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« The mechanisms of life are structured as 

atomic arrangements, in relation to all the 

movements of the universe.» 

(Louis Pasteur) 

 

THESIS OBJECTIVES 

 

In the present PhD thesis the main theoretical aspects and personal contributions 

related to the preparation of oxide materials by the sol-gel method with applications in 

depollution technologies are presented. 

The theoretical part deals with methods of preparation and characterization of oxide 

nanomaterials, with emphasis on the influence of composition and method of synthesis on 

photocatalytic properties. 

The personal contributions include the controlled synthesis of TiO2 nanopowders, 

but also lanthanum and titanium based perovskites modified with noble metals, obtained 

both in-situ and by post-synthesis impregnation, followed by their complex structural, 

morphological and optical characterization. 

The applicability of the synthesized materials was demonstrated by specific 

analyses: Fourier-transform coupled infrared spectroscopy (FT-IR), thermal analysis 

(DTA/DTG/TG), scanning electron microscopy coupled with energy dispersive X-ray 

spectroscopy (SEM-EDX), transmission electron microscopy (TEM), X-ray diffraction 

(XRD), X-ray fluorescence spectrometry (XRF), BET specific surface area determination, 

UV-Vis spectroscopy and gas chromatography (GC-FID/TCD). 

The synthesized nanopowders were used in depollution applications by ethanol 

degradation in gas phase and under simulated solar light irradiation. The obtained results 

revealed the influence of the noble metal, the method of modification of the oxide support, 

and the post-synthesis treatments on the photocatalytic efficiency, highlighting the 

dominant reaction pathways and the essential role of the structure and texture of the 

materials in their performance. 
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STRUCTURE OF THE THESIS 

 

This thesis contributes to the study of photocatalytic materials based on titanium 

dioxide (TiO2) and lanthanum-titanium-based perovskites (La2Ti2O7), modified with noble 

metals, for air depollution applications through the gas-phase photodegradation of ethanol 

under simulated solar light (SSL) irradiation. 

The main research directions focused on synthesizing these materials using the sol-

gel method, both in-situ and by post-synthesis impregnation, with and without chemical 

reduction, followed by detailed characterization of their properties. 

The photocatalytic activity was evaluated by monitoring the reaction products 

generated during light-induced oxidation processes. The influence of composition and 

preparation method on photocatalytic efficiency was investigated, along with the 

underlying reaction mechanisms. 

The results provide new insights into optimizing oxide nanomaterials for 

environmental applications, demonstrating the effectiveness of the sol-gel method 

combined with chemical treatments in obtaining catalytically active and stable materials. 

This thesis is structured into four chapters and addresses the synthesis, 

characterization, and photocatalytic applicability of the synthesized nanomaterials: 

Chapter 1 offers a general introduction regarding the importance of oxide 

nanomaterials in the context of environmental and energy-related applications. 

Chapter 2 discusses the fundamental theoretical aspects related to synthesis 

methods (particularly sol-gel and post-synthesis impregnation) and characterization 

techniques used to assess the physicochemical, structural, morphological, and optical 

properties of the obtained materials. 

Chapter 3 represents the experimental part, where the original contributions are 

presented. 

Subchapter 3.1 describes the objectives of the current PhD thesis. 

Subchapter 3.2 focuses on the TiO2 system modified with Au and Pt, analyzing the 

effect of the preparation method (in-situ and post-synthesis impregnation, with or without 

reduction) on the material properties. 

Subchapter 3.3 addresses the mixed oxide system TiO2-La2O3, emphasizing its 

photocatalytic behavior and the influence of platinum on the stability and efficiency of the 

materials. 



6 
 

The final section of the thesis, Chapter 4, presents the general conclusions, 

highlighting the original contributions related to synthesis optimization and the correlation 

between material structure and photocatalytic performance. Future research perspectives 

are also outlined. 

The references section is preceded by a list of the author's publications and a series 

of appendices containing tabulated data. 

 

 

 

„In nature, 

nothing is lost, 

nothing is gained, 

 

everything  

is transformed.” 

~ Antoine Lavoisier~ 
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INTRODUCTION 

 

Nanoscale materials have become a field of interdisciplinary research of great 

interest due to their unique nanoscale properties (1-100 nm), including chemical reactivity, 

electrical conductivity, mechanical resistance, and optical behavior [1-3]. 

