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SYMBOLS AND ABBREVIATIONS 

Latin 

C       – concentration 

C0       – initial concentration 

d[h k l]        – crystallites size along the specific crystallographic direction [h k l] 

E       – energy 

EFermi       – Fermi energy 

ETrap       – the energy of charge carriers trapping (sum of e− and h+ parts) 

I       – photon power flux 

k       – degradation rate constant 

kB       – Boltzmann constant (1.380649 · 10−23 m2·kg·s−2·K−1) 

n       – quantity  

nP       – quantity of the pollutant molecules 

nTrap       – quantity of the surface trapping sites 

N       – Avogadro number (6.02214076 ∙ 1023) 

ND       – density of donor states 

t       – time 

T       – temperature 

Greek 

θ       – glancing angle (between beam and surface tangent) 

ζ  – photonic efficiency (the ratio between reacted molecules and introduced 

photons) 

λ       – wavelength 

γ       – surface energy 

η       – chemical hardness 

ρ       – density of surface species 

Abbreviations 

ACT       – acetaminophen (N-(4-hydroxyphenyl)acetamide) 

ADM       – ad-molecule model of surface reconstruction 

B3LYP       – hybrid functional, based on the Becke and Lee-Yang-Parr functionals 

BET       – Brunauer-Emmet-Teller (isotherm) 

CBZ       – carbamazepine (5H-dibenzo[b,f]azepine-5-carboxamide) 

DFT       – density functional theory 

DR-UV/vis – diffuse reflectance (spectroscopy) in the UV and visible light regions 

EDS       – energy-dispersive X-ray spectroscopy 

EPR       – electron paramagnetic resonance (spectroscopy) 

GGA       – generalized gradient approximation 

GGA+U      – generalized gradient approximation with Hubbard correction 
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ICP-OES    – inductively coupled plasma-optical emission spectroscopy 

IBU       – ibuprofen ((RS)-2-(4-(2-methylpropyl)phenyl)propanoic acid) 

IR       – infrared light (photon wavelength range above 780 nm) 

NIR       – near-infrared light (photon wavelength range between 780-20 000 nm) 

P25  – commercial TiO2 powder, composed of approximately 79% of anatase and 

16% of rutile polymorphs (wt. %, remaining part is amorphous), with mean 

surface area and crystallites size of approximately 55 m2·g−1 and 25 nm, 

respectively 

PBE       – Perdew-Burke-Ernzerhof exchange-correlation functional 

PBE0       – hybrid functional, based on the Perdew-Burke-Ernzerhof functional 

RDB-PAS   – reverse double-beam photoacoustic spectroscopy 

PHE       – phenol 

ROS       – reactive oxygen species 

SEM       – scanning electron microscope 

SHE       – standard hydrogen electrode 

TBT       – titanium n-butoxide (titanium(IV) butan-1-olate) 

SEM       – scanning electron microscope 

TEM         – transmission electron microscope 

TOC       – total organic carbon 

TPA       – terephthalic acid (benzene-1,4-dicarboxylic acid) 

UV       – ultraviolet light (photon wavelength range between 100-400 nm) 

UVA           – type A of ultraviolet light (photon wavelength range between 315-400 nm) 

vis       – visible light (photon wavelength range between 400-780 nm) 

XPS       – X-ray photoelectron spectroscopy 

XRD       – X-ray diffraction 
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INTRODUCTION 

1. PHOTOCATALYSIS IN THE SCOPE OF CURRENT ENVIRONMENTAL ISSUES 

Throughout the last years, the growing human population and consumption have 

significantly impacted the environment. The major issues are associated with increased 

greenhouse gases emission, pollution of water with persistent organic compounds and 

heavy metals, as well as ongoing land industrialization and energy demand of the society. 

Accumulation of these problems has forced a response on the international level, resulting 

in the development of rules and strategies aimed at reduction of our environmental 

impact. In 2019, the European Union approved the European Green Deal, which includes 

net-zero emission of greenhouse gases and zero chemical pollution goals by 2050. 

Moreover, the circular economy action plan was developed in order to reduce waste and 

extend the life cycle of the products. This includes materials like plastics and batteries, but 

also wastewater, being regarded as “untapped resource” by the United Nations. More 

recently, analogical pledges of net-zero emission, reversed deforestation and reduced coal 

consumption were made by numerous countries, including China, India and Brazil, during 

the 26th United Nations Climate Change Conference in Glasgow. In order to put these goals 

into reality, combined technological, social and political efforts are necessary, which has 

become one of the biggest challenges for modern societies. 

 In this regard, development of new technologies that might help to reduce our impact 

on the environment are especially important for the near future. Both solutions that can 

provide more efficient utilisation of the existing resources, limit energy consumption and 

emissions, as well as help to reduce existing levels of pollution and greenhouse gasses are 

pursued worldwide. Following the need for such solutions, photocatalysis has gathered 

significant attention, as a way to promote chemical reactions, or initiate them, as a result 

of light introduction to the system containing photocatalyst. Depending on the reaction 

details, such an idea presents few contributions to the environmentally-relevant problems 

of chemical technology, schematically presented in Figure 1.1. First of all, suitably designed 

photocatalytic systems can utilize solar light irradiation, enhancing the reaction without 

the need for an artificial source of heat or photons. Therefore, the energy cost of a process 

might be significantly reduced. For example, Cheruvathoor Poulose and co-workers have 

shown an efficient and selective reduction of nitroarenes to amines under visible light 

irradiation using the CuFeS2/hydrazine system [1]. As presented, the cost-normalised 

efficiency of the proposed reaction was calculated to be approximately 30 times higher 

than the state-of-the-art approach based on the catalytic process. Secondly, photocatalytic 

reactions can induce changes in otherwise very stable compounds. This is commonly used 

for water and air stream treatment from pollutants not susceptible to other purification 

processes. For example, carbamazepine has been recently recognized as a water 

micropollutant which is not susceptible to biological treatment in wastewater treatment 
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plants [2]; but can be effectively degraded during the photocatalytic process [3]. Although 

such photodegradation reactions usually deal with low efficiencies, they may help to fill 

the technological gap present in the existing solutions. Besides the degradation of organic 

pollutants, other purification processes might include the reduction of heavy metals in 

water [4] and NOX reduction in the air [5]. Finally, photocatalysis might help to reduce the 

carbon footprint associated with energy production. Specifically, the photocatalytic 

generation of H2 has been studied in detail by numerous authors, including the splitting 

of H-bearing molecules like water [6], ammonia [7] and ammonia borane [8], or 

dehydrogenation of organic molecules [9], [10]. Moreover, photocatalysis has been 

recently intensively studied for carbon dioxide (CO2) reduction to valuable chemical 

compounds, such as methane, methanol, ethanol or formic acid [11]–[14]. Both of these 

approaches might help to prevent rising levels of atmospheric CO2. 

However, there are still some challenges in the application of photocatalysis related 

to the relatively low efficiency observed in most photocatalytic reactions. This connects 

with the complexity of the elementary steps involved in the photocatalytic reactions, most 

of which contribute to the final yield. As a result, even if a specific system has been reported 

as efficient for a particular application, the overall problem with the design of the 

photocatalytic process is still under intense investigation.  

In this regard, the main goal of this work was to study the effect of photocatalyst 

design based on crystal facet engineering, especially for the efficient degradation of 

organic compounds in water. Detailed studies were planned in order to investigate if the 

exposition of different crystal facets and their possible modifications is a promising 

approach to optimizing photocatalytic activity, as well as to discuss the main features 

decisive for the activity of a specific surface structure.  

 

Figure 1.1. Scheme of the possible application of photocatalysis and its connection with some of 

the green policies present in the field of chemical technology. 
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2. ELEMENTARY STEPS IN HETEROGENEOUS PHOTOCATALYSIS 

At the very heart of photocatalytic processes lies the conversion of the photon energy 

to chemical energy, providing a driving force for any further physicochemical phenomena. 

In heterogeneous systems, the basics of this conversion are usually described using general 

band structure theory, with semiconductors acting as photocatalysts. In such a case, the 

whole process is initiated by photon absorption, which excites the valence band electrons 

to their higher energy state, associated with the conduction band of the photocatalyst. 

These excited electrons (e−) represent energy excess introduced to the system together 

with light. As a consequence of their high-energy nature, they can be seen as relatively 

reactive and can induce a reduction of other chemical species as long as the total energy 

of the system is decreased as a consequence. Simultaneously, the low-energy state, which 

is left unoccupied due to the excitation, can act as an electron acceptor and is described 

as a positively charged electron-hole (h+). Analogically, these low-energy states can 

become occupied again due to electron transfer from the substrate to the valence band of 

the photocatalyst. Collectively, generated e− and h+ are known as charge carriers and their 

corresponding transfers give no change in the net charge inside the photocatalyst 

structure. Ideally, this allows its stable operation over long periods. A graphical 

representation of these processes, named photooxidation and photoreduction, is 

presented in Figure 2.1. 

However, it is noteworthy that this description presents only a simplified idea of 

a photocatalytic reaction, while it is now well-known that multiple, different elementary 

steps can occur between photogenerated charge carriers and their transfer to substrates. 

Important steps especially include recombination or dissociation of the excitons, migration 

of free charge carriers within the crystal structure, their separation between different crystal 

phases (if present), thermalization and finally trapping at bulk or surface sites. Each of these 

steps makes its contribution to the final reaction efficiency, with corresponding energy 

changes, timeframes and limitations being subject to both previous and current studies. 

Noteworthy, the details of these processes and resulting activities depend heavily on the 

 

 

 

 

 

 

 

 

Figure 2.1. Scheme of the energy effects associated with the photocatalyst excitation (a) and 

possible reactions between the e−/h+ and hypothetical substrates A/B (b). 
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semiconductor composition and crystal structure, which results in a lot of attention being 

devoted to looking for new photocatalytic materials and optimizing their performance for 

a specific application. Focusing on the anatase polymorph of titanium dioxide (TiO2), which 

is a main material investigated during the experimental part of this work, current 

information about the details of these elementary steps is summarized in the following 

sections for the clarity of the following discussion. 

2.1. CHARGE CARRIERS GENERATION AND TRAPPING IN BULK ANATASE TIO2 

The anatase polymorph of TiO2 is one of the most studied photocatalysts, especially 

considering its application in water treatment technology. It crystallizes in a tetragonal 

structure, assigned to the I41/amd space group, which is composed of the TiO6 octahedra 

connected via four edges and four corners [15], as presented schematically in Figure 2.2. 

Such a structure exhibits an indirect bandgap between the ~X and Γ high symmetry points, 

with the reported energy being usually between 3.1-3.4 eV at room temperature [16]–[19], 

based on the diffuse-reflectance measurements. This allows it to absorb photons with 

maximum wavelengths of approximately 390 nm, leading to the observed photocatalytic 

activity in the UVA light range. The corresponding flatband potential of electrons within 

the anatase conduction band was reported approximately between -0.1 and -0.2 V 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Visualization of the anatase TiO2 unit cell with TiO6 octahedra highlighted (a), as well as 

the local structure around selected TiO6, showing bonding oxygens of the central unit (b). Panel (c) 

shows the simulated band structure of the presented structure. Throughout this work. titanium and 

oxygen atoms are grey and red spheres respectively. All visualizations of crystal structures and 

shapes are done with VESTA. Simulation of the band structure was performed with the Quantum 

Espresso software package including general gradient approximation with Hubbard correction 

(GGA+U), just to show its general characteristics. 
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for single crystals [20], [21], relative to a standard hydrogen electrode (SHE), however, even 

values as low as -0.8 V were reported for nanoparticles [22], [23]. 

 Furthermore, various authors have discussed in detail anatase electronic structure and 

observed exciton generation. For example, Tang and co-workers have studied the optical 

absorption of an anatase single crystal, including a detailed description of the observed 

Urbach tail and its temperature dependence between 4.2 and 300 K [24]. They found that 

the absorption edge of the sample followed Urbach behaviour in the full temperature 

range and the T-independent optical gap was estimated to be approximately 3.420/3.460 

eV, depending on the light polarization. Moreover, they noted strong exciton-phonon 

coupling inside the structure, which should contribute to the immediate exciton self-

trapping in the TiO6 octahedra and its weak intersite transfer. More recently, a detailed 

description of such an exciton behaviour inside the anatase crystals was reported by Baldini 

and co-workers [25], [26]. They observed relatively strong binding of the excitons as the 

result of excitation via a direct electronic gap with an energy of 3.98 eV (approximately the 

upper energy limit of the UVA light range). These excitons formed a 2-dimensional (2D) 

wave, confined to the (0 0 1) crystal plane, with an intermediate character between 

strongly-bound Frenkel excitons and weakly-bound Wannier-Mott excitons [25]. 

Importantly, the presented analysis concluded that this is also representative of the indirect 

excitation since the phonon contribution was found to be negligible beyond the 

appearance of the Urbach tail. Furthermore, such 2D excitons were found to be remarkably 

robust, resulting in their dissociation, connected with Mott transition, happening only for 

the densities higher than 5∙1019 cm−3 [26]. As noted in the original discussion, this is the 

highest Mott density reported so far for the semiconducting material. Visualization of such 

an excited anatase state is presented in Figure 2.3. 

The relatively strong exciton-phonon coupling and high Mott density result in 

relatively fast thermalization and self-trapping of the photogenerated charge carriers at 

the TiO6 octahedra, with low delocalisation. As shown by Park and co-workers, the 

 

 

 

 

 

 

 

Figure 2.3.  Perspective (a) and side (b) view of the 2D exciton isosurface, formed inside anatase 

crystal structure as the result of excitation via a direct electronic gap with the energy of 3.98 eV. 

Reproduced from [25] under the Creative Commons Attribution 4.0 CC BY license. 
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timeframe of  e−/h+ cooling and self-trapping to form the final Ti3+/O− polaronic states is 

less than 0.7 and 0.32 ps, respectively [27]. As a comparison, the same study reports exciton 

recombination to occur between 0.8 and 10 ps, and decay of the polaronic states within 

the <320 ps for electrons and 8 ps for holes. These results show great insight into the 

importance of exciton trapping in anatase TiO2, which was also reported by various other 

studies. It also explains well the anisotropy of the electron effective mass and thermal 

conductivity observed in different crystallographic directions [28], [29], which agrees that 

the [0 0 1] direction, perpendicular to the exciton plane, is unreferred for electron transport. 

However, although these results describe precisely the initial steps of charge carriers 

generation and exciton trapping, they fail to predict in detail possible charge transfer from 

the crystal structure to the environment. For example, as shown by Liu and co-workers, the 

current passed through the sample along the [0 0 1] is even 60 times higher than along 

the [1 0 0], although the effective electron mass in anatase nanocrystals is 52 times larger 

in the [0 0 1] direction [28]. This difference was explained by the detailed interface structure 

between the analysed sample and the tungsten (W) probes used to provide current 

through the material. Specifically, the authors have shown that the potential of electron 

transfer from W to anatase is lower at the interface with the (0 0 1) crystal plane than with 

the (1 0 0), determining the observed current flow. Therefore, the overall performance of 

the sample was dominated by the surface structure and electronic interaction at the 

interface rather than charge carriers behaviour within the bulk material. This conclusion 

has fundamental meaning for the TiO2 application in photocatalysis, as the occurrence of 

any chemical reaction requires the transfer of the generated charge carriers from the 

photocatalyst to the reacting substrates. 

3. CRYSTAL FACETS 

Following the highlighted discrepancy between the detailed description of bulk 

exciton inside the anatase TiO2 and reported interfacial charge transfer, it is known that 

photocatalyst surface structure and its interactions with the other species are especially 

important for the final photocatalytic performance. Indeed, the importance of surface 

processes was realized very early in photocatalytic studies. For example, Gerischer, Heller 

and Wang have highlighted surface polarisation with trapped electrons as an efficiency-

limiting problem of TiO2-based degradation of organic pollutants; and proposed palladium 

deposition to remove excess electrons and catalyse dioxygen (O2) reduction [30], [31]. 

Similarly, Moser and co-workers have suggested surface complexation of anatase 

nanoparticles with mono and bidentate benzene derivatives to promote the analogical 

transfer of photoexcited electrons [32]. Ever since, modification of the photocatalyst 

surface with noble and transition metals, defects, ions and molecules has become an 

important topic of photocatalyst design [33]–[40]. However, most of these studies have 

initially dealt with isotropic (spherical) particles, which offer only limited control over the 

detailed interface structure. This has changed recently since remarkable progress in the 

synthesis of nanocrystalline materials has been made, and an atomic-scale control over the 

final photocatalyst surface structure can be achieved as the result of the energetic 
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stabilisation of the specific crystal planes. Ultimately, this leads to an anisotropic growth in 

different crystalline directions and various, well-defined crystal shapes can be obtained 

due to the preferred exposition of one or more crystal planes to the environment. These 

exposed planes, forming a flat termination of the crystal structure, are known as crystal 

facets. 

Due to the symmetry of the crystal structure, usually, a set of equivalent crystal facets 

is observed, which correspond to the set of equivalent crystal planes of the bulk structure. 

For example, the (1 0 0) crystal plane of anatase TiO2 has 3 other equivalent planes: the 

(0 1 0), (1̅ 0 0) and (0 1̅ 0). Such a family of the equivalent planes is denoted using 

corresponding Miller indices and brackets {h k l}, which is also commonly used to index 

observed crystal facets. However, especially during the computational studies, some 

authors use notation corresponding to the specific crystal plane (h k l). During this work, 

the latter will be used as long as the discussion refers to the model of a specific crystal 

plane (therefore, not strictly a family of different planes), while the former will be used for 

a set of facets observed in the analysed sample. Visualization of such a faceted structure, 

compared to the spherical particle, is presented in Figure 3.1. using anatase TiO2 as an 

example. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Schematic comparison between spherical (a) and faceted (b) crystals of the anatase TiO2 

and the resulting differences in the surface structure; together with the exemplary images from the 

transmission electron microscope (TEM). 1Please note that for the 3-dimensional structure, (1 0 1) 

crystal plane will form 8 equivalent facets, however only four are shown in a cross-section. 
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(0 0 1) structure

2 equivalent facets
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Compared to the isotropic particles, the faceted ones allow detailed control over the 

interface structure and simultaneous analysis of the reaction steps at the atomic scale. 

Moreover, different arrangement of the surface atoms results in the anisotropy of the 

surface properties such as surface energy, electronic structure and interactions with other 

chemical entities. In this regard, crystal facet engineering has recently gained increasing 

attention from the scientific community working on photocatalyst design. For example, 

some of the recent state-of-the-art photocatalysts were reported based on the facet-

engineering approach, including strontium titanate (SrTiO3) for water splitting [41], 

cadmium(II) sulphide for CO2 reduction [42] or zinc oxide for NO oxidation [43]. 

Simultaneously, a detailed description of the charge carriers behaviour inside different 

photocatalysts is expanded from the bulk structure to specific facets, proving, i.e. their 

preferable separation and trapping at different surface sites [44]. In this regard, my 

dissertation was specifically focused on the exposed crystal facets of anatase TiO2 and their 

photocatalytic activity. Noteworthy, since it is possible to achieve exposition of very 

different anatase facets, planned works were generally constrained to the most stable ones, 

which are also commonly observed. This includes facets such as the {0 0 1}, {1 0 0} and 

{1 0 1} ones, commonly referred to as “low index” facets. Information about their known 

structures, properties and stabilisation strategies is quickly summarized in the following 

sections.  

3.1. GEOMETRIES AND ENERGIES OF THE LOW INDEX ANATASE FACETS 

Recently, atomic structures of the possible crystal terminations have been studied 

using a computational approach based on the density functional theory (DFT). This allows 

to optimize the arrangement of atoms and calculate the corresponding energy of the 

system with almost non-constrained freedom. Then, by comparing the results obtained for 

the 2-dimensional surface models to the bulk structure calculation, the energy of the 

modelled surface can be easily extracted. Although the obtained values depend heavily on 

the computational details and should not be treated as absolute, they allow for relative 

comparison of the stability between different structures with good accuracy. Ultimately, 

the lowest-energy structures can be good representations of the actual surface geometry 

[45]. 

Regarding anatase TiO2, the geometries and energies of its different crystal facets were 

studied in detail by multiple authors [46]–[51]. Concerning the (0 0 1), (1 0 0) and (1 0 1) 

surface structures, these reports are generally consensual about their relative stability, 

highlighting the (1 0 1) as the most stable one and the (0 0 1) as the least stable when 

analysing stoichiometric models in a vacuum. The high surface energy (γ) of the (0 0 1) 

plane results strictly from the high density of undercoordinated species (ρ) that appear as 

the result of crystal termination in a corresponding direction. As shown in Figure 3.2.a, in 

such a structure, all of the surface Ti atoms break one of their bulk-structure bonds and 

become 5-fold coordinated (5c-Ti), which is followed by half of the O being 2-fold 

coordinated (2c-O), after analogical bond breaking. Ultimately, both these species form 

chains of a [5c-Ti]-[2c-O]-[5c-Ti] bridges along the [0 1 0] direction. It is noteworthy that 
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after geometry optimization (relaxation), one of these bridging bonds becomes shorter, 

leading to the situation when 2c-O is not equivalently bonded to the 5c-Ti. Analogical 

shifts along the [0 1 0] direction are also observed for the fully-coordinated O (3c-O) 

bonded to the 5c-Ti. Corresponding surface energies are often in the range of 0.90-1.00 

J∙m-2 when computed using Perdew-Burke-Ernzerhof (PBE) functionals [47]–[50], however, 

even a value as large as 1.38 J∙m-2 was reported when using local density approximation 

(LDA) [50]. 

