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1. Introduction 

Development of new nanomaterials with metal nanoparticles (Ag, Au, Cu, Rh, Pd, etc.) 
deposited on oxide surfaces, embedded within pores or encapsulated in its matrices have 
gained much attention in material science because of expanding applications of such 
composites in optics, medical diagnostics, analytical chemistry, catalysis, photocatalysis etc. 
The most widely used catalyst is titanium dioxide. Titania effective properties could be 
improved by mixing with other oxides (ZrO2, SiO2, ZnO) that act as additives to control 
structure-sorption, optical and electronic properties. Incorporation of metal nanoparticles 
into a solid matrix of  titania enhances their quantum efficiency (Kim et al, 2001; Alberius, 
2002). Semiconductor-metal composite nanoparticles have been shown to facilitate charge 
rectification in the semiconductor nanostructures that is beneficial for maximizing the 
efficiency of photocatalytic reactions (Kamat, 2003, Subramanian et al, 2001). The metal NPs, 
being adsorbed or incorporated into titania matrix, modify the interface and/or alter the 
pathways with which photogenerated charge carriers undergo recombination or surface 
reactions. Metal nanoparticles embedded in dielectric matrixes are promising composite 
materials for optical applications as systems with enhanced third-order electronic 
susceptibility χ(3) [SiO2-ZrO2-Ag]. Aggregation and reshaping of metal nanoparticles and 
other processes occurring at the nanometal/porous matrix interfaces on preparation or post-
reaction treatments, as well as mutual influence of their electronic structures, physical or 
chemical interactions of phases, affect many characteristics of nanocomposites (Chan et al, 
2004; Epifani et al, 2000; Gonella et al, 1999; He J. et al, 2002; He C. et al, 2002; Liz-Marzan et 
al, 1996; Kelly et al, 2003; Kreibig and Vollmer, 1995; Shacham et al, 2004; Shter et al, 2007; 
Song et al, 2005). 
There are hundreds publications devoted to the fabrication techniques of nanosized titania-
based photocatalyst and the properties description of obtained materials. The methods of 
synthesis including sol-gel process with thermoinduced (Antonelli & Ying, 1995), photo- or 
chemical reduction of metal ions deposited on the TiO2 surface (Smirnova et al, 1992), as 
well as combination of ion-exchange and reduction process (Gnatyuk, 2005) were proposed 
for preparation of films containing small particles of metals and semiconductor (Kim et al, 
2001; Alberius, 2002; Antonelli & Ying, 1995; Smirnova et al, 1992; Gnatyuk et al, 2005). 
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The sol-gel techniques are most effective and popular on preparation of metal/oxide or 
metal/organics nanocomposites (Chan et al, 2004; Epifani et al, 2000; Gonella et al, 1999; He 
J. et al, 2002; He C. et al, 2002; Liz-Marzan et al, 1996; Kelly et al, 2003; Kreibig and Vollmer, 
1995; Shacham et al, 2004; Shter et al, 2007; Song et al, 2005; Traversa et al, 2001). However it 
is not analyzed in the literature the interrelation of the synthetic conditions and physico-
chemical properties of obtained materials, and hence  the recommendations for the 
preparation of  effective stable photocatalyst based on titania films  and modified with small 
amount of noble metal nanoparticles (NPs). 
 In this work we present improved photo- thermochemical production of TiO2, ZrO2, ZnO 
and SiO2,- metal functional films, as well as binary and ternary oxide composites via 
template assisted sol-gel method and doped with Ag and Au nanoparticles (NPs). Metal 
NPs have been synthesized by photochemical, chemical or thermal reduction of appropriate 
ions and embedded into oxide matrices via adsorption from their colloids or by the direct 
thermoreduction of metal ion/oxide composition with attempt to enhance their 
photocatalytic (M/TiO2-based composites) and bactericide (M/SiO2 composites) activity. 
Investigations of optical properties, XPS, surface morphology, electronic structure and 
photocatalytic activity have been performed.  

2. Experimental part 

All reagents were used as received. Template sol-gel method was applied for preparation of 
mesoporous silica, titania and zirconia films at glass and silicon substrates. Detailed 
procedure for the films synthesis with embedded noble metal nanoparticles is described in 
(Krylova et al, 2009). To form Ag and Au nanoparticles embedded within the oxide films, an 
appropriate amounts of AgNO3 or HAuCl4 were added to the precursor sols. Concentration 
of the Ag+ ions was varied from 1 to 30 at.% and Au3+ ions from 1 to 7 at.% compared to 
molar concentration of alkoxides. 
For film deposition onto glass or silicon wafers, dip-coating technique was utilized. After 
deposition of the film, gelation and gel ripening, it was dried in air at room temperature for 2 h 

(dried samples). Then the dried films were sintered in a furnace at a heating rate β = 2 ºC/min 

to 250 ºC, and at β = 0.25 ºC/min from 250 to 350 ºC. Template burns out at these temperatures 
and this process should be carefully carried out for keeping the ordered porous structure of 
the oxide film/Ag, Au nanoparticles. Then temperature was elevated to 500, 550 and 600 ºC at 

β = 3 ºC/min and the systems were kept at a certain temperature for 3 h.  
Zinc ions modified titanium dioxide mesoporous films were synthesized by sol-gel method. 
The film covering on the clean glass substrate was performed by means of dip-coating 
techniques. The generation of the gold particles in the film structure was performed by 
different procedures. The first two methods were grounded on the admixing of (3 mol %) 
tetrachloroauric ions during titanium and zinc sol formation. Particularly, the first one 
consists of the drying of every layer at 60 ºC for 30 min and UV light action for 10 min. The 
slow heating to 500 ºC for 6 hours was done (TiO2/ZnO/Auph-t, colored in pink). The second 
way was to treat every layer at 200 ºC for 10 min with final irradiation by UV light for 30 
seconds and annealing at 500º C for 2 h (TiO2/ZnO/Aut, colored in blue). The third method 
is based on the adsorption process. Previously synthesized and calcined (500º C) Zn2+/TiO2 
film was dip-immersed in tetrachloroauric acid solution adjusted to pH 4 for 30 sec. These 
films were dried and exposed to UV light for 60 sec. The films were coded as 
TiO2/ZnO/Auads film (colored in dark-blue). Hence, Au3+ ions were reduced 1) in the sol of 
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zinc and titanium metalorganic species; 2) in the sol where crystallization of TiO2 could take 
place; and 3) on the surface of anatase doped with zinc ions. A source of UV light was 1000 
W middle - pressure mercury lamp. The absorption spectra of the films were recorded by 
Lambda 35 UV-Vis spectrophotometer (PerkinElmer) in the range of 200-1000 nm. It must be 
noted that the duration of film irradiation was experimentally established, no change in the 
SPR band intensity was observed after longer irradiation exposure and the reproducibility 
of the film synthesis was achieved for all three procedures. 
The solutions of tetracycline hydrochloride (Aldrich) were prepared by the dissolving of an 
appropriate amount of the antibiotics in freshly distilled water. The film was immersed in 40 
ml of 2·10-5 mol/L (9.6 mg/L) TC solution until complete adsorption in the dark occurred 
and then irradiated by 1000 W middle-pressure mercury lamp. The reaction temperature 
was kept constant (25 ºC) during irradiation. The change of the absorption spectra was 
recorded by Lambda 35 UV-vis spectrophotometer (PerkinElmer). The reaction rate was 
estimated as the pseudo-first order and calculated as a change in the TC absorption intensity 
at λ=357 mn. (Linnik et al, 2009). 
SEM images were registered on SЕМ LEO-1530. EDS spectra were obtained using Brucker 
AXS X-ray detector.  
XPS spectra were registered on ES-2402 with PHOIBOS-100_SPECS using Мg Кα  line of 200 
W Мg X-ray tube as a radiation source at 1253,6 eV. Vacuum in a camera maintained at 
2·10−7 Pа. The film’s size covered on Si wafer was 10x10 mm. The XPS signals were fitted 
using Gaussian-Newton method. 
Photooxidation of Rhodamine B dye aqueous solutions (1x10 -5 mol/l) in the presence of a 
film with a mass of about 1 mg, was performed in a quartz reactor with water-cooling under 
vigorous stirring at pH = 6-7. The UV light was provided by a 1000 W low-pressure mercury 
lamp (λ = 254 nm, P = 2.91x10-7 quants/s). The changes of the Rhodamine B concentration 
were monitored by absorption measurements at 554 nm.  
Optical spectra (transmission mode) of the films were recorded using a Lambda UV-Vis 
(Perkin Elmer) spectrometer. 