The applications of nanomaterials are diverse and constantly expanding, including 

areas such as medicine, energy, electronics, and environmental protection. However, they 

also raise challenges related to synthesis, characterisation, and assessment of health and 

environmental impacts [4-6]. 

These materials can have various 

shapes and are classified by size (0D-3D). 

Metallic oxides are extensively studied 

for their remarkable properties and 

diverse applications, including energy 

storage and conversion, gas sensors, 

photocatalysis for environmental 

purification, and even antimicrobial 

systems in biomedicine [7-9]. 

   

SYNTHESIS AND CHARACTERIZATION OF NANOMATERIALS 

 

The synthesis of oxide nanomaterials is a key area in materials science due to its 

direct influence on the final properties of materials. The main methods include physical 

methods (evaporation-condensation, laser pyrolysis) [10-11], chemical methods (sol-gel, 

hydrothermal, precipitation) [12-16], and biological methods (using microorganisms or 

plant extracts) [17]. In this work, two methods were used: sol-gel and post-synthesis 

impregnation.  

The sol-gel method is appreciated for its fine compositional control, the possibility 

of doping with noble metals, and obtaining porous materials with a large specific surface 

area - essential features in photocatalysis. This involves chemical transformations in the 

solution, followed by drying and heat treatment of the gel [18-20]. 

Post-synthesis impregnation consists of adding active species (such as Au or Pt) to 

an already formed oxide support by treating it with a metal precursor, followed by drying 
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and reduction. The method allows the surface to function without altering the structure of 

the support and provides precise control over the location of metals, being effective in 

improving photocatalytic activity by promoting the separation of photo-generated charges 

[21-22]. 

The characterization of nanomaterials was achieved through a series of 

complementary techniques. FT-IR identified functional groups, thermal analysis 

(TG/DTA/DTG) provided information about thermal stability, SEM-EDX and TEM 

evaluated particle morphology, size, and composition, and XRD determined the crystalline 

structure. The XRF and BET techniques provided data on elemental composition and 

specific surface area, while UV-Vis allowed the estimation of the width of the forbidden 

band (Eg), relevant to the photocatalytic activity. The efficiency of catalysts was assessed 

by gas chromatography (GC-FID/TCD), used for the analysis of ethanol degradation 

compounds [23-31]. 

The photocatalytic activity of oxide nanomaterials is based on the generation of 

electron-hole pairs under irradiation, followed by the formation of reactive species (•OH, 

O2•⁻) involved in redox processes. Properties such as particle size, structure, noble metal 

modification, and porosity have a major impact on process efficiency. Materials such as 

TiO2, ZnO, Fe2O3, or WO3 are widely used for their stability and high potential in 

purification and conversion applications [32-36]. 
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THE TiO2 SYSTEM 

 

Titanium dioxide (TiO2) is one of the most studied metal oxides in the field of 

photocatalysis, due to its stable semiconductor properties, high availability, chemical and 

thermal resistance, as well as its ability to generate reactive oxygen species (ROS) under 

UV irradiation. TiO2 crystallizes in three main forms: anatase, rutile, and brookite, of 

which anatase is the most active photocatalytic. In this paper, the synthesis, modification, 

and detailed characterization of TiO2 in the form of nanopowders were followed, in order 

to use them in the process of photocatalytic degradation of ethanol in the gas phase [37-

42]. 

TiO2-based nanomaterials have been obtained by the sol-gel method, a versatile 

chemical technique that allows precise control of composition and homogeneity on a 

nanoscale. The modification with noble metals (gold and platinum) was made in three 

ways: (i) in-situ modification, (ii) in-situ modification followed by reduction with sodium 

borohydride (NaBH4), and (iii) post-synthesis impregnation followed by reduction. These 

methods followed the efficient dispersion of metallic nanoparticles on the TiO2 surface, 

with the aim of improving the separation of photogenerated charges and extending 

absorption into the visible range. 