Compared to the (0 0 1) surface, both (1 0 0) and (1 0 1) have a less dense distribution 

of the 5c-Ti and 2c-O species and lower γ, as shown in panels (b) and (c) of Figure 3.2. 

Focusing on the (1 0 0) surface, its structure shows characteristic terrace-like steps along 

the [0 0 1] direction that exposes 5c-Ti/3c-O atoms in the middle and 2c-O at the edges, 

followed by a cavity that gives access to fully coordinated 6c-Ti and 3c-O. In the relaxed 

structure, the 3c-O atoms, exposed at the terraces, shift significantly outward the crystal 

Figure 3.2. Isomeric (ball-and-stick) and top (space-filling) views of the perfect low index anatase 

TiO2 surfaces, together with the crystal shape resulting from the dominant exposition of the 

corresponding facets. The Figure includes basic information about simulated surface energy 

(including different values, reported using different computational details [46]–[51]), the density of 

undercoordinated species, number of equivalent planes and expected angles between other, 

co-exposed facets. Bulk-structure unit cells are shown to help navigate between the models. In 

a top-view image, undercoordinated atoms are marked with black dots. In the crystal shape models, 

corresponding dominant facets are orange and are marked with arrows, including the ones behind 

the plane. Presented surface energy values (γ) correspond to the relaxed structures. 
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structure, followed by the 6c-Ti in a second atomic layer. On the contrary, the exposed 

5c-Ti atoms relax inward the crystal structure, resulting in a situation where the most 

exposed part of the surface is relatively oxygen-rich. The corresponding energy values are 

commonly reported in the range of 0.53-0.75 J∙m-2 using PBE functionals [47]–[50] and 

0.96 J∙m-2 using LDA [50]. Finally, the (1 0 1) surface shows a characteristic sawtooth-like 

profile with the 2c-O edges along the [0 1 0] direction, always bonded to the single 5c-Ti. 

The relaxation pattern of this surface includes shifts in the 6c-Ti/3c-O and 5c-Ti positions, 

analogical to the (1 0 0) surface. Simultaneously, the exposed 2c-O shortens its distances 

to the neighbouring Ti atoms leading to its stronger bonding. Corresponding γ values are 

usually in the range of 0.44-0.65 J∙m-2 (PBE [47]–[50]) and 0.84 J∙m-2 (LDA [50]), making it 

one of the most stable TiO2 surfaces in general [52]. 

Noteworthy, while the (1 0 0) and (1 0 1) can be described as low-energetic, the (0 0 1) 

has high surface energy and therefore, reconstruction of its surface atoms might occur to 

minimize the final energy. This problem was especially observed during the ultra-high 

vacuum experiments with simultaneous Ne+ sputtering of the anatase single crystal and 

further heating it to 900 K to restore the initial structure, as reported by Hengerer and co-

workers [53]. After such treatment, they observed that the (0 0 1) surface formed 

a superstructure with (1 x 4) periodicity, which became thermodynamically stable. This was 

further investigated computationally by Lazzeri and Selloni, who suggested an 

“ad-molecule” model (AMD) of such a reconstructed surface [54]. This model includes rows 

of the TiO3 bridges that develop above the perfect surface every fourth of the 

[5c-Ti]- [2c-O]-[5c-Ti] periodic units presented in Figure 3.2.a. Noteworthy, they proved 

that such structures exhibit energy minimum specifically for the (1 x 4) periodicity, which 

was connected with the favourable [5c-Ti]-[2c-O] bond shortening and corresponding 

stress relief. However, despite reported energetic stability (γ = 0.51 J∙m-2 for the AMD 

geometry, vs 0.90 J∙m-2 for the perfect surface), the suggested model was not completely 

in accordance with some of the experimental observations, especially connected with 

relatively low activity observed for the reconstructed (0 0 1) surface. This has led to the 

refinement of the proposed model by Wang and co-workers, who suggested that the TiO3 

bridges are further oxidized [55]. Therefore, the 4-fold coordinated Ti atoms introduced in 

the AMD model were transformed to the 6c-Ti, forming a chemically inert structure as long 

as no point defects were present. Visualization of this oxidized (1 x 4) reconstruction of the 

(0 0 1) surface is presented in Figure 3.3. 

Nevertheless, although the (1 x 4) reconstruction should be minded, it is still possible 

that the (0 0 1) remains in its bulk-like form after the preparation. This results from the fact 

that the (0 0 1) surface must be stabilized during the growth (usually using fluorine, as 

discussed in the following parts), which would later require overcoming an energy barrier 

to induce reconstruction. For example, the stability of the unreconstructed (0 0 1) surface 

was confirmed experimentally by DeBenedetti and co-workers in the aqueous benzoate 

solution [56]. Generally, it is expected that fluorine-stabilised {0 0 1} facets should remain 

the geometry of a perfect (0 0 1) surface up to 400-600  C [57], [58]. 
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3.2. ELECTRONIC PROPERTIES OF THE LOW INDEX ANATASE FACETS 

Following the geometry description of the possible anatase terminations, analogical 

discussion about their electronic properties is also present in the existing literature. For 

example, Zhao and co-workers reported band structures, work functions, electron affinities 

and dipole moments of the different anatase surfaces in detail [49]. Focusing on the 

described low index facets, they have found that the relaxed (0 0 1) surface forms 

additional, surface-specific states above the valence band edge. Therefore, local reduction 

of the bandgap at this surface might be expected without the introduction of additional 

defects, which was not observed for the (1 0 0) and (1 0 1) models. Moreover, following 

calculated work functions, they highlighted that the ability to extract electrons from the 

analysed surfaces showed the order of (0 0 1) ≲ (1 0 0) < (1 0 1), which was generally in 

accordance with the electron affinity values being (1 0 0) ≲ (0 0 1) < (1 0 1). Based on these 

results, it can be assumed that the {1 0 1} facets should possess a high oxidizing ability 

compared to the {0 0 1} and {1 0 0} ones. However, it should be noted that this description 

was made strictly for the ground state of the system, while experimental observations show 

that during the photocatalytic processes, the {1 0 1} are preferred photoreduction sites 

rather than photooxidation. For example, this is observed as the selective deposition of the 

reduced species (Au0, Pt0), which preferentially occurs on these facets [59]–[62]. 

In this regard, a more detailed description of the surface electronic properties can be 

achieved by analysing the behaviour of the excited e−/h+, which is commonly achieved by 

arbitrarily changing the number of electrons inside the simulated model. Although these 

n+1 and n−1 electron states are not exactly equivalent to the actual excitation, where both 

e− and h+ are generated simultaneously, they do adopt energy levels analogical to the 

photogenerated charge carriers, which allow for their relative comparison. For example, 

using such an approach, Ma and co-workers have studied the trapping of both electrons 

and holes on the (0 0 1), (1 0 0) and (1 0 1) surfaces and their corresponding energy effects 

[63]. They have found that the (1 0 1) surface has the highest ability to trap conduction 

band electrons at surface 5c-Ti sites and is the only one of these three surfaces that prefers 

to trap e− over h+ (Figure 3.4a.). Following previous results by Zhao and co-workers [49], it 

Figure 3.3. Visualization of the oxidized (1 x 4) reconstruction of the anatase (0 0 1) surface, 

proposed by Wang and co-workers (a), together with the simulated scanning tunnelling microscope 

image (b). Reproduced from [55] under the Creative Commons Attribution 3.0 CC BY licence. 
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is in good agreement with the highlighted high electron affinity of this surface, 

simultaneously clarifying that this observation can be connected with the preference to 

localise excited electrons rather than their withdrawal from the possible substrates. It also 

explains the experimentally observed reductive character of the corresponding facets. 

Furthermore, in the same study, Ma and co-workers have observed that electrons do not 

trap strictly on the (0 0 1) surface atoms but instead can form a subsurface state [63].This 

is in good agreement with the described exciton behaviour in the bulk anatase crystal, 

which has shown its preferred delocalisation over the (0 0 1) plane [25]. Therefore, the 

{0 0 1} facets can be seen as poor electron-trapping sites with a low preference to localise 

excited electrons compared to other surface structures. Focusing back on the work of Ma 

and co-workers, a similar observation was also made for h+, showing its relatively low 

preference to trap at the (0 0 1) surface, although in this case, the hole indeed localises at 

the interface 2c-O atom [63]. Ultimately, the described study concluded that the (1 0 1) 

surface shows the highest overall trapping ability with a preference to localise electrons, 

followed by the (1 0 0) one with a preference to trap holes, and finally, the (0 0 1) show the 

lowest trapping ability of both charge carriers with electrons not localising at the surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Presentation of the possible trapping sites of photogenerated charge carriers on the 

low index anatase surfaces in vacuum. Arrows indicate partial delocalisation. Values in parentheses 

show energy gain associated with the trapping. For clarity, possible equivalent sites are not marked. 
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On the other hand, different results were presented by Carey and McKenna (Figure 

3.4b.), who have concluded that analogical electron trapping should not occur on any of 

these three facets but can occur on high-index surfaces such as a (1 0 3) or (1 0 5) [64]. 

Visual representations of the possible trapping sites, discussed in the described studies in 

vacuum conditions, are compared in Figure 3.4. Noteworthy, these results stand in visible 

contrast to each other, leading to the situation, where electron trapping on the commonly 

observed anatase facets might be questioned. In this regard, it is especially important to 

further consider possible interactions between the charge carriers and possible substrates, 

as their presence will affect the details of the possible elementary steps at the surface. 

3.3. INTERACTIONS WITH WATER AND OXYGEN 

Interactions between the photocatalyst surface and reacting species are considered 

the centre of photocatalytic reaction, making it an important topic of previous and current 

studies. However, it makes the overall description case-specific since every surface-

substrate combination might be seen as a unique problem. Focusing on the photocatalytic 

reactions occurring in the aqueous phase, the main possible substrates are H2O and O2. 

These can act as sources of the reactive oxygen species (ROS) generated in situ during the 

photocatalytic water treatment from organic pollutants, which is the central problem of 

further experimental work or can undergo a chain of reactions to generate free H2 and O2 

from the solution. In view of this, interactions between possible charge carriers and H2O/O2 

molecules on the anatase facets received considerable attention in the previous studies, 

which are summarized below. 

Following the presented charge carriers behaviour at different crystal planes, it is 

especially important to consider how H2O presence can influence their possible 

localisation. It was discussed by Selcuk and Selloni, who compared e− trapping on the (0 0 

1) and (1 0 1) surfaces in a vacuum and at the interface with water [65]. They observed that 

H2O presence supports e− localisation on the surface 5c-Ti atoms of the (1 0 1) model, 

which was connected with H2O dissociation and formation of the stable [5c-Ti3+]-[2c-O−]-H 

polaron state at the interface. Noteworthy, analogical electron trapping at the surface Ti 

was questionable without the stabilizing effect of the neighbouring [2c-O−]-H; being either 

slightly favourable or unfavourable on the energy scale, depending on the computational 

details. On the other hand, the formation of the [2c-O−]-H was also dependent on the 

5c-Ti3+ presence. Without it, the proton attached to the 2c-O would rapidly rebuild the 

H2O molecule from which it originated. The overall process can be summarized with the 

following reactions (1-3), which ultimately involve two different H2O molecules and two 

subsequent proton transfers [65]: 

 e−
delocalised + 5c-Ti4+ → 5c-Ti3+

 (1) 

 2c-O2−∙∙∙∙∙ H2O → [2c-O−]-H + OH−
aqueous (2) 

 H2Oads + OH−
aqueous → H2Oaqueous + OH−

ads (3) 
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where the dotted line denotes hydrogen bonding, “aqueous” means that this species is 

not adsorbed on the surface and “ads” means that it is adsorbed. Please note that in 

reactions (1-3), the charge of the stoichiometric 5c-Ti and 2c-O sites was marked to keep 

up with the reaction charge balance, but for clarity, it is not presented within the text body. 

Furthermore, in the same study, it was reported that analogical e−/H2O interactions are not 

observed on the (0 0 1) surface, where introduced electrons always localise in the 

subsurface region of the model [65]. These findings support differences in electron 

trapping at the low index anatase facets, simultaneously highlighting the importance of 

the interface on the simulation results. The latter is especially noteworthy since 

photocatalytic reactions are not performed in a vacuum and interactions between 

substrates and the photocatalyst are always expected. 

The second important finding of the work by Selcuk and Selloni is that, due to the 

reactions (1-3), one of the water molecules became dissociated, forming stable OH− groups 

at the (1 0 1) surface [65]. This is even though, in contrast to the (0 0 1) and (1 0 0), 

dissociation of H2O is not occurring completely on the perfect (1 0 1) plane [66]. Such an 

electron-induced water dissociation on the (1 0 1) surface was further investigated by 

Setvin and co-workers, with oxygen reduction as the starting point [67]. Based on the 

combination of DFT calculations and scanning tunnelling microscopy (STM), they observed 

the formation of the metastable OOH− and H2O2 species at the surface, which decompose 

to the terminal -OH groups at room temperature. The step-by-step reaction was shown 

computationally to occur through the O2 reaction with H2O, which was especially 

favourable when two excess electrons were present inside the model. Possible surface 

steps involving OOH−, are described in the following reactions (4-7) [67]: 

 O2 + 2e− → (O2)
2− (4) 

 (O2)
2− + H2O → OH− + OOH− (5) 

 OOH− + 2c-O2− → OH− + (O2)O
2− (6) 

 (O2)O
2− + 2e− + H2O → 2OH− + 2c-O2− (7) 

where (O2)O is an oxygen molecule replacing 2c-O at the surface, originating either due to 

reaction (6) or due to O2 dissociation. Moreover, alternatively to reaction (6), OOH− can 

form H2O2 that dissociates with the involvement of two further electrons (8-9) [67]: 

 OOH− + H2O → OH− + H2O2 (8) 

 H2O2 + 2e− → 2OH− (9) 

Noteworthy, all of these pathways were found to depend heavily on the presence of excess 

electrons and became more favoured when the number of e− increased. However, in 

contrast to the OOH−, dissociation of the H2O2 (9) was found to occur almost without an 

activation barrier. In this regard, the decomposition of the OOH− (6) is a limiting step of 
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such an electron-induced water dissociation. The details of this process have shown that, 

outside of the e− presence, reaction (6) also depends on the local surface configuration, 

with an important stabilizing role of the adjusting OH−, generated in the previous step (5). 

Specifically, the removal of the OH− group from the model decreased the calculated 

activation barrier of the OOH− dissociation from 1.4 eV to 0.5 eV, in the presence of two 

excess electrons, which is a value reasonable with the observed OH− formation at room 

temperature [67]. 

In the scope of the above findings, it is especially evident that O2/H2O reduction is 

crucial for the hydroxylation of the (1 0 1) surface. This problem has fundamental 

significance for its potential photocatalytic application, since H2O and -OH species interact 

differently with the photogenerated charge carriers. For example, Chen and co-workers 

reported that h+ transfer to the H2O molecule on the (1 0 1) surface is preferably proceeded 

by the proton transfer, creating surface -OH in the first place [68]. Only then is the hole 

transferred from the surface 3c-O atom, according to the general reaction (10): 

 H2O + h+ → ∙OH + H+ (10) 

This observation leads to the conclusion that water itself is rather a poor substrate for h+ 

transfer, and its dissociation to -OH increases affinity to generated holes. A similar 

conclusion was also reported by Shirai and co-workers, who analysed in detail the water-

assisted hole trapping at the anatase {0 0 1} and {1 0 1} facets and compared them to the 

spherical particles [69]. They observed that effective hole trapping occurs only at the 

surface -OH, but it also needs further stabilisation by co-adsorbed H2O molecules to 

increase electron density at adsorbed hydroxyl. A favourable structure was found 

specifically at the spherical surface, where the exposition of four-coordinated Ti atoms 

(4c-Ti) and curvature facilitated H2O adsorption and H-bonding with -OH [69]. These 

observations show that the h+ transfer during water oxidation depends mostly on the exact 

electron density of the accepting species, which will be affected by the exact structure and 

possible H-bonding within the first shell of water coordination, which also agrees with 

other reports. For example, Panarelli and co-workers presented similar conclusions based 

on electron paramagnetic resonance (EPR) studies [70]. Noteworthy, the results obtained 

by Shirai and co-workers suggest that H2O does not form hole-trapped states on the 

faceted particles, which was evidenced by the water vapour pressure having no effect on 

the time profiles of the transient absorption spectra, measured for the particles exposing 

{1 0 1} and {0 0 1} facets [69]. Therefore, for these particles, the water vapour does not 

influence the lifetime of the generated charge carriers, and the H2O role in h+ trapping and 

stabilisation on these surfaces was questioned. This observation was attributed to the 

unfavoured structure of the adsorbed H2O, being either in its undissociated form on the 

(1 0 1) surface or forming two H-bonded -OH groups after dissociation on the (0 0 1). In 

the latter case, the hole localisation at the -OH resulted specifically in the breaking of the 

-OH∙∙∙∙∙OH- bond and destabilization of the system [69]. 
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However, there seems to be no consensus between different studies about the 

possibility of such H2O-assisted hole trapping at the anatase surfaces. For example, the 

above-mentioned work by Chen and co-workers has shown that after the proton transfer, 

localisation of h+ at the surface -OH is possible on the (1 0 1) plane [68]. Moreover, the 

study by Zhang and co-workers have showed that h+ trapping can occur at the H2O 

molecule H-bonded to the -OH group at the (0 0 1) [71]. Schematic visualisation of the 

different h+ trapped states discussed in these works is presented in Figure 3.5.  

Despite differences in a detailed picture, all of these studies agree that the final state 

of the water-trapped hole involves hydrogen bonding with a surrounding species. Since 

this problem will depend on the exact number of H2O molecules present in the system, 

some differences between the studies are not unexpected, and the formulation of the 

general conclusions might be seen as a challenging problem. It is also noteworthy that 

Setvin and co-workers observed that the hydroxyls generated via reactions (4-9) are 

negatively charged (basic hydroxyls) and therefore might act as better h+ trapping centres 

[67]. This suggestion is also in accordance with the recent work by Hwang and co-workers, 

who observed that a noticeable amount of the free ∙OH, generated by the anatase 

photocatalyst, is formed from the dissolved O2 [72]. Although in this study, the authors 

used a photocatalyst that exposed a variety of very different crystal facets (anatase phase 

separated from the commercial TiO2 P25 [73]), the {1 0 1} facets are also present in this 

case, and the overall discussion matches the mechanism that could be suggested from 

reactions (4-9), followed by oxidation of the generated -OH to ∙OH. 

Compared to the (1 0 1) and (0 0 1), the (1 0 0) surface is not studied to the same 

extent. Especially, the detailed interactions between the charge carriers and O2/H2O are far 

less investigated. Nevertheless, it was shown by Wahab and co-workers that H2O should 

adsorb dissociatively on the (1 0 0), forming two hydroxyl groups at the surface, similar to 

the (0 0 1) one [74]. However, in the case of (1 0 0) surface, the formed -OH are not bonded 

to each other via a hydrogen bond, and one of them forms an H-bond with a neighbouring 

3c-O instead. Furthermore, they also observed that O2 adsorption is generally favourable 

on the (1 0 0) surface, with the preferred structure adopting peroxo geometry on the 

 

 

 

 

 

 

 

Figure 3.5. Schematic representation of the different h+ trapped states at the (0 0 1) and (1 0 1) anatase 

surfaces, as discussed in the existing studies including possible interaction with surrounding H2O/OH species: 

(a) according to Chen and co-workers [68]; (b) according to Zhang and co-workers [71]; (c) and (d) according 

to Shirai and co-workers [69]. Grey, red and white spheres are Ti, O and H atoms, respectively. The preferred 

trapping site is marked with an orange circle, without highlighting possible delocalisation. Thin, black lines 

between atoms are H-bonds, and dashed lines outline species originating from the environment. 
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surface 5c-Ti atom [74]. The same configuration of oxygen adsorption was reported by 

Bonapasta and Filippone, who have shown that such species are strong electron acceptors 

and will easily react with photogenerated electrons to form ∙O2
− radicals [75]. However, 

they noted that on the perfect (1 0 0) surface, these ∙O2
− radicals are tightly bound to the 

surface atoms and their possible release to the environment should be limited as long as 

no oxygen vacancies are present. 

3.4. STABILISATION AND GROWTH OF THE LOW INDEX ANATASE FACETS 

According to general thermodynamics, any growing crystal will tend to minimize its 

surface energy to achieve the energy minimum of the whole system. Therefore, some of 

the crystal planes are energetically more preferred to be exposed, while some might not 

form in the prepared sample. To predict such low-energy, equilibrium crystal shape, the 

so-called Wulff construction might be analysed based on the known values of surface 

energies and orientation of the specific crystal planes [76], [77]. Focusing on the anatase 

TiO2, its Wulff construction predicts almost complete exposition of the {1 0 1} facets, with 

only a minority of the {0 0 1} exposed at the top/bottom of the crystal (~5% of the surface 

[50]). In this regard, the dominant exposition of facets other than {1 0 1} requires additional 

stabilisation by the environment. 