3. Optical properties of sol-gel films modified by metal nanoparticles  

Optical properties of metal nanoparticles containing sol-gel derived films are strongly 
dependent on the synthesis history of the samples. 
Two different routes of synthesis of SiO2, TiO2 and ZrO2 and mixed oxide films modified 
with Ag and Au nanoparticles that can be described as one-step thermal reduction of metal 
ions in the inorganic matrix during its sintering and a procedure that includes two stages, 
namely photoreduction of the metal ions with subsequent thermal treatment of composite 
films at elevated temperatures have been studied. Both proposed synthesis strategies led us 
to the formation of metal nanoparticles containing inorganic films but with different optical 
and surface properties. 

3.1 SiO2, TiO2 and ZrO2 films with embedded Ag and Au nanopartiles obtained by 
thermal - induced reduction 
Thermal-induced formation of the metal nanoparticles in the mesoporous silica, titania, 
zirconia and mixed oxide matrixes during their sintering at temperatures higher than  
500 ºC is a result of electron attachment to Ag+ and Au3+ ions from organic substances of 
the sol-gel films or their decomposition products. Inorganic SiO2, TiO2 and ZrO2 films 
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with uniformly distributed Ag and Au nanoparticles and intensive coloration, 
characteristic for surface plasmon absorption of silver and gold nanoparticles have been 
obtained when the films doped with different amounts of metal ions were heat treated at 
elevated temperatures. 
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Fig. 1. Absorbance spectra of films sintered at 500 ºC (2 hrs) with increasing Ag+ content in 
the initial sol for a) SiO2/Ag; b) TiO2/Ag and c) ZrO2/Ag. 

www.intechopen.com



Silver and Gold Nanoparticles on Sol-Gel TiO2, ZrO2, SiO2 Surfaces:  
Optical Spectra, Photocatalytic Activity, Bactericide Properties 

 

55 

In the absorption spectra of silica, titania and zirconia films doped with silver ions and 

sintered at 500 ºC (Fig. 1), an intensive, symmetric absorption band at around 400 nm 

appeared due to the silver nanoparticles formation induced by thermal reduction of metal 

ions as it was described before. The uniform distribution of Ag nanoparticles within the 

surface and near-surface layers of SiO2 and TiO2 films was confirmed by SEM images of the 

corresponding samples (Fig. 2). The mean particles size of Ag nanoparticles varies 

depending on the host matrix and is equal to 5-9 nm in the case of silica and 3-5 nm for 

titania films. We have attributed this change of the particles size of the formed nanoparticles 

to the differences in crystallinity of the matrixes. Obviously, amorphous structure of silica at 

500 ºC favors continuous movement of silver ions and formed nanoparticles that leads to the 

larger metal nanoparticles in the final structures. 
 

 

Fig. 2. SEM images of mesoporous films sintered at 500 ºC: a) SiO2/Ag 10% and b) TiO2/Ag 
10%. 

Elevating of the sintering temperatures of the inorganic matrixes with embedded Ag 

nanoparticles leads to certain spectral changes in the absorption spectra of the films: shape 

of the surface plasmon band, position and intensity. These changes depend also on the 

initial content of the silver ions in the films. Thermal transformations of the absorption 

spectra of silver nanoparticles containing films depending on the concentration of silver 

dopant and heat treatment conditions are illustrated in the Fig. 3 for the case of TiO2 as the 

host matrix. At low silver content (0.3-5 mol.%) increase of the sintering temperatures up to 

550-600 ºC was accompanied with the decrease of the surface plasmon band intensity and 

the appearance of new long-wave band at about 470-520 nm for the films with 5 mol.% of 

silver and heat treated at 600 ºC. 

This effect was attributed to the evaporation of nanosized silver from the outer surface of 

the films and formation of larger silver particles in the latter case. When SiO2, TiO2 and ZrO2 

films were doped with 10 mol.% of silver, elevating of the heat treatment temperatures leads 

to the increasing of the integral absorbance of the films in the spectral range of absorption of 

silver nanoparticles, and again, to the appearance of the long-wave band, mentioned before. 

For the films with further increased silver content up to 30 mol.% only steady increasing of 

intensity of silver nanoparticles absorption could be noticed. We have concluded that 

continuous reduction of silver ions takes place compensating evaporation loses of the 

nanosized silver, when the films with bigger amount of silver ions are subjected to the 
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elevated sintering temperatures, leading to the increasing of integral absorbance of the films. 

The formation of the long-wave band in the absorption spectra of the silver nanoparticles 

containing inorganic films might correspond to the appearance of nonspherical silver 

particles (Kelly et al, 2003; Link et al, 2001). 
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Fig. 3. Evolution of the absorbance of TiO2/Ag films depending on the silver content and 
heat treatment temperature. 

Thermal-induced formation of gold nanoparticles in the inorganic matrixes starts at lower 

temperatures due to the differences in thermal stability of the metal ions sources. 

Chloroauric acid used in the films as Au3+ source, is less thermally stable in comparison 

with silver nitrate. The scheme of thermal transformations of HAuCl4 is presented below: 

HAuCl4 
120 C→°

AuCl3 
185 200 C→− °

AuCl 
290 C→°

Au 
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Heat treatment of the SiO2/Au 1% film at temperatures more than 400oC was accompanied 
with the formation of gold nanoparticles within the silica matrix. The wide surface plasmon 
band at 535 nm characteristic for Au nanoparticles appeared in the absorption spectrum of 
the composite film (Fig. 4). 
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Fig. 4. Absorbance spectra of a) SiO2/Au 1% film sintered at different temperatures (3 hrs)  
1) 400 ºC; 2) 450oC; 3) 500 ºC and b) TiO2/Au 1% film sintered at 500 ºC (2 hrs). 

Elevation of sintering temperature of the films up to 450oC caused some blue shift and 
increase of intensity of the main absorption band of Au nanoparticles (523 nm) with 
spherical shape and formation of the additional long-wave band at approximately 1000 nm, 
characteristic for the absorption of the trigonal prism shape gold nanoparticles in 
accordance with (Huang et al, 2004). Thermal treatment of the SiO2/Au 1% film at 500oC 
leads to decrease of intensity and red shift up to 544 nm of the short-wave absorption band 
of gold nanoparticles with increase of intensity of the long-wave absorption band. We 
attribute these spectral changes to the growth of spherical and prismatic gold nanoparticles 
as the result of thermal facilitated movement of the particles. 
 