The materials obtained were characterized by a series of complementary 

techniques: 

 FT-IR has highlighted the presence of hydroxyl, carbonate, and Ti-O oxide 

network-specific groups, as well as interactions between noble metal and TiO2; 

 TEM confirmed the nanocrystalline structure of TiO2 and the uniform dispersion of 

Au and Pt nanoparticles, with dimensions between 3-40 nm, depending on the 

modification method; 

 XRD showed that all heat-treated samples keep the crystalline phase of anatase 

stable, with small variations in network parameters and crystal sizes (11-14 nm); 

 XRF confirmed the incorporation of noble metals in quantities of 0.5-1.1% in the 

matrix of the oxide support, without significant contamination; 

 BET demonstrated that the TiO2 modifying method influences the porosity and 

specific surface area, the impregnation samples having more developed porosity 

(SBET up to 49 m2/g); 
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 UV-Vis highlighted the effect of the modification with noble metal on optical 

behavior, especially by the occurrence of plasmonic absorption for gold 

nanoparticles and the slight reduction of the bandgap value to 3.32-3.36 eV, 

indicating increased potential for radiation absorption in the visible area. 

Synthesized powders have been 

photocatalytically tested for the degradation 

of ethanol in the gaseous phase under solar-

simulated light (SSL) irradiation. The 

results showed an increase in activity 

following the change with Pt, with ethanol 

conversion increasing from 35.84% (pure 

TiO2) to 64.82% for the TiO2/Pt(i)_R 

sample, obtained by post-synthesis impregnation followed by a reduction process. This 

material has also demonstrated the best performance in CO2 formation, indicating superior 

mineralization and outstanding catalytic efficiency.  

The study of reaction intermediates (CH3CHO and HCOOH) allowed a detailed 

assessment of the oxidation mechanism, confirming that the process is carried out in 

successive steps and that the presence of platinum facilitates not only the conversion of 

ethanol but also the degradation of intermediates.  

Oxidative degradation of ethanol in the gaseous phase under solar-simulated light 

irradiation involves the use of molecular oxygen (O2) in the air. The process leads to the 

formation of acetaldehyde (as the majority product), formic acid, and carbon dioxide as the 

final oxidation product [43-45]. 

(a) TiO2 + h  e-
BC + h+

BV 

(b) e-
BC + Pt  Pt- 

General reactions 

C2H5OH + ½ O2  CH3CHO + H2O 

CH3CHO + 2 O2  HCOOH + CO2 + H2O 

HCOOH + ½ O2  CO2 + H2O 

The photocatalytic degradation of ethanol is improved by the modification of TiO2 

with platinum, by the reduction of recombination of electrons, and by the specific action of 
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platinum as a co-catalyst. Platinum facilitates the transfer of electrons to the organic 

substrate and accelerates the reaction speed. The main oxidation pathway of ethanol 

involves its transformation into acetaldehyde, followed by the formation of formic acid, 

and finally carbon dioxide. 

In conclusion, the modification of titanium dioxide with noble metals, especially by 

the post-synthesis impregnation method, significantly improves the photocatalytic 

performance. TiO2/Pt(i)_R has proven to be the most effective, both in terms of conversion 

and mineralization, which recommends it as a promising material for air purification and 

degradation applications of volatile organic compounds under solar light irradiation. 

The results obtained on TiO2 powder synthesized by the sol-gel method and on 

platinum-modified powders, both in-situ and post-synthesis impregnation, has been valued 

by publishing an article in an ISI article [46] and presented at several 4 international 

conferences (3 posters and an oral presentation). 
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THE TiO2-La2O3 SYSTEM 

 

The La2Ti2O7 oxide system belongs to the class of layered perovskites with 

Ruddlesden–Popper or Aurivillius-like structure, being characterized by the lamellar 

architecture of octahedra [TiO6] and their intercalation with layers of La3+. This structure 

generates a marked anisotropy and favorably influences the mobility of tasks, the 

separation of e⁻/h⁺ carriers, and structural stability, critical aspects for photocatalysis 

applications. The electronic and photocatalytic properties of La2Ti2O7 can be improved by 

doping with transition metals or noble metals such as platinum [47-49]. 