The first thing to consider for possible stabilisation of the different facets might be 

their termination with O/H moieties, which should be present in most real situations. Such 

effect was studied in detail in the work by Barnard, Zapol and Curtiss, where they analysed 

different TiO2 surfaces covered with a monolayer of hydrogens, hydroxyls and/or water 

molecules, as a representative case of crystal termination in the acidic and basic conditions 

[78]. Notably, they showed that the {1 0 1} achieve their highest stability when covered 

with hydrogens (H atoms adsorbed on every undercoordinated O and Ti), and their 

dominant exposition is changed only in the oxygenated conditions, where all 5c-Ti atoms 

are capped with a single O, as representative of a highly basic environment [78]. Under 

such conditions, {1 0 0} became the most stable, as shown in Figure 3.6. 

The results presented by Barnard, Zapol and Curtiss explain experimentally observed 

formation of the {1 0 0} exposing particles, prepared using concentrated NaOH solutions 

[79], [80]. During such process, existing TiO2 powder is firstly etched with NaOH to form 

corresponding sodium titanate, which is then rebuilt to the TiO2 in the second reaction in 

H2O. During this second reaction, Na atoms are released from the titanate structure, 

leading to TiO2 growth in basic conditions, which indeed results in the increased exposition 

of the {1 0 0} facets. Noteworthy, high exposition of the {1 0 0} facets was also reported to 

form in the early stage of anatase growth from the aqueous solution of the TiOSO4∙xH2O 

in the presence of HF [81]. However, details of their stabilisation were not discussed. 

Furthermore, a similar preparation route based on the titanate treatment is commonly 

used to obtain nanocrystals with high {1 0 1} exposition. However, in such a case, KOH is 

used instead of NaOH. As shown by Amano and co-workers, hydrothermal treatment of 

analogical potassium titanate resulted in the formation of a product consisting of 70% of 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


| Szymon Dudziak 

Page | 31  

the anatase octahedrons with the almost complete exposition of the {1 0 1} facets [82]. 

Further works by Wei and co-workers, as well as Li and co-workers, have shown that 

increased control over the final morphology can be achieved by exchanging K+ ions within 

the titanate structure with H+ or NH4
+, ultrasonication and introduction of additional 

capping agents [83], [84]. 

Another preparation route to achieve dominant exposition of the {1 0 1} facets was 

reported by Gai and co-workers from the Ti(SO4)2 solution, using N2H4∙H2O as the 

morphology-controlling agent [85]. Due to the reducing character of hydrazine, this is in 

accordance with the predicted {1 0 1} stability after the hydrogenation of the surface [78]. 

However, other ammonium-bearing compounds, as well as chloride presence, were also 

reported to increase {1 0 1} exposition. Gordon and co-workers have observed competition 

between the {1 0 1} and {0 0 1} exposition during the non-aqueous synthesis as the result 

of the introduced Ti precursor (TiF4 vs. TiCl4) and the organic capping agents with 

either -OH or -NH2 moieties present [86]. Following their results, preferred exposition of 

the {1 0 1} over the {0 0 1} show order of TiCl4+R-OH ≈ TiCl4+TiF4+R-NH2 > TiF4+R-NH2 

> TiF4+TiCl4+R-OH > TiF4+R-OH. Noteworthy, a combination of TiF4 with R-NH2 resulted 

in the formation of nanoparticles with the brookite crystal structure. 

Focusing on the {0 0 1} facets, their energetic stabilisation can be achieved due to 

fluorine adsorption. This was shown in detail by Yang and co-workers, who have predicted 

and proved increased stability of the {0 0 1} facets prepared in the presence of hydrofluoric 

acid [58]. Specifically, they observed that F adsorption on the 5c-Ti atoms present at the 

(0 0 1) and (1 0 1) surfaces leads to the higher stability of the (0 0 1) over the (1 0 1), heavily 

affecting the equilibrium crystal shape. Based on their results, the formation of the anatase 

nanosheets with {0 0 1} exposition of almost 100% was predicted as possible to achieve. 

Figure 3.6. Surface energies of different anatase facets and corresponding equilibrium crystal 

shapes, resulting from the adsorption of different H/O species, as reported by Barnard, Zapol and 

Curtiss [78]. Panels (a), (b) and (c) correspond to the hydrogenated, hydrated and oxyganated 

surfaces, as a representation of either acidic, neutral or basic environment, respectively.  
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However, their experimentally obtained single crystals, prepared from the HCl-stabilised, 

aqueous solution of TiF4 and HF, showed a maximum {0 0 1} exposition of approximately 

50% [58]. Furthermore, Yang and co-workers achieved higher {0 0 1} exposition by the 

addition of alcohol molecules as co-stabilising agents [87], also in accordance with the 

above-mentioned work by Gordon and co-workers [86]. Ultimately, various authors have 

reported the formation of anatase plates with the {0 0 1} presence of over 90%, when 

prepared in the presence of HF in an alcohol solution instead of water [88]–[90]. 

Noteworthy, the exposition of the {0 0 1} facets is sometimes expressed as the truncation 

ratio, where the length of the top edge of the crystal is compared to the middle one. This 

is schematically presented in Figure 3.7., together with the exemplary images of the real 

samples obtained during further works and approximated expositions of the {0 0 1} facets.  

A few alternative strategies to stabilize the {0 0 1} facets, which do not include fluorine-

bearing compounds, were also reported in the literature. For example, Hen and co-workers 

have reported {0 0 1} stabilization due to urea/CO3
2− adsorption, resulting in their 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Scheme of the truncation of the anatase crystal (a), used to represent competition 

between the {0 0 1} and {1 0 1} exposition, defined as the ratio between its top and middle lengths; 

together with the exemplary scanning electron microscope images of the actual samples with 

different truncation levels (b). Exposition of the {0 0 1} facets is than calculated assuming perfect 

symmetry of the particle, basing on the known orientation between the (0 0 1) and (1 0 1) crystal 

planes. 
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exposition of over 90% [91]. Chen and co-workers have also achieved high {0 0 1} 

exposition as the result of hydrothermal growth from titanium n-butoxide (TBT), when TBT 

was dissolved in the organic phase deposited over the HCl-rich aqueous solution, and the 

reaction was performed without mixing both phases [92]. Relatively high exposition of the 

{0 0 1} facets was also achieved by Janczarek, Kowalska and Ohtani as the result of TiCl4 

oxidation with O2 in the coaxial-flow gas phase reactor [93]. However, the detailed 

mechanism of their stabilisation was not discussed.  

Following described strategies to stabilize the low index anatase facets, it is worth 

highlighting that the preparation route also needs to provide a suitable timeframe for the 

growth of the stabilised structure. It connects with the low solubility of the anatase 

structures in most solvents, especially in neutral conditions, which leads to a situation 

where most of the used Ti precursors form TiO2 nuclei very quickly. Under such conditions, 

the control over their growth and final morphology is significantly reduced. Ultimately, in 

the simple aqueous or alcohol environment, condensation of the compounds such as TiCl4, 

TiOSO4 or TBT commonly results in the formation of ultrafine TiO2 particles; without well-

defined morphology and often with low crystallinity [94]–[97]. 

This problem of fast TiO2 nucleation is usually dealt with using the dissolution-

recrystallization processes, where nucleated seeds can be partially dissolved and 

dynamically recrystallised into the refined structure. Therefore, as the reaction time is 

increased, systematic growth of the particles can be observed [58], [98], with the most 

stable structures adopting minimum-energy equilibrium shape. Interestingly, HF is a good 

compound for TiO2 dissolution, since very strong interactions between the F and Ti enable 

the exchange of O atoms within the TiO6 octahedra of the anatase crystal structure [58]. In 

this regard, many different F-bearing compounds can be effectively used for stimulating 

TiO2 growth, as most of them will either form some amount of equilibrium HF or will 

possibly bond to the Ti via available F atom. The scheme of such HF-assisted dissolution-

recrystallisation process of the TiO2 is presented in Figure 3.8. 

However, strong Ti-F interactions might also lead to a low yield of the reaction and 

partial destruction of the growing particles. For example, Wang and co-workers have 

observed that together with increasing the initial TiF4 concentration, the {0 0 1} facets of 

the prepared microcrystals became selectively etched during the reaction, while the {1 0 1} 

ones were stable [99]. This phenomenon was explained based on the preferable formation 

of the TiOF2-like structure on the completely fluorinated (0 0 1) surface, which was further 

easily detached from the crystal structure after additional action of HF molecules. The same 

process was not favoured on the (1 0 1) surface. Indeed, the presence of the metastable 

cubic TiOF2 phase was also observed as the intermediate product of TiF4 hydrolysis in the 

presence of n-butanol, where only increased temperature and/or reaction time completed 

the further transformation to anatase [88], [100]. This observation correlates well with the 

F− effect on the stability of the {0 0 1} facets, since the (1 0 0) plane of the TiOF2 possesses 

a structure analogical to the (0 0 1) plane of anatase. In this regard, an easy transformation 

between the TiOF2 structure and the {0 0 1} anatase facets might be seen as both the source  
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of the preferred {0 0 1} exposition, as well as the source of their selective degradation, 

depending on the environment details. Schematic visualisation of these transformations is 

shown in Figure 3.9.  

On the other hand, utilization of the Ti-precursors that transform slower into TiO2 can 

also be used to obtain well-faceted products. For example, during the TiO2→titanate→TiO2 

route, the transformation between both phases depends on the K+/Na+ insertion and 

withdrawal from the crystal structure [101], rather than its condensation from the solution. 

Therefore, the additional presence of an aggressive environment, like HF, is not needed in 

this case. Other solid precursors of Ti were also used by various authors, including metallic 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Scheme of the possible transformation between the cubic TiOF2 structure and {0 0 1} 

crystal facet of anatase TiO2, promoted by geometrical similarities between the exposed crystal 

planes. Similar configuration the exposed Ti(OXF6−X) octahedra in both phases might also promote  

selective etching of the anatase {0 0 1} facet for higher HF concentration [99]. The magenta spheres 

in the TiOF2 structure show equivalent sites with mixed occupancy (0.66 of O and 0.33 of F). 
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Figure 3.8. Scheme of the initial nucleation of the hypothetical TiL4 compound (L = ligand) to TiO2, 

and further dissolution-recrystallisation process in the presence of HF, as commonly used during 

the hydrothermal/solvothermal reactions. Please note that [TiF6]2− anion is presented only 

schematically, and in the real solutions mixed-ligand anions are commonly observed [94], [128]. 
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Ti, TiSi2, TiB2 and Ti3C2 [102]–[105], however, it is noteworthy that in many of these cases, 

HF is still used to promote efficient transformation of such compounds to TiO2, due to their 

high stability. Furthermore, obtained titanium oxyfluoride might also be used as the solid-

state precursor of the TiO2. For example, as shown by Xie and co-workers, simple 

calcination of the TiOF2 cubes is enough to obtain anatase plates with well-defined {0 0 1} 

facets, without the need to introduce any solvents [106]. Similarly, Hu and co-workers have 

used NH4TiOF3 as the analogical substrate during calcination [107]. Finally, Gordon and co-

workers used a seeded approach order to obtain a set of faceted TiO2 nanocrystals [86]. 

During their work, they did not introduce additional solvent to etch obtained TiO2 nuclei, 

but instead used them as the seeds for further crystallization under continuous addition of 

the Ti-containing solution. Such an approach allowed them to obtain ultrafine, 

monodisperse TiO2 nanocrystals with various facet exposition, however, compared to other 

methods, it remains relatively complex.  

 Ultimately, the information stressed in this part underlines the most important aspects 

of the stabilisation and growth of the anatase crystals with low index facets exposed. 

Specifically, thermodynamic and kinetic considerations are highlighted as necessary to 

achieve well-defined morphology of the final particles. However, as the final note, it is 

worth mentioning that in many cases, the actual role of the specific compound might be 

more complex than the simple facet-stabilising effect or etching agent. For example, HF 

stabilise the {0 0 1} facets, etch the TiO2 structure, and in some studies, it is also mentioned 

to hinder its nucleation. However, compared to the HF, detailed interactions between Ti 

and a variety of other compounds used during the preparation routes are not investigated 

to the same extent. In this regard, presented information should not be seen as 

a systematic description of all possible interactions and mechanisms involved in such 

processes but rather a summation of the existing strategies and differences between them, 

as shown schematically in Figure 3.10. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Summary of the most important aspects and strategies used for the preparation of 

faceted TiO2 nanostructures. Reproduced from [52] under the Creative Commons Attribution 3.0 CC 

BY license. 
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3.5. KEY FINDINGS ABOUT THE PHOTOCATALYTIC ACTIVITY 

Following the progress in the preparation of the faceted anatase particles, numerous 

authors have studied and discussed their photocatalytic activity. These works can be 

roughly categorised into 3 main topics: (1) comparison of the particles that expose specific 

crystal facets in the majority and discussing mechanisms of the process on the specific 

surface; (2) preparation of the particles that expose two or more different crystal facets and 

optimizing their presence for a specific reaction; and (3) studying interactions between the 

facets and introduced surface modifications (e.g. defects, single atoms, molecules, clusters, 

particles). 

Focusing on the straightforward comparison of the different facets and their reactivity, 

the so-called activity orders were reported in the literature. Interestingly, different orders 

are commonly observed, depending on the process details. For example, Ye and co-

workers have reported photocatalytic activities of the anatase nanoparticles with ≥90% 

exposition of either {0 0 1}, {1 0 0} or {1 0 1} facets, including rhodamine B degradation, 

generation of reactive oxygen species (∙O2
− and ∙OH), as well as CO2 photoreduction to 

CH4 [80]. They observed that the {0 0 1} exposing particles, prepared from potassium 

titanate with (NH4)2CO3 as the stabilising agent, revealed the highest activity towards the 

generation of both radicals and degradation of rhodamine B. On the other hand, particles 

exposing the majority of the {1 0 0} facets were found to be the most active towards CO2 

reduction. Similar, high activity of the {1 0 0} facets towards CO2 reduction was also 

reported by other authors [14], [108]. On the other hand, focusing on the ROS generation 

and degradation of organic compounds, the described results of Ye and co-workers stand 

in some conflict with other studies. For example, multiple works have highlighted the 

efficient generation of the ∙OH radicals by the {1 0 0} facets, based on the oxidation of the 

terephthalic acid (TPA) as a probe molecule [79], [81], [109]. However, this high activity of 

the {1 0 0} facets towards ∙OH generation is not followed by reports showing efficient 

degradation of different organic compounds. For example, the work by Günnemann and 

co-workers reported that although the (1 0 0) surface, cut from the single crystal, showed 

the highest ∙OH generation in the TPA presence, its activity in the methanol oxidation was 

approximately two times lower than that of (1 0 1) and (0 0 1) [109]. In this regard, the 

preferred applicability of the {1 0 0} exposing particles towards water treatment is not 

obvious. 

Furthermore, focusing on the {1 0 1} comparison with {0 0 1} during the 

oxidation/degradation reactions, different conclusions were also reported by various 

authors. In the above-mentioned work, Günnemann and co-workers reported that (1 0 1) 

is more active towards both ∙OH generation (TPA-based) and methanol oxidation [109]. 

This is in contrast to the works by Ye and co-workers but is in line with the results by Pan 

and co-workers [81], as well as Mino and co-workers, who have shown higher phenol 

removal over the {1 0 1} facets than {0 0 1} [110]. On the other hand, Wu and co-workers 

have shown that for anatase single crystals with similar sizes, an increase of the {0 0 1} 

content leads to a higher activity towards methylene blue removal [102]. Finally, Lu and 
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co-workers have also shown that {0 0 1} exposing particles perform better in both water 

oxidation and phenol degradation when used as a photoanode [111]. 

Noteworthy, these differences observed between different oxidation/degradation 

reactions might result from the experimental details. First of all, oxidation of alcohols in 

the presence of TiO2 is known to occur also due to the direct h+ transfer to the alcohol 

molecule [112], which is different from the reaction with a priori generated ∙OH. Similarly, 

the degradation of colourful compounds, like methylene blue, might also involve the 

reactivity of the dye itself rather than the photocatalyst [113], [114]. Moreover, in the case 

of the TPA oxidation as the probe to detect generated ∙OH, it is mostly performed in the 

basic environment to enhance its dissolution. As highlighted in the previous parts, possible 

h+ localisation in the aqueous environment strongly depends on the electron density of 

the surface species. Therefore, the introduction of the basic conditions might lead to 

different results than e.g. in a neutral or acidic environment, simply due to the enhanced 

adsorption of the negatively charged OH− ions. Noteworthy, the study by Zhou and co-

workers has shown that the preferred oxidation/reduction of Mn and Fe species over the 

{0 0 1} and {1 0 1} facets might even change, depending on the pH [115]. 

Finally, the actual exposition of the discussed surfaces can change quite visibly, and 

co-exposition of the multiple facets might also influence the results. This is due to the 

known separation of the generated charge carriers, which can occur when multiple facets 

with different electronic structures are exposed. Right now, the authors have studied such 

a problem and reported that a specific ratio between exposed facets allows for 

optimisation of the efficiency during different photocatalytic reactions. For example, Yu 

and co-workers have shown maximum CO2 conversion to CH4 when {0 0 1}/{1 0 1} 

exposition ratio was ~58/42% [116]. Analogical results were also presented by Cao and co-

workers [117]. Furthermore, Zhao and co-workers have shown that co-exposition of the 

{0 0 1} and {1 0 0} facets in the form of anatase cuboids allowed to achieve significantly 

higher TPA oxidation rate, compared to the particles with dominant {0 0 1} exposition and 

P25 standard [118]. However, it can be noted that in this case, overall results did not include 

particles with a majority of the {1 0 0} facets, which show high activity towards TPA 

oxidation on their own, as highlighted earlier. Ultimately, the work of Roy, Sohn and 

Pradhan have shown that co-exposition of all three low index facets with a similar share in 

the surface area achieved a maximum degradation rate of methyl orange [119] (the highest 

variance within the prepared samples, between the 0-32% , was observed in the {1 0 1} 

presence and the lowest one, between 35-42%, for the {0 0 1}). 

Based on these exemplary studies, it can be noticed that co-exposition of different 

crystal facets might be a promising strategy for increasing photocatalytic activity. This is 

reasonably connected with the possible e−/h+ separation between different surfaces, which 

should decrease recombination of the photogenerated charge carriers.  

In this regard, the effect is similar to the surface modification with co-catalysts and 

formation of junctions, which are long-time used strategies to achieve an analogical effect. 

In fact, combining both the exposition of specific facets and their further modification 
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might be considered the state-of-the-art approach to the complex problem of 

photocatalyst design. First, suitable selection of the exposed facets and surface species 

should straightforwardly promote separation and “withdrawal” of the charge carriers from 

the bulk structure [41], as shown schematically in Figure 3.11. Therefore, their lifetime and 

resulting efficiency might be increased. However, it should be noted that in such a case, 

charge transfer to modifying species might completely change the mechanism of reaction 

since their physicochemical properties can be significantly different from the photocatalyst 

itself. For example, it is known that the deposition of different co-catalysts on the TiO2 

surface can promote either holes or electrons separation, therefore changing their 

potential  [120]. 

In this regard, considerable attention has been recently focused on studying 

interactions between the different facets and other materials, including either the 

dominant exposition of a selected facet or the co-exposition of multiple ones. For example, 

Mao and co-workers reported that deposition of Pt co-catalyst shows a different effect on 

the CO2 reduction ability of the anatase nanoparticles exposing either {1 0 0} or {0 0 1} 

facets in the majority [108]. Specifically, they observed that after the modification with 1% 

wt. of Pt, {0 0 1} exposing nanoplates achieved almost 50% higher efficiency than the {1 0 

0} rods (~0.045 µmol∙g−1∙m−2 of CH4 production over the {1 0 0} vs. ~0.085 µmol∙g−1∙m−2 

over the {0 0 1}), which was opposite than before the Pt loading (~0.105 µmol∙g−1∙m−2 vs. 

~0.035 µmol∙g−1∙m−2 respectively). Therefore, the Pt presence has exactly the opposite 

effect on the activity of both facets. It was explained based on the specific structure and 

electronic properties of the facets itself, as well as differences in Pt dispersion on both 

surfaces. Interestingly, it can be noted that the highest activity (after surface normalisation) 

was observed for the unmodified {1 0 0}, which agrees with other studies showing their 

 

 

 

 

 

 

 

 

Figure 3.11. Scheme of the charge carriers separation between the co-exposed {0 0 1} and {1 0 1} 

facets, followed by transfer to selecteviely deposited co-catalysts and subsequent reactions (a); as 

well as associated energy chages of both h+ and e− (b). In panel b, electronic structure of the 

reductive co-catalyst is assumed to be metallic, with a contineous distribution of states filled up to 

the hypothetical Fermi level. 
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preference for CO2 reduction, as mentioned before. In this regard, the modification 

strategy of the {1 0 0} facets for CO2 reduction is not obvious at the moment. 