 

1mkm 

a) b) c) 

Fig. 5. SEM images of the mesoporous films with embedded gold nanoparticles a) SiO2/Au 
1% and b, c) TiO2/Au 1%. 

In the SEM images of surface of silica and titania films modified with gold nanoparticles 
(Fig. 5) we have observed formation of large gold nanoparticles of different shape which 
conform with the conclusions of analysis of optical spectra of the films. Bimodal particles 
size distribution was observed for thermally reduced Au nanoparticles in the analyzed host 
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matrixes with mean particles size in the range of 90-110 nm and 230 nm. Formation of the 
large trigonal prisms with the size up to 400-500 nm predominantly on the film surface 
confirms the assumption of the growth mechanism of the particles proposed earlier for 
silver nanoparticles in SiO2, TiO2 and ZrO2 matrixes (Krylova et al, 2009). 
The hydrophilic-hydrophobic interactions between hydrophilic oxide surface (host matrix) 
and hydrophobic surface of metal nanoparticles will govern metal nanoparticles onto the 
outer surface of the host. On the other hand, thermal-induced reduction of the metal ions 
and charged clusters by volatile organics formed during template and organic ligands 
decomposition/burning out facilitates transfer of reduced atoms, clusters by the gaseous 
flow onto the outer surface of the films. The other factor – steric hindrance in confined space 
of the pores, which hinder nanoparticles growth – is much weaker at the outer surface, 
where the forces of mutual ions/atoms/nanoparticles interactions are smaller than within 
pores. In other words, particles have more freedom for their diffusion, clusterization and 
agglomeration (Krylova et al, 2009). 

3.2 TiO2 and TiO2/ZnO films modified with Ag nanopartiles by photoreduction of metal 
ions and subsequent thermal treatment 
For the photoreduction of metal ions on the surface of inorganic matrix with the aim of 
formation of metal nanoparticles on it, titanium dioxide was chosen as appropriate one due 
to its photocatalytic activity. It was observed, that when TiO2 mesoporous films have been 
UV irradiated after adsorption of silver ions from the solutions of silver nitrate or silver 
ammonia complex, photodeposition of nanosized silver islands takes place. This 
photodeposition process is widely used in literature for the production of novel catalysts, 
functional surfaces, optical elements, etc. (Sclafani et al, 1997; Subramanian et al, 2001). 
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Fig. 6. Evolution of absorption spectra of TiO2 films with photoreduced silver nanoparticles 
depending on the accumulation of silver NPs during irradiation time when: AgNO3 (a), and 
[Ag(NH3)2]NO3 (b) are used as silver ion sources. 

In the absorption spectra of the TiO2/Ag films with photodeposited silver particles broad 
complex absorption surface plasmon band of nanosized silver with maxima at 390 and 490 
nm was detected. This band corresponds to the fromation of silver particles with broad 
particles size distribution (Epifani et al, 2000; Lance et al, 2003). In the case of 
photodeposition of silver nanoparticles from silver ammonia complex [Ag(NH3)2]NO3 the 
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surface plasmon band of silver has more distinct shape with maxima at 390 and 460 nm. The 
intensity of the band in both cases increases with increasing of the deposited silver content. 
In addition some maximum displacement towards longer wavelength, characteristic for the 
agglomeration of the silver particles can be detected. 
As the shape and position of the formed silver nanoparticles absorption depends on the 
silver source used, to control the dispersion of silver particles on the surface of photoactive 
films, we have decided to incorporate amphoteric zinc oxide into TiO2 matrix, which sites 
after leaching in basic solutions (ammonia), may play a role of ion exchange sites for silver 
complex adsorption and further silver nanoparticles nucleation upon photoreduction and 
subsequent thermal treatment, as was previously proposed for Mg2+ modified wet TiO2 
films by He et al (He J. et al, 2003). 
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Fig. 7. Evolution of absorption spectra of TiO2/1% ZnO films with photoreduced silver 
nanoparticles depending on the accumulation ofAg NPs during irradiation when 
[Ag(NH3)2]NO3 was used as silver ion source. 

It was observed, that in the absorption spectra of the UV irradiated TiO2/ZnO mesoporous 
films with adsorbed silver ions after ion exchange in silver ammonia complex solutions 
broad surface plasmon band of nanosized silver with maximum at 440 nm was formed, 
whereas the band at 390 nm was not observed contrary to the results when silver nitrate was 
applied. It indicates more uniform silver particles size distribution. 
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Fig. 8. Absorption spectra of TiO2 (a) and TiO2/1% ZnO (b) films with photoreduced silver 
nanoparticles after thermal treatment at different temperatures (indicated near the spectral 
bands). 
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Subsequent thermal treatment of the TiO2 and TiO2/ZnO films with photodeposited silver 
caused significant changes in the absorption spectra of the composite films. Red shift and 
decrease of intensity of the surface plasmon band of nanosized silver was observed for the 
TiO2/Ag films upon heating up to 400 ºC with further complete disappearance of the 
absorption typical for Ag nanoparticles after film sintering at 500-550 ºC, that can be 
attributed to the formation of extremely small silver particles on the film surface and/or 
partial dissolution of the silver nanodrops in the TiO2 crystalline matrix (He J. et al, 2003; 
Krylova et al, 2009). 
Different absorption spectra evolution was observed for the TiO2/ZnO films with 
photodeposited silver. Surface plasmon band of silver particles disappears at all upon film 
heating up to 300-400 ºC whereas after increasing of the sintering temperature of the 
composite up to 500-550 ºC distinct intensive absorption band of spherical silver 
nanoparticles at 400 nm appears in the absorption spectrum of the film. 
 

 
(a)                                                                             (b) 

Fig. 9. SEM images of mesoporous TiO2 (а) and TiO2/1% ZnO (b) films with photoreduced 
silver after thermal treatment at 550oC. 

We believe that during ion exchange taking place at the zinc oxide rich sites of the TiO2 
matrix when the latter is being immersed into silver ammonia complex, the sites within the 
TiO2 matrix for further nucleation of silver nanoparticles have been appeared. 
Uniform distribution of silver nanoparticles over mesoporous TiO2 and TiO2/ZnO surfaces 
with the size of 4-20 nm and 50-100 nm after the cycles of photoreduction and thermal 
treatment was confirmed by SEM microscopy analysis of films (Fig. 9). 

3.3 TiO2 and TiO2/ZnO films modified with Au nanopartiles produced by photo- and 
thermal treatment 
The procedures of metal particles synthesis influence on the maximum position of SPR band 
of Au NPs (Fig.10). For the films obtained by thermo- and photo-thermo procedures, the 
gold particles are spherical whereas adsorption brings to the nanorods with low aspect ratio 
as it is indicated in (Rodrı´guez-Ferna´ndez et al, 2005; Eustis & El-Sayed, 2005; Eustis & El-
Sayed, 2006). It must be noted that the more intensive and well-defined SPR maxima were 
registered for the films containing zinc ions indicating the higher dispersion of metal 
crystallization centers near zinc ions in titania matrix preventing the NP’s aggregation in the 
clusters (Manujlov et al, 2008). 
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Fig. 10. Absorption spectra of gold-doped films: 1. TiO2/Aut; 2. TiO2/ZnO/Aut  (λmax= 600 
nm); 3. TiO2/Auads (λmax= 600 nm); 4. TiO2/ZnO/Auads (λmax= 518 and 645 nm); 5. 
TiO2/ZnO/Autph-t (λmax= 545 nm). 

