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Abstrakt

Fotokatalyzátory na bázi oxidu titaničitého patří mezi nadějné metody v čištění vody 

a vzduchu. Způsob, jakým tento fotokatalyzátor rozkládá organické nečistoty, se jeví jako 

mimořádně efektivní, a zároveň zdravotně i ekologicky nezávadný. Po ozáření TiO2

fotokatalyzátoru světlem z UV oblasti, vznikají na jeho povrchu vysoce aktivní centra, která 

téměř okamžitě reagují s naadsorbovanými organickými látkami. Organické nečistoty vlivem 

těchto silných oxidačně-redukčních reakcí jsou tak rozkládány na vodu a oxid uhličitý.

Efektivní aplikaci TiO2 fotokatalyzátoru omezuje několik faktorů. Největší bariérou se jeví 

jeho aktivita pouze v UV oblasti. Posunutí absorpčního pásu do viditelné oblasti patří mezi 

hlavní cíle výzkumných laboratoří, zabývajících se fotokatalýzou na povrchu TiO2. Jisté 

vylepšení bylo pozorováno u oxidu titaničitého upraveného dopováním různými látkami. 

Oxid titaničitý obohacený lanthanem obecně vykazuje lepší fotokatalytickou účinnost při 

rozkladu organických nečistot.

V této práci, byla připravena modifikace oxidu titaničitého zcela novou metodou, jež dává 

vzniknout nanokrystalické anatasové struktuře TiO2 dopované lanthanem. Studované vzorky 

byly připraveny homogenním srážením roztoku titanyl sulfátu a dusičnanu lanthanitého

pomocí vodného roztoku amoniaku a následnou oxidací sraženiny peroxidem vodíku, jež 

vedlo ke vzniku žlutého roztoku peroxo-polytitaničitého komplexu. Sušením roztoku metodou 

vymrazování vedlo ke vzniku ultra-jemného nažloutlého prášku, jehož složení sestávalo 

z nukleačních center a z převládající amorfní domény. Žíhání tohoto výchozího prášku vedlo 

k tvorbě nanokrystalického La-dopovaného TiO2 s vysokou kvalitou krystalů. Vzorky byly 

charakterizovány pomocí rentgenové difrakce (XRD), rastrovacím a vysokorozlišovacím 

elektronovým mikroskopem (SEM, HRTEM) a infračervenou spektroskopií s Fourierovou 

transformací (FTIR). Metody B.E.T. a B.J.H byly použity pro zjištění porozity materiálu a

rentgenová fluorescence (XRF) pro zjištění množství lanthanu ve vzorcích. Fotokatalytická 

aktivita byla stanovena měřením fotokatalytického rozkladu 4-chlorfenolu ve vodné suspenzi. 

Bylo zjištěno, že molekuly lanthanu zlepšují kvalitu anatasových krystalů a brání 

nežádoucímu růstu částic během žíhání. Vzorek žíhaný při 800 °C vykazoval nejvyšší 

fotoaktivitu, díky své struktuře a morfologii vyhovující vlastnostem efektivního 

fotokatalyzátoru. 

Klíčová slova: anatas, rutil, fotokatalýza, TEM, SEM, rtg. difrakce
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Abstract

Photocatalysts on a basis of titanium dioxide is one of the promising methods for water and 

air purification. The manner of decomposing organic pollutants by titanium dioxide

photocatalysts appears to be extraordinary effective, as well as healthy and ecologically 

harmless. The TiO2 photocatalyst generates highly oxidative centers, after illumination by the 

light from UV region. These centers almost immediately react with adsorbed compounds.

The organic pollutants are decomposed by these powerful oxidative-reductive reactions, 

producing water and carbon dioxide.

Effective application of TiO2 photocatalysts is limited by several factors. The most important 

limitation is that photocatalysts are active only under UV irradiation. The shift of

the absorption edge towards the visible region represents the main aim of research groups 

studying photocatalytic properties of titanium dioxide. An improvement of titanium dioxide 

photoactivity was observed by its doping with various compounds. In general, lanthanum 

modified TiO2 shows higher photocatalytic activity in organic pollutant degradation.

In this thesis, modified titanium dioxide compounds were prepared by using a quite new 

method that allowed creating nanocrystalline anatase structure of La-doped titanium dioxide. 

The samples were prepared by homogeneous precipitation of the titanium sulfate and

lanthanum nitrate solution by ammonium stock solution, and subsequent oxidation with 

hydrogen peroxide that formed yellow peroxo-polytitanyl complex solution. Freeze-drying of 

the yellow solution formed an ultra-fine yellowish powder consisting of number of nucleation 

seeds and predominantly amorphous part. The heat treatment of the sample led to 

nanocrystalline La-doped TiO2 with great quality of the nanocrystals. The samples were 

characterized by X-ray diffraction (XRD), scanning and high-resolution electron microscopes

(SEM, HRTEM) and Fourier-transform infrared spectroscopy (FTIR). B.E.T. and B.J.H. 

methods for investigation of the porosity and X-ray fluorescence (XRF) analysis for

determination of the amount of La content were used. Photocatalytic activity was measured 

by the photocatalytic degradation of 4-chlorophenol in aqueous suspension.

It has been shown that the doping by lanthanum enhances anatase crystallite quality and 

prevents undesirable growth of the particles during calcination. The sample annealed 

at 800 °C exhibited the highest photoactivity due to its structure and morphology of

an effective photocatalysts.

Keywords: anatase, rutile, photocatalysis, TEM, SEM, XRD
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1. Introduction

At the present time, international attention is focused on the environmental protection. Water 

and air pollution is considered to be a global problem. Organic compounds represent the most 

common pollutants, for instance pesticides, sewage waters, gas emissions from vehicles and 

from manufactures. Moreover, harmful combustion products as nitrogen and sulphur oxides 

belong to significant air pollutants. New treatment technologies are one of the most desirable 

fields in the modern chemistry science. So far, no satisfying technology for water purification 

has been invented. The purification requires new technologies that are going to be more 

efficient and economically favorable. A few new significant treatment technologies were 

discovered over the last few years. One of the methods uses photocatalytic treatment utilizing 

sunlight.

The photocatalysis on the surface of TiO2 shows promising results and appears to be very 

efficient method with multiple uses. Scientific research started in the 70’s of the 20th century 

in Japan, when Fujishima and Honda discovered decomposition of water to hydrogen and 

oxygen on the TiO2 electrode under UV irradiation [1]. The basic principle of photocatalytic 

process is absorption of electromagnetic radiation in the UV range. As a consequence, highly 

reactive centers with oxidation and reduction effects are generated on the surface of 

the photocatalyst. These centers are able to decompose many organic and inorganic 

compounds in a relatively simple way. After this discovery, the scientific research started 

to be focused to the studies of photocatalytic properties of titanium dioxide.

Certain oxides of transitive elements are known to have semiconductive properties, 

for instance ZnO, Fe2O3 and TiO2. Their electron structure, after having absorbed 

an appropriate amount of energy from the light, allows the formation of the new active centers 

on the surface of the outer shell with a high ability of pollutants decomposition. Titanium 

dioxide became popular semiconductor because of its relatively cheap preparation, stability in 

the water solutions, thermal stability, harmlessness and high photocatalytic efficiency on its 

surface.

Titanium dioxide is effective under light irradiation from the UV range. However, UV light 

represents only 5 % of the whole sunlight spectrum. For significant improvement of 

efficiency of the photocatalyst, the main and the most essential aim is shifting the absorption 
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range towards visible light. Doping titanium dioxide with another transitive element seems 

to be a promising way.

The aim of this work is to prepare La-doped titanium dioxide by freeze-drying method, 

to carry out the basic characterization of the final samples and to test these products 

for photocatalytic properties.
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2. Theoretical Part

2.1. Properties of Titanium Dioxide

Titanium occurs in four oxidation states (0, 2+, 3+ and 4+), from which the 4+ state is 

the most stable. The stability of Ti4+ is due to the ability of its valence shell (3d2 4s2)

to achieve the valence state of argon (3d0 4s0). Tetravalent titanium forms six σ bonds with 

octahedral coordination (hybridization sp3d2) [2]. Titanium is relatively highly abundant in 

the Earth’s crust (~ 0,6 %) and occurs in three important minerals - ilmenite (FeTiO3), 

perovskite (CaTiO3) and rutile (TiO2). Rutile is also the name of one of the three 

modifications in which titanium dioxide is present - anatase, rutile and brookite.

2.1.1 Modifications of TiO2

The modifications of TiO2 differ in their stability and the geometry of the oxygen atoms;

see Fig. 2.1.1 [3]. Oxygen ions (O2–) situated in the tops of the octahedrons are arranged 

according to the hcc (hexagonal close-packed) type in rutile, while in anatase and brookite,

the oxygen anions are arranged in the cpp (cubic close-packed) type [4]. Titanium ion is 

situated in the center of the octahedrons.

 Anatase (I41/amd) crystallizes in tetragonal structure (Fig. 2.1.1 a) that consists of

flattened octahedrons.

 Rutile (P42/mnm) is the most stable and the most common modification of the titanium 

dioxide and it also crystallizes in tetragonal structure (Fig. 2.1.1 b). This structure consists 

of the regular octahedral units of TiO6/3 [5].

 Brookite (Pbca) has the orthorhombic structure (Fig. 2.1.1 c). Preparation of pure brookite 

without anatase or rutile phases is difficult, thus the application of brookite structure for

semiconductor and photocatalytic use is significantly limited [6].

a) b) c)

Fig. 2.1.1 Modifications of the titanium dioxide, a) anatase, b) rutile, c) brookite. Taken from [3].
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2.2 Transformation of the Anatase into Rutile

The arrangement of the crystalline units in anatase and rutile phase is shown in Fig. 2.2.1.

The octahedrons in anatase share four corners, while rutile’s octahedrons share four edges,

which causes that there is not much free space left in the rutile structure [2]. Thus, rutile is 

the most stable phase of the TiO2 modifications. 

  a) b) 

Fig. 2.2.1 Organization of the crystal units a) in anatase, b) in rutile. Taken from [2].

Differences in the arrangement of neighboring units explain their different properties:

 Metastable phases - anatase and brookite are transformed into stable rutile phase 

at high temperatures.