On the other hand, photocatalytic generation of H2 over TiO2 generally requires 

modification of its surface with co-catalysts, due to the relatively low activity of the TiO2 

itself. In this regard, interactions between anatase facets and different co-catalysts are 

commonly studied. Concerning the simple case of the dominant exposition, various 

authors have compared their activity. Interestingly, performance seems to vary between 

the studies. For example, when modified with 1% wt. Pt, the {1 0 1} facets were reported as 

more active for H2 generation from methanol/water solution than {0 0 1}, [86]. Similar 

conclusions were also presented by Wang and co-workers (ethanol/water, modified with 

MoXC [121]) and Liu and co-workers (methanol/water, modified with graphene [122]), 

however, in the later, the overall highest activity was observed for the sample exposing 

{1 0 0} facets. On the other hand, the results presented by Wei and co-workers have shown 

the opposite trend, with {0 0 1} achieving up to ~10 times higher H2 evolution rate from 

water/methanol than {1 0 1}, when modified with both Pt, Au and their bi-metallic 

combinations [123]. Analogically, Liu and co-workers have shown higher activity of the 

{0 0 1} facets over both {1 0 0} and {1 0 1}, when modified with CuOX (methanol/water 

[124]). Interestingly, it can be noted that in the case when {1 0 1} achieves visibly higher 

efficiency, prepared samples show the visible presence of excess electrons in their 

structure, which was not observed to the same extent in other studies. Therefore, different 

concentrations of defects might be possible sources of variation between these studies 

and their presence seems beneficial for the activity of the {1 0 1}. 

Following studies with a dominant presence of a selected facet, the co-exposition of 

multiple ones seems to be a general strategy for improving H2 generation. For example, 

Wei and co-workers compared the performance of the {1 0 1} exposing octahedrons with 

the {0 0 1}/{1 0 1} co-exposing decahedral anatase particles, after modification with either 

Cu, Ag or Au [60]. As presented, co-exposition of both facets allowed to achieve similar 

(Au) or 2-times better performance (Cu), despite the surface area of the TiO2 particles being 

almost 10 times lower than in the case of the {1 0 1} octahedrons. Among others, this was 

attributed to the efficient charge separation between the {0 0 1} and {1 0 1} facets, as 

evidenced by time-resolved microwave conductivity measurements. Analogically, Zhang 

and co-workers have shown optimized {0 0 1}/{1 0 1} junction for H2 evolution when 

modified with Pt [125]. Furthermore, as shown by Meng and co-workers, selective 

modification of the {0 0 1} with Co3O4 and {1 0 1} with Pt allowed to further boost H2 

production, compared to the single co-catalyst, as well as samples with a random 

distribution of either cobalt oxide or platinum [126]. Specifically, this work might be seen 

as a straightforward application of the strategy presented previously in Figure 3.11. 

Analogical structure of {0 0 1}-MnOX/{1 0 1}-Pt was also proposed for CO2 reduction [127]. 
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4. RESEARCH GOALS 

Summarising, the exposition of the different crystal facets significantly affects the 

photocatalytic activity of TiO2, due to the differences in their geometries, energies and 

electronic properties. However, based on the presented literature overview, numerous 

white spots are still present within the existing information. Specifically, there seems to be 

no consensus about the most suitable crystal facet(s) for the degradation of organic 

pollutants. Furthermore, this problem is even more underexplored when taking into 

consideration different structures of the possible pollutants, their degradation pathways, 

mineralisation and generation of different reactive species under irradiation. Therefore, it 

is challenging to decide if crystal facet engineering is a suitable approach for optimizing 

TiO2 activity for such reactions as well as to what extent conclusions from some studies 

could be generalised for different organic pollutants. 

In this regard, systematic studies were planned within the PhD work in order to 

investigate in detail the effect of different crystal facets of anatase TiO2 exposition on the 

efficiency of photocatalytic degradation of selected persistent organic pollutants in water. 

Specifically, the main focus was directed at the exposition of low index anatase facets and 

analysing their application for the degradation of aromatic pollutants; with phenol acting 

as the model pollutant and followed by other environmentally relevant compounds. The 

specific problems, such as: 

i. Determination which crystal facets are the most suitable for the degradation 

of organic compounds (Is there any? Does it depend on the pollutant type?), 

ii. Investigation of the relation between exposed crystal facet and possible 

degradation pathway and mineralisation efficiency (Does the degradation 

pathway depend on the exposed facet? Does mineralisation correlate with the 

degradation efficiency of the parent compound or some observed by-

products?), 

iii. Finding factors that might be seen as the most decisive for a particular facet-

pollutant combination and establishing a specific relation between them and 

observed degradation rate (What determines the activity of the specific facet 

and what is the contribution of the pollutant electronic structure? Is it possible 

to find such dominant factors?), 

iv. Investigation of the interactions between different faceted TiO2 nanoparticles 

and ferrimagnetic semiconductor when combined as a composite (Are these 

interactions the same or differ, depending on the exposed crystal facet? Can 

the magnetic properties of the second phase significantly affect observed 

degradation rate?), 

v. Investigation interactions between introduced dopants (point defects) and 

exposed crystal facets (Is the effect of the same dopant always the same, 
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indecently on the exposed facet? Can we optimize reaction rate by introducing 

specific species to the TiO2 lattice?), 

are all underexplored in the existing studies and were especially important for the planned 

works. Noteworthy, the main aim of this work is not connected strictly with the 

fundamental studies of the possible anatase crystal facets, which to a great extent have 

already been reported, but rather to create a link between their basic information and 

actual performance observed during the photocatalytic water treatment. 

Following identified white spots and raised questions, the hypotheses can be 

presented, either based on the straightforward analyses of the existing studies or as a result 

of the progressing works. The most important of these hypotheses might be formulated 

as: 

H1. Alternation of the exposed crystal facet will significantly affect the observed 

efficiency of the pollutant degradation over anatase TiO2, 

H2. Efficient degradation will lead to proportionally efficient mineralisation, measured 

as total organic carbon removal, 

H3. Different exposed facets will lead to different degradation pathways of the same 

pollutant, 

H4. There is a specific feature of the analysed facets that might be seen as decisive for 

the efficiency of the water treatment process and a specific relation between them 

might be established, 

H5. Different facets will achieve higher degradation/mineralisation, depending on the 

structure and properties of the pollutant, 

H6. When combined as a composite, interactions between TiO2 and other materials 

might have a different effect on activity, depending on the exposed crystal facet, 

H7. Different exposed facets will react differently to the same point defects and the 

associated change in the density of charge carriers at the ground state, 

H8. The same exposed crystal facet will achieve maximum activity for a different 

ground state density of charge carriers (connected with point defects), depending 

on the investigated reaction. 

Ultimately, a specific workplan was designed to systematically investigate possible 

effects. As presented schematically in Figure 4.1., the research issues of the PhD 

dissertation were studied and discussed in detail in a series of 6 directly related 

publications [P1-P6]. The first study [P1] was aimed at the initial analysis of the possible 

crystal facet effect on phenol degradation, its pathway and mineralisation, when using 

particles prepared at relatively similar conditions. This was followed by preparation of the 

TiO2 particles with a dominant exposition of either {0 0 1}, {1 0 0} or {1 0 1} facets, which 

included a detailed study on the growth of the {0 0 1} exposing particles in different alcohol 
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environment [P2]. Obtained particles with optimised exposition of each facets were further 

used in studies on identifying the most important factors deciding observed degradation 

ability, focused either on the facets themselves [P3] or both exposed facets and structure 

of the pollutant [P4]. Following studies on the unmodified TiO2, analogical particles were 

combined with the BaFe12O19 to study their performance when combined with other crystal 

phases, which in this case included both electronic and magnetic interactions [P5]. As the 

last part of the PhD study, analogical TiO2 structures were also doped with the Nb5+ ions 

in order to study the effect of excess electrons on the photocatalytic activity, when different 

crystal facets are exposed. The most important information and findings of these studies 

[P1-P6] are briefly summarised in the following sections. The detailed publications [P1-P6] 

are presented at the end, after the references. Finally, chapter 15 describes unpublished 

results (currently under review), which are a direct continuation of the relations observed 

in the publication [P6], therefore completing the works associated with the research goals.  

Finding/optimizing

preparation procedure

for different crystal

facets

Preparation of the nanoparticles with 

different {0 0 1}, {1 0 0} and {1 0 1} 

exposition under similar conditions

Nanopaticles with

optimised {0 0 1}, {1 0 0} 

and {1 0 1} exposition

Degradation of phenol

and toluene. Correlation

study with reported

surface-related factors

Selection of the 

different water

pollutants. DFT-based

determination of their

reactivity predictors

Analysis with respect to pollutant structure. 

Development of the model including both

facet and pollutant-oriented predictors

Development of the 

statistical model 

describing facet activity

Combining with the 

BaFe12O19 ferrite, with and

without SiO2 interlayer as

insulation

Doping with electron-

donating and electron-

accepting species

Publication P2 Publication P5

Publication P3

Publication P4 Publication P6 and Chapter 15

Publication P1

Degradation of phenol. Initial analysis of 

degradation rate, mineralisation efficiency

and by-products formation

Phenol degradation, ROS 

generation and 4-nitrophenol 

reduction. Analysis with 

respect to the numer and fate

of excess charge carriers.

Phenol degradation. 

Analysis with respect to 

possible electronic and 

magnetic interactions

Figure 4.1. Scheme of the perfomed works and problems investigated within the presented PhD 

thesis. Publication number defined the order of the following chapters. 
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EXPERIMENTAL PART 

5. PREPARATION OF THE PHOTOCATALYSTS 

The photocatalysts were prepared using hydro/solvothermal methods exclusively, with 

200 cm3 Teflon-lined reactors placed in a laboratory oven. Temperature, time, substrates 

and environment varied depending on the work and designed material. All presented 

reaction times include heating of the oven, to 210  C. In the case of the TiO2 P25 etching 

with NaOH or KOH solutions in 100 cm3 reactors was used. After the reaction reactors were 

taken out and left to cool down naturally. If not stated otherwise, prepared powders were 

centrifuged, washed with water 3-4 times, dried at 80-90  C and grounded in agate mortar. 

The detailed descriptions of the preparation methods are presented in publications 

[P1-P6]. 

6. CHARACTERIZATION OF THE PHOTOCATALYSTS 

Typical characterization of the prepared materials included analysis of the crystal 

structure, absorbance spectra, development of the surface area, elemental composition, 

morphology of the materials, surface composition and chemical states, as well as analysis 

of the valence band edge. 

The crystal structure was analysed based on the powder X-ray diffraction (XRD) 

measurements, performed using the Rigaku MiniFlex 600 diffractometer with Cu Kα 

radiation. Qualitative analysis was performed based on the available cards of the standard 

compounds in the International Centre for Diffraction Data (ICDD) database. Quantitative 

analysis was made using the reference intensity ratio (RIR) method. Alternatively, if Rietveld 

refinement of the profile was performed, crystallographic information files (.cif) were 

obtained from the Crystallography Open Database (COD), and the refinement was made 

using X’Pert HighScorePlus 2006 software. 

Absorption properties of the samples were analysed based on the diffusive reflectance 

spectroscopy measurements using the Thermo Fisher Scientific Evolution 220 

spectrophotometer in the wavelength range between 200-1100 nm (DR-UV/vis). For the 

reflectance standard, BaSO4 was used throughout the works. Detailed estimation of the 

bandgap energy was made using the Tauc method, following the exact procedure 

suggested by Makuła, Pacia and Macyk [19]. 

Development of the surface area was estimated based on the analysis of the N2 

adsorption isotherm in the temperature of liquid nitrogen, within the range of partial 

pressures between 0.05 and 0.30 (Brunauer-Emmet-Teller isotherm, BET). Measurements 

were performed with the Micromeritics Gemini V apparatus. Prior to measurements, 

samples were degassed in the flow of N2, either at 200  C for 2 h or 140  C for 4 h. 

Morphology and elemental composition of the samples were analysed using the 

scanning electron microscope (SEM), combined with the energy dispersive X-ray electron 
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spectroscopy (EDS) measurements. Measurements were made using the FEI Quanta FEG 

250 microscope, equipped with an Apollo-X SDD spectrometer. The EDS data were 

obtained as the average over the large, possibly uniform area of the samples using an 

accelerating voltage of 30 kV with a scanning resolution of 132 eV. The detection level for 

the analysed elements, except for oxygen, was determined as 0.1 at %. Prior to the 

observations, samples were coated with a thin layer of Au to help remove excess charge 

introduced during the analysis. Depending on the study, statistical analysis of the observed 

nanoparticles’ dimensions was made based on at least 100-200 measurements. 

The chemical states of the elements on the surface were determined by X-ray 

photoelectron spectroscopy (XPS) in cooperation with various researchers, depending on 

the study. In each case, high-resolution spectra were collected and deconvoluted in order 

to determine the chemical states of the elements. Measurement details, such as the source 

of radiation, pass energy and the number of scans, varied depending on the equipment. 

Peak positions were generally corrected by treating carbon signal C 1s = 284.8 eV as the 

internal standard. Depending on the study, XPS analysis included scanning of the valence 

band in order to investigate the possible formation of the surface defect states above the 

band’s edge. 

7. DENSITY FUNCTIONAL THEORY CALCULATIONS 

Depending on the study, experimental results were supported by density functional 

theory calculations to get better insight into possible explanation of the observed effects. 

Two types of calculations were performed, either in the periodic systems or for the 

molecular models. Calculations for molecules were performed using Orca software [128], 

[129] with hybrid functionals (either PBE0 or B3LYP [130], [131]), combined with possible 

D3BJ correction [132] and different basis sets, depending on the study. The geometry of 

each structure was always optimized, which was controlled by the analysis of the 

vibrational frequencies (no negative frequencies). All Orca calculations included 

conductor-like polarizable continuum model of solvation (CPMC) to account for possible 

effects of the water matrix [133]. 

Calculations in periodic systems were performed with the Quantum Espresso software 

package [134], [135], using PBE functionals [136] with additional introduction of the 

Hubbard U parameter to account for the on-site coulombic interactions. Crystal structures 

of the analysed phases were modelled based on the available .cif files and their geometry 

was always optimized to the convergence threshold of 10-3 Ry∙Bohr-1 using the BFGS 

algorithm. For the 3D dimensional crystal structures, optimization included both atom 

position and cell parameters. For the simulation of the surfaces, 2D slab models were 

constructed from the optimized structure of the bulk phase and further optimization was 

performed only for the positions of atoms. For these models, minimum 10 Å of vacuum 

was added between the repeating surfaces. Further details, including model sizes, surface 

types, possible defects and number of introduced K-points varied between the studies. 
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Lastly, different details of the periodic calculations were used in the publication [P3], 

in cooperation with José R. B. Gomes and José Daniel Gouveia from University of Aveiro. 

8. PHOTOCATALYTIC ANALYSES 

Majority of the photocatalytic tests were performed using 25 cm3 reactor, equipped 

with a cooling jacket, magnetic stirrer, hoses for the sample collection and airflow 

introduction, as well as a quartz window as the light’s entry. The scheme of the reactor is 

presented in Figure 8.1a. The reactor was irradiated from one side using 300 W xenon lamp 

with water filter to cut-off IR irradiation, and the light’s beam was concentrated at the 

reactor centre. If not stated otherwise, reactor position was adjusted to achieve maximum 

UVA flux intensity (ICentre) of 30 ±1 mW∙cm−2, controlled using Hamamatsu C9536-1 UV 

power meter, equipped with a H9958 head. Detailed emission spectrum of the lamp and 

distribution of the UVA flux at the reactor border for ICentre = 30 mW∙cm−2 are presented in 

Figure 8.1b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1. Scheme of the photocatalytic reactor used during most of the performed processes (a), 

together with the emission spectrum of the utilized Xe lamp and measured UVA flux around the 

centre of reactor for ICentre = 30 mW∙cm−2 (b), as well as  observed change in the phenol degradation 

rate with increasing concentration of commercial P25, performed in order to initially estimate 

optimal degradation conditions (c).  
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For a typical degradation process, phenol solution with a concentration of 

20 ±1 mg∙dm−3 (approx. 0.2 mmol∙dm−3) was prepared from the 500 mg∙dm−3 stock 

solution and was mixed with a photocatalyst to achieve powder concentration of 2 g∙dm−3. 

Such suspensions were left to achieve equilibrium for 30 min (600 rpm stirring, 20 ±1  C 

and 4.5 ±0.5 dm3∙h−1 of airflow), during which the lamp flux was stabilizing. Adopted 

conditions were based on the general IUPAC recommendations [137], as well as control 

measurement of the degradation rate over commercial P25, which showed maximum rate 

constant (k) for concentration ≥ 2 g∙dm−3 (Figure 8.1c). Analogical relations between the 

observed k and photocatalyst concentration were verified for different prepared materials, 

which always agreed that 2 g∙dm−3 is a suitable amount for comparing their maximum 

activity. Depending on the study, concentration of the phenol solution was changed to 

achieve different amount of pollutant molecules per surface unit of the introduced 

photocatalyst, under otherwise the same optical properties of the suspension. 

For the degradation of compounds other than phenol, their maximum concentrations 

varied between ~14-20 mg∙dm−3, depending on the solubility. In the case of 4-nitrophenol, 

its reduction was carried out in the methanol solution, which was purged with Ar during 

the stabilisation (no airflow was introduced during the process). In this case, 

0.50 ±0.05 mmol∙dm−3 solution was prepared from the 12.5 mmol∙dm−3 stock solution 

before each process. 

In the case of toluene degradation in the gas phase, samples were tested as layers 

deposited on the glass substrates with different size. Degradation process was performed 

in a flat stainless-steel reactor with a working volume of 30 cm3, equipped with a quartz 

window, two valves, a septum and 25 light-emitting diodes (LEDs) acting as the UV light 

source (λmax = 375 nm). The intensity of the incident UVA light above the photocatalyst 

layer was 5 ±0.5 mW·cm−2. In a typical experiment, the prepared substrate was placed in 

the centre of the reactor, and the reactor was filled with the mixture of toluene 

(approximately 40  mg·dm−3) and synthetic air at a flow rate of 0.17 m3·h−1 for 1 min. After 

this time, the flow was stopped, the reactor was closed with the valves and kept in the dark 

for 40 min to achieve equilibrium before the introduction of light. 

Degradation kinetics were always analysed with a I-order reaction model, with 

a determined rate constant (k) as k = ln(C0/C), where C is concentration and C0 is 

a concentration at the start of the photocatalytic process. 

9. ANALYTICAL PROCEDURES 

All collected liquid samples were passed through the Chromil PET syringe filters with 

0.2 µm pore size in order to remove photocatalyst particles. The efficiency of the processes 

was monitored using a Shimadzu high-pressure liquid chromatography system equipped 

with a diode array detector and Phenomenex Gemini 5 μm C18 column (HPLC-DAD).  

Quantitative analyses, including phenol, para-hydroxyphenol, ortho-hydroxyphenol, 

benzoquinone, ibuprofen, acetaminophen, carbamazepine, 4-nitrophenol and 
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4-aminophenol were performed after calibration with commercially available pure 

compounds. Details of the separation conditions varied, depending on the target 

compound. 

Removal of the organic carbon from the solution was monitored after the degradation 

processes as the change in the concentration of the total organic carbon (TOC), compared 

to the initial solution of the pollutant. Measurements were performed with the Shimadzu 

TOC-L analyser. 

The degradation of toluene was monitored chromatographically after calibration with 

toluene samples of known concentration by collecting gas samples from the reactor 

through the septum using a gastight syringe. Analysis was performed using a PerkinElmer 

Clarus 500 gas chromatograph equipped with a flame ionization detector and a DB-1 

capillary column (30 m × 0.32 mm, film thickness 3.0 μm).  
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RESEARCH DESCRIPTION 

The following part summarizes the most important aspects and results obtained 

during the PhD dissertation. The order of the chapters follows the logical order of the 

published works, with the corresponding publications highlighted in the titles. Please note 

that for clarity, some figures originally present in these publications were rearranged to 

better fit the summation. Nevertheless, at their core, they always present the same data 

and conclusions. Finally, additional comments that were not included in the original 

publications are occasionally present in order to help discuss the results presented in the 

overall works all-together. 

10. INITIAL STUDY ON THE POSSIBLE FACET EFFECT [P1] 

The initial study on the possible effect of the exposed crystal facet on photocatalytic 

degradation of organic pollutants was performed using phenol as a model pollutant. In 

this work, a special focus was on obtaining different facet exposition as a result of a similar 

preparation route to minimise the number of possible factors affecting final properties. In 

this regard, the original approach was proposed, treating metastable cubic TiOF2 as 

a universal precursor for different anatase morphologies. The exact procedure involved the 

preparation of TiOF2 from TiF4 in the presence of n-butanol, and further transformation of 

the TiOF2 to anatase in an aqueous environment, with different amounts of HF, HCl, N2H4 

and NH4OH introduced as morphology-controlling agents. In such a way, the amount of 

fluorine that is naturally introduced to the system together with the Ti precursor was 

limited compared to the commonly used TiF4. This especially increased the yield of the 

final TiO2 product and enabled (relatively) easy control over its morphology in the aqueous 

environment. Noteworthy, in the case of the N2H4 and NH4OH, their molar concentration 

in both reactions was equal and they were introduced in a visible excess to Ti, in order to 

change environment to basic.  