La2Ti2O7 was synthesized by the sol-gel method, using lanthanum nitrate and 

titanium isopropoxide as metal precursors, in the presence of acetic acid and isopropyl 

alcohol. The resulting gel was heat treated progressively, establishing by 

thermogravimetric analysis (TGA) and FT-IR spectroscopy that the formation of the oxide 

network occurs at temperatures >700oC. The crystallized powders were obtained at 900oC, 

generating a white powder (LTA), subsequently modified with platinum (LTA-Pt) by post-

synthesis impregnation and chemical reduction with NaBH4. 

The materials obtained were characterized by a series of complementary 

techniques: 

 FT-IR highlighted the emergence of Ti-O-Ti, Ti-O and La-O vibration-specific 

bands, between 400-800 cm-1, confirming the formation of a well crystallized 

octahedral network;  

 SEM microscopy showed irregular, rough and slightly agglomerated particles for 

LTA, while LTA-Pt exhibited more uniform and compact morphology;  

 TEM highlighted an average particle size of ~70 nm and a homogeneous 

distribution of Pt nanoparticles on the oxide surface, suggesting effective coverage 

of the active phase; 

 EDX and XRF have confirmed the elemental composition, indicating about 1-1.8% 

mass proportions in the platinum modified material; 

 XRD showed that both samples crystallize in the pure La2Ti2O7 phase, without the 

appearence of other secondary phases, even after impregnation with Pt, which 

attests a substructural or amorphous dispersion of platinum;  

 BET - the average size of the crystallite has been estimated at 14 nm for LTA and 

15 nm for LTA-Pt. The specific surface was modest (10.1 m2/g for LTA and 8.8 
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m2/g for LTA-Pt), specific to high-temperature treated stratified compounds with a 

stable mesoporous texture characterised by IV-type isotherms and H3 hysteresis 

loops; 

 Optical properties, investigated by UV-Vis spectroscopy, indicated a predominant 

UV absorption for LTA (bandgap 3.78 eV), with an expansion to visible in LTA-Pt 

(bandgap 3.83 eV) due to platinum-induced d-d transitions and absorption-

enhancing effect; 

 LTA-Pt has also demonstrated more efficient photogeneration of the superoxide 

anion (O2•⁻), determined by the XTT method, confirming the co-catalytic role of Pt 

in activating reactive oxygen species. 

The gas photocatalytic tests under 

solar-simulated irradiation (AM 1.5) 

demonstrated superior efficiency for the LTA-

Pt sample in the oxidative degradation of 

ethanol, with a conversion of 29.75% versus 

14.29% for LTA. The main products of the 

reaction were acetaldehyde and formic acid as 

intermediates and CO2 as the final product of mineralization. Also, the production of H2 

was doubled in the case of LTA-Pt, reflecting improved efficiency in redox surface 

processes. The reaction speed constant (k) was 0.0016 min-1 for LTA-Pt and 0.0008 min-1 

for LTA, supporting improved process kinetics.   

The proposed mechanism involves the generation of e⁻/h⁺ pairs following the 

absorption of photons, followed by the transfer of electrons to Pt, the reduction of oxygen 

to O2•⁻, and the oxidation of ethanol via holes (h⁺), according to a sequence of reactions 

leading to the formation of acetaldehyde, formic acid, and CO2. Impregnation with Pt plays 

a key role in reducing the recombination of carriers and facilitating redox reactions [50-

54]. 

(a) La2Ti2O7 + h → e- + h+ 

(b) Pt + e- → Pt- 

(c) O2 + e- → O2
-
(ads) →  [O] (oxigen activ) 

General reactions 

C2H5OH + h+ → CH3CH2O• + H+ 
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CH3CH2O• + [O] → CH3CH2OO• 

CH3CH2OO• + h+ + e- → CH3CHO + H2O 

CH3CHO + [O] → HCOOH + H2O 

HCOOH + [O] → CO2 + H2O 

___________________________________________________________ 

C2H5OH 
slowly
→     CH3CHO → HCOOH 

rapidly
→     CO2 

 

This mechanism highlights how ethanol is degraded in a gaseous phase under solar-

simulated light irradiation in the presence of La2Ti2O7 photocatalysts. 

In conclusion, the La2Ti2O7 system, synthesized by the sol-gel method and 

modified with noble metal, proves to be an effective photocatalyst for the degradation of 

ethanol in the gaseous phase and has valuable potential in atmospheric depollution 

applications under solar irradiation. 