 During anatase-rutile transformation, there is the increase of density from 3.9 g cm–3

to 4.3 g cm–3 and the decrease of crystal cell volume.

From the thermodynamical point of view, the anatase-rutile transformation is the spontaneous, 

irreversible process. The Helmholtz free energy (ΔA) for rutile is lower than for anatase and 

brookite [6]. Navrotsky and Kleppa [7] studied theoretical data of the thermodynamic 

transformation and measured negative Gibbs’ energy (ΔG) for both anatase and rutile TiO2

modifications.

The anatase-rutile transformation accompanied by volume decrease confirmed that anatase is 

a metastable phase. The heat treatment of the metastable phase (anatase or brookite) at high 

temperatures allows the formation of more stable rutile. The experiments proved that

the transition temperature for brookite is 750 °C [6], but anatase transition occurs in the wide

range between 450-1200 °C [8-10]. The transformation temperature depends on the structure 

and the morphology of the precursors, and these parameters are determined by the method of 

preparation. Many methods of preparation produce anatase structure, which is transformed 

into rutile by the following heat treatment.

According to the general theory, the mechanism of anatase-rutile transformation includes 

firstly breaking of two of six Ti–O bonds in anatase structure, recombination of octahedrons 
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into rutile structure and subsequent forming of two Ti–O bonds [7]. The open structure of 

anatase is converted into less spacious composition and this phenomenon is accompanied by 

the cell diameter decrease. The bond breaking of the Ti–O is easier after disturbance of 

the crystalline structure. The defects could be caused by many factors, for instance, additives, 

annealing temperature, pressure and changes in morphology of anatase particles.

2.2.1 Factors Affecting the Anatase-Rutile Transformation 

2.2.1.1 The Effect of Additives

According to the experiments carried out by Shannon and Pask [8], the additives affect 

the anatase-rutile transformation in the following way:

 Adding the acceptor elements (ions in lower valence state than Ti4+), lead to the formation 

of a charge imbalance in the anatase lattice, which subsequently produce oxygen 

vacancies. The lattice properties are then changed due to these vacancies, for instance, they 

cause the reduction of the “stress energy” - the amount of energy that has to be supplied to 

the molecule before the recombination can take place. The molecules receive this energy 

from heat, so if stress energy is decreased, the transition temperature is decreased as well, 

because the Ti–O need lower thermal energy to bonds breaking. The more of O2– vacancies 

in lattice, the lower transition temperature is. Garvie [11] confirmed this theory and 

suggested that the monovalent cations have greater effect on the anatase-rutile transition 

than divalent or trivalent ones. If Ti4+ is replaced by (1+) charged ion inside the crystal 

lattice, the charge imbalance will be significantly higher which causes formation of 

the crystal defects. 

 The donor elements (ions in higher valence state than Ti4+) are located between nodes in 

crystal lattice and suppress the anatase-rutile transformation.

On the contrary to the data determined by Shanon and Pask [8], Rao [12] suggested that 

the presence of any charge carrier, namely donor/acceptor cation or anion, produces more 

stable anatase phase and suppresses the anatase-rutile transformation. Especially, 

the substituents with higher valence appear to have higher stabilization effect on the anatase 

phase.
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2.2.1.2 The Effect of Temperature

The impact of the temperature on the anatase-rutile transformation is mentioned only in few 

publications. Firstly Navrotsky and Kleppa [7] concluded that the anatase-rutile 

transformation took place in a temperature range of 450-1200 °C. Later in 1999 

Chan et al. [9] studied the effect of calcination on microstructural parameters, namely on 

the size and the shape of the particles, specific surface area, pore distribution, pore size or 

anatase/rutile ratio in TiO2 mixtures. It was found out that anatase modification of TiO2

completely converts to crystalline rutile in the range of 600-800 °C. Other effects of

calcination are following:

 During the heating, the rutile phase amount is increased in proportion to anatase,

which leads to faster anatase-rutile transformation.

 At higher temperatures, the particle size of anatase and rutile phase also increases.

 The specific surface area decreases with increasing temperature.

The continuous growth of the crystals finally results in particle agglomeration. Gribb and 

Banfield [13] reported, that low specific surface area and great amount of rutile phase in TiO2

samples are undesirable for high photoactivity.

2.3 Doped Titanium Dioxide

Intensive research has been focused on extending the absorption range of large band gap of 

TiO2 semiconductors into the visible part of electromagnetic spectrum [14]. Some strategies 

include coupling the titanium dioxide with low band gap semiconductors such as CdS, CdSe 

etc., doping it with non-metals (C, N, S, Cl, Br etc.), metal ions (Co2+, Cu2+, Cr3+, Fe3+, V5+, 

Mo5+ etc.) and deposition of noble metals (Pt0, Ru0 , Rh0 , Pd0 etc.) into the semiconductor 

matrix.

The transition metal ion can act as a recombination center and decrease the photocatalytic 

activity or can act as a mediator and increase the photocatalytic efficiency [15]. There are also

conflicting reports regarding the photocatalytic activities on semiconductors doped with 

transition metal ions. The disagreements appear to be due to the variability in the synthetic 

procedures or different experimental conditions used in the photocatalytic reactions (intensity 

of lamp, wavelength of the used light) and various quantitative methods used for analysis of 
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reactant and/or product concentrations. In a recent publication [16], Herrmann concluded that 

doping of both n- and p- semiconductors by transition metal ions in fact leads to an increase 

of the recombination rate. In contrast to this, the TiO2 photocatalysts doped by rare earth (RE)

elements exhibit higher photocatalytic activity than the non-modified.

2.3.1 Lanthanide Series

The lanthanides (Ln) represents 15 elements including the atomic numbers from 57 

(lanthanum) to 71 (lutetium). Scandium and yttrium are chemically similar and thus they are 

also considered to be a part of the RE elements [15]. The name “rare earth” means that these 

elements were isolated from uncommon minerals. Their abundance is great, but mostly,

they are located together in small amount. The valence structure of the lanthanides is mostly

[Xe] 6s2 4fn, where (n = 0-14) and they usually occur in the oxidation state (3+). Because of 

the lanthanide contraction influence the ionic radii of the Ln3+ decreases from 106.1 pm (La3+) 

to 84.8 pm (Lu3+) [17]. The presence of the 4f orbitals makes a difference between 

the lanthanide ions and the transition metal ions. The fill 5p6 6s2 orbitals shield these

4f orbitals, which lead to specific spectroscopic properties of the lanthanides [18, 19]. Due to

their optical properties, the materials doped with lanthanides are used in the lighting industry,

optical fibers, optoelectronics, computer displays, and biomedical applications (cell imaging, 

diagnosis and analysis).

2.3.2 Summary of Preparation Methods of La-doped TiO2 Photocatalysts

In 1998 the group of Lin and Yu [20] reported the enhanced photocatalytic oxidation of

acetone in the gas phase using TiO2 catalyst (Degussa P25) modified by La2O3 (0.5 wt.%). 

Several previous reports [21, 22] had focused on the porosity and stability of the modified 

anatase phase in La2O3-TiO2 system, but photocatalytic activity was not examined. 

The photocatalytic degradation of benzene, toluene, ethylbenzene and o-xylene (BTEX) in 

the gaseous phase was also studied by Li et al. [23] and it was found out that La-doped TiO2

shows enhanced photoactivity in comparison with un-doped TiO2 The higher photoactivity 

was attributed to the combination of both improved adsorption and enhanced separation of 

electron and hole pairs.

Sibu et al. [24] determined the titanium dioxide doped by La2O3 and suggested the formation 

of Ti–O–La bonds and the anatase phase stabilization effect at high temperatures (800 °C).

Based on FTIR analysis, they concluded that the La3+ ions replace Ti4+ ions, however they did 
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not consider the mismatch of ionic radii of these ions (106 pm of La3+ and 68 pm of Ti4+

[17]). Separated clusters of lanthanum oxide dispersed into TiO2 matrix or onto the surface of 

TiO2 are responsible for the presence of La–O–Ti bonds [25].

Li et al. [26] examined the surface photovoltaic and photoacoustic properties of La modified 

TiO2 and according to their results, the lanthanum ions inhibit the anatase-rutile 

transformation. The adsorptive removal of gaseous benzene from mesoporous La-TiO2 was 

reported by Nguyen-Phan group [27]. The enhanced adsorption was attributed to 

the interaction between hydroxyl groups and the electrons from π-bonds of benzene.

Due to the waste from textile industries constituting approximately 20 % of aqueous industrial 

pollution [28], the photocatalytic degradation of dyes is also extensively studied. 

The photocatalytic degradation of methyl orange (MO) on the surface of La-modified 

titanium dioxide prepared by plasma spray method was studied by the group of Xu [29]. 

They revealed that the absorption band edge showed red shift in a case of 0.5at.% La-TiO2

nanopowders in contrary to pure TiO2. The same effect was registered for 0.75wt.% 

lanthanum modified TiO2 nanotubes (NT) prepared by sol-gel method and followed by 

calcination, which show higher photodegradation of MO in comparison with un-doped TiO2-

NT [30]. In this case the higher photoactivity was attributed to the formation of oxygen 

vacancies and Ti3+ species, which cause the stronger absorption and the red shift of the band 

gap position.

La-modified TiO2 had been also tested for the degradation of methylene blue (MB). 

Du et al. [31] studied the formation of surface hydroxyl groups and its effect on the MB

photocatalytic degradation. Jin et al. [32] examined the dark adsorption of the methylene blue 

on the La-doped TiO2 and un-doped TiO2. They concluded that adsorption of MB is the rate-

determining step and the appropriate isotherms can be fitted with Langmuir equation. Similar

results also reported Parida and Sahu [33], who concluded that the adsorption rate belongs to 

the important factors in explaining the enhanced activity of La-modified TiO2 photocatalysts.

In contrary to previous researches, Choi et al. [25] have found no change of catalytic activity 

under UV irradiation for La modified TiO2. No red shift in the absorption spectra for 

0.3at.% La-doped TiO2 were observed. Shi et al. [34] reported an enhancement in 

the photocatalytic degradation of MB using La-TiO2 as catalyst under UV radiation. Other 



- 17 -

dyes that have been examined for determination of the photoactivity of the La-TiO2

photocatalysts are rhodamine B [35] and Direct Blue dye [36].