The single-phase character of both anatase and TiOF2 as a precursor was confirmed 

with the powder XRD, without any noticeable features in the patterns. Furthermore, SEM 

observations confirmed differences in the TiO2 morphology associated with the exposed 

crystal facets, as presented in Figure 10.1a. 

Briefly, hydrolysis of TiOF2 in pure water produced ultrafine particles in the form of 

truncated octahedrons, as expected from the Wulff construction (sample labelled as H2O). 

Further introduction of HF, HCl or HCl/HF mixture generally stimulated the growth of the 

particles and exposition of the {0 0 1} facets, in accordance with the increased fluorine 

presence and enhanced dissolution-recrystallisation reaction (possibly with the formation 

of hypothetical [TiClXF6−X]
2−

 species). On the other hand, particles prepared in the presence 

of N2H4 show well-defined octahedral morphology, with an almost complete exposition of 

the {1 0 1}, which agrees with the known role of hydrazine in promoting their presence 

[85]. Noteworthy, in this case, orientation between the exposed {1 0 1} and the facets that 

appear at the top of octahedrons does not match the co-exposition of the {1 0 1} with {0 
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0 1}, suggesting that these minority facets might adopt the structure of other crystal planes, 

possibly (1 0 3) or (1 0 5). Nevertheless, their content is strictly limited to approximately 

1.5% of the total exposed surface, making it unlikely that their presence would be decisive 

for the properties of the sample. In this regard, after simplifying that sample N2H4 is 

enclosed with the {1 0 1} facets, samples HF, HF/HCl, HCl, H2O and N2H4 form a series of 

materials with competing {0 0 1}/{1 0 1} exposition, which was described as a truncation 

ratio A/B. 

Interestingly, changing N2H4 to NH4OH with the same concentration formed a unique 

morphology, which can be described as aggregates of elongated, tetragonal particles that 

would match increased exposition of the {1 0 0} facets. Possibly, this could be a result of 

the NH4OH being a stronger base than N2H4, which might increase oxygenation of the 

surface, analogical to the known case of {1 0 0} stabilisation from Na-titanates. 

Outside of the morphological differences, important observations were made based 

on the XPS analysis. As presented in Figure 10.1b., all of the prepared samples show some 

amount of non-stoichiometric Ti states, which is attributed to the formation of the TiO2−X 

structure. The concentration of these defects states generally follows the acidity/HF 

presence of the solution, with some exceptions in the case of the sample prepared with 

the addition of HCl. It was proposed that for this sample, the presence of HCl promoted 

recrystallization of the initially defected structures, but in contrast to HF it was not 

aggressive enough to etch the stoichiometric surface with similar efficiency. 

Following characterization, all samples were studied towards phenol degradation, as 

described in detail in the chapter 8. In each case, prepared materials were able to degrade 

phenol, with ortho-hydroxyphenol (catechol) and para-hydroxyphenol (hydroquinone) 

observed as the initial aromatic by-products and subjected to quantitative analysis. 

Interestingly, as presented in Figure 10.1c., ortho-hydroxyphenol formation was greatly 

suppressed in the presence of the NH4OH and N2H4 samples. 

Detailed analysis of the degradation kinetics revealed that all materials show 

a relatively random activity order of phenol degradation as HCl > N2H4 >H2O > NH4OH > 

HF > HF/HCl. However, it was not followed by the TOC removal. As highlighted in Figure 

10.2a., the removal of organic carbon has shown a remarkable trend with the calculated 

truncation ratio, where more truncated particles achieved less efficiencies, independently 

on the removal of phenol itself. In this regard, obtained results present an important 

conclusion that efficient removal of the parent compound will not always correlate with 

possible mineralisation, which was presented for the first time considering different 

exposed facets. In this regard, a strong correlation between the {1 0 1} presence and 

increased TOC removal can be seen as an important observation for their possible 

application in water treatment processes. 
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Figure 10.1. Exemplary SEM images (a), deconvoluted XPS signals of the Ti 2p states (b) and phenol 

degradation curves (c) of the anatase samples prepared from the TiOF2 in the presence of selected 

stabilising agents. 
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Finally, a more detailed analysis was also performed concerning observed differences 

in the created by-products (para and ortho-hydroxyphenols). As presented in detail in 

Figure 10.2b., in the case of samples NH4OH and N2H4, the formation of 

ortho-hydroxyphenol was greatly suppressed, with its para-substituted analogue achieving 

approximately 11 and 27 times higher concentrations, respectively. Noteworthy, compared 

to other materials, both these samples were not characterised the formation of the 

well-defined {0 0 1} facets, suggesting that their presence was important for the formation 

of ortho-substituted product. In this regard, two possibilities were considered to influence 

the reaction pathway: either the specific interactions between the exposed facet and the 

phenol are responsible for the observed substitution pattern, or it results from the different 

reactive species generated by different materials. To investigate these possibilities further, 

simple calculations of the minimum energy path were performed for both ·OH and ·O2
− 

addition at ortho and para positions as the initial degradation steps, using the nudged 

elastic band (NEB) method implemented in the Orca software. Interestingly, as presented 

in Figure 10.2c., obtained results have indicated that in both cases, addition at the ortho 

position is energetically more favoured, which cannot explain the absence of this 

by-product during the reaction. In this regard, it was concluded that some facet-dependent 

surface processes must be responsible for the observed selective formation of 

para-hydroxyphenol. 

In summary, the initial study confirmed important differences in the activity of TiO2 

with alternated facet exposition. Specifically, the obtained results disproved hypothesis 

[H2], showing that photocatalysts with slower degradation of phenol itself might achieve 

higher removal of total organic carbon. In this regard, increased exposition of the {1 0 1} 

facets promotes TOC removal, independently of the degradation rate. This fact can be 

connected with the preferred reductive character of the {1 0 1} that might stimulate the 

 

 

 

 

 

 

 

Figure 10.2. Observer removal of the total organic carbon (TOC) after the 60 min of phenol 

degradation over the samples prepared from the TiOF2, with respect to the observed octahedron 

truncation (a); corresponding ratio between observed amount of para and ortho-hydroxyphenol, 

calculated for the 30% of phenol degradation (b); and calculated energy barrier for the ∙OH and 

·O2
− addition at both positions in the phenol ring, obtained from the NEB calculations (c). In panel 

(a) and (b), sample prepared in the presence of NH4OH is shown separately, since analogical A/B 

value does not apply for this morphology.  
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formation of the ·O2
− radicals, a species that are commonly reported to form and react 

slower than ·OH (also supported by the NEB results) [138], [139], but are good ring-opening 

agents [140]. Furthermore, the presence of ortho-hydroxyphenol was found to depend on 

the {0 0 1} presence, which cannot result from the differences in the ROS generation. 

Therefore, the selectivity of the degradation pathway was also suggested to depend on 

the facet-dependent surface processes, initially suggesting hypothesis [H3] to be true, 

however, a detailed mechanism was not possible to present at this point. 

11. OPTIMIZATION OF THE {0 0 1} EXPOSITION [P2] 

Following the initial study, {1 0 1} facets were proposed as most suitable for the water 

treatment, especially showing better TOC removal than {0 0 1} and {1 0 0}. However, it must 

be noted that in all cases, samples prepared from the TiOF2 precursor had defected surface 

structure, as confirmed by the XPS analysis. Moreover, during this study, both {0 0 1} and 

{1 0 0} achieved only limited exposition in the analysed samples, in contrast to the {1 0 1}. 

For example, the highest exposition of the {0 0 1} facets, observed for the sample prepared 

with the addition of HF and with truncation ratio of A/B ≈ 0.65, can be estimated only as 

~17%. In this regard, further works were focused on obtaining stoichiometric materials, 

with the maximised exposition of all three facets, in order to confirm initial observations.  

While, in the case of the {1 0 1} and {1 0 0}, preparation of the defect-free particles 

with their dominant exposition was relatively straightforward, as summarized in the next 

part, preparation of the analogical {0 0 1} structure was found to be more challenging. 

Specifically, initial trials have highlighted significant variation in the final morphology and 

properties, depending on the reaction environment, temperature, stabilising agent, its 

amount, titanium concentration and others. For example, these failed trials include the 

formation of the {0 0 1} exposing plates in the K-titanate/CO3
2− system, as proposed by 

Han and co-workers [91]. Ultimately, solvothermal condensation of titanium tert-butoxide 

(TBT) in the presence of alcohols with concentrated HF was found to be the most reliable 

method, when performed at 210  C. Following this observation, a systematic study was 

made in order to optimize the final product. Specifically, different types and amounts of 

alcohols were tested as an environment since this problem was not investigated in detail 

in the existing literature. Detailed preparation procedure included condensation of 17 cm3 

TBT,  together with 3.4 cm3 of HF solution (48% wt.) at 210  C. Furthermore, various alcohols 

(methanol, ethanol, n-butanol and n-hexanol) were added in different amounts (10, 30 or 

60 cm3), and the reaction was carried out between 8 and 24 h. 

 After each reaction, nanoparticles were centrifuged and washed several times with 

ethanol, followed by water. During the second part of the washing, approximately 10 cm3 

of 0.1 M solution of NaOH was introduced once per sample to help remove adsorbed 

fluorine ions. Obtained samples were denoted as “SolventX-Yh”, where the solvent is 

methanol (Me), ethanol (Et), n-butanol (But) or n-hexanol (Hex), X is the volume of the 

solvent, and Y is the reaction time. For example, But30-8h is a photocatalyst prepared with 

30 cm3 of n-butanol during 8 h reaction. 
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Overall, the obtained results have shown a significant effect of the alcohol 

environments on the final properties of the materials. For example, this includes 

stabilisation of the TiOF2 for syntheses prepared with a low amount of n-butanol and 

n-hexanol, as observed based on XRD analysis. Furthermore, increased reaction time 

allowed to obtain larger, more crystalline particles with a lower surface area, in accordance 

with the prolonging dissolution-recrystallisation reactions. Summation of the XRD analysis, 

including Rietveld refinement and BET measurements for all obtained samples, is 

presented in Table 11.1. Estimation of the amorphous phase content was based on the 

XRD measurements with NiO acting as the internal standard. Crystallite size was estimated 

using the Sherrer equation. 

Samples obtained in the presence of short-chained alcohols (methanol and ethanol) 

exhibited less platelet morphology compared to the n-butanol and n-hexanol. SEM images 

of the materials are presented in Figure 11.1a. Based on the combined XRD and SEM 

Sample              

Anatase crystallite size 

along the [0 0 1] 

direction (nm) 

TiOF2 content 

(% wt.) 

Amorphous 

phase content 

(% wt.) 

BET surface 

area (m2∙g−1) 

Me10-8h 14 0 37.5 85 

Me10-24h 23 0 18 54 

Me30-8h 13 0 24 94 

Me30-24h 15 0 35 85 

Et10-8h 13 0 39 100 

Et10-24h 17 0 16 68 

Et30-8h 16 0 32 83 

Et30-24h 30 0 14 34 

But10-8h 9 13 51 Not analysed 

But10-13h 14 9 39 Not analysed 

But10-24h 12 51 33 Not analysed 

But30-6h 10 23 64 Not analysed 

But30-8h 12 0 66 99 

But30-13h 17 0 58 62 

But30-18h 21 0 46 47 

But30-24h 33 0 19 19 

But60-8h 15 0 33.5 80 

But60-13h 22.5 0 25.5 47 

But60-24h 21 0 23 Not analysed 

Hex10-8h 11 15 39 73 

Hex10-24h 16.5 3 58 52 

Hex30-8h 12 6 54 79 

Hex30-24h 27 0 21 42 

Table 11.1. Summation of the XRD analysis and measured BET surface area of the samples prepared 

solvothermally from TBT in the presence of HF and different alcohols. Crystallites size were 

estimated using Sherrer equation, based on the refined patterns. Amorphous phase content was 

determined using NiO as internal standard.  
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analyses, it was concluded that the length of the alcohol chain affects the nucleation of the 

TiO2 particles and possible dissolution-recrystallisation. The reason for this might be 

connected with possible nucleation via ether-elimination reaction (11), as proposed by 

Pina and co-workers for the general formation of metal oxides (M-O-M) from the 

corresponding alkoxides [141]: 

 2M-OR → M-O-M + R-O-R (11) 

For such a process, a longer carbon chain of the alkyl group (R) might slow down the 

process, for example, due to the larger steric hindrance. While it is noteworthy that in case 

of the investigated system mixed ligand species [TiF6−X(OR)X]
2− should form [142], therefore 

possibly enabling condensation via analogical elimination of the alkyl fluoride (RF), the 

general conclusion of the slower nucleation for the system with longer R chain seems 

equally valid, as long as alcohol species are the predominant source of oxygen in the 

system (which is true since the initial amount of H2O in the system is limited to the added 

HF solution, which is in the minority to the alcohol environment and TBT itself). On the 

other hand, it is also possible that for higher amounts of ROH introduced to the synthesis, 

condensation of the free alcohol molecules might lead to the formation of additional H2O 

[100], further stimulating condensation of the TiO2. Interestingly, this is in agreement with 

the observation that for the highest molar amounts of introduced alcohol, produced 

particles form less platelet morphology (series Met30, But60 and Et30), which might be 

due to increased preference to expose {1 0 1} facets in the water environment [87]. 

A summation of the relation between the molar amount of introduced alcohol and the 

observed purity/morphology of the nanoparticles is presented in Figure 4 in the 

publication [P2]. 

Ultimately, based on the overall XRD and SEM analyses, moderate amounts of 

n-butanol (here 30 cm3) were found to be the most suitable for controlled growth of the 

2D anatase plates with high {0 0 1} exposition. As presented in Figure 11.1b., particles 

prepared in such a way posses well-defined platelet morphology with rectangular shape, 

as well as pronounced selective broadening of the (0 0 4) and (1 0 5) reflections in the XRD 

pattern, in accordance with the expected size reduction along the [0 0 1] direction 

(Figure 11.1c.). Noteworthy, calculated crystallite size from the (0 0 4) reflection (d[0 0 1]) is 

in general accordance with the observed height of the nanoplates (Figure 11.1d.), proving 

exposed facets to be perpendicular to the [0 0 1]. Finally, detailed observations for sample 

But30-24h have indicated the formation of the ~136.6  and ~111.7  angles on the side of 

the particles, proving co-exposition of the dominant {0 0 1} facets with {1 0 1} at the sides 

(136.6  is the theoretical angle between the (1 0 1) and (1̅ 0 1) planes and 111.7  is the 

angle between the (1 0 1) and (0 0 1) ones), as presented in Figure 11.1e. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


| Szymon Dudziak 

Page | 55  

Prepared samples were studied for phenol degradation, analogically to the previous 

work, with the only exception being the maximum flux value at the reactor centre increased 

to 40 mW∙cm−2. Furthermore, to verify the possible effect of different BET surface areas, 

initial phenol concentration was changed between 20-100 mg∙dm−3 to achieve multiple 

degradation curves for the same material. Photodegradation analyses were followed by 

physicochemical characteristics of the semiconductor materials. Outside of the described 

Figure 11.1. Exemplary SEM images of the anatase samples prepared in the presence of short-

chained alcohols, indicating formaton of smaller/less platelet particles than in case of n-butanol and 

n-hexanol (a). Exemplary SEM images of the samples prepared in the presence of 30 cm3 n-butanol, 

presenting stable, controlled growth of the well-defined 2D plates (b) with corresponding XRD 

patterns of the series (c). Overall relation between the crystallites size obtained from the (0 0 4) 

reflection and observed height of the nanoplates, considering all samples with well-defined platelet 

morphology (d) and observed characteristic angles between the co-exposed {1 0 1} and {0 0 1} 

facets for sample But30-24h (e). 

(d)

Me10 Me30 Et10 Et30

24 h 24 h 24 h24 h

8 h 8 h8 h8 h

(a)

But30-8 h But30-18h But30-24h (e)

(b)

(c) (e)
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SEM and XRD data, this particularly includes XPS measurements performed for the selected 

samples. Noteworthy, this detailed analysis was not performed for samples with TiOF2 

impurities, since their degradation ability was analogical or worse than other materials, 

suggesting no positive effect of the TiOF2 presence. Interestingly, overall results allowed 

samples to be grouped into three different-behaving groups. Specifically: 

Group A. The samples show relatively fast degradation of phenol with simultaneous 

formation of both para and ortho-hydroxyphenol with TOC removal being 

almost linearly dependent on the available surface area. Based on the 

described SEM/XRD analysis and additional XPS data, these samples have 

2D morphology, with relatively high surface fluorination mostly as 

adsorbed species (F signal with binding energy < 685 eV, with observed 

ratio between F and Ti at the surface approximately between 0.11 and 

0.24 at.), no Ti3+ species at the surface, with possible defects in the bulk 

structure (based on pale-blue colour of some samples). Samples: Et10-24h, 

all anatase samples from But30 series, But60-8h and Hex30-24h, 

Group B. Samples show slow phenol degradation, with highly hindered formation 

of ortho-hydroxyphenol and low TOC removal. Overall data show that this 

behaviour correlates with less platelet character, but is still quite 

2-dimensional, with an especially lower amount of surface fluorine (F/Ti 

below 0.10 at.) and possible excess of electrons on the surface, observed 

for sample Et30-24h as a surface Ti3+ states and tailing of the valence band 

edge. Samples: Et30-8h, Et30-24h, But60-13h and But60-24h,  

Group C. Samples show slower phenol degradation than Group A, with very little 

amount of ortho-hydroxyphenol formed but with relatively high removal 

of the organic carbon. Materials from this Group mostly show ultrafine 

morphology without well-defined platelet shapes and heavily defected 

structure (greyish colour of most samples and lack of metal oxide Ti4+ 

states at the surface for sample Me30-8h). Samples: all prepared in the 

presence of methanol and Et10-8h. 

Mean degradation curves for each group are shown in Figure 11.2a for an initial 

phenol concentration of 20 mg∙dm−3, together with the observed TOC removal in the 

function of available surface area in Figure 11.2b. (data for all degradation processes, 

expressed as the ratio between hypothetical surface oxygen sites, calculated from BET 

areas assuming (0 0 1) structure, and the total number of carbon at the start of the process). 

Finally, in Figure 11.2c., exemplary results of the XPS measurements are presented, 

highlighting the most significant differences between the samples from different groups. 

Ultimately, systematic study on the formation of the {0 0 1} exposing nanoparticles in 

the presence of different alcohols and their amounts allowed for optimization of both 

desired facet exposition and their performance for phenol degradation. Furthermore, 

excessive data gathered allowed us to define the features most important for the observed 
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activity. Specifically, highly platelet shape, visible surface fluorination and no surface 

defects are desired for the possibly high activity of {0 0 1}. Interestingly, TOC removal seems 

to be linearly dependent on the {0 0 1} area, however, even for the highest surface 

developments obtained (approximately 100 m2∙g−1), observed TOC removal was still lower 

than control experiments with TiO2 P25 and isotropic TiO2, prepared from simple 

condensation of TiCl4. Similarly to the previous study, this is despite the fact that phenol 

itself can be removed faster with {0 0 1} exposing nanoplates. Therefore, overall results 

support the initial conclusion that {0 0 1} might not be best suited for water treatment from 

organic pollutants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.2. Mean phenol degradation curves for initial concentration of 20 mg∙dm−3 over analysed 

samples, after grouping them according to the observed features (a), together with the observed 

TOC removal vs. available surface area per amount of pollutant (expressed as the O/C ratio, more 

details in text) for all processes performed (b). High-resolution XPS spectra of the deconvoluted Ti 

2p signals for the exemplary sample from each Group, with corresponsing scans of the valence band 

edge in the inset (c). 
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12. ANALYSIS OF THE MAIN FEATURES AFFECTING OBSERVED ACTIVITY 

12.1. ANALYSIS WITH RESPECT TO THE EXPOSED FACET [P3] 

Following the optimized procedure for the preparation of the {0 0 1} exposing 

nanoparticles, further works were focused on finding the correlation between the observed 

activity and features specific to the exposed facet. In this regard, samples with the 

dominant exposition of either {0 0 1}, {1 0 0} or {1 0 1} were prepared, following existing 

information and previous studies. Specifically, a sample analogical to the But30-18h was 

prepared to represent the {0 0 1}, while for the {1 0 0}, the procedure suggested by Li and 

co-workers was applied [79]. Finally, in the case of the {1 0 1} exposing particles, 

a procedure analogical to the one reported by Amano and co-workers was used [82], with 

the additional introduction of the NH4OH/NH4Cl buffer in the second reaction. Detailed 

procedures to obtain each sample are summarised in Table 12.1. 

Prepared samples were thoroughly analysed to confirm their possibly high quality. As 

presented in Figure 12.1.1., each sample possesses the expected shape, specific for the 

dominant exposition of the designed facets. Statistical analysis of the observed dimensions 

suggested that corresponding expositions of each facet are approximately 80% for {0 0 1}, 

82% for {1 0 0} and almost 100% for {1 0 1}. Furthermore, XRD patterns have confirmed 

the single-phase character of all three materials, with the observed crystallite size along 

different directions following the expected trends (for example, the largest size along the 

[0 0 1] for the {1 0 0} exposing structures and the lowest for the {0 0 1} ones). Finally, the 

combination of both UV/vis absorption spectra and XPS analyses have indicated a possibly 

defect-free structure of all samples, with a single chemical state of titanium on the surface, 

similar bandgap values and positions of the valence band edge, as well as without 

noticeable absorption increase above λ ≈ 400 nm. In this regard, prepared samples were 

considered as suitable for future analyses.  

