals. 

       a) b) 

 
 

       c)  d) 

  

Figure 4.19. Detailed studies of the BVO_O/PMS/Vis420 system: a) NPX degradation over in the 

presence of scavengers and in specific gas conditions, b) 7-OHC evolution in PMS-assisted 

photocatalysis, c) ESR spectra of PMS activation with PBN as the trapping agent, d) the effect of 

scavengers on ESR signal with PBN. 
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Based on the presented findings about surface enrichment in bismuth, experiments 

were followed with DFT calculations to get better insight into their geometries and 

interactions with PMS. The systematic studies included relaxation of the bulk structure, 

stoichiometric surfaces and bismuth-enriched surfaces, followed by calculation of the 

electrostatic potential for the slab models, optimization of the PMS adsorption on the Bi-

rich surfaces and final studies on the PMS activation. 

The first part of the study included a detailed comparison between possible 

terminations of all stoichiometric facets. Noteworthy, considerations were constrained to 

structures that were both stoichiometric (that is, the full model had exactly a 1:1:4 ratio 

of the Bi:V:O atoms) and both top/bottom surfaces were equivalent. Furthermore, two 

aspects were included for comparison: (1) the non-equivalent nature of the [1 0 0] and 

[0 0 1] directions, due to the γ ≠ 90°; and (2) possible termination with either 

undercoordinated Bi or V atoms at the topmost layer. The first aspect generally results 

in fact that {1 1 0} and {0 1 1} have slightly different dimensions and densities of the 

surface atoms, although otherwise having the same geometries. Analogically, in case of 

the {0 1 0}, two possible configurations can be considered: either with the surface atoms 

being bonded along the [1 0 -1] direction (configuration 1) or along the [1 0 1] direction 

(configuration 2). The second aspect connects with the possible termination with either 

undercoordinated Bi or V, in case of the {1 1 0} and {0 1 1} surfaces. Analogical problem 

of the Bi vs. V exposition is not present in case of the {0 1 0} and {1 2 0}. Table 4.4. 

shows the calculated surface energies of the final considered terminations. 

Table 4.4. Simulated surface energies of the relaxed, stoichiometric models in vacuum. 

Surface 
model 

{0 1 0} 
Conf. 1 

{0 1 0} 
Conf. 2 

{0 1 1}-Bi {0 1 1}-V {1 1 0}-Bi {1 1 0}-V {1 2 0} 

Surface 
energy (J/m2) 

0.280 0.354 0.175 0.470 0.196 0.528 0.503 

 

Based on the obtained results, few conclusions can be reached. First of all, 

termination with either V or Bi has a significant effect on the surface energy, and Bi 

exposition is much more preferred. Although it must be noted that performed simulations 

are in a vacuum and cannot account for all further environmental effects, lower stability 

of the V-termination structures fits some of the recent results showing preferred 

vanadium leaching from the BiVO4, especially under mild conditions [135,136]. 

Therefore, it is seems reasonable that Bi-rich surfaces might actually form in the real 

materials, as suggested from the XPS spectroscopy, especially when prepared 

hydrothermally, and some dissolution of both metals should occur. Secondly, the 

obtained results showed that due to the γ ≠ 90°, a difference of approximately a few tens 
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of mJ/m2 can be expected between possible configurations. Interestingly, the effect is 

relatively big for the {0 1 0}, where configuration 1 was found to be more stable and 

therefore will be considered in the further simulations. As for the {1 1 0} and {0 1 1}, the 

effect is lower, especially in case of the Bi terminations, and therefore only the {0 1 1}-Bi 

case was explored further to minimize overall computational cost. 