The elemental maps of Ti, O, and Zn showed the homogeneous distribution of titanium, 
zinc and oxygen on the surface of TiO2/ZnO/Au films (not shown here). SEM images and 
corresponding Au maps (Fig. 11) depict the different sizes and homogeneous distribution of 
gold particles with the size in the range of 25-180 nm (dominate 25-40 nm) for the 
TiO2/ZnO/Aut and 1-35 nm (dominate 3-10 nm) for TiO2/ZnO/Auph-t films (the particle 
size distribution is not shown). The gold particles in TiO2/ZnO/Auads are 25-250 nm (the 
major fraction is 70-110). 
 

 

 

Fig. 11. SEM images and Au map of TiO2/ZnO/Au films: A, D- Aut, B, E- Auph-t; C, F- Auads. 

X-ray analyzed EDS spectra testify the zinc ions on the surface of the TiO2/ZnO/Aut and 
TiO2/ZnO/Auph-t films contrary to Zn2+/TiO2 and TiO2/ZnO/Auads (not shown here). The 
enrichment of the film surface by zinc ions is suggested to be due to the formation of 
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complexes between zinc acetate and tetrachlorautic ions during sol ageing resulting in the 
localization of zinc ions near photoformed gold particles on the surface.  

3.4 TiO2/ZrO2/SiO2 films with embedded Ag and Au nanopartiles by thermal induced 
reduction 
From the point of view of photocatalytic applications it was interesting to synthesize triple 
mixed oxides, which surface would have new active surface sites  active in catalytic 
processes. In addition, modification of the last with metal nanoparticles could have positive 
influence on the charge separation in the semiconductor during its excitation by UV light. 
To fulfill these requirements we have synthesized by sol-gel method mixed TiO2/ZrO2/SiO2 
films modified with Ag and Au nanoparticles through thermal reduction of noble metal ions 
in the mixed matrix during its sintering. 
No absorption characteristic for nanosized silver particles was detected in the absorbance 
spectra of TiO2/ZrO2/SiO2/Ag films with different percentage of silver after their sintering 
at 500oC. Similar picture was already described for TiO2/Ag films with photodeposited 
silver particles after heat treatment at temperatures above 500oC. We believe that this means 
rather formation of the tiny silver particles on the surface of nanocomposite films with oxide 
shell than the absence of the nanosilver. SEM microscopy of surface of 
21%TiO2/9%ZrO2/70%SiO2/Ag film (Fig. 12 a) proves the formation of flake-like particles 
in the subsurface/surface region of the film with the size of about 30 nm, most probably, 
corresponding to the silver particles covered with thick oxide shell. This will be further 
confirmed by the XPS investigations of the surface of the composites. 
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Fig. 12. SEM images of surface (a, c) and absorbance spectrum (b) of TiO2/ZrO2/SiO2/Ag 
(5%) (a) and TiO2/ZrO2/SiO2/Au(3,4%) (b, c) films after sintering at 500 0C. 

In absorption spectrum of TiO2/ZrO2/SiO2/Au film (Fig. 12 b) the surface plasmon band of 
gold nanoparticles is observed at 550 nm. The surface of TiO2/ZrO2/SiO2/Au films is 
covered with gold nanoparticles of different shapes – triangular pyramids and spheres that 
can be seen from SEM image (Fig. 12 c). Big amount of voids on the films surface, with the 
shape corresponding to the one of metal nanoparticles formed, confirms heat induced 
movement of reduced metal clusters/nanoparticles as a result of their agglomeration 
and/or leaving of the surface into gas phase. 
Optical absorption spectra of TiO2/ZrO2/SiO2/Au films with different content of gold 
introduced into the sol for films are presented in the Fig. 13. The position of SPR band shifts 
consistently to longer wavelengths region from 549 to 554 nm with increasing Au3+ 
concentration from 1 to 7 mol.% in the films. According to data available in the literature 
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(Epifani et al, 2000; Selvan et al, 1998; Sung-Suh et al, 2004) it means an increase of the size of 
Au nanoparticles after thermal treatment of the films. 
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Fig. 13. Optical absorption spectra of TiO2/ZrO2/SiO2 films with various percentages of 
gold: 1 – 1 % Au; 2 – 3,4 % Au; 3 – 5 % Au; 4 – 7 % Au. 

In summary, synthesis strategy employed for the preparation of composite materials 
determines final localization of noble metal nanoparticles. Single step thermal reduction of 
noble metal ions during sintering of sol-gel films leads to the distribution of metal 
nanoparticles within the bulk of the films as well as partial localization of the particles on 
the films surface. Dual step modification of the films surface by photoreduction of silver 
ions and subsequent composites thermal treatment results in uniform modification of 
surface rather than bulk of the films by Ag nanoparticles with narrow particles sizes 
distribution. The last is being determined by the leaching of ZnO from the surface of 
composite films with subsequent localization of tiny Ag nanoparticles on these sites. 
Photoreduction of tetrachloroauric ions in the “wet” films leads to the formation of the 
homogeneous distributed gold nanoparticles with the sizes to 10 nm where the subsequent 
thermal treatment did not cause to its aggregation. The mechanism of thermal reduction is 
differed from the former case that is the reason of enlargement of gold particles due to the 
easier diffusion of gold (I) ions formed on the first stage of thermal treatment (scheme). 
Photoreduction of adsorbed AuCl4- ions on the Zn2+/TiO2 film surface creates rod-shaped 
nanosized gold particles.  

4. XPS investigations 

4.1 SiO2/Ag and SiO2/Au 
Electronic structure of the composite films has been investigated by means of X-Ray 
photoelectron spectroscopy. The main contribution to the Ag3d-line of the SiO2/Ag film and 
to the Au4f-line of the SiO2/Au film have the components with the binding energy (EB) 
Ag3d5/2 = 370.84 eV (Fig. 14 a) and EB Au4f7/2 = 85.61 eV (Fig. 14 b), correspondingly. The 
position of these lines is slightly shifted towards higher energies comparing to the ones 
reported for the gold and silver foils [Kamat et al, 2002]. 
As we reported previously [Suzer/Jashan article], these shifts might be explained by the 
chemical interactions between metal nanoparticles and oxide matrix. By applying external 
voltage bias during XPS analysis of the SiO2/Ag-Au sol-gel films linear parallel shift of the 
Si2p, Au4f, Ag3d and O1s signals was observed revealing chemical interaction between 
metal nanoparticles and silicon oxide matrix. 
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Fig. 14. XPS-spectra of Ag3d a) and Si2p and A4f b) –levels for SiO2/Ag and SiO2/Au 
mesoporous films. 

4.2 TiO2/Ag and TiO2/ZnO/Ag films 
In the XPS spectrum of the TiO2 film with silver nanoparticles produced by thermal induced 
silver reduction (Fig. 15) we have observed that the Ag3d-line is formed by the contribution 
of three silver states with EB Ag3d5/2 = 367.7 eV (silver oxide), 368.4 eV (metallic silver) and 
at 368.8 eV (charge transfer state). 
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Fig. 15. XPS-spectra of Ag3d–levels for TiO2/Ag film heat treated at 500oC. 