The photodegradation of imidazole [37], 4-chlorobenzoic acid [38] and methyl parathion,

a toxic organophosphate pesticide [39] in the aqueous phase were also studied. 

The measurements were also based on results by photoluminescence (PL) and surface 

photovoltage spectroscopy (SPS). Their results indicate the presence of defect sites and 

oxygen vacancies that are contributing to the enhancement of the photoactivity of La-doped 

TiO2.

2.4 Heterogeneous Photocatalysis

Photochemistry is a branch of chemistry where the chemical effects of light are studied.

Photochemical reaction is such a process, where the first step consists of light being

absorbed by a reactant. It generates active centers (e.g. electrons and holes) and subsequently 

these reactive agents cause series of chemical reactions. The heterogeneous photocatalysis is 

a specific reaction, where photoactive material, photocatalysts, causes an acceleration of 

a photochemical reaction. The process of heterogeneous photocatalysis can be described 

in five steps [40]:

1. Transfer of the reactants in the fluid phase to the surface

2. Adsorption of a least one of the reactants

3. Reaction in the adsorbed phase

4. Desorption of the product(s)

5. Removal of the products from the interface region

The most widely used photocatalysts are based on semiconductors, namely TiO2, ZnO, 

WO3, etc. However not every semiconductor exhibits photocatalytic activity. Based on

the semiconductor’s band gap width, we can predict if the semiconductor could show

photocatalytic properties. In 1991, Blake et al. [41] determined the band gap value for 

titanium dioxide in anatase phase as 3.2 eV. In order to overcome this energy, the electrons 

in TiO2 need to accept the energy equal or higher than this band gap, which corresponds to 

the energy of UV irradiation.



- 18 -

2.4.1 Kinetics of Photochemical Reactions on Ln-doped TiO2

When a semiconductor is irradiated with light providing energy greater than the band gap 

(UV light in this case), electron excitation to the conduction band (the lowest non-occupied 

energy level) takes place [15]. Positively charged holes in the valence band edge (the highest 

occupied energy level) are formed on the places of the excited electrons as shows equation 

(1). The electron-hole pairs can react or recombine with electron donors and acceptors 

adsorbed on the semiconductor surface. A sufficient life time (in the range of nanoseconds) 

exist for the realization of charge transfer to the adsorbed species on the semiconductor 

surface [42]. Electron-hole recombination can be suppressed if electron donors or acceptors 

are located at the semiconductor surface [43]. The photocatalysts without electron and hole 

traps recombines on the surface or inside the structure [44]. In aqueous solutions, oxygen 

appears as an electron acceptor. Gerischer and Heller [45] have assumed that electron transfer 

to oxygen should be the rate-determining step The excited electrons react with oxygen to form 

superoxide species as is shown in (2) [46]. Superoxide reacts with hydrogen cation to give 

perhydroxide radical (3), which as an electron acceptor provides hydrogen peroxide (4).

The holes react with water (5) or with hydroxyl anions (6) to produce hydroxyl radicals. 

The hydroxyl radicals can recombine to form hydrogen peroxide (7). Hydrogen peroxide and 

hydroxyl radicals have high oxidation ability, thus they stand out as main oxidation agents in 

photoactivity reactions.

  cbvb
h ehtor semiconducTiO2 (1)

Red.: -
22 OO 

cbe (2)
  2

-
2 HOOH (3)

222 OHHOH  
cbe (4)

Ox.:   OHHOH 2vbh (5)
  OH  OH -

vbh (6)

22OHOHOH   (7)

The reaction mechanism of RE-modified TiO2 photocatalysts can be described in different 

ways [15]. RE metal ions incorporates into TiO2 anatase lattice, which cause the formation of

multi energy levels situated below the conduction band edge of semiconductor. 

The lanthanide ions act as electron traps that may minimize the electron-hole recombination.

The red shift of absorption edge into the visible region is also attributed to incorporation of 

lanthanides ions into semiconductor structure. This effect was explained by Xu group [47] on 
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the Nd3+ modified TiO2. The red shift occurs due to the charge transfer from the band edges to 

the RE metal ion energy levels of Nd3+. Additional electronic levels are inserted into the band 

gap from 4f electrons and these levels usually lie closer to the lower edge of the conduction 

band of titanium dioxide. This suggests that the electrons may be promoted to the 4f orbitals 

of Nd or Yb instead of the conduction band edge of TiO2. The value of the red shift depends 

on the nature of the RE metal ion [48]. The visible light activity of RE-modified 

photocatalysts can be explained in two ways [15]. Schematic representation of photocatalytic 

activity of RE modified titanium dioxide under both UV and visible light irradiation is shown 

in Fig. 2.4.1.

1. Incorporation of RE metal ions leads to formation of energy levels that lie below 

the conduction band of the semiconductor [49]. Electrons from the valence band can 

be excited to the lanthanides sub-band gap levels already by visible light as indicated 

the red arrow in Fig. 2.4.1. These excited electrons can react with oxygen to produce

reactive oxygen species (O2
– or OH–) that have high oxidative potential and activate

the organic pollutant degradation.

2. In the second mechanism, it is suppose that some dyes can absorb the visible light. 

These excited dye molecules may transfer electrons into the conduction band of TiO2. 

These excited electrons are trapped by sub-band gap levels of RE metal ions and react 

with oxygen to form also peroxide and hydroxyl species.

Fig. 2.4.1 Scheme of the photocatalytic activity in the RE modified TiO2 photocatalysts.
Taken from [15].
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The general enhancement in the photoactivity of RE modified TiO2 photocatalysts is due to 

the combination of several factors that are summarized below [15]:

 The adsorption of the organic pollutants is enhanced due to the formation of Lewis acid-

base complexes. Ranjit et al. [50] determined the adsorption coefficient of several organic 

compounds and revealed that in the case of Ln3+ modified titanium dioxide semiconductors 

is 2-3 times higher in comparison with un-doped TiO2 photocatalysts.

 Lanthanum oxide located on TiO2 surface can lead to the formation of Ti3+ defects and 

oxygen vacancies. Both can act as a trap and enhance the electrons and holes separation. 

Adsorbed oxygen can react with Ti3+ to form Ti4+ that can then trap the electron. Surface 

oxygen defects lead to the formation of superoxide ions that can act as holes trap.

 The RE metals more probable substitute oxides that are well dispersed in the TiO2 matrix 

due to the mismatch of the ionic radii of titanium and lanthanides. It is also possible that 

some of Ti4+ ions can substitute the Ln3+ ions in lanthanide oxide, which causes a charge 

imbalance. Hydroxyl groups located on the TiO2 surface compensate the charge imbalance. 

The number of OH groups has been revealed to be higher in RE modified photocatalysts.

The more hydroxyl groups, the more photoactive centers are presented.

 The lanthanides inhibit the anatase-rutile transformation. This effect is desired due to 

the more spacious structure and the appropriate conduction band width (3.2 eV) of 

the anatase phase exhibiting the photoactivity in contrast to rutile phase.

 The RE modified semiconductors show higher absorption in the UV region leading to 

the higher photoactivity. The enhanced absorptivity is probably due to the ability of RE 

metal ions to trap electron, which minimizes the electrons and holes recombination. 

The RE metal ion modified TiO2 in several cases exhibit also the visible light activity due 

to the sub-band gap levels from 4f orbitals of RE atoms. The sub-band gap levels are 

situated usually below the conduction bend edge and electrons can be excited into these 

4f levels already by visible light. The position of the sub-band gap states depends on 

the nature of the RE metal ion.

2.4.2 Kinetics of Photochemical Degradation 4-Chlorophenol

The main water pollutants (by-products and waste material of industrial production) are

usually chemically stable organic compounds. The 4-chlorophenol (4-CP) belongs to common 
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harmful pollutants that are hard to separate. The TiO2 photocatalysts is able to completely 

decompose 4-CP to produce carbon dioxide, water and mineral acid. The reaction is shown 

below:

C6H6OHCl → 6 CO2 + 3 H2O + HCl (8)

The kinetics of photodegradation of 4-CP can be described according to Langmuir-

Hinshelwood (L-H) kinetics model supposing the degradation’s limit at high concentrations of 

4-CP [51] Mathematical description of 4-CP degradation according to L-H model is described 

as follows:

–d[4-CP]/dt = kaKads[4-CP] + Kads[4-CP] (9)

In the equation (9), the d[4-CP]/dt presents the degradation rate, ka is rate constant, Kads is 

absorption constant and [4-CP] is concentration of 4-CP.

 Assume high concentration of 4-CP (Kads∙[4-CP] > 1). Therefore, equation (9) is 

simplified to zero-order equation

–d[4-CP]/dt = ka. (10)

 Assume low concentration of 4-CP (Kads∙[4-CP] < 1). Therefore, equation (9) is

simplified to pseudo first-order equation

–d[4-CP]/dt = ka´Kads , (11)

where ka´ is the rate constant of pseudo first-order kinetics (ka´= kaKads).
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3. Experimental Part

3.1 Method of Preparation of La-doped TiO2

The preparation parameters significantly affect the morphology of the La-doped titanium 

dioxide samples. Particular preparation methods were described in publications that were

mentioned in theoretical part. The preparation of our La-doped TiO2 samples by freeze-drying

method is described below.

3.1.1 Chemicals

Titanium(IV) oxysulfate: ≥ 29 % Ti (as TiO2) basis, technical grade purity provided 

by Sigma-Aldrich). Lanthanum(III) nitrate hexahydrate: Assay Spec. ≥ 99 % (T), crystalline, 

Fluka-Analytical. Aqueous ammonia: (25-27%) and Hydrogen peroxide (30%) both

of analytical grade purity, solutions provided by Penta.

3.1.2 The Preparation of La-doped TiO2

The sample (5 wt.% La-doped TiO2) has been prepared by freeze-drying method and named 

Ti_La_LYO. The precursor solution was prepared as follows: First solution consists of 4.2 g 

titanium(IV) oxysulfate and 150 ml of deionized water was stirred 20 min at 30 °C until 

solution was transparent. In order to achieve 5 wt.% of La content in the final product, 

0.3884 g of lanthanum(III) nitrate hexahydrate was dissolved in 5 ml of deionized water. 

