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1. Introduction and objectives 

 It is now known for everyone that the amount of potable water on Earth is 

dropping drastically and is becoming more and more contaminated. Pesticides, 

detergents, phenols, oil and oil derivates, etc. can be found in our environment, 

causing great damage. Besides traditional physical, chemical, and biological 

wastewater treatment technologies, various alternative methods have been 

developed for water purification, and this circle is expanding.  Heterogeneous 

photocatalysis, which is one of the advanced oxidation processes, could be an 

alternative method for wastewater treatment. This technique requires the presence 

of a photocatalyst, typically a semiconductor, which can be excited by the 

irradiation with a light of a proper wavelength. This could initiate the 

mineralization of the organic pollutant via multiple steps or possible 

intermediates.  

 During the Ph.D. dissertation my main goal was to investigate TiO2 based 

composites. The bottom line was to broaden the applicability spectrum of titania 

by forming composites with different materials, such as with noble metal 

nanoparticles, copper nanoparticles or with lanthanide doped NaYF4 in order to 

utilize upconverted light as well. In the first instance gold and platinum 

nanoparticles were deposited simultaneously on different commercial titanias, 

then copper nanoparticles were deposited on commercial titanias, then ternary 

composites were formed with Yb3+, Er3+ and Tm3+ doped NaYF4, gold 

nanoparticles and TiO2. My aim was to investigate the photocatalytic activity, 

through the degradation of different model pollutants and hydrogen production, 

beside the morphological and structural properties of the prepared materials.   
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2. Experimental methods 

 As a preliminary study binary composites were obtained, where gold and 

platinum nanoparticles were deposited at the same time on three different 

commercially available titanias: Evonik Aeroxide P25, Aldrich anatase (AA) and 

Aldrich rutile (AR). With the aim of searching for a cheaper method copper 

nanoparticles were deposited on P25 and AA. In the interest of further improving 

the photocatalytic activity of TiO2 ternary composites were formed with 

lanthanide doped NaYF4 and gold nanoparticles. The morphological and 

structural properties of the as-prepared composites were investigated with the 

methods and instruments presented below. 

 The crystalline phase compositions and mean primary crystallite sizes of 

the photocatalysts were determined by X-ray diffraction (XRD) with a Rigaku 

diffractometer using Cu-Kα radiation (λ = 1.5406 Å) equipped with a graphite 

monochromator. The primary crystallite size of the prepared semiconductors was 

evaluated using the well-known Scherrer equation. 

 The morphological properties were investigated by transmission electron 

microscopy (TEM). TEM micrographs were obtained using a FEI Tecnai G2 20 

X-Twin HRTEM instrument to determine the composition of the samples. 

HRTEM micrographs were obtained JEOL 2100 FEG S/TEM microscope 

equipped with a spherical aberration probe corrector and a GATAN Tridiem 

energy filter operating at 200 kV. 

 During the scanning electron microscopy (SEM) measurements a Hitachi 

S-4700 Type II FE-SEM was used to determine the average particle size and 

morphology of the samples. The applied acceleration voltage was 10.0 kV. 

 The BET isotherm was used to calculate the specific surface areas of the 

composite samples, for which a BELCAT-A device was used to record the 

isotherms at 77 K via N2 adsorption. 

 In the case of diffuse reflectance spectroscopy (DRS) the light absorption 

properties of the solid samples were measured. The spectra of the samples (λ = 



Boglárka Hampel   Doctoral (Ph.D.) theses 

 4 

300-800 nm) were registered by using a JASCO-V650 spectrophotometer with 

an integration sphere (ILV-724). The indirect band gap of the photocatalysts was 

determined via the Kubelka-Munk method. 

 UV-Vis measurements were executed by using a JASCO-V650 

spectrophotometer, using distilled water as reference. 

 HPLC measurements were implemented on a Merck Hitachi device fitted 

with an L-4250 UV-VIS detector and a GROM Resin ZH 8 μm column. 

 GC measurements were carried out on a Hewlett Packard 5890 gas 

chromatograph fitted with a 5Å molecular sieve column and a thermal 

conductivity detector. 

 Photocatalytic activities of the composites were determined by the 

decomposition of rhodamine B solution under UV- (λmax=365 nm), visible- 

(λ>400 nm) and near-infrared light (λ>850 nm) irradiation; or oxalic acid solution 

under UV light; or salicylic acid solution; or methyl orange solution; or 

ketoprofen solution under UV light. The reactor was surrounded either by 6 × 6 

W black light lamps (9.53 W/m2 energy flux at the reactor position) or 4 × 24 W 

conventional compact fluorescent lamps (Düwi 25920/R7S-24W; 81.37 W/m2 

energy flux at the reactor position) or 4 × 150 W NIR lamps (Philips IR RED 

R250 250 W; 52.25 W/m2 energy flux at the reactor position). The concentration 

of the samples was measured by HPLC or UV-Vis spectroscopy. For the H2 

production measurements the catalyst was dispersed in oxalic acid solution and 

poured into a glass reactor (total volume: 150 mL), and it was irradiated with      

10 × 15 W UV fluorescent lamps (λmax =365 nm, LightTech Kft., Budapest, 

Hungary). The reactor was connected through a PTFE tube to a gas 

chromatograph.  
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3. Summary of the new scientific results 

 

T1. The presence of the noble metals does not influence the structural 

properties of the commercial titanias, but it does so their optical properties.  
 