Sample 
First step Second step 

Substrates Parameters Post-reaction Substrates Parameters Post-reaction 

{0 0 1} Not performed 

17 cm3 TBT 

30cm3 n-butanol 

3.4 cm3 HF (48% wt.) 

200 cm3 

reactor, 

210  C, 

18 h 

Wash 3x with 

ethanol, 2x water, 

1x with 0.1 M 

NaOH, 3x water, dry 

{1 0 0} 

1 g P25, 

40cm3 

NaOH 10 M 

100 cm3 

reactor, 

120  C, 

20 h 

Wash with 

water unit 

pH ≈ 10.5, 

don’t dry 

Half of the wet 

product from 1st step, 

100 cm3 H2O 

200 cm3 

reactor, 

210  C, 

24 h 

Wash with water 

4-5 times, dry 

{1 0 1} 

1 g P25, 

40cm3 KOH 

8.5 M 

100 cm3 

reactor, 

200  C, 

16 h 

Wash with 

water unit 

pH ≈ 7-8, dry 

0.4 g of the dried 

product from 1st step, 

100 cm3 of the 

NH4OH/NH4Cl 

(0.3/0.3 M) 

200 cm3 

reactor, 

210  C, 

16 h 

Wash with water 

4-5 times, dry 

Table 12.1.1. Summation of the preparation routes adopted to obtain dominant exposition of all 

three investigated crystal facets. In the table “M” stands for “mol∙dm−3”. 
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Following characterization, prepared samples were analysed towards phenol and 

toluene degradation. In both reactions, three different levels of pollutant-per-surface-area 

ratios were investigated, either by changing initial phenol concentration (10, 20 or 30 

mg∙dm−3) or increasing glass substrate area for TiO2 deposition in case of toluene 

Figure 12.1.1. Summarized results of the physicochemical characterization of the anatase samples 

exposing majority of the {0 0 1}, {1 0 0} or {1 0 1} facets: SEM images and measured surface 

development (a), corresponding XRD patterns and calculated crystallites size in different 

crystallographic directions (b), absorbance spectra with bandgap estimation using Tauc method in 

the inset (c), and deconvoluted Ti 2p signals with scans of the valence band edge in the inset (d). In 

panel (b) the standard pattern is shown in the box below the recorded signal. 

{0 0 1} BET = 38 m2∙g-1 {1 0 0} BET = 13 m2∙g-1 {1 0 1} BET = 13 m2∙g-1

Expected shape: Expected shape: Expected shape:{1 0 0}

{1 0 1}(a)

(b)

(c)

(d)
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degradation. All degradation data was transformed to the ln(C0/C) and corresponding rate 

constant of the I-order reaction (k) was determined as the slope of the linear function vs. 

time (Figure 12.1.2a.). Noteworthy, in the case of phenol degradation, simultaneous 

monitoring of the created by-products confirmed that the degradation rate is always 

proportional to the formation of the hydroxyphenols, proving that it is strictly related to 

its chemical transformation.  

Determined k were used to create a correlation model between their experimental 

values and different properties of the prepared materials. Analysis was started by plotting 

k vs. S∙nP
−1 ratio, which is the amount of available surface area (S) per absolute amount of 

pollutant molecules at the start of the process (nP). During this transformation, the surface 

area of the deposited TiO2 layer was roughly estimated from its weighted mass and BET 

surface area of the photocatalyst. As presented in Figure 12.1.2b., such an approach 

resulted in grouping of all data into the facet-dependent series, with k increasing fairly 

linear with the S∙nP
−1, as expected due to higher amount of “free” surface active sites in the 

system. Starting from this point, the slope of the fitted k vs. S∙nP
−1 relations, denoted as “a”, 

was assumed to be factor depending purely on the properties of the exposed dominant 

facet, and the actual analysis was focused on finding best expression to define a with 

parameters describing properties of the corresponding surface. 

Ultimately, a very strong correlation was found between the a and summarised value 

of the trapping energy of both h+ and e− at the surface atoms (ETrap), as reported by Ma 

and co-workers using surface models in vacuum [63]. The value of this energy is associated 

with the energy gain of the system, when delocalised charge carrier became trapped at the 

surface as a polaron state (that is, it includes deformation of the crystal lattice in the 

proximity of the trapping site), therefore influencing the probability of forming long-lived 

electron states at the surface. Noteworthy, during this approach, energy of e− trapping on 

the {0 0 1} facets was treated as 0, since electron localisation is more favoured at the 

subsurface atoms in this case, which also agrees with other studies. The relation between 

fitted a and ETrap is not linear but shows exponential character, which is in accordance with 

the expected distribution of the electron states. Ultimately, fitting a to the Boltzmann 

distribution was found to give an excellent correlation in both cases, as presented in Figure 

12.1.2c., with the final expression being (12): 

 a = b ∙ (e(c∙ETrap/(kB∙T)) − 1) (12) 

where b and c are fitted parameters, kB is Boltzmann constant and T is temperature. Please 

note, that during this fitting, artificial point (0, 0) was introduced to avoid fitting 

exponential function to 3 points. 
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In the end, the combination of equation (12) with the k vs. S∙nP
−1 relation allowed us 

to express k with a simple model of only two parameters (upon treating S∙nP
−1 as a single 

parameter that describes the possible number of available surface active sites). Although 

it must be highlighted that the presented approach is purely statistical and, for example, 

the appearance of the b and c parameters results strictly from the model regression, it is 

interesting to notice its possible physical interpretation, which is relatively straightforward. 

Specifically, the final model can be seen as a combination of the probability of the charge 

carriers' localisation at the surface (exponential relation with ETrap), with a number of 

available reaction centres (linear relation with S∙nP
−1). Noteworthy, the final model is very 

similar to other, historically-presented expressions for k, such as Arrhenius and Eyring 

equations or collision theory. Furthermore, the appearance of the c parameter in the fitted 

exponent, which always adopts low values of approximately 0.02-0.05, might also be 

reasoned as necessary to “slow down” the actual process. This is due to the fact that 

Figure 12.1.2. Determination of the rate constants k for all performed photocatalytic reactions, 

including I-order reaction model (a), with further linear fitting of the determined k value vs. 

calculated S∙nP
−1 ratio (b) and final expression of the a (slope from panel (b)) with respect to the 

reported trapping energy ETrap (c). Corresponding equations are shown above each panel. More 

details in the text.  “LOQ” stands for “limit of quantification”. 
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between charge carriers trapping and actual transformation of the pollutant, multiple other 

elementary steps are also necessary, which are unlikely to occur with 100% efficiency (for 

example, carriers transfer to the O2/H2O and further reaction between ROS and pollutant). 

Therefore, it is reasonable that the absolute difference in modelled trapping energy in a 

vacuum will not lead to equally high differences in the actual reaction rate, and ETrap must 

be weighted with additional parameter. However, it must be noted that strict interpretation 

of both b and c cannot be presented at the moment. 

 Based on this simple model of k(S∙nP
−1, ETrap), it could be suggested that the probability 

of charge carriers localisation at the surface, expressed through ETrap, is the most decisive 

factor for the observed degradation ability of the specific facet. Therefore, it agrees with 

hypothesis [H4], presenting for the first time a quantitative description of the observed 

photocatalytic activity of the surface with respect to its fundamental physical properties. 

As presented in Figure 12.1.3a., such an approach reproduced the observed activity order 

quite well, especially for the phenol degradation, with random, heteroscedastic distribution 

of the residuals clearly observed in both cases. 

 Following these general findings, both models were further refined based on the 

systematic alternation of the S∙n−1 ratio to other expressions, as well as the introduction of 

the surface energy (γ) to the equation. As presented in Figure 12.1.3b., both predictions 

can be visibly improved, however the final models start to depend on the reaction. In this 

regard, it is not expected that these optimized expressions are universal and probably 

depend on the system details (e.g. distribution of light’s flux, mass transfer in the system, 

structure of the pollutant etc.). Nevertheless, the optimised model for phenol degradation, 

including the introduction of γ and number of possible trapping centres (nTrap) instead of 

 

 

 

 

 

 

 

 

 

Figure 12.1.3. The simplest (a) and the most accurate (b) models of the observed rate constant k, 

developed with respect to different parameters describing properties of the exposed crystal facet. 

Lower panels show corresponding distribution of the residuals. Fitted parameters b and c are 

presented withitn the graphs. See text for a detailed description of the symbols. 
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S, shows excellent correlation with experimental data and will be used as the starting point 

for further analysis (here, nTrap is roughly equal to the density of undercoordinated species 

on the surface, with detailed discussion presented in the publication [P3]).  

Finally, it is noted that overall models show little change when considering possible 

fluorination of the {0 0 1} facets, which was tested by checking the effect of different post-

treatment procedures on their activity and refitting of the models. Also, the introduction 

of the different γ values reported in the literature had minimal effect on the accuracy. On 

the other hand, to the best knowledge of the Author, the work by Ma and co-workers [63] 

is the only one that reports trapping energy for both charge carriers on all three 

investigated facets, allowing for their quantitative comparison. Therefore, it is hard to 

discuss accuracy with respect to the detailed values of ETrap. However, since it is known that 

DFT methods allow for a good comparison between energies obtained under the same 

computational details (in contrast to the absolute value, which might change between 

different procedures [50]), there seems to be no obvious reason why adopted values of 

ETrap should not be suitable for comparison of the analysed facets. 

12.2. ANALYSIS WITH RESPECT TO THE POLLUTANT STRUCTURE IN WATER [P4] 

Based on the previous study on the effect of exposed crystal facets, the optimized 

model for phenol degradation was adapted as the starting point for further analysis of the 

possible effect of the pollutant structure. Specifically, analogical TiO2 materials were 

studied in the degradation process of acetaminophen (ACT), carbamazepine (CBZ) and 

ibuprofen (IBU), all being pharmaceutically active compounds recently recognised as 

possible threats to the environment [143], [144]. Moreover, in order to confirm if previous 

results are sensitive to the details of the reaction setup, an alternative setup with no airflow, 

different reactor geometry (15 cm3 of reaction space) and different light source (high-

pressure Hg lamp with 15 mW∙cm−2 UVA flux reaching reactor border) was used. In this 

regard, additional analyses of phenol (PHE) degradation were performed as a control to 

previous studies, and overall results were compared to the photocatalytic activity of TiO2 

P25. 

Obtained degradation results are visualised in Figure 12.2.1., generally presenting high 

activity of the {1 0 1} exposing particles, in accordance with the previous findings. 

Noteworthy, in the case of this sample, significant differences in the calculated rate 

constant were observed between the initial and late parts of the ACT and CBZ 

degradations. This indicates that after initial degradation, the reaction is hindered, 

probably due to the increased stability of the generated by-products. In this regard, the 

final value of k was determined as a mean between both time-regions, as highlighted with 

the two fitted lines. In all cases, the final values of k were controlled by calculating 

corresponding t1/2 and comparing them to the experimental data. For example, for the ACT 

degradation over {1 0 1}, experimental t1/2 is approximately 8.55 min, the t1/2 calculated 

from the mean k value is 8.67 min, while t1/2 calculated only from initial points would be 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

Page | 64 

5.00 min. Simultaneously, the removal of organic carbon from the solution generally 

followed degradation rates. 

Determined rate constants were compared with the ones predicted with 

previously-optimized model for phenol degradation after additional consideration of the 

photolysis rate k0, as presented in equation (13): 

 k = b ∙ γ ∙ (nTrap ∙ nP
−1)0.5 ∙ (e(c∙ETrap/(kB∙T)) − 1) + k0 (13) 

where b = 3.327∙10−4 and c = 0.02766, based on the initial fitting. Noteworthy, the general 

activity order was reproduced well, however, different accuracy was observed depending 

on the pollutant (more accurate prediction for phenol and acetaminophen, with less 

accurate for carbamazepine and ibuprofen) and the overall results followed the trend 

k ≈ (kModel)
0.5. Therefore, further refinement of the model was performed in order to extract 

the possible effect of the pollutant structure. In this regard, the focus was placed on the 

(nTrap ∙ nP
−1)0.5 term of the equation (13), since every other parameter describe a strictly 

exposed facet (ETrap and γ) or is independent from the pollutant-photocatalyst interactions 

(k0). Therefore, the analysed relation was (14): 

 (k − k0) ∙ (γ ∙ (e(0.02766 ∙ ETrap/(kB∙T)) − 1)) −1 = B ∙ (nTrap ∙ nP
−1)D  (14) 

Figure 12.2.1. Observed degradation curves of all tested water pollutants (a) with the 

corresponding data fitting to the model of I-order reaction (b). For the acetaminophen and 

carbamazepine, final rate constant is expressed as a mean between both fitted regions highlighted 

in panel “b”. 

(a)

(b)
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where left part of the equation is known, while B and D are new parameters. The analysis 

was started by considering different exponents D (D = 0.5, 1 or 2) and determining B for 

each pollutant independently. This have shown that the overall highest accuracy was 

observed when D = 1, suggesting that previously found value of D = 0.5 was not universal. 

Following this observation, actual pollutant-oriented analysis was started by finding best 

way to describe newly-found, pollutant-dependent B value, using possibly simple 

descriptors of their molecular properties. Ten different parameters were analysed as 

possible predictors for B, namely: Gibbs energy, dipole moment, energy level of the highest 

occupied molecular orbital (HOMO), energy level of the lowest unoccupied molecular 

orbital (LUMO), LUMO−HUMO difference (ΔE), chemical potential, electronegativity, 

chemical hardness (η), chemical softness and electrophilicity index. All values were 

obtained from the DFT-based simulations of the pollutants molecules, using Orca software 

as specified in the experimental section and with further details presented in the 

publication [P4]. Overall correlation analysis included expression of B as linearly-depended 

on each predictor separately, on all possible combinations of two predictors (I-order 

interactions) and on the squared value of each predictor. 

Performed analyses have indicated that B can be predicted very well using either ΔE2, 

η2 or their combination ΔE∙η. However, since the ΔE∙η term does not provide better 

accuracy and requires knowing both ΔE and η values, this relation might be seen as 

redundant and was not analysed in detail. Ultimately, both ΔE2 and η2 were proposed as 

useful to predict B. Noteworthy, it can be seen that for compounds with possibly low values 

of ΔE or η, the relation fitted within the investigated region would result in a meaningless, 

negative value of B. In this regard, the below investigated range, linear relation down to (0, 

0) was proposed as more accurate, which is presented in Figure 12.2.2a. This was further 

justified by the control experiments of methyl orange (MO) degradation, which agreed that 

visibly lower ΔE and η result in a significantly slower degradation rate, and in such case 

negative value of B must be avoided (Figure 12.2.2b.). Finally, pollutant-refined model 

showed better accuracy than the initial approach, proving that statistically, possible effect 

of the pollutant structure can be extracted from the overall data. As presented in Figure 

12.2.2c., only one point significantly stands out from the y = x relation, which is a process 

of ibuprofen degradation over the {1 0 1} facets. However, it is noteworthy that this 

combination is a special case, since under accepted conditions ibuprofen is in anionic form 

and {1 0 1} facets are expected to accumulate photogenerated electrons under irradiation. 

In this regard, this particular combination might suffer from the increase in repulsive 

interactions during the photocatalytic process, significantly decreasing observed k. 

Ultimately, the final model included three main terms, that represent either charge 

carriers trapping and a number of available surface sites, analogically to the previous study, 

and predictor of the pollutant reactivity (η or ΔE). Interestingly, it is worth noting that from 

all molecular predictors considered in this work, the correlation was observed only for 

those that include both the stability of the oxidised and reduced molecule simultaneously. 

It agrees with some general observations that usually it is not possible to identify single, 

well-defined way to initiate the degradation process, and most of the time multiple reactive 
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species are found to be important for the reaction efficiency [145], [146]. Especially, the 

stability of the oxidised molecule (n−1 electrons), which is often considered as a very initial 

species formed during photocatalytic degradation (due to h+ or ∙OH action) [140], [147], 

was not found to be a universal predictor of the degradation rate. Furthermore, it was 

presented that pollutants with lower stability of both n−1 and n+1 electron states react 

faster during the TiO2-assisted degradation. 

12.3. DEGRADATION OF THE PHARMACEUTICALS MIXTURE [P4] 

Following the presented analyses of the pollutant-photocatalyst interactions, 

additional experiments were performed to study the behaviour of the prepared materials 

when all three pharmaceuticals were present simultaneously. During these processes, the 

ratio between CBZ, IBU and ACT was always approximately 1:1:0.5 (mg∙dm−3), while the 

total concentration varied between 5 and 50 mg∙dm−3. As presented in Figure 12.3.1., a 

noticeable effect of total concentration on the degradation rate of different pollutants can 

be observed. Specifically, ibuprofen degrades visibly faster for the highest concentration, 

while acetaminophen degradation is enhanced only for the lowest one. This trend suggests 

that there is a strong preference about which compound reacts in the first place, 

independently of the previous analysis. Interestingly, this degradation preference of 

(a)

(b)

(c)

Figure 12.2.2. Results of B fitting to the η2 and ΔE2 predictors, including original investigated range 

and scaling/extrapolation to lower values. In case of methyl orange (MO), two estimated B values 

are shown, depending on the adopted approach (a). Comparison of the degradation rates for 

phenol and methyl orange degradation over the {1 0 1} and {0 0 1} facets, including values predicted 

with different model details and experimentally observed. Outside of the pollutant structure, both 

these processes were identical (b). Visualisation of the final model accuracy within the originally 

investigated range of η2 (c). 
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ibuprofen > carbamazepine > acetaminophen is in accordance with the possible 

adsorption of each compound during the stabilisation period, as can be observed in Figure 

12.2.1. for the case of single-compound degradation. In this regard, for the combination 

of multiple compounds, preferred adsorption might be seen as an additional factor, 

decisive for the final degradation rate. 

Finally, it is also noteworthy that during these experiments, all three TiO2 samples were 

analysed in the three consecutive cycles of degradation for the 5 mg∙dm−3 mixture, 

showing no visible signs of activity loss. Simultaneously, the {1 0 1} facets achieved the 

highest removal of organic carbon, analogically to previous results. As the last experiment, 

results obtained in the alternative reaction setup with Hg lamp (degradation of 5 mg∙dm−3 

mixture) were completed with the control process under Xe lamp illumination, using setup 

from previous studies. This has shown that under UV-vis light, degradation order was 

almost identical to the case of single-pollutant studies using UVA light (including both 

type of the exposed facet and structure of pollutant). Although the exact reason for this 

observation cannot be suggested at the moment, it does confirm that the final degradation 

rate will further depend on the technical details of the reaction setup, which generally is a 

known issue of photocatalytic reactions [148]. 

12.4. SUMMATION OF THE RESULTS FOR OPTIMISED FACET EXPOSITION 

Information stressed to this point (publications [P1-P4]) closes the first part of the 

work, focusing on the dominant exposition of the low index anatase facet and in-depth 

analysis of their performance during water treatment from organic pollutants. In this 

regard, additional comments are made in this section to highlight most important findings 

of all these works together. Specifically: 

Figure 12.3.1. Rate constants obtained from the degradation testes of pharmaceuticals mixture 

over the different anatase crystal facets, compared to single-compound studies. Each mixture was 

composed respectively of 1:1:0.5 carbamazepine (CBZ), ibuprofen (IBU) and acetaminophen (ACT). 
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1. Effect of the exposed facet is significant and {1 0 1} are best-suited for the 

degradation processes: As systematically observed, the {1 0 1} facets can 

achieve visibly higher degradation rates and TOC removal than both {1 0 0} 

and {0 0 1}. While the final values of both k and TOC removal can change 

depending on other factors, the overall conclusions are almost always the 

same, which confirms hypothesis [H1], 

2. TOC removal is not always proportional to the degradation rate of the parent 

compound: Although ultimately, the sample with non-defected {1 0 1} facets 

achieved the best results of both these responses, the overall data clearly show 

that photocatalysts with faster degradation rates failed to remove organic 

carbon with proportional efficiency on multiple occasions. Therefore, the 

relation between these two problems is not strict and should always be 

considered separately (disproving hypothesis [H2]), 

3. Degradation pathway does not depend on the exposed facet, but can depend 

on the surface defects:  Although initial results have suggested that different 

by-products of phenol are formed, depending on the exposed facet, the results 

obtained for the non-defected surface structures always showed similar 

formation of hydroxyphenols (detailed results are presented e.g. in Figure 7 in 

publication [P3]). Analogically, for these samples, no significant changes in the 

chromatographs were observed during the degradation of pharmaceuticals. 

Therefore, hypothesis [H3] was not confirmed for the stoichiometric surfaces. 