Both solutions were mixed. The mixture was frozen until floating ice crystals appeared. 

Pure cool solution was precipitated by adding aqueous ammonia (25-27%) at 0 °C under 

stirring. The rate of adding of ammonia was one milliliter per one minute until the suspension 

exceeded the pH value of 8 (approximately 5 ml of ammonia was added). White suspension 

was left 30 min for aging. The precipitate was three times filtered out and washed with 

deionized water between filtrations. Washed precipitate was filled with deionized water up to 

volume 350 ml and left 7 days for aging. After sedimentation of the precipitate, turbid white 

supernatant was poured out. The beaker containing only white precipitate was again filled

with deionized water up to volume of 350 ml. Well washed white suspension (pH~7) was 

stirred for 5 min and 20 ml of hydrogen peroxide (30%) was added. The reaction was 

accompanied by the changing of the suspension color from white to yellow and pH rapidly 

decreased under the value of 3. After two hours of stirring, the transparent yellow solution 



- 23 -

was reached. This precursor solution was added dropwise into five Petri dishes filled with 

liquid nitrogen. The preparation of the precursor solution for freeze-drying is shown in 

Fig. 3.1.1.2. Frozen droplets were immediately freeze-dried in lyophilizator (VirTis Benchtop 

K, Cole Palmer UK).

Fig. 3.1.1.1 Preparation of the sample before freeze-drying

3.1.3 The Preparation of Anatase/Rutile modification of La-doped TiO2

In order to see a phase transformation temperature of La-doped TiO2 sample, the corresponding

amount of lyophilized sample Ti_La_LYO was annealed in the air at 500, 650, 800 and 950 °C in

laboratory muffle furnace (HtCeramic 018LP) with the heating rate of 1-3 °C per minute. 

After reaching the required value, the temperature was maintained constant for 1 hour. Four new 

samples denoted as Ti_La_500, Ti_La_650, Ti_La_800 and Ti_La_950 were obtained. The flow

chart of the individual steps of whole preparation process is shown in Fig. 3.1.1.2

Fig. 3.1.1.2 Flow chart of La-doped TiO2 preparation
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3.2 Methods of Characterization of La-doped TiO2

3.2.1 Powder X-ray Diffraction Analysis (XRD)

The characterization of solid samples by powder X-ray diffraction analysis was obtained 

using diffractometer PANalytical X'Pert Pro (PANalytical b.v., Almelo, NL) at Institute of 

Inorganic Chemistry (ÚACH AV ČR). The CuKα radiation (wavelength 0,154 nm, 

voltage 40 kV, current 30 mA) and fast linear positional sensitive detector PIXcel were used. 

The measuring range was from 18 to 88 degree 2theta, step 0,013 degree and acquisition time 

was 400 sec per step (Ti_La_500, 650, 800 and 950). Different conditions were applied to 

the sample Ti_La_LYO in the range from 4 to 88 degree 2theta. The samples were measured 

in transmission arrangement with focusing mirror, Soller slit of 0.02 rad and anti-dispersion 

slit of 0.5 degree in primary beam.

Qualitative and quantitative analysis was carried out using X'Pert HighScore software, version 

2.2e, PANalytical b.v., Almelo, NL. The JCPDS PDF database release 2001, International 

Centre for Diffraction Data, Newtown, Pennsylvania, U.S.A. was used for sample 

identification.

The crystallite size (S) of the samples was calculated according to Scherrer equation [52]

S = Kλ/βcosΘ, (12)

where β presents the peak width at the half maximum, K = 0.89 is Scherrer constant for 

anisotropic shape, λ is wavelength of diffraction CuKα radiation (0.15418 nm) and Θ is

incident Bragg angle of diffraction peak [53].

Anatase/rutile ratio in the sample Ti_La_800 and standard Degussa P25 was determined

using Spurr and Myers formula [54].

f = [1+1.265(IR/IA)]–1, (13)

where f is general function of the IR/IA ratio and its value is approximately equal to the weight 

fraction of anatase in the titanium dioxide powders. IR and IA are relative intensities of 

rutile (1 1 0) and anatase (1 0 1) peaks, respectively.

Lattice parameters (a,c) of the La-doped TiO2 samples were also determined using software 

ERACEL, which applied nonlinear least-squares method.
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3.2.2 Electron Microscopy

The measurements were carried out using the electron microscopy facilities at the Institute 

of Inorganic Chemistry (ÚACH AV ČR).

3.2.2.1 Scanning Electron Microscopy (SEM)

The morphology of the samples was determined from micrographs taken using JEOL JSM-

6510LV scanning electron microscope (W-cathode, 20 nm resolution at 1 kV) equipped with 

energy-dispersive X-ray detector (EDX) Oxford Instruments INCA. The EDX detector was 

used for qualitative and quantitative analysis of the elements (heavier than beryllium). 

Scanning mode was used at the voltage of 10-30 kV and resulting magnification was from 

1000 x to 50 000x.

A thin layer of titanium dioxide powder was evenly spread on carbon holder. Foam powder

samples had not been ground before application on carbon holder for conservation its original

morphology. Also, the powder had not been coated by conductive metal layers, because given 

samples had sufficient conductivity.

3.2.2.2 High-Resolution Transmission Electron Microscopy (HRTEM)

More detail micrographs were obtained by JEOL JEM 3010 high-resolution transmission 

electron microscope (HRTEM), equipped with energy-dispersive X-ray detector (EDX) 

Oxford Instruments INCA Energy, which was operated at accelerating voltage 300 kV (LaB6

cathode, point-to-point resolution 1.7 Å). The micrographs were recorded on a Gatan CCD 

camera (resolution 1024 ×1024 pixels) and using the Digital Micrograph 3 software package.

The samples were prepared by grinding in agate mortar and subsequent dispersing the powder 

in ethanol. The dispersion was treated in ultrasound for two minutes. A drop of the diluted

dispersion was applied on carbon coated Cu-grid and dried at room temperature. The electron 

diffraction patterns were obtained using ProcessDiffraction software (Labar JL, 2002, 

Microsc. Anal. 21).

3.2.3 B.E.T. and B.J.H. Methods

Measurements of the specific surface area, pore volume and pore size of the samples based on

nitrogen adsorption-desorption isotherm were carried out using NOVA 4200e instrument at 

liquid nitrogen temperature. The analyzer includes software for the determination of specific 

surface area according to Brunauer-Emmett-Teller method (B.E.T.) [55]. The porosity was 
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determined from the nitrogen desorption isotherm using the cylindrical pore Barrett-Joyner-

Halada model (B.J.H.) [56]. Before measuring, the samples were outgassed for 12 hours 

at 200 °C. 

3.2.4 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) in transmission arrangement was also used for 

sample characterization. Absorption spectra were acquired using Nicolet Nexus 670 FTIR 

spectrometer in the region of 400-4000 cm–1. Approximately 1 mg of the sample and 300 mg 

of potassium bromide were ground in agate mortar. The mixture was pressed into pellet of

approx. 10 mm diameter. 

3.2.5 X-ray Fluorescence Spectrometry (XRF)

The sequential WD-XRF spectrometer Axios was used for XRF analysis. This spectrometer is 

equipped by X-ray tube type 4GN with an Rh anode and with 75 μm Be window. All data 

were acquired using SuperQ 5.0 software. The settings of generator collimator-crystal-

detector were optimized for collecting of 11 scans for all 83 measured elements. In order to 

determine the elements, more than one X-ray line was available. The obtained data were 

evaluated by the Omnian software. The analyzed powders were pressed into pellets of approx.

5 mm thick and diameter of 40 mm without any binding agent and covered with 4 μm 

supporting polypropylene (PP) film. The time of the measurement was about 20 min.

3.2.6 Photocatalytic Degradation of 4-Chlorophenol

For the determination of photocatalytic activity, the chemical method based on degradation of 

4-chlorophenol was used [57]. This method was chosen because it is widely use for

the photoactivity estimation of various photocatalysts. As the standard for the comparison 

with prepared samples, commercial titanium dioxide Degussa P25 was used [58].

The measurements were done at University of Chemistry and Technology in Prague. 

The experiment was carried out in photo reactor, which scheme is shown in Fig. 3.2.6.1. 

The reactor consists of the set of four magnetically stirred square vessels with volume of

25 ml with UV light source at the side of the apparatus. The temperature during 

the measurement was kept at 20 °C using circular condenser.

The measurement was carried out in parallel for four samples - Ti_La_500, Ti_La_650, 

Ti_La_800 and Ti_La_950. Reaction suspension was prepared from appropriate amount of 
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the samples dispersed in the 4-CP solution (5·10–5 mol l–1). The concentration of

the photocatalyst was 0.15 g l–1 [59]. The mixtures were stirred for 20 min without irradiation 

and then the initial concentration of 4-CP was measured. Samples were taken in regular 

intervals during 210 minutes of irradiation by UV fluorescent lamp (Sylvania BLB, maximum 

intensity at 365 nm).

Measurement of the concentration of the 4-CP was carried out by high-performance liquid 

chromatography (HPLC) using a Schimatzu chromatographic system equipped with 

LC-10AD pump and SPD-M10A diode array detector [59]. A mobile phase methanol/water 

(60:40, v/v) was used with the flow rate of 1 ml min–1. LiChrospher 100 RP-18 column (type 

LiChroCART 125-4, Merck) was used. Before analysis by HPLC, the solid photocatalyst was 

removed by centrifugation. 

Fig. 3.2.6.1 The scheme of the reactor for the measurement of the photodegradation of 4-CP.
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4. Results and Discussion

4.1 Preparation of La-doped TiO2

According to the former publications [60–62], there are two main approaches interpreting 

the photocatalytic properties of titanium dioxide:

1. The first approach focused on phase composition is based on the investigation of 

the relationship between phase modifications of titanium dioxide (anatase, rutile and 

brookite) and their photocatalytic behavior.

2. The second approach focused on morphology investigates the relations between 

photoactivity and microstructural parameters of the photocatalyst, for instance particle 

shape and size, porosity and specific surface area.