T1.1. I have proved that during the deposition of the two noble metal 

nanoparticles, they appear separately on the titania crystals, they don’t form 

alloys and have and average size of 1-5 nm.  

 

T1.2. Analyzing the DRS spectra, I observed that all composites have smaller 

band gap energies compared to their base catalyst. In case of AA and AR based 

composites the decrease of the band gap was less than for the P25 based catalysts, 

due to the fact that that the particles that build up the base-catalysts are 

significantly smaller in the case of P25 than for AA and AR, and the differences 

were more accentuated for these particles than for larger particles of the catalysts. 

 

T2. The synthesis strategies (in situ or impregnation), reduction approaches 

(sequential or simultaneous) and ratio between the noble metals play an 

important role in the outcome of the photocatalytic activity. I ascertained 

that generally, the P25 based composites showed the highest photocatalytic 

activity, degrading more than 75% of the model pollutant. 

 

T2.1. I have demonstrated that for the P25 based composites from the two applied 

synthesis strategies the impregnation method proved to be more efficient than the 

in situ method. For the AA and AR based composites this tendency is inverted, 

because they have higher particle sizes than P25 and in situ reduction ensures a 

more homogeneous dispersion. 
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T2.2. I found that for the P25 and AA based composites the best photocatalytic 

activity was performed when Pt was deposited after Au, while for the AR based 

composites the highest activity was achieved when the noble metals were reduced 

at the same time.  

 

T2.3. I confirmed that by changing the ratio of the noble metals from 0.5%-0.5% 

to 0.25%-0.75% and 0.75%0-25% respectively had a different effect on each base 

catalyst.  I proved that the photocatalytic activity was improved only in the case 

of the AR based composites for both synthesis strategies. For the P25 based 

composites the change in the composition improved the photocatalytic activity 

for the catalyst made with impregnation. The photocatalytic activity of the AA 

based composites was not enhanced by the composition change.  

 

T3. I proved that there is a cheaper way of achieving composites with TiO2, 

by depositing copper nanoparticles on P25 and AA. Although photocatalytic 

activity was observed, based on the results I concluded that sometimes it is 

worth utilizing the noble metal nanoparticles with higher cost, but better 

photocatalytic properties. 

 

T4. The ternary composites, consisting of home-made anatase TiO2, 

lanthanide doped NaYF4 and Au nanoparticles show better photocatalytic 

activity under visible light than under UV light. 

 

T4.1. I pointed out that the calcination (it promotes the crystallization) improved 

the photocatalytic activity of the composites under UV light. In contrast, I did not 

observe such a significant impact of the calcination during the degradation under 

visible light, which means that crystallinity/particle size has no significant role in 

determining visible light activity. 
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T4.2. Contrary to the literature data, the increase in photocatalytic activity with 

the deposition of Au nanoparticles was only observed for the TiO2_calc sample. 

On the other hand, I have to highlight that there is not such a great difference 

between the activity of the samples with or without Au. 

 

T5. The outcome of the photocatalytic activity of the calcinated sample of 

lanthanide doped NaYF4 TiO2 and Au nanoparticles supports the results of 

the photoluminescence measurements. 

 

T5.1. During the photoluminescence measurements when the excitation 

wavelength was applied at 900 nm a band at 400 and 460 nm was detected, 

pointing out the possible activation of this catalyst under infrared irradiation.  

 

T5.2. I observed that in the case of the sample NYF-TiO2_calc_Au photocatalytic 

activity was achieved, when 12.5% of the model pollutant was degraded under 

near-infrared light. 
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4. Applicability of the new scientific results 

 During my research I successfully synthetized different TiO2 based binary 

composites with Au and Pt, or Cu nanoparticles and ternary composites with 

lanthanide doped NaYF4 and Au nanoparticles.  

 In my preliminary study, the composites of commercial titanias and gold 

and platinum nanoparticles I got excellent results. To reduce the cost of the 

composites, I deposited copper nanoparticles to two commercial titanium 

dioxide, of which only a few of which had better activity than the base catalyst. 

So, finally I started to further develop the first composite systems (by making the 

ternary composites), so that they could be useful under near-infrared light as well, 

which makes up a larger proportion of sunlight than UV light. The 

photoluminescence measurements proved that these composites could be active 

under infrared light. In the case of the sample named NYF-TiO2_calc_Au was 

observed a 12.5% degradation efficiency. Although, in such a less researched 

field, 4 years is a very short time to achieve excellent results, which is why a lot 

of research is needed in the future to obtain higher efficiency. Overall, I think that 

my research could be a starting point to those who dedicate themselves to study 

these kinds of materials. Photocatalysis under near-infrared light is still not very 

popular in this area of research, but I hope that my results can contribute to this, 

and one day this method will be used at a larger scale. 
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