Following simulations of the stoichiometric models, bismuth enrichment was 

modelled by adding the Bi atoms at the place where they would naturally exist if the 

BiVO4 structure were further developed. Such structure can also be understood as the 

normal BiVO4 with the V vacancy at the surface. Noteworthy, the analogical approach 

was recently applied by Lee et al. in their study of the non-stoichiometric BiVO4 single 

crystals, where they both modelled and experimentally observed an analogical structure 

at the {0 1 0} surface [137]. Interestingly, they also observed that the additional Bi site at 

the surface has a preference to include two additional O atoms (+BiO2). In this regard, 

the same structure of the Bi-rich {0 1 0} was applied here. On the other hand, there is no 

information about possible structures of the Bi-rich {0 1 1} and {1 2 0} facets. Therefore, 

for these models, the trials were started by including additional Bi atoms with all possible 

bridging O atoms, which would form in the final BiVO4 structure. However, under such 

conditions, significant reconstruction of the surfaces occurred, and surface Bi atoms 

always tried to reduce coordination with oxygens. This fact can be reasonably connected 

with the known information about the structures of the BiOX oxides, which are known to 

include Bi atoms often coordinated with 4-6 atoms [138,139], while in case of the BiVO4, 

extended Bi polyhedra include 8 oxygens. In this regard, further trials included systematic 

reduction of the number of oxygen atoms bonded to the excess Bi. Ultimately, in each 

case, relative stability was achieved when the Bi enrichment included BiO2-like sites, 

analogically to the {0 1 0} case. Comparison between the relaxed stoichiometric and Bi-

rich surfaces of each facet is shown in Figure 4.20. 

After finding the relatively stable geometries of the Bi-rich terminations of the {0 1 0}, 

{0 1 1} and {1 2 0}, further focus was placed on their electronic properties and interactions 

with PMS. To do so, the macroscopic average electrostatic potential of each surface was 

simulated, and the corresponding work function (Φ) was calculated as the difference 

between the vacuum level and the Fermi energy of each model (dotted line in Figure 

4.20d). Interestingly, the addition of BiO2 sites showed a different effect on the Φ, 

depending on the surface. In this regard, the effect is not dependent on the specific 

stoichiometry, but probably results from the specific geometry of the interface, which 

forms as a unique combination of the Bi excess and the initial geometry of each surface. 

Noteworthy, in case of the Bi-rich {0 1 1} control simulations revealed an increase of the 
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Φ value to be independent on the model size, with the same effect observed for the 

increased and decrease number of atomic layers, compared to the stoichiometric case. 

  a)   b)    c)       d) 

Figure 4.20. Relaxed models of the a) stoichiometric and b) bismuth-rich surface structures of 

the {0 1 0}, {0 1 1} and {1 2 0} BiVO4 facets, together with c) PMS adsorption geometries and 

d) simulated potential profiles of each surface. In panels (a) and (b) only undercoordinated atoms 

are shown, while bulk-like structure is presented as corresponding coordination polyhedrons. 

Black and red lines in panel (d) correspond to stoichiometric and Bi-rich models, respectively. 

Violet, red, grey, yellow and white spheres are Bi, V, O, S and H atoms. 

Further interactions with PMS were started by considering its adsorption on each Bi-

rich surface. It should be noted that in order to do so, each surface model was expanded 

to cover around 10 Å  in each direction, but its thickness was reduced by half to decrease 

the total number of atoms and required computational power. For these calculations, the 

bottom-most atomic layer was kept fixed. Figure 4.20 shows simulated adsorption 

geometries and calculated adsorption energies, with clear PMS preference to adsorb on 

the {0 1 0} and its aversion towards the {1 2 0}, when considered in their Bi-enriched 

forms. Noteworthy, preference to adsorb on the Bi-{0 1 0} connects well with the high 

enhancement of the BVO_D activity; however, it must be noted that overall adsorption 

energies (Eads) are relatively low, on the edge between typical physical and chemical 

interactions (around 0.5 eV). Further transformation of the adsorbed molecule was 

studied in detail for the Bi-rich {0 1 0}. As shown in Figure 4.21, adsorption and 

dissociation of the PMS is further enhanced by its reduction, which results in an 



| Marta Kowalkińska 

Page | 216 
 

exceptionally stable configuration of co-adsorbed SO4 and OH units at the surface. Bader 

charge analysis confirmed that, compared to the initial state, an excess electron is 

effectively transferred to the PMS, but is equally delocalized between the resulting [SO4]-

1.5 and [OH]-0.5 groups. Any further desorption of each component destabilize the system; 

however, desorption of the ∙OH is especially unfavored. 