The ideal photocatalyst should take into account both these approaches: namely high quality 

of the crystallinity, suitable particle size and surface structure (e.g. without amorphous 

clusters) [63]. In order to design suitable photocatalysts, the morphology and particle sizes

must be controlled [64]. Therefore, the method of preparation is very important factor in 

the photocatalysts development.

Aqueous ammonia was added dropwise into the solution of aqueous titanyl sulfate and

lanthanum(III) nitrate hexahydrate at temperature 0 °C. The precipitation temperature is 

the important factor in order to obtain suitable particle sizes and other microstructural 

parameters [65]. Homogeneous precipitation belongs to widely using preparation methods, 

because it produces anatase nanoparticles of high quality with appropriate but not satisfactory 

microstructural parameters for high photoactivity, hence, the different procedure was chosen.

The yellow colloid solution consisting of TiIV peroxy-complexes was formed by the reaction 

of the freshly precipitated and washed titanium dioxide aqueous suspension with hydrogen

peroxide. The formation of TiIV peroxy-complex solution studied Muhlebach et al. [66] and 

he described the origin of relatively stable Ti2O5 binuclear units at pH 1-3. Titanium atoms 

are bridged by μ-oxygen and/or μ-peroxy groups. Two aqua ligands coordinated to TiIV are 

completing the six-fold arrangement. Fig. 4.1.1 depicts structure of TiIV peroxy-complexes.
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Fig. 4.1.1 The formation of TiIV peroxy-complex.
Taken from [67].

Polymerization of this titanium peroxy-complex at higher pH values in aqueous solution 

led to the formation of stable yellow sols. The resulting sols must be subsequently treated 

without delay, because with the aging, the solution changes into the yellow transparent 

gel [68].

It is well known that photocatalytic reactions occurred on the boundary of grains, that’s why 

the surface properties of titanium dioxide (such as surface hydroxyl groups or crystalline 

phases) are regarded as important factors for the photocatalytic reaction kinetics and 

mechanism [69]. Drying procedures have the influence on desirable physicochemical 

properties. The freeze-drying method is based on non-destructive drying by the water 

sublimation at low temperatures (approx. – 50 °C) and low pressure (~ 5 mTorr) which 

preserve the original chemical composition of TiIV peroxy-complex and also other

characteristics, like original particle size distribution or long-term stability. Heat treated 

products of lyophilized un-doped TiO2 exhibit high photocatalytic activity due to anisotropic

shape and perfect crystallinity of anatase aggregates [53].

4.2 Characterization of La-doped TiO2

4.2.1 Powder X-Ray Diffraction Analysis (XRD)

Powder X-ray diffraction analysis was used for the crystal phase identification and 

the estimation of both the crystallite size and the anatase-rutile transformation. The diffraction 

patterns given in Fig. 4.2.1 shows the crystallite structure evolution of La-doped titanium 

dioxide prepared by freeze-drying process (Ti_La_LYO) and its post-synthesis annealing 

products (Ti_La_500, Ti_La_650, Ti_La_800, Ti_La_950). Wide band at 42.64 2theta degree

correspond to Mylar foil, which was used as sample holder. The raw freeze-dried sample 

Ti_La_LYO (in the form of the yellowish foam powder) shows amorphous character 

(curve a). The XRD patterns of the samples annealed at 500, 650, 800 °C and 950 °C are 

shown in Fig. 4.2.1 (curve b, c, d, e), respectively.
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Fig. 4.2.1. X-ray diffraction patterns of the sample Ti_La_LYO and its post-synthesis products of annealing.

(a) the sample Ti_La_LYO lyophilized for 48 h, (b) the sample Ti_La_500, (c) the sample Ti_La_650,

(d) the sample Ti_La_800 and (e) the sample Ti_La_950.

The annealing at the temperature higher than 500 °C led to occurrence of anatase phase which 

corresponds to ICDD PDF card 21-1272: tetragonal anatase (space group I41/amd and lattice 

constants a, b = 3.7852 Å, c = 9.5139 Å). The Ti_La_500, Ti_La_650 and Ti_La_800

samples show the peak positions, which can be attributed to hkl lattice planes (1 0 1), (0 0 4)

and (2 0 0) having their standard peak positions (according to ICDD PDF) at 25.30; 37.92 and 

47.99 2theta degree, respectively. We can follow the increase of the intensity of anatase peaks 

up to annealing temperature 800 °C. At this temperature, the sample Ti_La_800 already 

contains a small fraction of the rutile phase. The sample Ti_La_950 contains only pure rutile 

phase corresponds to ICDD PDF card 21-1276: tetragonal rutile (space group P42/mnm and 

lattice constants a, b = 4.5933 Å and c = 2.9592 Å). We can observe the peaks corresponding 

to hkl lattice planes (1 1 0) and (1 0 1), having their standard peak positions at 27.42 and 

36.06 2theta degree, respectively.

In addition, mixed oxide La4Ti9O24 (ICDD PDF card 36-0137) was identified in the XRD 

pattern Fig. 4.2.1 (curve e) of the sample Ti_La_950. The La4Ti9O24 had two the most 

intensive diffraction peaks situated at tabulated values of 27.07 and 27.42 2theta degree 

corresponding to hkl lattice planes (4 0 4) and (4 4 0), respectively. This result is in agreement 

with the observations of Ghosh et al. [70] and Li et al. [26], who concluded that La4Ti9O24 

phase inhibits anatase-rutile phase transformation.
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The thermal treatment of the amorphous freeze-dried foam powder Ti_La-LYO led to 

spontaneous crystallization and controlled anatase-rutile transformation. The average size of 

anatase or rutile crystallites was calculated using Scherrer equation (12). According to 

Table 1, the continuous growth of crystallite size has been determined for all annealed        

La-doped TiO2 powders. According to the XRD data [71], the anatase crystallite size of 

the un-doped TiO2 (prepared by the same method and annealed up to 800 °C) increased from 

26.1 nm up to 101 nm. There is a considerable reduction in average anatase crystallite size 

from 9.2 to 18.4 nm (at the same temperature range) in our sample doped with 5 wt.% of 

lanthanum. XRD results confirmed the deceleration in nanocrystallite growth. It was 

determined that this deceleration happens due to the segregation of lanthanum at the grain 

boundary [25]. This phenomenon also takes place during annealing, which causes

the inhibition of agglomeration and sintering of TiO2.

Sample Ti_La_950 shows large growth of rutile nanoparticles (68.6 nm) which were almost 

four times bigger than nanocrystals of anatase in the sample annealed at 800 °C. 

We confirmed that annealing caused not only phase transformation of anatase into rutile, but 

it is also accompanied with growing of nanoparticles [72]. In previous studies [73], authors

suggested that rutile can form the particles of the much larger size than anatase. During phase 

transformation from metastable anatase to stable rutile, the energy is released. This energy is 

used for the sintering and lead to the growth of rutile nanoparticles. This effect is in 

accordance with our results of the sample Ti_La_950 as well. This phenomenon represents 

the irreversible phase transformation [74, 75].

The XRD estimation revealed that 5wt.% La-TiO2 obtained by lyophilization contained nearly 

100 % of anatase even at 800 °C. The Ti_La_800 sample contains 95.4 % of anatase and 

4.6 % of rutile phase as it was determined using Spurr and Myers formula (13) (see Table 1)

Calculated lattice parameters are also presented in Table 1. Due to the difference in ionic 

radii it appears that La3+ should either replace the Ti4+ site or go to the interstitials. 

Such incorporation of La ions into titanium dioxide phase lattice leads to the increase of 

lattice parameters. From the lattice parameter calculation using ERACEL software, it was 

found that all annealed samples (Ti_La_500, Ti_La_650 and Ti_La_800) containing anatase 

phase show increasing of lattice parameter a, b and decreasing of lattice parameter c

(comparing with the standard anatase values given in ICDD PDF card 21-1276 with 

a, b = 3.7852 Å and c = 9.5139 Å, respectively). The lattice parameters in the case of rutile 
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phase (sample Ti_La_950) were not changed. Probably rutile does not contain lanthanum in 

the structure.

Table 1
Summarization of the microstructural characteristic of investigated La-doped TiO2 samples.

Sample
Phase 

composition

Anatase 
content from 

XRD

Rutile 
content from 

XRD

Anatase 
crystallite 

size

Rutile 
crystallite 

size

Anatase lattice parameters 
[Å]

Rutile lattice parameters
[Å]

[%] [%] [nm] [nm] a, b c a, b c

Ti_La_LYO - 0 0 - - - - - -

Ti_La_500 A 100 0 9.2 - 3.793 9.468 - -

Ti_La_650 A 100 0 11.7 - 3.796 9.491 - -

Ti_La_800 A 95.4 4.6 18.4 - 3.789 9.502 - -

Ti_La_950 R 0 100 - 68.6 - - 4.593 2.959

Degussa_P25 A + R 96.6 3.4 21.1 42.5 - - - -

A, anatase; R, rutile

4.2.2 Electron Microscopy

For the investigation of the structure and morphology of La-doped TiO2 nanoparticles, 

the electron microscopy was used. This method gives more detail information about size and 

shape of the La-doped TiO2 nanoparticles.

4.2.2.1 Scanning Electron Microscopy (SEM)

The un-doped titanium dioxide, prepared by freeze-drying of TiIV peroxy-complex solution, is 

distinguished by the lamellar morphology. Šubrt et al. [53] assumed that both the shape and 

size of the TiO2 nanoparticles are closely connected with the preparation conditions used for 

freeze-drying (drying temperature and pressure). According to Šubrt, the undoped titanium 

dioxide after 48 hours of lyophilization forms light brittle yellow foam. After deeper 

observation by SEM it was determined, that this foamy powder consists of thin leaves, formed 

by agregated nanocrystallites. The size of the sheets was estimated to be in the range of mm 

and its width is approximatelly 100 nm. It was found, that leaves of the initial lyophylizated 

material are fomed as a „sandwich“, consisted from two parallel planes of arranged 

nanocrystals with amorphous phase between them. This structure arise during the heating 

above 500 °C, when the nuclei for crystalline anatase phase grow simuntaneously on both 

sides of the leaves, and amorphous phase slowly fill space between these anatase sheets.