The results obtained are being valued by publishing an article in an ISI article [55] 

and presented at an international conference (poster). 
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GENERAL CONCLUSIONS 

 

This doctoral thesis aimed to develop and investigate two TiO2-based 

photocatalytic systems for applications in air depollution by degradation of volatile organic 

compounds (VOC). The two systems (TiO2 and La2Ti2O7), both in their pure forms and 

modified with noble metals, were synthesized by the sol-gel method. 

In the first described system, pure TiO2 nanostructured powders were obtained, but 

also modified with gold or platinum, by three distinct methods: (a) in-situ synthesis, (b) in-

situ synthesis followed by chemical reduction, and (c) post-synthesis impregnation. The 

results showed that the modification method significantly influences the distribution and 

size of the metal nanoparticles, directly affecting the structural, morphological, and 

photocatalytic properties of the materials. The powders obtained showed a crystalline 

phase of anatase, nanometric sizes ranging from 11-14 nm, good dispersion of metals, and 

extensive absorption in the visible region, especially in the case of materials with Au 

(plasmonic effect). 

Photocatalytic tests on TiO2 powders showed a significant increase in ethanol 

conversion in the presence of noble metals, particularly in the TiO2/Pt(i)_R sample, where 

a conversion of 64.82% was achieved, compared to 35.84% for pure TiO2. In all cases, 

acetaldehyde formation as the primary intermediate and complete mineralization to CO2 

was observed. The results demonstrate the superior efficiency of the change with Pt, 

especially when it is achieved through post-synthesis impregnation followed by reduction, 

due to the formation of accessible active centres and an efficient separation of photo-

induced loads. 

In the TiO2-La2O3 system, the synthesis and photocatalytic behavior of lanthanum 

titanate (La2Ti2O7), a material with a stratified perovskite structure, subsequently modified 

with Pt, was investigated. Structural and morphological characterization confirmed the 

achievement of the pure La2Ti2O7 phase, well crystallized, with crystallized sizes of about 

14-15 nm, and the uniform distribution of Pt nanoparticles on the surface of the oxide 

support. The system showed high thermal stability and strong absorption in the UV region, 

with a slight expansion to the visible range following the change with Pt. 

From a photocatalytic point of view, the LTA-Pt sample (La2Ti2O7 modified with 

Pt) showed superior activity to the pure sample (LTA), both in terms of ethanol conversion 

(29.75% versus 14.29%) and in the formation of the final product of mineralization, 

namely CO2. The proposed mechanism involves a sequence of progressive oxidation of 
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ethanol and the formation of reactive oxygen species, with a determinant role of 

superoxide anion (O2•⁻). 

In comparison, the TiO2-La2O3 system is remarkable by a balanced photocatalytic 

behavior, which favors both the mineralization of pollutants and the production of H2, 

while the simple TiO2 system has a more intense oxidative activity and increased 

selectivity towards CO2. Both systems highlight the advantages of noble metal 

modification strategies and morphological optimization in the direction of developing 

effective photocatalysts in ambient conditions.  

Overall, the thesis demonstrates that the integration of noble metals in TiO2 oxide 

networks leads to the achievement of high-performance photoactive materials, adapted for 

environmental applications, especially in air pollution technologies. Through the applied 

methodology, correlations were made between synthesis, structure, optical properties, and 

catalytic performance, thus contributing to the development of fundamental and applied 

knowledge in the field of oxide nanomaterials for photocatalysis. 

Future perspectives for this research include the extension of experimental studies 

on the photocatalytic activity of the modified TiO2 system with Au, which demonstrated 

promising potential, particularly through plasmonic effects in the visible region, but which 

require further investigation to optimize composition and stability under reaction 

conditions. 

It is also proposed to develop the TiO2-La2O3 system using alkoxide precursors, 

which can provide superior control over the homogeneity and morphology of the resulting 

materials, with potential impact on photocatalytic performance.  

Not in the least, the catalytic activity of TiO2-based materials could also be tested 

for other types of reactions with depollution applications, such as phenol photo-oxidation 

or methanol photodegradation, to assess the versatility and stability of these materials in 

various catalytic contexts. 
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