The results obtained for the Bi-rich {0 1 0} confirm the importance of the reduction 

process on the PMS transformation over BiVO4. In fact, if the previously-calculated effect 

of the PMS addition on the photocatalytic activity was compared with the simulated work 

function value (energy needed to remove an electron) the trend is clearly inversely 

proportional, as could be expected at this point (Figure 4.21). This is both in agreement 

with the experimental findings on the enhanced ∙OH production after PMS addition, 

otherwise unfavored for BiVO4, as well as the electronic configuration of the HSO5
-, which 

can be seen as electron-deficient, compared to the most stable SO4
2- ion. This leads to 

the conclusion that electron availability can be seen as decisive for the PMS activation 

on the BiVO4. In this regard, DFT calculations confirmed the importance of the electron 

withdrawal from the surface on the final effect of PMS addition, but also showed the 

complex effect of the possible Bi-rich structures on the simulated Φ values. Finally, it is 

worth noting that PMS reduction also stabilize adsorption and dissociation on the Bi-rich 

{1 2 0}, although the final structure is less stable than in case of the Bi-{0 1 0}, and the 

full transformation path was not simulated in this case. This suggests that PMS activation 

might still occur on the Bi-{1 2 0}, despite positive Eads, as long as electron localization 

might precede its adsorption. Overall, the results reinforce the conclusion that redox 

processes are more important to the PMS activation than simple interaction with the 

BiVO4 surface in its ground state, in accordance with the negligible activity of the system 

without the introduction of light. 
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a)  

b)                                        c) 

Figure 4.21. a) Schematic representation of the next steps of the PMS transformations on the Bi-

rich {0 1 0} surface, b) the corresponding relative changes in the energy of the system and 

c) observed trend between calculated PMS effect and simulated Φ for each surface. 

The presented study is part of a publication submitted to Chemical Engineering 

Journal: M. Kowalkińska, S. Dudziak, A. Szkudlarek, K. Nikiforow, A. Ostrowski, 

A. Zielińska-Jurek, Mechanism insight into facet-dependent photocatalytic activation of 

peroxymonosulfates over BiVO4 with bismuth-rich surface. 

 

 

 

 

 

 

 

 

 

 



| Marta Kowalkińska 

Page | 218 
 

5. CONCLUSIONS 

The doctoral dissertation presents a systematic insight into the degradation of 

contaminants of emerging concern using heterogeneous photocatalysis and PMS-

assisted photocatalysis. Two groups of potential photocatalysts were included in the PhD 

dissertation: based on scheelite-type-based compounds (alkaline-earth metal tungstates 

and molybdates, BiVO4) and TiO2 (F-TiO2, {0 0 1} TiO2/TiOF2). Moreover, new 

procedures of precursor preparation, TiOF2 and NH4VO3, were studied for the first time 

in terms of photocatalysts properties. 

Firstly, the applicability of alkaline-earth metal tungstates and molybdates with 

a scheelite-type structure as photocatalysts was examined. Experimental results 

revealed that these compounds are able to degrade phenol under UV light, despite a 

wide band gap. The charge carrier lifetime was the key factor affecting the photocatalytic 

performance of these materials. BaWO4 and SrWO4, with the longest lifetime of 

photogenerated charge carriers, demonstrated the highest photocatalytic activity in the 

series. Electrochemical studies indicated that tungstates are more efficient 

photocatalysts than molybdates, due to possible conduction through charge carrier 

channels as well as more shallow electron traps. 