This growth mechanism is responsible for the high amount of the amorphous phase in 

lyophilized un-doped titanium dioxide, which lead to extremely high BET surface area 

(SA = 125.7 m2 g–1) of the non-annealed un-doped titanium dioxide.
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Fig. 4.2.2.1.1 shows the SEM images of Ti_La_LYO sample obtained by 48 hours of 

lyophilization. Our La-doped samples have thinner leaves and therefore their more number at 

the given area than un-doped TiO2 [53]. In comparison with un-doped TiO2, the composition 

of freeze-dried TiIV peroxy-complex solution consisting of La3+ cations leads to the decrease 

of the amorphous part. In this stage, lanthanum forms small amount of amorphous residues 

that are nearly impermeable and prevent sublimation of the frozen solvent. As it can be seen 

in Fig. 4.2.2.1.1, the typical lamellar morphology of La-doped titanium dioxide had been 

preserved.

Fig. 4.2.2.1.1 Micrographs taken by SEM showing morphology and shape of the La-doped titanium dioxide 
after 48 hours of lyophilization (sample Ti_La_LYO).

The SEM micrographs in the Fig. 4.2.2.1.2 show the morphology of the La-doped titanium 

dioxide foamy powders obtained by annealing of the raw lyophilized Ti_La_LYO sample at 

500 °C (a), 650 °C (b), 800 °C (c) and 950 °C (d) at two different magnifications.

The lamellar morphology is a result of the controlled nucleation in freeze-drying process,

which affects the phase stablity [76]. During the annealing in the air at the temperature range 

from 500 to 800 °C, we observed the tendency to better crystallization of La-doped samples. 

The crystallization takes place only in 2D direction and the lamellar structure with different 

degrees of crystallinity is preserved. This morphology is associated with the nucleation of 

small or imperfect crystals in the space between existing crystals. The SEM results are in 

agreement with XRD analysis confirming that lanthanum additive leads to small increase of 

the average size in the anatase La-doped TiO2 samples. According to [59], this phenomenon 

occurs, because the growth of anatase nanoparticles is allowed only in the specific directions 

and thus the crystal phase enhances its crystalline structure instead of the size growth.

However, the lamellar morphology of the un-doped TiO2 completely collapsed after anatase-

rutile transformation took place. It leads to the growth of randomly oriented rutile particles in 

10 μm 1 μm
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the un-doped TiO2 sample annealed at 950 °C [53]. This phenomenon is in contradiction with 

our SEM micrographs which confirm the partial preservation of the lamellar morphology 

(see Fig. 4.2.2.1.2 d).

a) sample Ti_La_500 annealed at 500 °C

b) sample Ti_La_650 annealed at 650 °C

c) sample Ti_La_800 annealed at 800 °C

d) sample Ti_La_950 annealed at 950 °C

Fig. 4.2.2.1.2 Micrographs taken by SEM showing the morphology and the shape 

of the La doped titanium dioxide.
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The energy-dispersive X-ray microanalysis (EDX) was used to map the spatial distribution of 

Ti, O and La in the sample Ti_La_800. As illustrated in Fig. 4.2.2.1.3, the EDX mapping 

reveals homogeneous distribution of all elements.

           

Fig. 4.2.2.1.3 The map of the sample Ti_La_800 annealed at 800 °C by EDX pattern the representation of O, Ti 
and La dopant.

The EDX spectrum proved the presence of lanthanum in the sample Ti_La_LYO and 

Ti_La_800. As it can be seen in Fig. 4.2.2.1.4, there is the overlap between titanium and 

lanthanum characteristic peaks, which lead to incorrect results of lanthanum content in 

the samples and for this reason, there are not given here. Also XRD analysis does not found 

La2O3 since this method is not sensitive enough for the detection of such low amount of this 

phase. For more correct quantitative determination of lanthanum, the XRF analysis has been 

used, see chapter 4.2.5 XRF analysis.

a) b)

Fig. 4.2.2.1.4 The EDX spectrum of a) the sample Ti_La_LYO and b) Ti_La_800

4.2.2.2 High Resolution Transmission Electron Microscopy (HRTEM)

The raw freeze-dried La-modified TiIV peroxy-complex solution (sample La_Ti_LYO) has its

significant part in amorphous state. However, the selected area electron diffraction (SAED) in 

Fig. 4.2.2.2.1 (depicted in the orange demarcation on the right) confirmed the formation of 

polycrystalline materials made up of many nanoscale crystal domains. The SAED pattern of 

the sample La_Ti_LYO consists of the series of the concentric rings that correspond to 

tetragonal anatase phase (ICDD PDF card 21-1272). The electron diffraction pattern 

processed in Process Diffraction is also included (see Fig. 4.2.2.2.1, below). There are 

O Ti La
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the green markers indicating positions of diffraction lines of anatase TiO2 as follow (1 0 1), 

(1 0 3), (0 0 4), (1 1 2), (2 0 0), (1 0 5), (2 1 1), respectively. When we compare this electron 

diffraction pattern with powder XRD pattern, we can see the differences. While SAED shows 

some diffusion diffraction, the XRD does not demonstrate any diffraction from the sample. 

This can be explained by the fact that the whole sample is measured by XRD while SAED 

gives us only the diffraction of limited area where some nanocrystalline nucleation seeds 

could be present.

Fig. 4.2.2.2.1 The electron micrograph, SAED and electron diffraction pattern of the sample La_Ti_LYO

HRTEM images reveal that there is formation of new “core-shell” structure. This structure 

could be described as small nanocrystal cores enveloped in thin amorphous shell-cover with

the thickness of about ~10 nm (see Fig. 4.2.2.2.2 green demarcation micrograph). Magnified 

HRTEM micrograph (Fig. 4.2.2.2.2 in red demarcation) depicts core part. The blue marked 

area in Fig. 4.2.2.2.2 shows the nanocrystalline domains with the average size of 3 - 5 nm.

These results indicated that the small amount of La (~ 5 wt.%) can play an important role of 

nucleation agent that probably promote the TiO2 crystallization and might form the stabilizing 

1 µm 5 1/nm5 1/nm

(211)

(105)

(101)
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covalent crosslinks in La-doped TiO2 crystals better than in the case of the un-doped TiO2

[53,71]

Fig. 4.2.2.2.2 HRTEM micrographs showing the core-shell formation of Ti_La_LYO.

HRTEM micrograph (Fig. 4.2.2.2.3) shows the La-modified anatase TiO2 (sample 

Ti_La_800) obtained by the annealing of raw freeze-dried yellowish foam powder at 800 °C. 

The SAED pattern corresponding to this micrograph (depicted in the green demarcation on 

the right) reveals the incoherent atomic structure, in the following way: electron diffraction 

rings (yellow dotted lines) of anatase TiO2 (corresponding also ICDD PDF card 21-1272) are 

accompanied with extra diffraction spots corresponding to La2O3 (red dashed lines) phase 

with hexagonal structure (ICDD PDF card 40-1279). 

     
Fig. 4.2.2.2.3 The electron micrograph and SAED pattern of the sample 
La_Ti_800.

100 nm100 nm 50 nm50 nm 5 nm

5 nm5 nm 5 nm 2 nm

0.5 µm0.5 µm 2 1/nm2 1/nm

Amorphous shell-cover

Nanocrystalline core

TiO2 Anatase
La2O3
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The high resolution TEM micrographs in Fig. 4.2.2.2.4 reveal that during the annealing 

process, well crystalline La-doped TiO2 fine grained nanocrystals are formed and they are 

well seen in both yellow and blue marked regions. The high resolution TEM micrographs also 

reveal the interplanar distances d(101) = 0.360 nm and d(101) = 0.365 nm, respectively, which 

were found to be larger than the ones in standard un-doped TiO2 (d(101) = 0.352 nm). The

changes of TiO2 lattice parameters a, b, c (see 4.2.1 XRD part) and increase of interplanar 

distances demonstrate that lanthanum enters into the TiO2 structure. This phenomenon leads 

also to the formation of structural defects which are desirable to enhance the photocatalytic 

properties.

  

  

Fig. 4.2.2.2.4 HRTEM micrographs showing well crystalized formation of Ti_La_800.

4.2.3 B.E.T. and B.J.H. Methods

The results of specific surface area (B.E.T.) and porosity (B.J.H.) of La-doped TiO2

measurements including starting sample Ti_La_LYO and samples annealed at 500, 650, 800 

and 950 °C are shown in Table 2. The B.E.T. and B.J.H. data of un-doped TiO2 prepared by 

the same method are also included for the comparison [53].

It is well known that during freeze-drying process, the freezing step has a great impact on 

the microstructural parameters and on the internal structure of the final samples. Šubrt et al.

50 nm50 nm 10 nm10 nm 2 nm

100 nm100 nm 10 nm10 nm 2 nm2 nm

d(101) = 0.360 nm

d(101) = 0,365 nm
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[53] studied un-doped TiO2 produced also by spontaneous nucleation during lyophilization

and described the formation of the lamellar morphology using model of the “sandwich”

structure. The reason for the high BET surface area of un-doped TiO2 was described in the 

previous chapter 4.2.2.1 SEM.

Table 2
Specific surface area B.E.T. and porosity of La-doped TiO2 and un-doped TiO2

samples

Sample
B.E.T. specific surface area Total pore volume Average pore size

SA [m2 g–1] [cm3 g–1] [nm]

Ti_La_LYO 40 0.043 4.26

Ti_La_500 54 0.066 4.89

Ti_La_650 47 0.052 4.44

Ti_La_800 33 0.040 4.89

Ti_La_950 16 0.018 4.45

TiO2_LYO 125.7a 0.287a 9.12a

TiO2_800 25.5a 0.028a 4.42a

TiO2_950 10.7a 0.039a 1.45a

aResults obtained by group research, Ref. [53]

Specific surface area of the initial yellowish foam powder (sample Ti_La_LYO) has been 

found to be 40 m2g–1, which is three times smaller than un-doped TiO2 (SA = 125.7 m2g–1).

The biggest surface area has been found for the sample annealed at 500 °C (SA = 54 m2g–1). 