Silver is a metal that has anomalous properties in EB shifts when being oxidized, i.e. the 
Ag3d peaks shift to lower EB values (Weaver & Hoflund, 1994). Usually, positive EB shifts in 
the metal core-level peaks are observed when metal is oxidized that is explained by 
considering the electronegativity differences between metal atom and cation. Factors such as 
lattice potential, work function changes, and extra-atomic relaxation energy leads to 
negative EB shift in the case of Ag and some Cd compounds (Xin et al, 2005).  
Thus, it can be concluded that in the process of thermal reduction of silver ions while TiO2 
inorganic matrix formation we obtain silver nanoparticles embedded into inorganic matrix 
covered with silver oxide shell. On the other hand, when silver nanoparticles containing 
nanocomposites are prepared through photoreduction and subsequent thermal treatment, 
different states of silver, contributing to the Ag3d-line in the XPS spectra, have been 
observed in comparison to the samples described before. 
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Fig. 16. XPS-spectra of Ag3d-levels for as-prepared samples with photoreduced silver 
particles (a, c), and after thermal treatment at 500oC (b, d) of TiO2/Ag (a, b) and 
TiO2/ZnO/Ag (c, d) films. 

Ag3d5/2 component for as-prepared TiO2/Ag and TiO2/ZnO/Ag films stands at 368.2 and 

368.0 eV respectively (Fig. 16, a, c). Thermal treatment results in the peak narrowing and 

their shifts toward higher binding energy by 0.4eV. The peak decomposition reveals the 

presence of Ag in metallic state peaked at 368.35 eV and Ag2O with peak at EB = 367.7 eV. 

The values are in good agreement with those (368.22 eV) reported in (Krylova et al, 2006; 

Gregg & Sing, 1982). These results indicate that the silver nanoparticles formed on TiO2 

under given experimental conditions (UV irradiation, ambient atmosphere, room 

temperature) are chemically very reactive and were easily oxidized with Ag2O shell 

formation. Authors (Nguyen, 1999) reported that the grows of silver oxide overlayer up to 6 

nm on Ago – TiO2 interface is a function of plasma exposure time at room temperature. 

Higher intensity of oxide peak for TiO2/ZnO/Ag film as compared to TiO2/Ag supports 

our assumption about more homogeneous distribution of smaller Ag nanoparticles on this 

surface. Tendency to oxidation might be increased significantly with decrease of particle size 

and increase of portion of surface atoms exposed to interface. 

Annealing at 500oC results in the complete decomposition of silver oxide, no peaks are 

observed at low EB side near 367.7 eV for TiO2/Ag as for TiO2/ZnO/Ag samples (Fig. 16, b, 

d). For the last one Ag2O decomposition leads to Ago peak intensity growth (Fig 16, d) that 

coincides with narrow SPR band appearance in the absorption spectra (Fig 8 b). 
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For both samples two components were found to form Ag3d5/2 peak: one of them at 368.4 eV 
corresponds to metallic silver and the other one that has binding energy higher by 0.4 eV 
(368.8 eV) than that for Ago. Observed shift towards higher EB after thermal treatment is 
similar to reported for Ag nanoparticles in SiO2, SiNx and TiO2 thin films (Gun`ko & 
Mikhalovsky, 2004). This effect was observed also for Pt (Crepaldi et al, 2003) indicating 
charge transfer from semiconductor matrix to the metal. 
XPS data confirm our suggestion that Ago is still presented on the TiO2/Ag film, but the 
disappearance of SPR band in the TiO2/Ag spectra could be caused by the formation of very 
small Ag particles on the TiO2 surface or by partial “dissolving” of certain critical size silver 
nanodrops in the crystalline matrix as it was described elsewhere (Shacham et al, 2004; Shter 
et al, 2007). Escape of the metal nanoparticles from TiO2/1%ZnO/Ag film after 500oC 
treatment leads to the more homogeneous particle size distribution through the film profile 
because of more intensive evaporation of silver droplets from the outer surface of the films 
occurs. The smaller particles that manifested in the intensive SPR peak in the absorption 
spectra were formed in restricted media inside the film pores, where Zn2+ ions were 
replaced by Ag+ one and converted to Ago as a result of photoreduction. Similar results are 
reported for temperature dependence of Ag nanoparticles distribution through the depth 
profile of Ag-TiO2 sol-gel films (Crepaldi et al, 2003). 

4.3 TiO2/ZnO/Au films 
Nonsymmetrical Ti (2p) peaks registered in the spectra of all samples were deconvoluted as 
the sum of 458.9 and 458.5 eV peaks corresponded to Ti-O-Ti and Ti-O-Zn bonds (not shown 
here). No XPS peak of Zn (2p) is obtained for Auads/Zn2+/TiO2. The peak attributed to the 
formation of Ti-O-Zn (EBE=1022.5 eV) is predominated over the Zn-O-Zn one (EBE=1021.7 
eV) for TiO2/ZnO/Aut and TiO2/ZnO/Auph-t in comparison with TiO2/ZnO (Fig. 16). The 
XPS results and X-ray analyzed EDS spectra clearly show that gold NP’s are responsible for 
the acceleration of anatase crystallization and formation of Zn2Ti3O8 phase detected by XRD 
analysis (Smirnova et all, 2010). 
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Fig. 17. XPS spectra of Auph-t/Zn2+/TiO2 (A), Aut/Zn2+/TiO2 (B) and Zn2+/TiO2 (C’). 
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Fig. 18. XPS spectra of Auph-t/Zn2+/TiO2 (A), Aut/Zn2+/TiO2 (B) and Auads/Zn2+/TiO2 (C). 

Binding energy (BE) of Au 4f7/2 peaks (84.3 eV) is deconvoluted in doublet for the gold 
containing films. BE signals at 84.0 and 84.4 eV can be related to the bulk of metallic gold 
and gold clusters, respectively, as reported (Ozkaraoglu et all, 2007). The intensity of signal 
attributed to the clusters predominates the intensity of bulk gold for TiO2/ZnO/Auph-t and 
TiO2/ZnO/Aut samples (Fig. 17 A and B) contrary to TiO2/ZnO/Auads (Fig. 18). It is 
concluded that the correlation between the gold sizes and contribution of Au clusters on the 
surface is achieved. 

4.4 TiO2/ZrO2/SiO2 films with embedded Ag and Au 
The XPS spectra of silver and gold nanoparticles in ternary oxide films are presented in  
Fig. 19 and Fig. 20 respectively. In silver Ag 3d region the fitted spectra consist of two main 
peaks – Ag 3d5/2 and Ag 3d3/2 doublet. Ag 3d5/2 peak position at 367.99 eV (Fig. 18, thick 
line) is in good agreement with 368.196 eV reported in (Nirmalya et all, 2007), 368.22 eV in 
(Matsuoka et all, 1997) and 367.98 eV in (Zhang et all, 2000) for metallic silver. 
 

 

Fig. 19. Fitting procedure for Ag 3d spectra for mixed oxides film modified with silver 
nanoparticles TiO2/ZrO2/SiO2 (21:9:70)/ 5%Ag: circles – experimental data, dashed line – 
fitted curve; thick line - metallic silver, thin line – silver oxide. 
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Fig. 20. Fitted Au 4f spectra of TiO2/ZrO2/SiO2 (21:9:70)/3.4%Au film and gold reference 
spectra: circles – experimental data, thin lines – fitted curve; dashed line - literature data 
(Matsuoka et all, 1997). 

Fitting procedure results for gold Au 4f region are presented in Fig. 20. In this figure the 

literature data reported in (Matsuoka et all, 1997) are compared with the experimental data. 

Peaks corresponding to gold oxide were not detected. Small shift of Au 4f7/2peak by 0.2 eV 

towards lower binding energy values was found. 

Au 4f doublet peaks were detected by XPS at sufficient intensity, peaks position and shape 

(Fig. 20) coincide with literature data (Matsuoka et all, 1997) nevertheless considerable 

disagreement between Au molar and surface atomic concentrations was found (3,4 mol.% 

аnd 0,4 at.%). This disagreement can be related to the differences in Au concentration over 

the film profile. 