However, it can be noticed that two cases when the absence of ortho-

hydroxyphenol was observed are both connected with possible presence of 

Ti3+/TiO2−X defects at the surface (samples NH4OH and N2H4 from publication 

[P1] and Group B from publication [P2]). In this regard, degradation pathway 

seems more dependent on the possible surface defects than the exposed facet 

itself, which can be investigated deeper in further works, 

4. Degradation rate is proportional to the available surface active sites and 

probability of charge carriers trapping on the surface: As presented in 

publications [P3] and [P4], the per-surface activity of the stoichiometric facets 

follow mostly ratio between the number of surface active sites and pollutant 

concentration, further completed with the probability of charge carriers 

trapping. Specifically, combination of linear relation with the first term and 

exponential relation with the trapping energy allowed to recreate general 

trends in all degradation tests of single compounds. This was observed 

independently on the two reactor geometries, two different light sources and 

five different pollutants investigated in the water and gas phases. Therefore, it 

confirms that trapping energy is probably the most important parameter of 

the exposed TiO2 facet during degradation of organic pollutants, in accordance 

with hypothesis [H3], 
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5. Activity order for the investigated facets does not change for different water 

pollutants, but the final rate scales with the chemical hardness/ LUMO−HOMO 

gap of the pollutant: The per-surface activity order of {1 0 1} > {1 0 0} > {0 0 1} 

was observed for all investigated compounds, disproving hypothesis that it can 

be affected by the structure of pollutant [H4]. On the other hand, the final rate 

over all facets was found to increase proportionally to the η2/ΔE2 of the 

pollutant, showing that compounds which form less stable intermediate states 

(both oxidised and reduced together) react faster during the process. The final 

model predicts well order-of-magnitude differences between rate constants 

obtained for compounds like phenol and methyl orange, 

6. Other important parameters might be identified and possibly introduced to 

improve prediction of the degradation rate, but the observed relations are less 

universal: Surface energy, utilized setup (different light source, flux intensity 

and reactor geometry), presence of pollutants mixture and the exact 

expression for the number of available surface active sites were all found to 

further influence predicted degradation rate. However, no universal relation 

between these parameters and overall data can be established. For example, 

compared to the single-compound studies, the degradation order of ACT, CBZ 

and IBU in mixture over the {1 0 1} was different when studied using UVA light, 

but was the when same using UV-vis light. 

13. INTERACTIONS WITH THE FERRIMAGNETIC BARIUM HEXAFERRITE [P5] 

Following analysis of the unmodified materials, further experiments were focused on 

combining analogical anatase nanoparticles with other, well-defined semiconducting 

phases. Since the main focus of the performed works was aimed at water treatment 

application, studied TiO2 was specifically combined with the ferrimagnetic materials, as 

such composites were recently proposed to enhance possible separation of the 

photocatalyst after the degradation process [149]. However, although the magnetic 

photocatalysts have been studied for a while now, there are no information in the existing 

literature that discusses their possible interactions with respect to the exposed crystal facet. 

Moreover, there is no in-depth information that would discuss both electron transfer and 

the possible effect of the built-in magnetic field of the ferrimagnetic phase on the final 

photocatalytic performance. 

In this regard, the TiO2 photocatalysts were combined with the BaFe12O19 hexagonal 

ferrite, which is a well-known ferrimagnetic material. Selection of the BaFe12O19 was based 

on its known semi-hard magnetic character with high remanent magnetization, strong 

uniaxial magnetic anisotropy, relatively low Curie point of approx. 450  C and preference 

to growth into two-dimensional microparticles under hydrothermal conditions [150], [151]. 

Therefore, after successful BaFe12O19 preparation, TiO2 could be deposited on the same, 

preferentially exposed facet of the ferrite, leading to a relatively fixed orientation between 

both phases. In such geometry, photocatalytic activity can be analysed either after 
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magnetization of the ferrite in the external field or in its demagnetized state, after crossing 

Curie point, without inducing significant changes in the phase structure of both materials 

(e.g. without transition of anatase to rutile). Finally, coating of the BaFe12O19 with SiO2 layer 

before deposition of the TiO2 was also made as the control experiments, when electron 

transfer between the ferrite and photocatalyst was hindered. 

Preparation of the BaFe12O19 was confirmed with the XRD, SEM and measurements of 

the magnetic properties. As presented briefly in Figure 15.1a., the final prepared ferrite 

revealed 1.8% (wt.) of the α-Fe2O3, probably as the result of the CO2 capture from the 

atmosphere during the preparation, which is a known problem [152]. Despite several 

preparation attempts, the total elimination of the α-Fe2O3 from the final structure was 

unsuccessful (details are discussed in the publication). Nevertheless, as presented in the 

Figure 15.1b. and Figure 15.1c., such material already exhibits both uniform micro-platelet 

morphology and uniform magnetic response (smooth magnetization hysteresis, without 

visible steps, as presented in Figure 15.1c.), which was suitable enough for further study.  

Deposition of the silica on the ferrite surface (sample BaFe12O19@SiO2) was further 

studied with the combination of Fourier transform infrared spectroscopy (FTIR), zeta 

potential (ζ) measurements and XPS analyses, as summarized in Figure 15.2. All three 

measurements indicated the appearance of the features characteristic for the SiO2 

presence, being either ~1100 cm−1 peak in the FTIR spectrum [153], ζ potential shift to the 

negative values [154] and Si 2p signal in the XPS. Interestingly, XPS results showed that 

deposited Si exist as a highly non-stoichiometric structure, with a visible contribution of 

the metallic species, originating either from the Si-Si bonds or, alternatively, from the 

possible Ba-Si and Fe-Si bonds at the interface with ferrite (nevertheless, it will be still 

referred to as “SiO2” for clarity of discussion). Noteworthy, detailed XRD, SEM and EDS 

results have not indicated any noticeable differences between the unmodified and SiO2-

 

 

 

 

 

 

 

Figure 15.1. XRD pattern of the final BaFe12O19 sample (a), together with the exemplary SEM image 

(b) and closeup to irreversible part of the magnetic hysteresis loop of the material (c). Detailed 

results of the magnetic properties measurements are presented in the publication [P5]. 

2 µm

(a)                                                      (b)                                                                 (c)
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modified samples, which prove SiO2 to be strictly at the surface without forming any 

largerr, independent entities. 

The prepared BaFe12O19 and BaFe12O19@SiO2 samples were further combined with the 

three types of TiO2 particles, with different facets exposed in the majority, by a simple 

physical mixing of the dispersions with possibly suitable pH. This was followed by 

evaporation of the solvent under constant mechanical stirring and calcination of the 

composite at 500  C for 2 h. For each TiO2 crystal facet, composites were prepared in three 

combinations: (I) with 25% wt. of TiO2 deposited on the unmodified BaFe12O19, (II) with 50% 

wt. of TiO2 deposited on the unmodified BaFe12O19 and (III) with 50% wt. of TiO2 deposited 

on the BaFe12O19@SiO2. Noteworthy, higher TiO2 contents were not designed since 

relatively large particles of the BaFe12O19 offer only limited surface for creation of the well-

defined interface. Therefore, for the smaller fraction of BaFe12O19, the interactions between 

both phases might be more difficult to observe. Morphology and crystal phase 

composition of all composites were checked with the XRD and SEM analyses, which in each 

case confirmed the formation of the designed structures. As presented in Figure 15.3., TiO2 

particles can be easily observed on the surface of the BaFe12O19, with their characteristic 

morphological features highlighted. Noteworthy, some differences between observed TiO2 

morphology and previous studies might especially result from additional calcination, 

performed to strengthen the connection between both phases in the composite. 

As-prepared materials were studied in reaction of phenol degradation as the model 

pollutant, performed with a slightly alternated setup, in order to eliminate the need for 

magnetic stirring during the process. Specifically, photocatalysts dispersions were 

mechanically mixed with the customized 3-D printed stirrer, without airflow introduction 

and under reduced light flux. The light source (Xe lamp) and photocatalytic reactor were 

analogical to the general setup (Figure 8.1). Phenol degradation was monitored 

spectrophotometrically after conjugation reaction with the 4-nitroaniline. Figure 15.4. 

show overall results of the phenol degradation, including control TiO2 samples (calcined at 

500  C, analogically to the composites) and BaFe12O19 alone. In this figure, straight lines 

connecting end points of each series represent activity level expected from the simple 

(a)                                                      (b)                                                            (c)

Figure 15.2. FTIR spectra of the BaFe12O19 sample before and after surface modification with SiO2 

(a), together with the corresponding shift in the ζ potential value due to the SiO2 presence (b) and 

deconvoluted Si 2p signal observed in the XPS spectrum of the modified sample (c).  
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fraction of each phase in the composite. Therefore, if the experimental activity agrees with 

this line, it can indicate that effectively no significant interaction affect final degradation. 

Noteworthy, this is the case for the combination of the SiO2-covered ferrite with all TiO2 

materials, being in accordance with the expected inhibition of the electron transfer in the 

presence of insulating interlayer. Furthermore, for the non-modified BaFe12O19, two 

significant effects can be noticed. First is reduction of the degradation ability of the sample 

with 50% of the {1 0 1} TiO2, as well as a significant improvement of the 25% {1 0 0} 

performance after magnetization of the ferrite. 

Obtained results show two important conclusions. First of all, electron transport to the 

ferrite is especially undesirable for the activity of TiO2 with {1 0 1} facets exposed. As 

presented in Figure 15.5a., these observations were further completed with the Mott-

Schottky analysis, which confirmed band alignment suitable for the possible electron 

TiO2 {0 0 1} exposed

136°

TiO2 {1 0 1} exposed

TiO2 {1 0 0} exposed

Figure 15.3. Closeups of the SEM images, highlighting TiO2 particles deposited on the ferrite 

surface for all three low index facets investigated.  
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transfer in order of BaFe12O19@SiO2 → TiO2 → BaFe12O19. This suggests that excited 

electrons are especially decisive for the activity of the {1 0 1}, however, the same is not 

happening for the {0 0 1} and {1 0 0} facets. This is in accordance with the fact that on both 

of these facets, electrons, which remain as the majority carriers in all materials, are not 

needed to dissociate water, and generation of the ∙OH might occur efficiently simply 

through the h+ oxidation at the interface.  Therefore, it is presented that the effect of the 

same junction can be very different, depending on the exposed crystal facet, and the final 

results can be tracked down to the existing information about the fate of both h+ and e− 

on each surface, respectively. 

Secondly, the effect of the built-in magnetic field can stimulate reaction efficiency, but 

the observed effect is not isotropic and depends on the orientation between TiO2 and 

BaFe12O19. These results were further completed with the photoluminescence studies, 

Figure 15.4. Results of the photocatalytic phenol degradation over the prepared composites, 

including (from top) demagnetized ferrite after the calcination above Curie point, ferrite magnetized 

with the laboratory magnet and demagnetized ferrite with surface covered with SiO2. Lines 

represent activity level expected from the simple fraction of both phases. Control TiO2 samples 

included calcination, analogical to the composites 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

Page | 74 

which have indicated that particularly for the sample 25% {1 0 0}, magnetization prior to 

the measurements reduces observed emission, therefore affecting recombination of the 

charge carriers, as presented in Figure 15.5b. While it must be highlighted that at this point, 

it is not possible to distinguish if this effect results strictly from the orientation of both 

phases in their bulk form or due to the surface-specific states on each facet, it is interesting 

to notice that specifically for the {1 0 0} exposing sample deposited on the BaFe12O19, the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15.5. Mott-Shottky plots of all single-phase components of the prepared composites (a). 

Photoluminescence spectra of the single-phase TiO2 and BaFe12O19, together with the magnetized 

and demagnetized composite with 25% of each TiO2 (b). Idealized orientation between both phases 

within the prepared composites, due to the different geometry of the deposited TiO2 particles (c). 

Arrows in panel (a) categorize each data to the OY axis.  
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Lorentz force generated by the ferrite magnetic field should act perpendicular to the 

exciton plane within anatase structure [25] (idealized orientation within each composite is 

presented schematically in Figure 15.5c.). Therefore, especially for this combination, 

generated Lorentz force might influence the exciton dissociation, being a possible source 

of the observed differences. This would also explain the almost zero effect of the magnetic 

field on the activity of the {0 0 1} facets, where Lorentz force should act perpendicularly to 

the exciton plane. 

Overall, the main conclusions support the initial hypothesis [H6], showing very 

different effects of both electronic and magnetic interactions between the faceted TiO2 

and ferrimagnetic BaFe12O19. Noteworthy, this is the first time when such detailed 

interactions were extracted and discussed from the overall performance of such 

composites. 

14. INCREASING ELECTRON DENSITY AT THE GROUND STATE [P6] 

Based on the described studies [P1-P5], the high activity of the {1 0 1} facets was 

attributed mostly to the high probability of charge carriers trapping at their surface, while 

especially preference to trap electrons might also stimulate braking of the benzene ring of 

aromatic compounds through increased involvement of ∙O2
−. Interestingly, another 

possibility to manipulate the number of reacting charge carriers might be connected with 

their ground state density, strictly related to the point defects of the crystal structure. In 

this regard, introduction of e.g. dopants might further influence the number of holes or 

electrons reacting on a specific facet. Noteworthy, experimental investigation of this 

interplay between charge introduced with a dopant and exposed crystal facets has not 

been presented so far, even though computational studies usually analyse exactly 

analogical case of n+1 and n−1 surface models to describe the possible behaviour of both 

charge carriers. 

In this regard, samples with the optimised exposition of the investigated crystal facets 

were doped with Nb5+ to increase ground state density of electrons for each nanostructure 

and investigate resulting properties. The selection of Nb was based on its known electron-

donating character when introduced as a dopant into TiO2 as well as its limited effect on 

the density of states distribution when substituting Ti within bulk anatase structure [155], 

[156]. Therefore, the possible formation of surface-specific electron states could be easier 

to observe. 

Obtained materials were analysed with XRD, SEM and EDS for the crystalline structure, 

morphology and Nb presence, with additional control measurements of Nb concentration 

obtained from the inductively coupled plasma atomic emission spectroscopy (ICP-OES). 

Both elemental analyses confirmed that Nb concentration increased systematically in each 

series, with only limited deviations from the designed Nb/Ti ratios. Furthermore, the 

introduction of Nb has not resulted in the presence of any NbOX phase in the XRD pattern, 

as well as has not induced any visible change in the particles morphology (exemplary 

images of the most doped samples are presented in Figure 13.1a.). On the other hand, in 
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the case of the nanoparticles exposing {1 0 0} and {1 0 1} facets, the unit cell of the anatase 

structure is expanding systematically with the increase of Nb concentration, as presented 

in the inset of Figure 13.1a based on the Rietveld-refined XRD patterns. This is in 

agreement with a slightly bigger ionic radius of Nb5+ when substituting Ti4+ in octahedral 

coordination [157]. The same trend was not observed for the {0 0 1} exposing 

nanoparticles, however it is noteworthy that in this case, the introduction of HF during the 

synthesis might result in a simultaneous increase of the oxygen vacancies (VO) 

concentration. Since the formation of VO leads to the appearance of Ti3+ states, it might 

also result in the expansion of the anatase unit cell due to a bigger radius of Ti3+ than Ti4+, 

as reported in the literature [158] (the actual size order of the ions is Ti3+ > Nb5+ > Ti4+). 

Therefore, for this particular case, competition between Nb5+ incorporation and possible 

etching of the oxygen atoms by HF might lead to the non-linear change of the unit cell 

volume. 

Following structural and elemental characterization, the effect of Nb presence for each 

exposed facet was thoroughly investigated using a series of spectroscopic techniques. The 

most important findings are presented in Figure 13.1b. and 13.1c., based on the combined 

absorbance spectroscopy (DR-UV/vis), low-temperature electron paramagnetic resonance 

spectroscopy (EPR) and reverse double-beam photoacoustic spectroscopy (RDB-PAS). 

Specifically, DR-UV/vis results have indicated that in the case of the {1 0 1} facets, the 

introduction of Nb significantly increased absorbance up to the NIR range, which is 

characteristic for the presence of excess electrons within TiO2 structure [159], [160]. 

However, significant differences in the absorbance between the series showed that 

exposed crystal facet affect the fate of the Nb-introduced electrons. The low-temperature 

(liquid N2) EPR results have further proved that in the case of both {0 0 1} and {1 0 0} facets 

exposed, electrons get trapped strictly as the bulk Ti3+ states, forming well-defined doublet 

with g = 1.989 and g = 1.955 [161]. However, this was not observed for the {1 0 1} facets. 

Instead, in this case, a slight distortion of the EPR spectrum was noticed, especially for the 

lower g values (higher magnetic field). This suggests that for the {1 0 1} facets, electrons 

might localise at the surface sites since broad, distorted EPR signals in this region are 

characteristic for the surface-trapped e− [161], [162]. Nevertheless, this effect in the EPR 

spectrum is not explicit and therefore, the surface presence of electrons was confirmed 

with the RDB-PAS measurements. RDB-PAS is a relatively new method developed strictly 

to determine the density of electron traps in the powdered photocatalyst samples [163]. 

During these measurements, electrons from the valence band are excited directly to the 

trapping states using wavelength-scanned continuous light irradiation, with methanol 

acting as the scavenger of photogenerated holes. As presented in Figure 13.1c, these 

measurements confirmed that upon doping with Nb5+, the measured density of electron 

traps for the {1 0 1} exposing nanoparticles practically disappeared, proving that these 

states became occupied with introduced electrons. As RDB-PAS is known to be especially 

sensitive towards surface trapping sites, showing a clear correlation of the observed trap 

density with surface development [163], these results ultimately prove that for the Nb-

doped particles with {1 0 1}, electrons will tend to localise at the surface. Such effect was 
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not observed for the {0 0 1} and {1 0 0} facets, in accordance with absorbance and EPR 

results. Noteworthy, described features of the Nb-doped {1 0 1} facets were not sensitive 

to the O3 treatment and H2O2 washing, proving that these states are not easily oxidised. 

Interestingly, it is worth noting that these results were not straightforwardly supported 

by the XPS analysis. This is mostly due to the fact that Nb presence was not found to 

increase the fraction of the Ti3+ states on the {1 0 1} facets, which might have been expected 

as the result of electron accumulation on the surface. Instead, for each nanostructure, a 

significant fraction of the Nb4+ states were observed in the Nb 3d5/2 signal. The reason for 

this might be connected with the alternated presence of the surface species during the 

XPS measurements in high vacuum conditions. As presented in the introduction, it is 

expected that charge localisation on the surface will be affected by even up-to-few layers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13.1. Exemplary SEM images of the TiO2 nanoparticles doped with 1.5% atomic of Nb 

(relative to Ti), with observed evolution of the anatase unit cell volume for each series in the inset 

(a). Absorbance spectra of all obtained Nd-doped samples, together with the EPR spectra (77 K) of 

the corresponding unmodified and most-doped samples in each series shown in the inset (b). 

Distribution of the electron-trap density obtained for all samples from the RDB-PAS measurements. 

Please note different values on the X scales. Total trap densities are given in chevrons within each 

individual graph (c). The “VBT” stands for “valence band top” and “CB” stands for “conduction band”. 
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of possible H2O/O2 species adsorbed and detailed bonding between them, which might 

differ between vacuum and non-vacuum measurement conditions. In this regard, results 

obtained from the DR-UV/vis, EPR and RDB-PAS measurements are treated as closer to 

the actual conditions of the photocatalytic reactions. Nevertheless, the exact structure of 

the electrons localised on the Nb-doped {1 0 1} facets might be described more precisely 

in the future. 

Following characterization, prepared materials were studied in the reactions of 

photocatalytic phenol degradation and 4-nitrophenol (4-NPH) reduction to 

4-aminophenol in methanol. Especially, the second one was performed specifically to 

investigate the effect of introduced electrons on the reaction that strictly requires e− 

transfer to the substrate. Interestingly, as presented in Figure 13.2., the effect of Nb 

presence can be completely different, depending on the exposed crystal facet, which is 

observed independently on the possible surface normalisation. In the case of both 

reactions, the highest efficiency was observed for the unmodified {1 0 1} facets and Nb 

introduction always significantly decreased their activity. On the other hand, the reduction 

ability of the {0 0 1} and {1 0 0} can be visibly enhanced due to the presence of Nb, 

achieving respectively 64% and 600% increase of 4-aminophenol formation, relative to the 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13.2. Summation of the observed photocatalytic activity of all Nb-doped samples in the 

reactions of 4-nitrophenol (4-NPH) reduction to 4-aminophenol (a) and phenol degradation (b). 

Data is presented both directly as-obtained and after the normalisation of the results with the 

surface area of the photocatalyst, calculated from BET isotherms. Detailed change in the 

concentration of the monitored compounds is presented in the Supporting Information of the 

Publication [P6]. 
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unmodified samples. These results clearly support hypothesis [H7], proving that the effect 

of the same dopant can be opposite, depending on the structure of the exposed facet. 

Interestingly, it could be noted that the negative effect of Nb presence is observed only 

for the “reductive” {1 0 1} facets, which have a preference to trap electrons, while it can be 

positive (4-nitrophenol reduction) or is minimal (phenol) in case of both “oxidative” {0 0 1} 

and {1 0 0}. Nevertheless, it is also visible that in both cases, the unmodified {1 0 1} achieves 

the best performance, leading to the conclusion that overall, the introduction of Nb is not 

beneficial for maximising observed photocatalytic activity. 

