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Composite powders with initial components Ag, TiO2 and ZnO were prepared by sol-gel processing containing titanium 
ethoxide, silver nitrate and zinc acetate as precursors in an Ag/Ti/Zn atomic ratio of 1:2:3. The as-obtained gels were 
stepwise calcinated up to 6000C. The phase and structural transformations at every step of the heat treatment were 
followed by X-ray phase analysis. The amorphous phase which is dominant up to 300ºC decreases gradually with 
increasing the temperature, while elementary silver, ZnO and cubic ZnTiO3 coexist simultaneously in a nanocomposite at 
500ºC. At 6000C the crystallinity of the sample increased and the amount of amorphous phase is small enough to be 
negligible. The average particle size of ZnTiO3 increases from 6 to 10 nm, of elementary silver – 25 nm and ZnO – 24 nm in 
the range 500-6000C. The obtained Ag/ZnO/ZnTiO3 composite showed photocatalytic activity toward Malachite Green (MG) 
under ultraviolet and visible light irradiation. The antibacterial activity was examined in the dark and under UV-light using as 
a test-microorganism Escherichia coli ATCC 25922. The obtained nanocomposite possesses а powerful bactericidal effect 
and can completely kill E. coli bacteria after 30 minutes. A simple scheme for performance of a complex composite 
containing three active phases was suggested. 
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1. Introduction 
 
In the past years, TiO2 and ZnO materials received 

special attention due to their unique optical, electrical and 
chemical properties. From а practical point of view, 
titanium oxide (TiO2) has been recognized as the 
preferable one for photocatalytic degradation of organic 
pollutants and other environmental applications due to its 
high photosensitivity, strong oxidizing power, nontoxic 
nature, and chemical stability [1-6]. Zinc oxide (ZnO) is 
an alternative to TiO2 because its electrical, optical, 
photocatalytical behaviour has been proven to be similar 
[7, 8]. Several prioritised and more detailed investigations 
for the degradation of organic dyes by ZnO (nanoparticles 
and thin films) have been performed [9-12]. In an 
important paper of Marci et al. [13] it was found that ZnO 
considerably enhances the photocatalytical performance of 
TiO2 under UV irradiation and many studies have been 
focused on the binary TiO2/ZnO compositions. During the 
investigation, three compounds ZnTiO3, Zn2Ti3O8 and 
Zn2TiO4 were found in the ZnO-TiO2 system [14, 15]. 
Among them, the zinc titanate (ZnTiO3) is a well known 
functional inorganic material due to its numerous 
applications in industry (paint pigment, catalytic sorbent, 

sensor). Recent studies also confirmed that it is a good 
dielectric ceramic material [16-20] and it can be a useful 
candidate for low-temperature cofired ceramics [21]. Due 
to its photocatalytic properties it is of some increased 
interest for degradation of organic pollutants [22-25]. For 
these applications, appropriate strategies for preparation 
were developed including conventional solid state 
reactions [26], mechanical activation [18] and several 
variants of sol-gel methods [19, 20, 23, 25-31].   

