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Abstract 
 
A simple and efficient method for preparing Ag-doped TiO2 nanoparticles was successfully developed, by associating the sol-gel 
method and the impregnation-reduction. While titanium dioxide is one of the most used solids as photocatalyst, silver is particularly 
interesting for applications in biological and chemical detection and for its antibacterial properties. Moreover, in photocatalysis 
silver acts as an electron sink and donor in capturing the photogenerated electrons. The structural and morphological properties of 
the TiO2-Ag samples were investigated by XRD, SEM, TEM, SAED and EDAX. The crystallinity degree increased by calcination 
at 650°C and the nature of the phases changed from anatase to a mixture of anatase, rutile and silver in metallic form and silver 
oxide. The photocatalytic properties of the synthesized product were evaluated in the UV-assisted photodegradation of Rhodamine 
6G and Methyl Blue dyes. The photocatalytic performance in dyes decomposition of the doped samples was better than pure TiO2.  
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1. Introduction 

 
Titanium dioxide (TiO2) is widely used in 

environmental protection and energy applications 
(Nakata and Fujishima, 2012). Among the 
environmental protection applications, the air and 
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water purification systems, sterilization, 
manufacturing of self-cleaning surfaces, solar energy 
conversion, photo-electrochemical conversion can be 
mentioned (Liu and Bi, 2017; Wang et al., 2017). 
Another interesting and important application of 
titanium dioxide nanoparticles is its use in 
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photocatalytic and photoelectrochemical applications, 
due to its convenient band gap value of 3.2 eV, non-
toxic character, chemical and physical stability, high 
potential of capturing the solar energy and 
photocatalytic efficiency, low price etc. (Djoki et al., 
2012; Ivanova et. al., 2013; Kartal and Turhan, 2017; 
Liu et al., 2015). The semiconductive properties of 
TiO2-based materials make them useful as sensitizers 
for redox processes activated by light, due to their 
electronic structure (Chen et al., 2010; Favier et al., 
2016; Lutic et al., 2017; Montazerozohori and 
Hoseinipour, 2017; Tobaldi et al., 2013).  

Titanium dioxide exists in many polymorphs, 
but the most significant are anatase and rutile. These 
two polymorphs are semiconductors with rather large 
band gaps (3.23 and 3.02 eV respectively), therefore 
they can promote photocatalytic reactions in the 
presence of visible light (Tobaldi et al., 2013).  

A convenient strategy to increase the visible 
light absorption is the incorporation of noble metals 
nanoparticles in titania (Cheriyan et al., 2017; Ivanova 
et al., 2013; Kochuveedu and Kim, 2012). Dopants 
such as Pt, Pd, Au, Ag improve the photocatalytic 
efficiency of TiO2, by preventing the recombination of 
electron-hole pair (He et al., 2013; Sarina et al., 2013; 
Wei et al., 2013; Yin et al., 2014). Silver is suitable, 
nontoxic and much cheaper than the other mentioned 
noble metals, improving the TiO2 bioactivity 
especially in water treatments, because of its intrinsic 
antibacterial activity against different microorganisms 
(Amin et al., 2009; Lee et al., 2005; Pham and Lee, 
2004; Rupa et al., 2007; Liu et al., 2004). TiO2-Ag and 
Ag nanoparticles can be relatively easily obtained by 
the sol-gel method (Behnajady et al., in press), a 
method widely employed in materials science. The 
formation of titanium oxide by the sol-gel method 
involves connecting Ti monomeric species by either 
oxo (Ti–O–Ti) or hydroxo (Ti–OH–Ti) bridges, 
generating polymers in solution. This technology 
allows obtaining a metal oxide matrix with the 
required characteristics and adding subsequently 
containing embedded nanoparticles (Galkina et al., 
2011; Gomez de Salazar et al., 2016; Nutescu 
Duduman et al., 2016a, 2016b). Therefore, by the sol-
gel method, TiO2-Ag nanocomposites with easily 
controlled particle size can be obtained. The 
performance of TiO2 in the photocatalytic processes is 
influenced by different factors: the nature of the phase, 
the crystallinity degree, the particles morphology and 
size, the active facet etc. (Hu et al., 2017; Niu et al., 
2012; Vajda et al., 2016). Therefore, the preparation 
of anatase or rutile TiO2 materials, with targeted 
properties is still a difficult task.  

Organic dyes are widely used in textile 
industry, plastic, rubber, toys and many other 
industries. They have a major impact in the 
environment in generally, especially in wastewater 
(Ciobanu et al., 2013; Harja et al., 2011; Harja et al., 
2016; Mahmoodi et al., 2017). The dyes originated 
from textile industry are a major source of water 
contamination, since, on one part, a lot of industries  

use organic coloring agents resistant to the 
conventional treatments such as the common biologic 
conversion (Tian et al., 2014), and, on another part, 
because the amounts discharged are quite high 
(Ciobanu et al., 2014; Rusu et al., 2014).  

Rhodamine 6 G (R6G) and Methyl Blue (MB) 
are usual and convenient model compounds for 
investigating the performance of semiconductive 
solids involved for their degradation by advanced 
methods as: chemical and electrochemical procedures, 
adsorption, ultrafiltration and photocatalytic 
degradation in the presence of UV or visible light 
(Bhakya et al., 2015; Lutic and Cretescu, 2016; Lutic 
et al., 2012), due to their high stability and coloring 
power even at concentrations of some ppm range.  