Hence, XPS measurements confirm that gold and silver generated nanoparticles are mostly 

present in metallic state. The silver state in the composite films strongly depends on the 

chosen synthesis strategy. Oxide layer of silver nanoparticles is being destroyed by thermal 

treatment (500 °C) for the films prepared by photoreduction with further thermal treatment 

whereas for the films prepared through single step thermal reduction silver particles are 

covered by oxide shell. The growth of gold clusters fraction and Zn-O-Ti bond formation 

were registered in XPS spectra for the materials with smaller particle sizes prepared by 

photo- or thermoreduction. 

5. Photocatalytic properties 

Among studied oxide composite materials modified with metal nanoparticles titanium 

dioxide itself or its mixtures with other oxides: SiO2, ZrO2, ZnO demonstrate good 

photocatalytic properties under illumination with UV or visible light. As was already 

mentioned before, modification of photocatalysts with metal nanoparticles either embedded 

within the film or deposited onto their surface strongly increases photoactivity of the 

photoactive catalytic materials through the improvement of charge separation processes 

(Sclafani et al, 1997; Submanian, 2001). 

Photocatalytic activity of the titania based materials studied in present investigation has 

been widely examined in different environmentally important processes. 
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5.1 TiO2/Ag films 
The photocatalytic activity of mesoporous TiO2/Ag films with thermally reduced Ag 

nanoparticles was tested using the process of xantene dye Rhodamine B (RB) degradation in 

aqueous solutions. Under UV irradiation (λ = 254 nm) the absorption peaks corresponding 

to Rhodamine B diminished and finally disappeared, indicating degradation of the dye. No 

new absorption bands were observed, in contrast to Sung-Suh et al, 2004, where significant 

(-50 nm) shift of the long wave absorption band of Rhodamine B was reported indicating de-

ethylation process. So we can suggest that Rhodamine B photooxidation in our experiments 

proceeds through the degradation of chromophore chains in the solution. To compare the 

photoactivity of TiO2 and TiO2/Ag films with Ag contents from 1 to 10 at.%, the rates of the 

dye photodegradation process were calculated from a pseudo first-order reaction rate 

approximation for equal reaction conditions (see Table 1).  

 

UV light Visible light 
Sample 

k, min-1 τ0,5, h k, min-1 τ0,5, h 

Blank experiment 1.6×10-3 7.1 2.5·10-6 76.7 

TiO2 3.5×10-3 3.3 1.3·10-5 15.3 

TiO2/Ag 1% (at.) 6.0×10-3 1.9 - - 

TiO2/Ag 3% (at .) 6.2×10-3 1.9 1.3·10-5 14.7 

TiO2/Ag 5% (at.) 6.8×10-3 1.7 4.2·10-5 4.6 

TiO2/Ag 10% (at.) 4.3×10-3 2.7 4.9·10-5 3.9 

Table 1. The rate constants of photodegradation of RB in the presence of TiO2/Ag films. 

As it is showed in the table, a maximal efficiency (two times higher in comparison to pure 

TiO2 film) was observed for TiO2/Ag films with an Ag content of 5 at.%. Further increase of 

the dopant content leads to a decrease of TiO2/Ag photocatalytic activity. According to Refs. 

4. 5. and 13 (Manujlov et all, 2008) doping of the semiconductor with low concentrations of 

noble metal nanoparticles is advantageous to promote charge separation processes but with 

increasing metal concentrations the processes of hole trapping by negatively charged metal 

nanoparticles become predominant leading to depressing of photocatalysis. 

In the case of visible light excitation of TiO2/Ag with different silver nanoparticles content it 

was observed steady increase of the photocatalytic activity of films with increasing of silver 

nanoparticles loading in the samples (see Table). Obviously, this difference of the 

photocatalytic activity of the TiO2/Ag film dependence on the silver nanoparticles content 

in the case of excitation with UV or visible light is related to the different mechanisms of the 

dye molecule degradation (Sung-Suh et al, 2004). 

5.2 TiO2/ZrO2/SiO2 films with embedded Ag and Au nanoparticles 
Photocatalytic degradation of Rhodamine B dye in the presence of ternary TiO2/ZrO2/SiO2 

films modified with noble metal nanoparticles under UV-light irradiation proceeds 

according to the same scheme as for the TiO2/Ag and ZnO/TiO2/Ag films, i.e. 

without/with minor impact of de-ethylation procecess but mainly through the dye 

chromophore degradation steps. As it was expected, ternary oxide systems with embedded 

noble metal nanoparticles have higher photocatalytic activity than that for unmodified 

TiO2/ZrO2/SiO2 films. The rate constants are presented in the Table 2. 
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Sample Rate constants, k*10-3 min-1 

TiO2/ZrO2/SiO2 1.4 

TiO2/ZrO2/SiO2/5 %Ag 2.0 

TiO2/ZrO2/SiO2/3,4 %Au 6.3 

Table 2. The rate constants of photodegradation of RB in the presence of catalysts. 

Comparing the photocatalytic activity of the films of ternary system, modified with gold 
and silver nanoparticles, it was found that in the presence of films containing silver, the rate 
constant of decomposition of the Rhodamine B is lower in comparison with Au modified 
films, when almost four-fold increase of photocatalytic activity in comparison with bare 
TiO2/ZrO2/SiO2 film was observed. As the gold containing photocatalyst has the most 
promising photoactivity, Au nanoparticles concentration influence on the photocatalytic 
activity of TiO2/ZrO2/SiO2 films was studied. We have found that there exists an optimum 
gold nanoparticles content (5 mol.%) in the ternary oxide system when the photocatalytic 
activity of the films increases by almost one order of magnitude comparing to the one for 
unmodified films. Further increasing of gold concentration cases deterioration of 
photocatalytic activity of the samples. The rate constants of the process of photocatalytic 
degradation of Rhodamine B dye in the presence of TiO2/ZrO2/SiO2/Au films with 
different Au content are summarized in the Table 3. 
 

   TiO2/ZrO2/SiO2/Au, mol.% Rate constants, k*10-3 min-1 

1 6.0 

3,4 6.3 

5 10.2 

7 5.3 

Table 3. The rate constants of photodegradation of RB in the presence of 
TiO2/ZrO2/SiO2/Au films with different gold content. 

The observed dependence of the TiO2/ZrO2/SiO2 films photocatalytic activity on the gold 
concentration has been attributed to the differences in size, quantity and homogeneous 
distribution of gold nanoparticles on the catalyst surface. As was proved by the AFM 
investigations of surface of TiO2/ZrO2/SiO2/Au films with different gold content (Vityuk et 
all, 2007), the surface coverage with gold nanoparticles continuously increases with increasing 
gold concentration in the films. Most probably, on the surface of the TiO2/ZrO2/SiO2/Au 
films with low surface coverage with gold nanoparticles (1 and 3.4 mol.%), the recombination 
processes are more efficient than that in the films containing 5 mol.% of gold. Further increase 
in concentration of gold (more than 5 mol.%) is accompanied with aggregation of 
nanoparticles, which in turn leads to a screening of surface from irradiation and prevents 
direct contact of dye molecules with the surface of catalyst. 