In order to improve the electronic properties of the 
materials from the ZnO-TiO2 system, especially the 
absorbance under visible irradiation, many other dopants 
instead of ZnO have been studied also, such as: noble 
metals, transition metal cations, lanthanides cations, 
anions of non-metal elements, which have been introduced 
by oxides, salts, sulfides, halcogenides or more complex 
compounds [1, 4, 7, 32]. Among the different investigated 
dopants, silver was recognized as playing a positive role in 
trapping the photo-generated electrons, retaining the 
recombination processes (e-/h+ pair) realizing appropriate 
charge separation. In this way it contributes to the 
improvement of photocatalytical and antibacterial 
properties. Some of the earlier studies with positive results 
(concerning the photocatalytic activities of silver doped 
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TiO2) were reviewed by Han et al. [33]. In the last ten 
years, this topic continues to be very attractive. For the 
preparation of such composites, several methods have 
been proposed: sol-gel method [34-45], co-sputtering [46], 
liquid impregnation [47, 48],  photodeposition [49, 50], 
photoreduction [51], electrochemical technique [52], spray 
pyrolysis [53], electrospinning technique [54] mechanical 
ball milling [55], dip-coating method [44, 56]. The content 
of silver in the pointed above studies varies from 0.1 [42] 
to 10 % [35] depending on the tasks which had to be 
solved. That is why it is difficult to accept only one 
optimal concentration. For example good photocatalyst is 
obtained when the molar ration Ag/Ti is 1:9 [40], while 
small amounts of silver doped TiO2 thin films were 
successfully applied for self-cleaning processes and indoor 
air pollution treatments [42]. Most of the materials 
obtained by the above indicating methods have been 
successfully applied for the purification of water solutions 
from organic pollutants: toward degradation of Rhodamine 
B (RdB) [35], AR88 [48], Methyl orange (MO) [52, 54, 
55], Methylene blue [33, 42], Reactive black [49], acid 
orange [50], some gaseous pollutants – formaldehyde, 
xylem, benzene [39, 42] and nalidixic acid degradation 
[45]. Silver doped TiO2 nanocomposites showed excellent 
antibacterial capability against E. coli and other 
microorganisms [38, 41, 43, 51, 57, 58]. A similar 
behaviour to those of Ag/TiO2 composite has been 
established recently in a number of papers for Ag/ZnO 
modified powders [59-72] and films [73, 74]. They have 
been applied mainly for photocatalytic performance [59, 
63, 65, 66, 67, 72, 73] and antibacterial applications 
against E. coli, P. putida, S. aeruginosa, and other [61, 62, 
64, 66, 67, 68, 69, 70, 74]. From the above brief review it 
is seen that irrespective of numerous published papers, the 
interest concerning photocatalytical and antibacterial 
active materials continue to increase, due to the demand 
and necessity to obtain practically useful products. This is 
connected with the development of more effective 
methods of preparation, because they determine the 
properties of materials. Up to now, data for impregnation, 
precipitation, mechanochemistry, sonochemistry, 
hydrothermal route were published, but among them the 
most popular is the sol-gel technique. A new tendency is 
observed in the last studies connected with the preparation 
of complex multifunctional materials containing several 
active components, the so called “synergetic effect” [78]. 
Recently, promising results have been published for 
Ag/ZnO/TiO2, Ag/Zn2TiO4 and Au/ZnO/TiO2 [54, 75-77]. 
This is a strategy for solving the problems of waste waters 
simultaneously containing many different organic 
pollutants.  

Most of our previous studies of materials in the ZnO-
TiO2 system have been performed in the framework of a 
project titled “Synthesis of nanostructred ZnO for 
photocatalytical applications” in the period 2007-2010. 

Several sol-gel methods were applied for synthesis of 
nanopowders: aqueous [79-83], non-aqueous sol-gel [84], 
combustion [85, 86] and mechanochemical synthesis [87]. 
Investigations were made also on ZnO and ZnO/TiO2 
films for the photocatalytical applications [88-91]. All 
obtained materials possess photocatalytical activity against 
Malachite green dye chosen as a typical organic water 
pollutant. For the first time it was shown that pure ZnTiO3 
possesses strong antimicrobial activities against a high 
concentration of E. coli bacteria [81]. These results, as 
well as those published by many authors about active 
materials with participation of ZnO and TiO2 motivate us 
to continue investigations on this topic. The present paper 
is focused on studying a new combination of components 
in the Ag-TiO2-ZnO system. 

Applying a sol-gel method, we made an attempt to 
obtain a nanocomposite material containing several active 
phases, to study its phase transformations by increasing 
the temperature, to elucidate the influence of the 
amorphous phase, particles size distribution and to verify 
its photocatalytical and antibacterial properties. 