From the results of XRD analysis is known that this sample contains polycrystalline TiO2

anatase with average crystallite size of ~ 9 nm. The existence of small nanocrystals 

corresponds well to high specific area and to stability of the mesopores with main pore radius 

of 4.89 nm. According to IUPAC Manual of Symbols and Terminology [77] porous materials 

could be divided into three groups depending on their pore size: the micropores material with 

pore sizes from 0,3-2 nm, the mesopores with pore size 2-50 nm and macropores materials 

with pore size from 50 nm up to 105 nm. 

The following thermal treatment (at temperature range from 650 to 950°C) leads to decrease 

of specific surface area and pore volume, but the pore size is still in the mesoporous range. 

The stable mesoporous structure is preserved even at the temperature of annealing 950 °C,

where the major phase is rutile. On the contrary, the average pore size of un-doped TiO2

decreases with increasing temperature (see Table 2). It is worth to mention that La additive 

improves the stability of pores even at high temperatures, which is in an agreement with 

the observation reported by Gopalan [21] and Kumar [78].
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Using of additives is the useful method to achieve the controlled nucleation during freeze-

drying process. It is generally recognized that smaller nanocrystals reduce the primary drying 

rate because mass transfer is limited through the small pores [76]. Our B.E.T. and B.J.H.

results confirm that La-doped TiO2 (5 wt.% La) prepared by controlled nucleation process 

leads to the formation of stable mesoporous structure.

4.2.4 Fourier Transform Infrared Spectroscopy (FTIR)

The Fourier transform infrared spectra (FTIR) of La-doped TiO2 samples is shown 

in Fig. 5.2.4. Measurements were carried out in the range of 400 - 4000 cm–1. In the graph 

the broad bands in each spectrum (Ti_La_LYO, Ti_La_500, Ti_La_650, Ti_La_800,

Ti_La_950) can be seen between 3000 - 3800 cm–1. These bands are situated at 3229 cm–1 and 

at 3417 cm–1 and they are assigned to the stretching vibrations of O-H group. The vibration 

band of O-H groups located at 3229 cm–1 decrease when annealing temperature increases.

  

Fig. 4.2.4 The IR spectrum of the fresh lyophilized foam Ti_La_LYO and its post-synthesis treatment products 
calcinated at 500, 650, 800 and 950 °C.

The peak observed at 1625 cm–1 corresponds to O-H bending vibration (both for initial

Ti_La_LYO sample and its post-synthesis annealed samples).

The peak at 1399 cm–1 corresponds to the vibration mode of Ti-OH bonds [24].
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According to Sibu et al. [24], the un-doped TiO2 shows a peak at 512 cm–1, which is 

the characteristic peak of titanium dioxide, but in the case of La-doped samples this peak is 

shifted to 450 - 480 cm–1, which may be due to the formation of Ti-O-La bonds. Our FTIR 

data are in good agreement with the observation of Sibu et al. [24]. In our IR spectra, there is

a shift from 512 to 418 cm–1 which could be an evidence for the formations of Ti-O–La 

bonds.

In comparison with published data [79, 80], the band around 692 cm–1 and the pronounced 

peak at 903 cm–1 could be attributed to the vibration mode of peroxy group vibrations. 

The both peaks disappear for annealed samples (Ti_La_500, Ti_La_650, Ti_La_800,

Ti_La_950) owing released peroxy groups during the heat treatment.

From the FTIR analysis, we found that some of the La3+ ions can occupy some Ti4+ ionic 

sites. Because of the mismatch of the ionic sizes of Ti4+ and La3+, there is also the possibility 

that the La3+ ions occupy the interstitial positions.

Also, those La3+ ions that have replaced the Ti4+ sites will have a stabilizing effect on the Ti-O 

bonds because the more electropositive La3+ will increase the electron density at O2– and this 

will lead to the strengthening of the bonds between the less electropositive Ti4+ ions and O2–

[81, 82].

4.2.5 X-ray Fluorescence Spectrometry (XRF)

X-ray fluorescence analysis (XRF) was used for the determination of lanthanum content in 

the solid sample Ti_La_800. The data from Fig. 4.2.5 confirmed that all added lanthanum is 

incorporated into TiO2 structure mainly at its surface.

We tried to prepare the 5 wt.% La doped TiO2. X-ray Fluorescence analysis revealed that 

the lanthanum content was 6.6 wt.% (see Table 3). This difference could be caused by the 

fact that the sample is bombarded by high-energy X-ray beam. The atoms in the structure 

absorb the “primary” X-rays photons and subsequently emit the “secondary” characteristic 

X-ray photons, which are detected. As it was proved by EDX, lanthanum oxide is 

predominantly dispersed on the titanium dioxide’s surface. Incident X-ray photons mostly 

interact with the atoms lying on the boundary and deeper situated structures of TiO2 can 

exhibit the smaller amount in relation to lanthanum. Emitted X-ray photons from underlaid 

titanium dioxide are absorbed by La2O3 shell and therefore the signal from lanthanum atoms 

will be higher than corresponds to the real content of La.
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Fig. 4.2.5 The X-ray fluorescence analysis of the La-doped TiO2 annealed at 650 °C, sample Ti_La_800.

The analysis also showed that our samples contained trace elements - namely Si, P, S, Cl, K, 

Ca, Fe, Cu and Zn, which occurrence could be due to the contamination of during preparation.

Table 3
XRF analysis registered data about element composition of La-doped TiO2 of the annealed sample Ti_La_800.

Compound name Weight Conc. (%) Absolute error (%)

TiO2 93.067 0.1
La 6.618 0.07
Zn 0.078 0.008
P 0.036 0.006
S 0.027 0.005
Si 0.026 0.005
Ca 0.023 0.005
Fe 0.019 0.004
Cu 0.010 0.003
Cl 0.009 0.003
K 0.007 0.002

4.2.6 Formation Mechanism of La-doped TiO2 Nanoparticles

In this part, our concentration is focused on a development of a simple model explaining how 

the lyophilization process leads to the formation of La-doped TiO2 lamellar nanoparticles. 

We provide evidence based on the atomistic model showing that the atomic diameter of 

an additive is the key parameter which determines whether or not the additive atom deposits
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on the matrix surface or exhibits the incorporation into surface layer. Our study confirms that 

the controlled nucleation enhances the incorporation of lanthanum into surface layer, which 

causes both the oxygen vacancies and the lattice defects due to the substitution of the titanium 

with the atom of diverse diameter. This model is currently under investigation. Successful 

resolving of this problem can leads to the decrease costs of the energy in the production [83]. 

Taking into account the above mentioned models, we can describe two general mechanisms

of formation of La-doped TiO2 nanoparticles:

1. The Incorporation of Lanthanum into Surface Layer

In TiO2 matrix, atomic diameter of the additives strongly affects the occupied sites. 

The occupation by the lanthanum ions depends also on the availability of the sites 

(e.g. corners and edges). To investigate the atomic arrangements the HRTEM was used. It is 

confirmed that the surface structure of TiO2 matrix is affected by lanthanum incorporation. 

The sample Ti_La_800 illustrates the incorporation ability of La atoms to enter into the TiO2

crystal surface layer (see Fig.4.2.6.1 the magnified micrographs above). The formation of this 

surface heterostructure could be explained as the diffusion of the lanthanum toward 

the interface.

On the boundary this surface heterostructure, the interaction of polyhedrons having La or Ti 

central atoms and so also different ionic radii, can cause that La3+ ions enter into interstitial 

positions of TiO6 octahedrons. The high affinity between oxygen and the interstitially located 

lanthanum ions form either the localized positive charge around TiIV atoms or oxygen 

vacancies in the crystal. The charge imbalance and the formation of a Ti–O–La bond may 

influence the surface properties of the anatase phase and simultaneously photoactivity of La-

doped TiO2.

High magnified image in Fig. 4.2.6.1 (above yellow demarcated image) shows 

the incorporation of La3+ ions into the (1 0 1) hkl interplanar distances (black marked circle 

area), which causes the distortion in TiO2 crystal lattice. Anatase tetragonal structure (space 

group I41/amd) was confirmed by the International Tables for X-ray Crystallography. 

The values of lattice parameters and unit cell volume of standard anatase were 

a, b = 3.7852 Å, c = 9.5139 Å and V = 136.31 Å3, respectively. The increasing of a, b

parameters and decreasing of c parameter in the sample Ti_La_800 confirmed the changes in 

Ti-O distances in the crystal lattice of anatase modification. Lattice distortion, namely 
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the changes of TiO2 lattice parameters (a, b, c) was also proved by XRD analysis. The unit 

cell with annealing generally increased in its all dimensions accompanied by particle size 

decrease. This phenomenon was already observed in other nanoparticle systems and it is due 

to the fact that surface atoms can move more easily, hence the structure expands easily. 

Nevertheless, the incorporation of lanthanum also contributes to lattice distortions. Both 

above mentioned influences affect the lattice parameters values and we cannot separate these 

two contributions. That is also the reason that we cannot exactly determine the level of 

the La3+ content in anatase structure.

    

Fig. 4.2.6.1 HRTEM micrographs depicting the incorporation of La3+ into TiO2 lattice (above) and the atomistic 
simulation of the incorporation of La2O3 into anatase structure (below).

Simulation of the incorporation of La2O3 into TiO2 surface layer is shown in Fig. 4.2.6.1 

(below). The simulation of La-modified TiO2 structure using CrystalMaker software 

confirmed the Ti-O bonds elongation at the interface. This induces an additional stress that 

may cause an expansion in the anatase structure. 

We can suggest that lanthanum is dispersed uniformly onto TiO2 surface in the form of small 

La2O3 clusters, which was also discussed in XRD and FTIR parts. As it was mentioned above, 

the ionic radius of La3+ (106 pm) is considerably larger than that of Ti4+ (68 pm) but is smaller 

than O2– (126 pm). Hence, it is difficult for lanthanum ions to enter into the TiO2 lattice 

100 nm100 nm 50 nm50 nm 10 nm10 nm
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as substituent for Ti4+ ions. However, according to Lin and Yu [20], Ti4+ ions can be 

substituted for La3+ ions at the interface of anatase and La2O3, which may cause the reduction 

of Ti4+ to Ti3+ or the formation of the tetrahedral titanium sites. In the second case, 

the interaction between two different tetrahedral coordinated Ti atoms or between two 

tetrahedral coordinated Ti atoms and octahedral coordinated Ti atoms in anatase can be 

responsible for the suppression of anatase-rutile transformation. But according to XRD,

lanthanum dopant decrease anatase-rutile transformation temperature compared with that one 

of pure titanium dioxide. Our results are also in disagreement with the previously published 

results [84, 85], where is reported that lanthanum oxide increase the phase transformation 

temperature. Jing et al. [85] reported that lanthanum ions do not enter into TiO2 structure and 

remain only as the separate phase La2O3, which can suppress the phase transformation and 

shift it to higher temperature values. This difference can be explained by the presence of La3+

cations in TiO2 structure in our samples.