5.3 Photocatalytic activity of Ag (Au) ZnO/TiO2 coatings in tetracycline hydrochloride 
(TC) degradation 
The biological active compounds as antibiotics, hormones, preservatives and anesthetics 
have been identified in the aquatic environment and soil as the result of the extensive 
development of pharmaceutical industry and the wide consumption by human. Antibiotics 
are widely used against microbial infection in medicine and veterinary as well as the feed 
additives increasing the growth and prevent pathogens in animal farms and fisheries raising 
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the concerns over proliferation of antibiotic-resistant bacteria. Tetracycline is one of the most 
frequently prescribed groups of antibiotics. Residues of TC and their metabolites were 
detected in eggs, meat and animals based on different exposure methods (Ruyck et all, 1999; 
Zurhelle et all, 2000). Their accumulation in human organism can produce arthropathy, 
nephropathy, central nervous system alterations, spermatogenesis anomalies, possible 
mutagenesis and photosensitivity in human beings. Due to their antibacterial nature, 
antibiotic contaminated waters cannot be effectively eliminated by traditional biological 
methods (Kummerer et all, 2000). Tetracycline presents a class of the compound that is 
sensitive to light and classified as a phototoxic drug. Thus, TC residues in culture pond and 
on the surface of soil follow through the formation of the TC derivatives that could be even 
more dangerous for public health.  
Destruction of the chemical bonds of the complex organic structure such as antibiotics 
tetracycline (Fig. 21) signified the unpredicted type of the products and thus the effect of 
reaction conditions on the reaction mechanism. TC molecule can behave as a cation, a 
neutral/zwitterion, an anion or a dianion depending on pH of the systems. Ring A absorbs 
only in the 250-300 nm area, whereas the BCD ring chromophore contributes to both 250-300 
and 325-400 nm absorption bands as described in (Schneider et all, 2003). 
 

 

Fig. 21. The structural formula of TC. 

Tetracycline presents a class of the compound that is sensitive to light and classified as a 
phototoxic drug. The photodecomposition products of TC, such as 
dedimethylaminotetracycline, anhydrotetracycline, lumitetracycline, oxytetracycline, 
quinone form, and fourteen others were detected at different reaction conditions (Davis et 
all, 1979; Moore et all, 1983; Sanniez et all, 1980). Furthermore, it is identified seven products 
of the TC photolysis under conditions similar to the natural ones (Oka et all, 1989). 
The preliminary estimation of the photocatalytic efficiency can be performed by detailed 
monitoring of the TC absorption spectra during irradiation. The shifts of the maxima at 275 
and 357 nm and the appearance of absorption at 400-500 nm are attributed to the formation 
of tetracycline derivates (Paola et all, 2004).  
However, the steady and simultaneous fall of these two maxima without absorption in 
visible are registered at TiO2/ZnO/Aut and TiO2/ZnO/Auph-t films leading to the 
suggestion of tetracycline degradation rather then oxidation. (Linnik et all, 2009). As seen 
from Fig. 22, irradiating the tetracycline at Agt/ZnO/TiO2 brings to the less effective 
degradation than at Aut/ZnO/TiO2. In the presence of TiO2/ZnO/Ag films synthesized 
either thermo or adsorption methods, the TC transformation accompanied by the formation 
of oxidized products. Antibiotics adsorption on TiO2/ZnO/Auph-t  film is reached to 58 % 
contrary to the adsorption inability of TiO2/ZnO/Auads and TiO2/ZnO/Aut films. 
Comparing the absorption spectra of the film before the contact and after adsorption of TC 
the new absorption band at 420 nm is appeared (Fig. 23 A). Irradiation for 90 min brings to 
the gradual intensity decrease in the absorption spectra of the film as well as TC solution. 
Hence, the TC degradation takes place on the surface of TiO2/ZnO/Auph-t film through the 
adsorption-desorption equilibrium. 
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Fig. 22. Evolution of absorption spectra of tetracycline solution over TiO2/ZnO/Agt (A) and 
TiO2/ZnO/Aut (B) during 90 min irradiation.  
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Fig. 23. Absorption spectra of Auph-t/ZnO/TiO2 (A) and Aut/ZnO/TiO2 (B) films: 1-before 
contact; 2-after 90 min of irradiation; 3- after adsorption in the dark. 

The shift of SPR band after 90 min irradiation in TC solution is observed in the absorption 

spectrum of the TiO2/ZnO/Aut film (Fig. 23 B). The initial view of the spectrum is achieved 

by keeping of the film in the dark and air with for 24 hours. The blue shift of SPR is 

supposed to be due to the oxidation of gold by the hole and/or hydroxyl radical and/or 

other radical generated during photocatalytic degradation of TC molecules accompanying 

the depletion of gold metal particles. The formed gold ions might be incorporated on the 

interface of Au particle and TiO2. In the dark, the catalytic reduction of these ions by metal 

gold could followed as describe in (Gachard et all, 1998). 

Photolysis of TC molecules (FW=444) resulted in the formation of anhydrotetracycline 

(FW=428), 4-epi-anhydrotetracycline (FW=426), oxytetracycline (FW=460), lumitetracycline 

(FW=399), dedimethylamino TC (FW=400), quinoid TC (FW=416) as the main products. The 

surface of the films is monitored using matrix free Laser desorption/ionization mass 

spectrometry (LDI) with the experimental parameters registered in the same manner as the 

liquid phases. The Auph-t/ZnO/TiO2 and Aut/ZnO/TiO2 films as well as the solutions of TC 

before and during 90 min irradiation were compare for the level of TC degradation by 

MALDI measurements. Formation of aforesaid products is observed neither in the liquid 

phase nor on the film (Linnik et all, 2009). It is shown that the destruction of TC molecules 
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after 90 min irradiation is more efficient on the surface of TiO2/ZnO/Auph-t resulting in the 

appearance of the adsorbed product molecules with the less m/z values. The desorbed ion 

yield fragments of TC intermediates from the surface of TiO2/ZnO/Auph-t film after 20, 60, 

and 90 min irradiation are depicted in the scheme. TC molecule is adsorbed by amide group 

of ring A that leads to its destruction after 20 min irradiation. The adsorbed cyclic 

compounds are still present on the surface of the film after 60 min irradiation. Two main 

desorbed ion yield fragments (the highest percent values) show the mineralization of TC 

molecule. 
 

 

Scheme of the intermediates formation during the photocatalytic destruction of TC at 
TiO2/ZnO/Auph-t film.  

Thus, the efficiency of photocatalytic TC destruction is affected by the size of gold 

nanoparticles where the mineralization of TC molecule is achieved on the surface of 

TiO2/ZnO/Auph-t film. Contrary to the gold-containing films, the oxidation of TC is 

observed over TiO2/ZnO/Ag composites.  