 
 
2. Experimental 
 
2.1 Samples preparation 
 
The main stages for sol-gel synthesis of the powders 

are shown in figure 1. For the synthesis of the 
Ag/TiO2/ZnO sample, the atomic ratio 1:2:3  between the 
components was chosen and analytically pure precursors 
were used: titanium ethoxide [Ti(OCH2CH3)4] (Fluka AG), 
zinc acetate, Zn(CH3COO)2.2H2O (Merck), ethylene 
glycol (C2H6O2) (Merck), ethyl alcohol (C2H5OH) (Merck) 
and citric acid monohydrate (C6H8O7.H2O) (Merck),  
NH4OH (25% NH3) (Merck) and silver nitrate (AgNO3- 
Fluka AG). The silver nitrate was dissolved in C2H5OH 
and then ammonia solution was added dropwise in order to 
make the solution clear and to control the pH (∼ 6-7) as 
well. The citric acid was used as a main chelating agent 
because it is well known that it stimulates the gelation 
process due to the strong coordination ability of metal ions 
with citrate groups [92]. The solutions were subjected to 5 
- 10 min intensive stirring at room temperature in order to 
achieve complete dissolution. As prepared solutions were 
mixed and homogenized for 15 min at 60-800C. The 
gelation process took between 5-15 min and the aging was 
performed in air for several days at room temperature. The 
as obtained gels were subjected consequently to 
evaporation in a water bath, drying on a hot plate and 
calcinated at 400, 500 and 6000C for 1h exposure time in 
air. The selection of temperatures was made having in 
mind our previous experiments on the ZnO-TiO2 system 
[79-81]. 
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Fig. 1. Scheme for synthesis of a composite in the 

Ag/TiO2/ZnO system with Ag/Ti/Zn atomic ratio 1:2:3 
 
2.2 Samples characterization 
 
The phase formation processes were followed by 

Bruker D8 Advance X-ray apparatus, Cu Kα radiation in 
the range from 10 to 80° 2θ with a step 0.02 and scanning 
time of 0.1 sec. The particles morphology of the calcinated 
at 300 and 6000C powders was observed by Scanning 
Electron Microscopy (JEOL Superprobe 733). The optical 
absorption spectra of the powdered samples in the 
wavelength range 200–1000 nm were recorded by a              
UV–VIS diffused reflectance Spectrophotometer 
"Evolution 300" using a magnesium oxide reflectance 
standard as the baseline. The uncertainly in the observed 
wavelength is about ±1 nm. The absorption edge and the 
optical band gap were determined following Dharma et al. 
instruction [93], which were applied recently in numerous 
papers [25, 94,  95]. The bandgap energies  (Eg) of the 
samples were calculated by the Planck’s equation: 

λλ
1240.

==
chЕg ,  where Eg is the bandgap energy 

(eV), h is the Planck’s constant, c is the light  velocity 
(m/s), and λ is the wavelength (nm) [78]. 

 
2.3 Photocatalytic activity experiments 
 
The photocatalytic activity tests were made following 

a well known procedure described in details elsewhere 
[96]. The photocatalytic activities of the synthesized 
powders were assessed by the degradation of the organic 
dye Malachite Green (MG), as a model pollutant. In a 
typical procedure 100 mg of the investigated sample was 
added to 150 ml dye solution (5 ppm) to form a suspension. 
Prior to irradiation, the suspensions were sonicated for 10 
min, and then stirred in the dark for 30 min to ensure the 
establishment of adsorption/desorption equilibrium. The 
UV-irradiation was carried out using a black light blue lamp 
(Sylvania BLB 50 Hz 8W T5). The visible light source was 
a 500 W halogen lamp (Sylvania). Aliquot samples of the 
mixture (3 mL) were withdrawn before and at different time 
intervals during the irradiation and centrifuged in order to 

remove the solid particles. The change in the dye 
concentration in each aliquot was determined by measuring 
the absorbance value at 620 nm using Jenway 6505 UV-Vis 
spectrophotometer. The indicated experimental conditions 
were selected bearing in mind our previous investigation [82, 
84] in order to make the obtained results comparable.  