2) Deposition of Lanthanum on the Surface: The accumulation on the surface occurs only 

if the additive atoms are larger than those of the matrix atoms hence they cannot enter into 

the structure. The limited incorporation of La into anatase can be also explained by limited 

diffusion of its ions into oxidic structure, as it was described by Galmarini [83] who based his 

theory on energy calculation. The HRTEM micrographs of sample Ti_La_800 (see Fig. 

4.2.6.2) support this hypothesis. The presence of small La2O3 nanoparticles that effectively 

cover the titanium dioxide surface and form thin adlayer is shown in Fig. 4.2.6.2 (red 

demarcation area). These results suggest the surface segregation of La2O3 and TiO2 from 

a solid mixture. This process could be used as an alternative approach for synthesis tailoring 

of La-doped TiO2 nanoparticles with potential for control over number of layers, shapes and 

structural qualities [86]. In the picture Fig. 4.2.6.2, the blue and yellow colored areas

correspond to the EDX spectra having the same frame color. EDX spectra revealed 

the monolayer of La-TiO2 and adlayer of La2O3. The La-TiO2 monolayer (blue area) has 

lower content of La than adlayer of La2O3.
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Element Weight % Atomic % Compd % Formula Element Weight % Atomic % Compd % Formula

Ti 54.80 32.10 91.41 TiO2 Ti 55.44 32.26 92.47 TiO2

La 7.32 1.48 8.59 La2O3 La 6.42 1.29 7.53 La2O3

O 37.87 66.42 - - O 38.14 66.45 - -

Fig. 4.2.6.2 HRTEM images depicting the presence of La2O3 (yellow area) and La-TiO2 (blue area).

4.3 The Photocatalytic Activity

For the determination of the photocatalytic activity, the kinetics measurement of                    

4-chlorophenol (4-CP) photocatalytic decomposition was used.

4.3.1 Photochemical Degradation of 4-CP

As it has been mentioned in theoretical part, the decomposition of 4-CP follows the pseudo 

first-order kinetics [87]. The process of decomposition 4-CP in a presence of La-doped 

titanium dioxide is given in Fig 4.3.1. In the graph, the x-axis indicates the reaction time (t) 

and the y-axis indicates the relative concentration (c/cᶱ), where c is concentration of 4-CP in 

the time t and cᶱ is standard concentration equals to 1 mol dm–3. Pseudo first-order rate 

constant (k) was evaluated according to equation

k = [ln(c0/ct)]/t, (15)

where c0 is initial concentration of 4-CP, ct is concentration of 4-CP at time t, and t is 

a reaction time [88]. 

0.5 µm0.5 µm 100 nm100 nm 10 nm10 nm
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Fig. 4.3.1 The photochemical degradation of 4-CP in presence of the photocatalysts
Ti_La_500, Ti_La_650, Ti_La_800, Ti_La_950 and standard Degussa P25

Table 4 contains rate constants of our samples La_Ti_500, La_Ti_650, La_Ti_800,

La_Ti_950 °C, standard titanium dioxide Degussa P25 and rate constants of un-doped 

titanium dioxide, which were recently published by our research group [59].

Table 4
Rate constants of photocatalytic degradation of 4-CP in the presence of La-doped titanium dioxide, un-doped 
titanium dioxide and standard Degussa P25

Sample Ti_La_500 Ti_La_650 Ti_La_800 Ti_La_950
Degussa 

P25
TiO2_500 TiO2_650 TiO2_800 TiO2_950

Phase composition A A A R A + R A* A* A* A + R*

Rate constant, 
k [min–1]

0.005 0.011 0.013 0.003 0.025 0.019* 0.033* 0.051* 0.048*

*Results obtained by group research, Ref. [59].

From Fig 4.3.1 it was observed, that our samples show photocatalytic activity under 

UV irradiation. The most active sample was Ti_La_800 obtained by heat treatment of 

lanthanum doped TiIV peroxy-complex powder at 800 °C (see Table 4). Note that the sample 

marked as TiO2_800, prepared also by TiIV peroxy-complex powder without lanthanum, 

annealed at the same temperature, had also the highest photoactivity in its series. This 

agreement of the annealing temperature for the best photocatalysts can be expected if we take 

into account the phase composition of both samples Ti_La_800 and TiO2_800. It is well 

known, that photocatalytic reactions take place at anatase surface and rutile does not show 

photoactivity [84]. Annealing the TiIV peroxy-complex powders at 800 °C led to highly 

crystalline titanium dioxide powders consisted almost only of single anatase phase. 

As a result, the anatase composed of small, mutually intergrown nanocrystals and without
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amorphous phase is obtained [59]. We can conclude that 800 °C is critical temperature before 

anatase-rutile phase transformation takes place. At this temperature, the best anatase active 

surface properties for the organic pollutant degradation are formed.

The photoactivity of our La-doped titanium dioxide increase in the following sequence of 

annealing temperatures: 950 °C < 500 °C < 650 °C < 800 °C. The materials annealed at 

950 °C shows the difference in photocatalytic activity between un-doped titanium dioxide 

published in [59] and our sample Ti_La_950. Lanthanum doped TiO2 (La_Ti_950) shows 

the poorest activity from its series unlike the un-doped titanium dioxide (TiO2_950) shows 

the second best photoactivity from its series (see Table 4). The reason of this behavior could 

be also found in the phase composition and proved by XRD data. The un-doped titanium 

dioxide treated at 950 °C contains relatively large amount of anatase phase, but rutile phase is

also presented. According to XRD data (see Fig. 4.2.1), lanthanum doped titanium dioxide 

heat treated at the same temperature consist of rutile phase only.

It is generally accepted that degradation of a number of organic pollutants using the pure 

anatase TiO2 can be achieved at ambient temperature and pressure [88]. Despite of

photocatalytic activity of our samples, the standard Degussa P25 exhibits a higher 

photoactivity. However, some results suggest that a mixture of anatase and rutile could 

represent good perspective for improving the photocatalytic properties. If we compare 

the composition of the most our photoactive sample Ti_La_800 and standard Degussa P25

(see Table 1), we can conclude that some amount of presented rutile could improve 

photoactivity [57]. Particle size of both anatase and rutile nanoparticles in TiO2 photocatalysts 

plays the important role as well [57].

The main requirement for a good photocatalysts for organic pollutant degradation is that 

the redox potential of the H2O/∙OH pair (OH– ↔ ∙OH + e–; E° = –2.8 V) must lie within 

the band gap range of the semiconductor [46]. The band gap energies of the RE oxides are not 

sufficient for initiating photocatalytic reaction after UV illumination [89]. Excess amounts of 

lanthanum oxide covering the surface of TiO2 results in low photoactivity. In conclusion, 

the mixed TiO2 photocatalysts with more than 0.5 wt.% of the RE content were found to show 

poor photocatalytic activity [20].
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5. Conclusions

This thesis is focused on studying of the formation of La-doped titanium dioxide obtained by 

lyophilization of the titanium TiIV peroxy-complex solution. The anatase and rutile 

modifications of La-doped TiO2 powders obtained by annealing at 500, 650, 800 and 950°C 

were also characterized.

It has been confirmed by SEM microscopy that the lyophilization leads to the formation of 

very thin La-doped TiO2 nanosheets. Our SEM results are in agreement with XRD analysis 

confirming particle size growth with increasing temperature. However, this growth is slower

in the case of La-doped TiO2 in comparison with undoped TiO2 samples. During 

the annealing in air in the temperature range from 500 to 950 °C, we observed better 

crystallization of La-doped samples.

HRTEM reveals a new “core-shell” structure formed in the pristine sample Ti_La_LYO. This 

structure is formed by nanocrystal cores covered up with amorphous thin shell. Electron 

diffraction patterns demonstrated that addition of La3+ promoted spontaneous nucleation 

during freeze-drying process. Lanthanum(III) oxide covers its surface and suppress anatase 

nanocrystal growing which leads to the formation of nanocrystals with high crystallinity of

annealed products.

With increasing temperature, the lamellar morphology of anatase nanosheets is preserved up 

to temperature 800 °C. Above this temperature, the anatase-rutile transformation took place. 

This finding confirms the assumption that lanthanum additive promotes anatase-rutile 

transformation.

The B.E.T. and B.J.H. measurements reveal that the mesoporous structure of La-doped TiO2 

powders was relatively stable during the process of heat treatment because the presence of 

lanthanum additive improved the stability of the mesopores.

FTIR analysis shows that the pristine foamy material contains peroxide residues from 

the mother liquid solution that were released at the temperatures above 500 °C. The presence 

of Ti-O-La bond on the surface of La-doped TiO2 samples was also proved. These results 

were in agreement with the measured data from EDX and XRF that also confirmed 

the presence of lanthanum.
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The most photoactive sample was the Ti_La_800 with excellent microstructure showing 

perfect crystallinity and mutually intergrown nanocrystals, both responsible for high 

performance photocatalysts. La-doped TiO2 samples provide better microstructural properties 

for photocatalysts than un-doped titanium dioxide. Two assumptions about formation 

mechanism of La-doped TiO2 nanoparticles were suggested. The first, lanthanum dopant 

exhibit the limited incorporation into the anatase lattice due to the difference of ionic radii. 

La3+ ions enter into interstitial positions of TiO6 octahedrons, which cause the distortion in 

TiO2 crystal lattice. The second, lanthanum in form La2O3 small nanoclusters occupied the 

active centers on TiO2 surface leading to its accumulation at the surface in the form of thin 

La2O3 adlayer. The both assumptions could explain the different photocatalytic behavior of

the surface of the La-doped TiO2 that simultaneously explains the decreasing of photoactivity 

of our samples in comparison with un-doped TiO2 photocatalyst.
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