Then, F-TiO2 synthesized from TiOF2 was examined, considering the crystal facets 

exposition of the final photocatalysts and the morphology of the precursor. TiOF2 can 

also be used as a secondary phase in {0 0 1} TiO2/TiOF2 photocatalyst, significantly 

enhancing the photocatalytic activity due to a higher amount of photogenerated charge 

carriers and their improved separation. 

Investigations of adjusting the morphology of the precursor and crystal facets 

exposition were extended to BiVO4 materials. The replacement of commercial NH4VO3 

with to as-synthesized one significantly enhanced the light utilization, confirmed by 

LVRPA calculations. Moreover, surface modification by sub-nanoclusters CuOx and 

exposition of particular crystal facets were crucial for both photocatalytic activity and 

PMS activation. 

The novelty of the presented doctoral dissertation could be summarized in the 

following statements: 

 Demonstrating the potential of alkaline-earth metal tungstates and molybdates with 

scheelite-type structure for photocatalytic oxidation processes, 

 Determining the dependence of TiOF2 and NH4VO3 precursors morphology on the 

photocatalytic activity of F-TiO2 and BiVO4, respectively, 

 Demonstrating crystal facets exposition effect on NPX degradation pathway, TOC 

conversion, toxicity rate and photocatalytic PMS activation, 
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 The content of TiOF2 in {0 0 1} TiO2/TiOF2 photocatalyst can be controllable, 

 High potential barriers exist within the TiOF2 structure, which affects the optimum at 

a low level of TiOF2 content (1.5%-6%) in {0 0 1} TiO2/TiOF2 photocatalyst, 

 Deposition of CuOx sub-nanoclusters on BiVO4 enhances both the photocatalytic 

activity and PMS activation, 

 The hydrothermal synthesis of facet-engineered BiVO4 tends to form bismuth-rich 

surfaces, 

 {1 2 0} crystal facets are the most photocatalytically active under visible light, 

 The presence of {0 1 0} enhances photocatalytic PMS activation, 

 There is a correlation between work function and enhancement of the degradation 

rate when PMS is added to the photocatalytic process. 
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gas conditions, b) 7-OHC evolution in PMS-assisted 

photocatalysis, c) ESR spectra of PMS activation with PBN as 

the trapping agent, d) the effect of scavengers on ESR signal 

with PBN. 

212 

Figure 4.20. Relaxed models of the a) stoichiometric and b) bismuth-rich 

surface structures of the {0 1 0}, {0 1 1} and {1 2 0} BiVO4 facets, 

together with c) PMS adsorption geometries and d) simulated 

potential profiles of each surface. In panels (a) and (b) only 

undercoordinated atoms are shown, while bulk-like structure is 

presented as corresponding coordination polyhedrons. Black 

and red lines in panel (d) correspond to stoichiometric and Bi-

rich models, respectively. Violet, red, grey, yellow and white 

spheres are Bi, V, O, S and H atoms. 

215 

Figure 4.21. a) Schematic representation of the next steps of the PMS 

transformations on the Bi-rich {0 1 0} surface, b) the 

corresponding relative changes in the energy of the system and 

c) observed trend between calculated PMS effect and simulated 

Φ for each surface. 
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Table 1.2. Examples of the impact of selected pesticides on non-target 
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Table 1.3. Examples of the impact of selected phenolic compounds in the 

environment. 
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Table 1.4. Chemical data of PMS and PDS, based on [44–46]. Oxygen, 

sulfur and hydrogen atoms are labelled as red, yellow and white, 

respectively. 
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Table 1.5. Redox potential of selected reactions, based on [58,59]. 30 
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Table 4.2. The photoluminescence carrier lifetimes and energy traps for 

scheelite-type compounds, derived from TRPL and TL 

spectroscopy. 
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Table 4.3. Results of specific surface area, elementary and surface 

analysis. 
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Table 4.4. Simulated surface energies of the relaxed, stoichiometric 

models in vacuum. 
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