 
2.4 Antibacterial activity testing 
 
A stock culture of Escherichia coli ATCC 25922 was 

streaked on a blood agar plate. After overnight incubation, 
one cell colony was subcultured in 50 ml nutrient broth for 
15 h at 37°C. The liquid culture was then centrifuged at 
1000xg for 10 min, washed twice with sterile PBS (pH 
7.2) and resuspended. The obtained suspension was 
adjusted to 0.5 Mc Farland using the densitometer 
(Densimat, bioMerieux) and afterwards diluted 1000 times 
to prepare turbidity corresponding to 105 colony forming 
units per milliliter (CFU/ml). The experimental set up, as 
previously described [81, 82], consisted of sterile glass 
flasks each with 100 ml bacterial suspension with an initial 
cell density approximately 105 CFU/ml. The first flask 
served as a control of bacterial growth. The second flask, 
containing 100 mg of sample 1, was kept in the dark by 
wrapping with aluminum foil. The third flask, also with 
100 mg of sample 1, was illuminated with UV-A light 
(lamp Sylvania, BLB, 50 Hz, 8W, T5 with major fraction 
of 365 nm) situated sidewise at a distance of 10 cm. The 
experiment was carried out at room temperature with 
constant stirring for 1 hour. Aliquot samples were 
collected from each flask every ten minutes and once after 
keeping 24 h in dark conditions. Subsequently serial ten-
fold dilutions were prepared and 100 µl of proper dilutions 
were spread immediately on 3 agar plates (Mueller-Hinton 
agar, BD Microbiology Systems). The plates were then 
cultivated at 37°C in an incubator. After overnight 
incubation, the number of viable bacteria was detected by 
counting the colonies and calculating per 1 ml. The results 
are presented as survival curves. 

 
 
3. Results and discussion 
 
3.1 Phase characterization of the composites 
 
The XRD patterns of annealed at 300, 500 and 6000C 

samples with the Ag/Ti/Zn atomic ratio 1:2:3 are presented 
in Fig. 2. The other data for intermediate temperatures was 
not presented because new phase transformations were not 
registered. At 3000C, typical interplanar distances for 
metallic silver with 2θ values at 38.12; 44.28; 77.47 
(JCPDS 04-0783), ZnO with 2θ values at 36.25; 31.77; 
34.42 (JCPDS 36-1451) and an amorphous halo for 
amorphous phase were detected. The strongest diffraction 
peaks with 2θ values at 35.38; 30.03; 62.45 (JCPDS 39-
0190) appeared for cubic ZnTiO3 at 500 and 6000C, along 
with metallic silver and ZnO. As it is seen, at 5000C the 
presence of the amorphous phase decreases and at 6000C 
is negligible. The XRD patterns of a reference Ag/TiO2 
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sample (atomic ratio 1:9), at 3000C exhibited separation of 
metallic silver and TiO2 (anatase) (JCPDS 04-0783) and at 
500 and 6000C started the crystallization of TiO2 (rutile) 
(JCPDS 89-0555). Having in mind the existence of several 
phases in the TiO2-ZnO phase diagram and to verify the 
stability of ZnTiO3, an additional heat treatment at 8000C 
was performed. At this temperature, the diffraction peaks 
with 2θ at 35.16; 29.86; 62.07 of Zn2TiO4 (JCPDS 19-
1483) were detected. That is why the experiment was 
limited up to 6000C.  

The average crystallite size of the silver nanoparticles, 
calculated from the broadening of the strongest silver 

diffraction line (2θ = 38.12, hkl = 111) (samples at 3000C) 
using Sherrer’s equation is 25 nm, for ZnO is near 24 nm 
and for ZnTiO3 varies from 6 to 10 nm. A comparison of 
our results with thоse obtained by other authors for similar 
systems, showed some differences due to the peculiarities 
of applied method of synthesis, selected compositions and 
influence of silver. According to Zhang et al. [97] pure 
TiO2 is amorphous up to 4000C, Gupta et al. [43] as well 
as Hsieh et al. [58] observed that the crystallization of 
rutile crystal phase occurred after 4000C. Seery et al. [37] 
established anatase to rutile phase transformation at a 
higher temperature (above 6000C). In ZnO based thin 
films a mixture of an amorphous phase and crystallites 
with average particles size 9-15 nm at 2000C was found 
[98, 99]. Moreover, for Ag/ZnO composite obtained by a 
one-step impregnation method the appearance of wurtzite 
crystals even at room temperature is reported [70]. Pant et 
al. [75] established that in an Ag/TiO2/ZnO composite heat 
treated up to 1400C, formation of ZnO and silver metal is 
registered. According to our previous investigations [79] 
the crystallization of ZnO started at 2000C (sol-gel 
method) with average particle dimensions above 100 nm. 
On the other hand, in the pure ZnTiO3 synthesized by us 
the amorphous phase is preserved up to 5000C [80, 81]. 
From the above mentioned results it may be concluded 
that doping of TiO2 or ZnO with silver led to enhancement 
of crystallization processes, but TiO2 is more stable 
against crystallization than ZnO and the amorphous phase 
was detected up to 5000C in the composite (Fig. 2). The 
TiO2 crystal phase was not found and the final composite 
consists of Ag, ZnO and ZnTiO3 (at 6000C).  