REDUCING ELECTRON DENSITY FOR THE {1 0 1} FACETS 

Following the results obtained for the materials doped with Nb5+, it was concluded 

that excess electrons indeed tend to localise at the surface of the {1 0 1} facets, in 

accordance with computational predictions. However, as the consequence, the resulting 

photocatalytic activity is significantly hindered. Interestingly, this is despite existing 

information clearly highlight multi-electron oxygen reduction as critical for the activity of 

these facets during ROS generation, and this reduction should be enhanced when excess 

electrons are present within the material [67], [72]. Possibly, this effect might be connected 

with the fact that too high concentration of the excess electrons will hinder the subsequent 

h+ transfer, which must also occur during the overall reaction. In this regard, the activity of 

the {1 0 1} facets was further investigated upon systematic introduction of the electron-

accepting dopant, in order to obtain data in the broader range of ground state 

concentration of free e−. As a suitable dopant, Gd3+ was used due to its stable 3+ oxidation 

state, the possibility to substitute Ti4+ within the anatase structure without the formation 

of the additional states deep within the bandgap, as well as its limited solubility in the 

alkaline environment (used during the synthesis of the {1 0 1} exposing particles) [164]. 

Preparation procedure was analogical to the Nb5+ case, with Gd(NO3)3∙9H2O used as the 

Gd3+ source and with the designed Gd/Ti concentrations being 0.00%, 0.25%, 0.50%, 0.75%, 

1.00% and 1.50% (at.). 

Similar to the previous studies, combination of the XRD, SEM and BET adsorption 

studies revealed all prepared samples to be single phase anatase with well-defined 

octahedral morphology, clean facets and very similar surface areas (overall 16.5±2 m2∙g−1), 

as presented briefly in Figure 15.1. Furthermore, the Gd presence was analysed with the 

combination of EDS and ICP-OES studies, which both confirmed increasing Gd 

concentration within the series, with a slightly lower value obtained from the EDS, as 

presented in Table 15.1. 

Following the initial characterization of the prepared samples, a detailed analysis of 

their electronic structure was performed based on the combined EPR, XPS and DR-UV/vis 

measurements. Similarly to the Nb-doped samples, XPS results clearly confirmed surface 

enrichment in Gd, compared to the designed Gd/Ti concentration, as presented in Table 
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15.1, together with other XPS results. Furthermore, analysis of the Gd 4d and Gd 3d states 

indicated that their maxima are systematically shifted, compared to the reported values for 

the Gd2O3, Gd(OH)3 and metallic Gd/Gd-OX [165]–[169]. This is followed by the detailed 

deconvolution of the Gd 4d5/2 states, supported by the existing information about their 

multiplet splitting [170], [171]. As observed, the Gd 4d5/2 signals can be easily deconvoluted 

using five expected bands (magenta lines in Figure 15.2a.), however their relative intensities 

change between the samples and generally differ from the existing reports for the high-

quality Gd compounds, with low-energy bands being greatly supressed. Both these 

observations strongly indicate that the local environment of Gd3+ ions is different in case 

of the prepared samples, which is in accordance with its role as a dopant within the TiO2 

lattice. Beside the Gd states, XPS analysis of other elements have not indicated other 

significant differences, with exemplary Ti 2p, C 1s and O 1s signals presented in Figure 

15.2b.  

Interestingly, as presented in Figure 15.2c., low temperature X-band EPR spectra have 

suggested more complex structure than XPS, as beyond the Gd presence, it also indicated 

Sample 
EDS Gd/Ti 

(at. %) 

ICP-OES Gd/Ti 

(at. %) 

XPS Gd/Ti 

(at. %) 

Gd 4d  

(eV) 

Gd 3d  

(eV) 
Refs. 

0.00% Gd 0.0 - 0.00 - -  

0.25% Gd 0.2 ±0.2 0.24 ±0.01 1.75 143.0 1187.9  

0.25% Gd 0.4 ±0.2 0.48 ±0.01 4.76 142.8 1187,6  

0.75% Gd 0.5 ±0.2 0.65 ±0.01 4.43 142.9 1187.7  

1.00% Gd 0.8 ±0.2 0.82 ±0.01 6.68 142.8 1187.7  

1.50% Gd 1.0 ±0.2 1.45 ±0.01 8.91 142.7 1187.7  

Gd2O3    142-142.5 1187-1187.0 
[165]–

[169] 
Gd(OH)3    141.7 n.d. 

Gd    140-141 n.d. 

Figure 15.1. Exemplary XRD patterns of the prepared, undoped and Gd-doped K2Ti6O13 precursors 

(a), resulting single-phase anatase products (b) and exemplary SEM image of the anatase with 1.50% 

addition of the Gd (c).  

1 µm

{1 0 1} exposed(a)                                                    (b)                                                   (c) {1 0 1} exposed, 1.50% Gd

Table 15.1. Summation of the EDS, ICP-OES and XPS results concerning Gd presence in the 

prepared samples. Presented values of Gd 4d and Gd 3d states correspond to the observed maxima. 
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that other additional defects are always present within the samples. However, no clear 

correlation between their presence and amount of introduced Gd can be noticed, 

suggesting their origin as the random effect of the adapted preparation procedure. These 

signals can be roughly identified to originate from the complex N-VO-Ti3+ defects [172], 

[173], as well as the additional presence of other transition metals, possibly V5+ [174], [175]. 

Nevertheless, it should be noted that their concentration is very low and their possible 

contribution to the final photocatalytic activity is not obvious. Moreover, the lack of the 

observed/attributable XPS signals makes their detailed identification not possible at the 

moment. 

Following the elemental analysis, XPS scanning of the valence band states have shown 

appearance of the additional signals below the lower edge of the TiO2 band, as presented 

in Figure 15.3a., which origin from the Gd 4f electrons [166], [170]. Further DFT-based 

simulation of the Ti substitution by Gd within the (1 0 1) surface model (GGA+U) supports 

this observation to result from such doping, with additional states clearly formed below 

the lower edge of the simulated valence band (Figure 15.3b.). This is also followed by the 

formation of additional O 2p states slightly above the valence band edge. Indeed, a relative 

increase of the absorbance around the main valence-to-conduction band transition was 

also noticed for the Gd-doped samples during the DR-UV/vis measurements after 

Figure 15.2. Deconvolution of the XPS Gd 4d signals, including multiplet splitting of the 4d5/2 states 

(magenta lines) for all Gd-modified samples (a), as well as exemplary Ti 2p, O 1s and C 1s signals 

for unmodified and 1.50% doped samples (b). Only single Ti state was observed for all samples, 

without noticeable, Gd effect on the O 1s and C 1s states. The X-band EPR spectra of all samples 

from the Gd-doped series recorded at 120 K (c), with the highlighted regions corresponding to the 

Gd3+ presence and possible N-VO-Ti3+ defects. Additional signals in the recorded spectra (not 

marked) suggest ppm level presence of the transition metal ions impurities, possibly V5+. 

Gd 4d, 0.25% Gd Gd 4d, 0.50% Gd Gd 4d, 0.75% Gd Gd 4d, 1.00% Gd Gd 4d, 1.50% Gd

Ti 2p

0.00% Gd

Ti 2p

1.50% Gd

O 1s

0.00% Gd

O 1s

1.50% Gd

C 1s

0.00% Gd

C 1s

1.50% Gd

(c)
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normalisation of the spectra, which is presented in Figure 15.3c. However, it must be noted 

that in this case the effect is not explicit. 

Finally, detailed electron-accepting character of the Gd3+ was investigated 

electrochemically, which also included control measurements of the 1% Nb-doped sample 

(preparation and characteristics of this sample were analogical to publication [P6]). As 

presented in Figure 15.4a., the increase of the Gd3+ concentration clearly reduces the net 

density of donor states ND, connected also with spontaneous defects, which is observed as 

the increase of the fitted lines slope. Although it should be noted that calculated ND values 

are likely overestimated in this case, e.g. due to the approximation of the interface area 

simply as the area of the deposited layer, both morphological similarities of the materials 

and additional error estimation from two separate electrodes (error as absolute difference) 

supports conclusions that Gd presence is significant for the ND reduction, as presented in 

the Figure 15.4b.  

Prepared samples were further studied in four independent reactions: phenol 

degradation, 4-nitrophenol reduction, O2 reduction to H2O2 and ∙OH generation. 

Formation of H2O2 was monitored using iodometric method and the process was 

Figure 15.3. XPS-based scan of the valence band for all Gd-doped samples and prepared control 

(a), together with the simulated density of states distribution for the 96-atom models of anatase 

(1 0 1) surface with and without Gd atom substituting Ti (b) and with the experimental absorbance 

spectra around the main valence-to-conduction band transition (c). 

(a)

(b) (c)

0.00% Gd 0.25% Gd 0.50% Gd 0.75% Gd 1.00% Gd 1.50% Gd
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conducted under increased aeration (10 dm3·h−1) with 10% vol. isopropanol acting as 

a hole scavenger. Generation of ∙OH was estimated from the initial formation of the 

7-hydroxycoumarin, as a known indicator of ∙OH generation by TiO2 photocatalysts [176]. 

As presented in Figure 15.5., phenol degradation connects strictly with the ∙OH 

generation rate and achieves a clear maximum concerning the determined ND value. 

Analogical maxima were also observed for both H2O2 generation and 4-nitrophenol 

reduction however, in this case they are systematically shifted to the higher ND. This is in 

accordance with the expected number of electrons needed for each reaction to occur, 

where 4-nitrophenol reduction require 6 electrons to transform to 4-aminophenol, O2 

reduction to H2O2 require 2 electrons, while generation of ∙OH/phenol degradation is most 

likely a mixed effect of both single and double electron processes. Therefore, these results 

clearly support hypothesis [H8], indicating that different reaction will require different 

amount of excess charge (defects) when occurring over the same exposed facet. 

Noteworthy, this is despite the fact that all materials remain as the n-type semiconductors 

(positive slope of the fitted lines during Mott-Schottky analysis), which indicates that some 

excess e− are always present. 

 Focusing on the possible water treatment application, the 0.50% doped sample 

achieved the highest degradation of phenol, in accordance with the ·OH generation rate. 

The observed k(ND) maximum confirms that observed degradation rate does not depend 

strictly on one of the charge carriers but rather on their cooperation, achieving maximum 

when both h+ and e− react with some optimal rates, here fine-tuned by their ground-state 

density. Interestingly, these observations are in a very good agreement with the reduction-

induced water dissociation on the {1 0 1} facets, as highlighted in the recent literature, 

which can be further oxidised by the generated holes, in accordance with the simplified 

reactions (15) and (16):  

Figure 15.4. The Mott-Schottky plots of the selected samples (a) and corresponding donor states 

densities ND (b). Electrochemical measurements were completed by the control measurements of 

the sample doped with 1% at. Nb5+, and are presented as mean from two separate electrodes. In 

panel (a) both error and detailed data for the 0.25% doped samples are not presented for clarity. 

(a) (b)
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 ½O2 + 2e− + H2O → 2OH− (15) 

 2OH− + 2h+ → 2HO∙ (16) 

 However, this maximum is observed independently on the possible O2 reduction to H2O2, 

which achieved clear maximum for the 0.25% doped sample. This probably results from 

the competition between dissociation of the intermediate OOH− to OH− (15) or its further 

transformation to H2O2 (reaction (8) in the literature description) [67]. In this regard, 

mechanism of ROS generation through the OOH− dissociation is suggested to be mainly 

responsible for stimulating activity of the {1 0 1} facets during the degradation of 

compounds such as phenol. Finally, it is worth noting that the highest degradation rate 

leads also to the highest mineralisation, measured as the TOC removal, however in this 

case, the Gd effect is much smaller and overall within the possible error. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15.5. Observed activity of the prepared Gd and Nb doped samples in a photocatalytic 

reactions of phenol degradation, ·OH generation (detection with 7-hydroxycoumarin), H2O2 

generation (detection with iodometric method) and 4-nitrophenol reduction to 4-aminophenol. 

Panel (a) show results as a function of designed Gd concentration and panel (b) show them in 

function of calculated donor density from Mott-Schottky analysis. 

(a)

(b)
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CONCLUSIONS 

The PhD dissertation presents systematic insight into the photocatalytic activity of the 

low index anatase crystal facets in degradation of the aromatic organic pollutants. In 

accordance with hypothesis [H1], obtained results clearly show that activity of the anatase 

nanoparticles can be significantly optimized due to the alternation of the exposed facet; 

and the {1 0 1} appear as the best suited for the degradation of compounds such as phenol, 

toluene, carbamazepine, ibuprofen and acetaminophen. For the first time, it was shown 

that high degradation rate observed for the nanostructures that expose these facets in 

majority connect with efficient mineralisation of the organic carbon, measured as the 

removal of TOC. Noteworthy, while during the [P1] and [P2] studies nanostructures with 

higher {0 0 1} exposition achieved higher degradation rates, their ability to mineralise 

target pollutant was lower than {1 0 1}. Therefore, these responses are not strictly 

connected and hypothesis [H2] was not proved 

Interestingly, the type of exposed facet seems not to influence on the degradation 

pathway of the pollutants over stoichiometric surfaces, but a combination of specific facet 

with further defects on the surface can inhibit the formation of some by-products, such as 

an ortho-hydroxyphenol. In this regard, hypothesis [H3] was not straightforward 

supported. However, this observation opens a promising approach for further studies on 

the selectivity of the degradation process, where the focus can be placed on the specific 

interactions between the exposed facet and arbitrarily introduced surface species. This is 

specifically a topic of ongoing studies, where some initial results confirmed that unique 

products of diclofenac degradation can be observed over surface-modified samples. 

Furthermore, for the stoichiometric surfaces, the regression model of the observed 

activity has indicated that the final degradation rate over each low index facet is 

exponentially proportional to the reported energy of charge carriers trapping at 

corresponding surface models, with further significant contribution of the surface area 

development. This leads to the conclusion that the degradation rate depends on the 

number of possible trapping centres at the surface and the probability of the e− and h+ 

localisation at them. For the first time, such a relation was presented as the most decisive 

for the activity of the investigated nanostructures, reproducing general activity trends for 

different compounds and reaction setups alike, proving the hypothesis [H4]. 

Excluding known cases of the possible sensibilisation of TiO2 by some photoactive 

compounds, no effect of the pollutant structure on the activity order of the stoichiometric 

facets was observed, disproving the hypothesis [H5]. However, it was found that pollutants 

which form less stable products after the charge transfer will react faster during the overall 

process. Importantly, this includes the stability of both oxidised and reduced molecules 

together, showing that simple oxidation by the h+, which is often highlighted in the 

literature as an initial step of the degradation process, is not always decisive for the 

degradation efficiency of different compounds. For the first time, specific interactions 

between different pollutants and different exposed facets were investigated in detail, 
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providing both qualitative and quantitative insight into the parameters most decisive for 

the observed kinetics. 

When degrading a mixture of different pharmaceuticals, compounds that are 

preferentially adsorbed on the surface will react faster. This is especially observed for the 

higher total concentrations of pollutants, as well as smaller surface areas of the 

photocatalysts. Therefore, for such systems, conclusions made for a single-pollutant case 

might not be valid. In this regard, further investigations in this direction are especially 

planned for future works. 

Finally, in accordance with hypothesis [H6], the results obtained for the BaFe12O19/TiO2 

composites have shown that different effects of both electronic and magnetic interactions 

between both phases can be expected, depending on the exposed facet of TiO2. In analogy 

to previous conclusions, electron transfer from TiO2 to the BaFe12O19 was found to be 

hindering the activity of the {1 0 1} facets, but not the {0 0 1} and {1 0 0} ones. Moreover, 

the built-in magnetic field of the ferrite was shown to possibly hinder the recombination 

rate of the generated charge carriers, however the significant effect was observed only for 

the {1 0 0} exposing sample. It is suggested that this anisotropy might result from the 

2-dimensional nature of the excitons generated within the anatase structure and the 

uniaxial vector of the BaFe12O19 magnetic field. However, the additional contribution of the 

surface electron states cannot be ruled out at this point, opening a problem for further, 

more detailed studies. 

Finally, following-up the observed relation between degradation rate and probability 

of charge carriers trapping at the surface, further optimization of the activity can be 

achieved by manipulating ground-state concentration of the electrons within the materials. 

However, as shown by the in-depth investigation of the Nb5+ doped samples, the 

behaviour of the dopant-introduced charge can be completely different, depending on the 

electronic structure of the exposed crystal facet, in accordance with the hypothesis [H7]. 

Interestingly, an increase of the electron density is particularly undesired for the {1 0 1} 

facets, which was clearly observed both phenol degradation and 4-nitrophenol reduction, 

making it a poor approach for the application in water treatment. 

Following the negative effect of the Nb5+ doping on the photocatalytic activity of the 

{1 0 1} facets, further investigation clearly shows that a slight reduction of the 

spontaneously present donor states with Gd3+ ions maximises their ability to generate 

reactive species, creating a highly active material for this particular reaction. Interestingly, 

maximum activity for the 4-nitrophenol reduction, ∙OH generation and H2O2 formation 

were all observed for different donor densities, supporting hypothesis [H8] that for 

a particular facet-reaction case, maximum activity will require different density of excess 

charge at the ground state.  

Overall, the obtained results confirm the importance of the exposed facet of the 

anatase photocatalysts on the resulting activity, influencing the performance of the 

unmodified materials, as well as its further interactions with defects, dopants and other 
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crystal phases. As a general observation, it is worth noting that the behaviour of the 

analysed samples generally follows predictions obtained from the DFT simulations, 

providing a good insight into the possible fate of both charge carriers on different surfaces. 

However, a straightforward prediction of the photocatalytic activity from such simulations 

is still challenging. This is mostly due to the simplicity of the arbitrary designed models, 

compared to the real reactions systems, which include problems like the simultaneous 

presence of holes and electrons during the process, formation of spontaneous defects 

within crystal structure and a vast number of possible species and intermediate products 

at the surface, which in most cases are not simulated in detail. In this regard, experimental 

optimization of the photocatalytic performance seems still needed. Based on the 

performed works, a general approach for such optimization might be suggested as 

(I) finding a suitable crystal structure for a particular reaction, (II) optimizing the presence 

of a most-active crystal facets, and (III) optimizing ground state density of charge carriers 

for a particular facet-reaction case. Such optimized single-phase materials might be further 

subjected to studies regarding surface modifications/junctions/reaction environment to 

obtain photocatalytic systems with boost efficiencies. 
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P4 

In the above study I have performed photocatalytic activity tests, prepared the data for 

further analysis and performed Fourier-transform infrared spectroscopy measurements. 
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o S. Dudziak, C. Gómez-Polo, J. Karczewski, K. Nikiforow, , A. Zielińska-Jurek “Insight 

into (Electro)magnetic Interactions within Facet-Engineered BaFe12O19/TiO2 Magnetic 

Photocatalysts”, ACS Appl. Mater. Interfaces, vol. 15 (2023), no. 56511-56525, P5 

In the above study I have supervised the experiments taking place at the Public University 

of Navarre, helped to analyse and interpret measurements of the magnetic properties and 

revised the final version of the manuscript. 

 

 

 

 

 Prof. Cristina Gómez-Polo, PhD. 

 

 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


| Szymon Dudziak 

Page | 205  

 

Kostiantyn Nikiforow, PhD. 

Institute of Physical Chemistry, 

Polish Academy of Sciences, 

Kasprzaka 44/52, 

01-224, Warsaw, Poland 

Warsaw, 12.12.2023 

 
 

Statement of Contribution 

I have contributed to the publications which constitute a part of PhD dissertation of 

Szymon Dudziak in the following way: 
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Photocatalysts”, ACS Appl. Mater. Interfaces, vol. 15 (2023), no. 56511-56525, P5 

In the above study I have performed X-ray photoelectron spectroscopy measurements, 

deconvoluted the signals and helped interpret chemical nature of the observed states. 
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o S. Dudziak, E. Kowalska, J. Karczewski, K. Wang, M. Sawczak, B. Ohtani, A. Zielińska-

Jurek “The interplay between dopant and a surface structure of the photocatalyst – 

The case study of Nb-doped faceted TiO2”, Appl. Catal. B: Environ. vol. 328 (2023), 

no. 122448, P6 

In the above study I have performed X-ray photoelectron spectroscopy measurements, 

deconvoluted the signals, prepared the graphs and helped to interpret chemical nature of 

the observed states. 
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o S. Dudziak, E. Kowalska, J. Karczewski, K. Wang, M. Sawczak, B. Ohtani, A. Zielińska-

Jurek “The interplay between dopant and a surface structure of the photocatalyst – 

The case study of Nb-doped faceted TiO2”, Appl. Catal. B: Environ. vol. 328 (2023), 

no. 122448, P6 

In the above study I have helped with performing scattered absorbance and scattered 

transmittance measurements of the TiO2 suspensions. 

 

 

 

 

 Assoc. Prof. Mirosław Sawczak, PhD. DSc. Eng. 
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o S. Dudziak, E. Kowalska, J. Karczewski, K. Wang, M. Sawczak, B. Ohtani, A. Zielińska-

Jurek “The interplay between dopant and a surface structure of the photocatalyst – 

The case study of Nb-doped faceted TiO2”, Appl. Catal. B: Environ. vol. 328 (2023), 

no. 122448, P6 

In the above study I have performed reversed double beam photoacoustic spectroscopy 

measurements, analysed the data, prepared the graphs, helped to interpret those results 

and revised the final version of manuscript. 

 

 

 

 

 

 Prof. Bunsho Ohtani, PhD. 
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