6. Bactericide properties of stabilized silver and gold nanostructures on the 
surface of disperse silica 

The nanoparticles of Ag and Au are used for the delivery of drugs (Jain, 2005; Paciotti et all, 
2004; West & Halas, 2003), the treatment of wounds, the decontamination of water, and as 
bactericidal agents (Baker et all, 2005; Elchiguuerra et all, 2005; Pal et all, 2007; Shrivastava et 
all, 2007; Weir et all, 2008). Many bacteria are resistant to antibiotics, and it is therefore 
necessary to look for new bactericidal materials. Silver nanoparticles have a broad spectrum 
of antibacterial activity and are nontoxic for humans at low concentrations (Jin & Zhao, 
2009). In large amounts, however, their toxicity is high, and the biocompatibility is 
substantially lower than for gold nanoparticles (Browning et all, 2009; Huang et all, 2008; 
Nallathambly et all, 2008; Song et all, 2010). The effectiveness of the nanoparticles can be 
intensified by depositing them on a support with a highly developed surface. In this respect 
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highly dispersed silica (HDS) is an ideal material. An important problem in the synthesis of 
nanoparticles is prevention or retardation of their aggregation and also oxidation at the 
stage of formation of the silver nanoclusters.  In contrast to their state in the films, on the 
surface of dispersed silica the silver nanoparticles are unstable. 
Therefore, in view of the diversity of potential applications of dispersed silica containing Ag 
nanoparticles on the surface, particularly as bactericidal agents, the stabilization of the 
nanoparticles of silver and their protection against oxidation and the influence of the 
surroundings represent an urgent task from the theoretical and applied view point. The 
principle of the stabilization of Ag nanoparticles with polymers or surfactants was applied 
successfully to the synthesis of composite systems based on highly dispersed silica (HDS) 
containing stable nanoparticles of silver with PVP and/or SDS as stabilizers (Mukha et all, 
2009, 2010). 
Samples of Ag/SiO2 were synthesized by the adsorption of previously prepared colloidal 
solutions of nanosized silver 
on the surface of dispersed silica. Nanosized silver in colloidal solution was obtained by 
chemical reduction from silver nitrate in the presence of sodium tetrahydroborate and a 
binary stabilizer – SDS and PVP. The obtained silver colloids were adsorbed on the surface 
of HDS. The concentration of Ag on the HDS amounted to 0.05%. The use of a binary 
stabilizer raises the stability of the silver nanoparticles. The interaction of the SDS and PVP 
consists of a combination of two processes: the formation of a complex as a result of 
hydrophobic interaction between the hydrocarbon unit of the SDS and the methylene 
groups of the PVP and electrostatic interaction between the head groups of the SDS and the 
partial charges of the nitrogen and oxygen of the pyrrolidol ring]. 
To explain the inhibitor effects of silver on bacteria it was suggested that silver reacted with 
proteins by combining the thiol (-SH) groups, leading to the bacteria inactivation (Traversa 
et all, 2001). In this work we examined the antibacterial activity of Ag/SiO2 and Au/SiO2 
suspensions and Ag (Au) colloids. Ag/SiO2 powders were tested after treating at 85-90°』, 
Au/SiO2 – after 500°C. The probes have been diluted in distilled water with the 
concentration of 0,0016% wt. of metal NPs and 3,13 % wt. of HDS in suspension. Colloids 
were tested with the concentration of 0,0016 % wt. of metal NPs. 
AgNO3 solution has been used in the control experiments in the equal concentration as Ag 
NPs. Binary stabilizer PVP/SDS and NaBH4 have been studied in the control with the same 
amount as in the colloids. Initial HDS has been tested also at the concentration 3,13% wt. in 
presence of the stabilizers and NaBH4.  
The results of antimicrobial activity of metal NPs in colloids and suspensions against E.coli, 
S.aureus и C.albicans are presented in the Table 4.  
Essential reduction value for bacteria E.coli (5 lg) and fungi C.albicans (4 lg) in colloids 
achieved after 1 hour of exposure of microbial cells with Ag NPs. Staphylococcus were more 
Ag NPs-resistant, particularly 4,35 lg reduction achieved only after 4 hour. Decrease of Ag 
concentration allowed revealing mentioned phenomenon. C.albicans bacteria were the most 
sensitive among of studied objects.  
The control AgNO3 solution didn’t show antimicrobial action. The same result also was 
revealed for PVP/SDS and NaBH4 mixture. Thus presented experimental data indicate a 
high antimicrobial activity of silver colloids to all microorganisms. 
Embedding of Ag NPs on SiO2 surface slightly decrease activity of Ag/SiO2 suspension. The 

exposure time increases and changes in interaction character of Ag NPs with the microbial 

cells appear. The contact time for 4 lg reduction achievement for C.albicans remained the 
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same as in colloid (1 h). At the same time Ag/SiO2-resistance of E.coli rised. The reduction 

value was only 3,58 lg after 4 hour contact time. On the contrary, S.aureus was more 

sensitive then in colloid. But generally antimicrobial activity of Ag NPs/SiO2 complex 

remained high. The nanosized gold at the same concentration range doesn’t show 

antibacterial action on indicated microorganisms. 

 

test-strains, lgR* Samples and concentrations  Exposure 

time, h E. coli S. aureus C. albicans 

Ag NPs (0.0016 % wt) colloid  1 

2 

4 

24 

> 5.22 

> 5.22 

> 5.22 

> 5.22 

< 1.57 

2.07 

4.35 

> 5.24 

> 4.27 

> 4.27 

> 4.27 

> 4.27 

initial microorganisms amount, lgN0 7.37 7.39 6.42 

Ag NPs (0.0016 % wt)/SiO2 (3.13 % wt) 1 

2 

4 

24 

< 1.39 

1.48 

3.58 

> 5.06 

3.89 

5.14 

> 5.17 

> 5.17 

> 4.54 

> 4.54 

> 4.54 

> 4.54 

SiO2 (3.13 % wt) (control)  1 

2 

4 

24 

< 1.39 

< 1.39 

< 1.39 

< 1.39 

< 1.5 

< 1.5 

< 1.5 

< 1.5 

< 0.87 

< 0.87 

< 0.87 

< 0.87 

initial microorganisms amount, lgN0 7.21 7.32 6.69 

Table 4. The antimicrobial activity of Ag NPs in colloids and suspensions. 

7. Summary 

In summary, synthesis strategy employed for the preparation of composite materials 

determines final localization of noble metal nanoparticles. Single step thermal reduction of 

noble metal ions during sintering of sol-gel films leads to the distribution of metal 

nanoparticles within the bulk of the films as well as partial localization of the particles on 

the films surface. In addition, intensive plasmon resonance absorption of metal 

nanoparticles can be obtained. Dual step modification of the films surface by 

photoreduction of silver ions and subsequent composites thermal treatment results in 

uniform modification of surface rather than bulk of the films by Ag nanoparticles with 

narrow particles sizes distribution. The last is being determined by the leaching of ZnO from 

the surface of composite films with subsequent localization of tiny Ag nanoparticles on 

these sites. 

Such nanocomposites modified with metal nanoparticles are beneficial toward improving 

the efficiency of the photocatalytic oxidation – mineralization processes. 

Photoreduction of tetrachloroauric ions in the “wet” films leads to the formation of the 

homogeneous distributed gold nanoparticles with the sizes to 10 nm where the subsequent 

thermal treatment did not cause to its aggregation. The mechanism of thermal reduction is 

differs from the former case that is the reason of enlargement of gold particles due to the 

easier diffusion of gold (I) ions formed on the first stage of thermal treatment.  
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The efficiency of photocatalytic Tetracycline destruction is affected by the size of gold 

nanoparticles where the mineralization of TC molecule is achieved on the surface of 

TiO2/ZnO/Auph-t  film. Contrary to the gold-containing films, the oxidation of TC is 

observed over TiO2/ZnO/Ag composites.  

The fixation of the metal nanoclusters on silica surface occurs due to a) interaction between 

the functional groups of stabilizer shell of NPs and OH-groups of silica and b) location of 

Me NPs within secondary pores of HDS globules. Obtained composite systems containing 

strongly bounded and homogeneously distributed on silica surface Ag NPs serve as 

potential wide-spectrum antimicrobial materials for medical and pharmaceutical 

application. 

Thus, using photo-thermoreduction of appropriate ions within  sol-gel oxide 

semiconductor/dielectric/metal composite films indicate simple and convenient way to 

produce improved photocatalysts sensitive to the visible, self-cleaning coatings, effective 

antimicrobial medium etc. 
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