Fig. 3a, b shows the SEM image of the morphology of 
the sample heat treated at 300 and 6000C. Small pieces 0.2 
– 1 mm are observed as a result of the crashing of the 
monolithic gel. On their amorphous-like surface, bright 
small aggregates probably due to the silver are randomly 
distributed with the average particles size below 1µm (Fig. 
3a). At 6000C the size of aggregates increased (Fig. 3b).  
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Fig. 2. X-ray diffraction patterns of Ag/TiO2/ZnO sample 

(a) and reference Ag/TiO2 sample (b) heat treated at 
different temperatures 
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b) 

 
 

Fig. 3. SEM images of the sample heat treated at  
3000C (a)and 6000C (b) 
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3.2 UV-Vis diffuse reflectance spectra 
 
Fig. 4 shows the absorption spectra for the sample 

annealed at 300 and 6000C. A decrease of absorption 
above 400 nm at both temperatures is observed. The 
absorption edge at 3000C is 409 nm which slightly moved 
to a longer wavelength - 416 nm, after annealing at 6000C. 
An increase of the absorption is observed in the visible 
region about 500 nm that could be due to the surface 
plasmon resonance effect of separated silver nanoparticles 
[58, 74, 100]. The calculated band gap values (Eg) 
negligible decreased from 3.03 to 2.98 eV after 
crystallization at 6000C. For comparison, the band gap 
values of different materials are shown below: Degussa P-
25 (3.1 eV) [101], amorphous TiO2 (3.4-3.5 eV) [94, 97, 
102]; Ag/TiO2 is 2.7-2.9 eV [42], 2.9-3.2 eV [58], 2.7-2.8 
eV [43], 3.17 eV [74], pure ZnO - 3.27-3.3 eV [25, 70, 
95], and Ag/ZnO composites are 3.18-3.19 eV [74], 3.09 
eV [70], 3.14 eV [63], 3.17 eV [72]. The optical band gap 
for pure ZnTiO3 was found 2.7-2.9 eV [103, 104]. The 
band gap sizes reach a maximum in the amorphous TiO2 
sample (TiO2.nH2O) [97]. The amorphous phase in ZnO 
films deposited at low temperature is characterized by the 
blueshift of optical band gap [98]. According to Kaur et al. 
[105] the relatively large band gap of amorphous TiO2 in 
respect to rutile and anatase, suggests that it is 
photocatalyticaly less efficient than the crystalline forms. 
The problem concerning the exact influence of amorphous 
phase on the photocatalytical properties is still disputable 
because many factors act simultaneously [94]. Obviously, 
more experiments are necessary in order to solve that 
problem. Incidentally, as was mentioned in the literature, 
the preparation of amorphous TiO2 and ZnO is cheaper 
and easier for performance [94, 97, 105]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4. UV-Vis absorption spectra of the sample at 300 and 

6000C. 
 
 
3.3 Photocatalytic activity 
 
The results for the photocatalytic decoloration of MG 

by Ag/ZnO/ZnTiO3 composite (6000C) under visible and 

ultraviolet irradiation are shown in Fig. 5. As can be seen, 
the decolouration increases faster in comparison to the 
pure ZnTiO3. The positive effect of introducing Ag into 
TiO2/ZnO system is evident under both – UV and visible 
light irradiation. In 120 minutes the C/C0 value is near 0.3 
for the composite, while for pure ZnTiO3 the same value is 
achieved in 180 minutes [82]. According to Pant et al. [75] 
the Ag/TiO2/ZnO composite (heated up to 1400C) 
decolourized Reactive Black organic dye in 210 minutes 
under UV irradiation. The similar effect of silver in 
combination with TiO2 and ZnO was also found for the 
CO2 photoreduction [74]. The results for photocatalytical 
behavior (Fig. 5) could be explained by the synergetic 
effect of the participating components metallic Ag, ZnO 
and ZnTiO3 (Fig. 2a). The theoretical explanation of the 
processes is discussed in several papers and it is connected 
to the retaining of recombination, which might be 
attributed to the high separation efficiency on the photo 
generated e-/h+ pairs [33, 54, 64, 74].  
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Fig. 5. Photocatalytic decoloration of MG water 
solutions by Ag/ZnO/ZnTiO3 composite (600oC) under 
UV (1)  and  Vis  (2)  light  irradiation  and pure  ZnTiO3  

        under UV (3) [82] and Vis (4) light irradiation 
 
 

3.4 Antibacterial test 
 
The results from antibacterial testing of UV 

illuminated and non-illuminated Ag/ZnO/ZnTiO3 
composite (6000C) are presented at Figure 6. As can be 
seen the illuminated powder effectively killed E. coli in 20 
min and the number of cells has decreased from 1.82×105 

CFU/ml to 3.52×103 CFU/ml, the reduction index is 98%. 
The non-illuminated sample with an identical cell count 
exhibited antibacterial action - 93.54% reduction of 
bacteria in the same time frame (20 min). The subcultures 
from illuminated and non-illuminated samples after 
keeping the reaction vesicles in dark for 24 h did not 
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indicate bacterial growth. The synthesized composite 
powder causes irreversible damage of the bacterial cells 
not only in the presence, but in the absence of UV light. 
These experiments are visually illustrated in Figure 7. The 
picture shows the viable colonies on Mueller-Hinton agar 
(MHA) plates in undiluted, 10-1 and 10-2 diluted samples, 
respectively.  
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Fig. 6. Survival curves of Escherichia coli ATCC 25922 
in presence of Ag/ZnO/ZnTiO3 in dark and under UV 

radiation 
 
 

It can be observed, that the number of colonies of E. 
coli progressively decreases from 105 CFU/ml at 5 min to 
103 CFU/ml at 20 min and completely disappears at 40 
min. According to our previous studies for antibacterial 
activities of nanosized ZnTiO3 obtained by aqueous (aq) 
and nonaqueous (n-aq) sol-gel method, both illuminated 
samples destroyed about 99% of E. coli cells within 60 
min  [81, 82]. The as prepared more complex composite 
exhibited better properties compared to pure ZnTiO3 
powders. These results are compatible with those 
published in the literature. For comparison, Pant et al. [75] 
found that the Ag/TiO2/ZnO powders killed the gram-
negative E. coli bacteria under mild UV irradiation in 80 
minutes. On the other hand, Nikam et al. [77] testing the 
antimicrobial activity against gram positive 
microorganism Bacillus subtilis and established that the 
Ag@Zn2TiO4 sample possesses higher antimicrobial 
activity compared to the undoped Zn2TiO4 sample. 

On the basis of the obtained results we suggested a 
simple scheme for synthesis of composites. The 
preparation route consists of three main stages: i) sol-gel 
synthesis; ii) calcinations (300-4000C) and iii) solid state 
reaction at 500-6000C.  
 

 

 
 
 

Fig. 7. Growth of Escherichia coli ATCC 25922 on  
Mueller-Hinton agar plates after treatment with 

illuminated Ag/ZnO/ZnTiO3 
 
 
 

4. Conclusions 
 
A composite was obtained in the Ag/TiO2/ZnO 

system by sol-gel method using titanium ethoxide, zinc 
acetate and citric acid as main precursors. It was 
established that at the lower temperature (300-4000C) the 
obtained composite contains amorphous phase, elementary 
silver and ZnO. The heat treatment at 6000C led to phase 
transformation of initial composition Ag/TiO2/ZnO 
(atomic ratio 1:2:3) into a composite Ag/ZnO/ZnTiO3, 
containing three active phases. This new composite 
material possesses good photocatalytic activity against 
Malachite green organic dye under UV irradiation. It 
showed strong antimicrobial activities toward high 
concentration of E. coli bacteria and completely killed 
them in 30 min in presence and absence of UV irradiation. 
The obtained material could be potentially applied in the 
disinfection practice.  
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