In this paper we are describing the procedure 
for obtaining TiO2-Ag nanocomposites by using an 
organic titanium salt as oxide precursor and hydrazine 
as reducing agent for Ag+ ions to metallic Ag. After 
the structural characterization, the solids were tested 
in the UV-assisted photocatalytic degradation of R6G 
and MB dyes from aqueous solutions simulating 
wastewaters.   

 
2. Experimental  

 
2.1. Samples preparation 

 
Titanium tetra-isopropoxide (TIP-

C12H28O4Ti), Panreac was used as precursor for 
preparing the TiO2-based materials. The other 
chemicals used in the preparation by sol-gel method: 
silver nitrate (AgNO3), ethanol (C2H6O) 98%, and 
hydrazine (N2H4) 98%, all of analytical purity, were 
purchased from Pancreac. Nitric acid (HNO3) 65% 
(w/w) was used as hydrolysis-condensation ratio 
controlling agent, ammonia solution (NH4OH) 0.1 M 
as neutralization agent, and ethanol as solvent. 
Bidistilled water was used in all preparations 
employing aqueous media. 

TIP was dissolved in ethanol under magnetic 
stirring, and then nitric acid was added drop wise until 
a pH value of 1.5 was reached, to induce the controlled 
hydrolysis of the titanium salt. After 30 minutes, the 
ammonia solution was added to neutralize the acid and 
settle the proper pH value (9-10) to initiate the 
polycondensation of Ti(OH)4 and generate titania 
nanoparticles. After 2 h of stirring, the procedure of 
doping the particles with silver was started by adding 
AgNO3 and ammonia solution, to bring the pH value 
to 10-11. After 1 h of stirring, the reducing agent was 
added and the stirring continued for another hour. The 
solid was recovered by filtration and dried in the oven 
at 110°C. A portion of this sample was calcined at 
650°C. This calcination temperature was chosen in 
order to generate a convenient anatase/rutile ratio, 
since their mixture have, due to the easy different 
position and wideness of the band gap, the property to 
hinder the fast electron-hole recombination reaction 
(Atitar et al., 2015; He et al., 2014; Ibrahim et al., 
2017).  
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Table 1. Synthesis conditions and samples labeling for the TiO2-Ag nanocomposite 
 

Samples TIP, 
g Ethanol, mL HNO3, 

mL 
NH4OH, 

mL 
AgNO3, 

g 
Hydrazine, 

g Calcined 

TiO2 5.8 10 50 100 - 133 no 
S1 5.8 10 50 100 0.418 133 no 
S2 5.8 10 50 100 0.418 133 2h 

 
In the meantime, the presence of some dopants 

induces the easier anatase-rutile transformation, while 
others inhibit it (Hanaor and Sorell, 2011). The 
detailed compositions of the synthesis mixtures and 
the samples labeling are summarized in Table 1. 

The samples morphology and chemical 
elementary composition were determined by Scanning 
Electron Microscopy (SEM) – Electron Dispersive 
Analysis by X-ray (EDAX) analysis, on a JEOL 6400 
machine with an Oxford Link EDAX microanalyser 
and Pentafet light sensing with coupled EDSX-max 
(Oxford Instruments).  

The chemical composition was obtained by 
performing minimum 5 determinations for each 
sample, in different points, and averaging the 
individual results, since EDAX analysis provides local 
concentrations. The transmission electron microscopy 
(TEM) and Selected Area Electron Diffraction 
(SAED) images were obtained on a JEOL JEM-2100 
apparatus, working at accelerating voltage mode at 
200 kV, obtaining a resolution of 0.14 x 0.25 nm. The 
X-ray diffraction (XRD) patterns were obtained on a 
Philips model X`Pert PDP3040 device with Cu Kα1 
source (λ = 1.5462 Å), working at 40 kV and 40 mA, 
with curved single crystal monochromator of copper 
for eliminating the contributions of Kα2 radiation. The 
analysis of the diffraction patterns was realized with 
X`Pert High Score Plus PANalytical database 
software (version 2.0) (Nutescu Duduman et al., 
2016).  
 
 

2.2. Photocatalytic activity 
 
The photocatalytic degradation was performed 

in a cylinder shape glass reactor (Fig. 1), equipped 
with a central quartz tube to host an Osram lamp of 
9W and magnetic stirring. The pH value was measured 
by a Hanna HI 991003 pH-meter and set to the chosen 
value by adding nitric acid 0.1 M or sodium hydroxide 
0.1 M. Prior to the photocatalytic run, the 
photocatalyst powder finely crushed in a mortar was 
dispersed in the dye solution, stirred for 30 minutes in 
dark at room temperature, to reach the 
adsorption/desorption equilibrium, then the UV lamp 
was turned on. The time zero concerning the behavior 
of the dye corresponds to the switch on of the lamp, 
therefore, the moment when the solid is contacted with 
the solution means – 30 minutes. Samples of 
approximately 5 mL mixture were withdrawn at 
defined time durations from the photo-reactor, filtered 
through 0.45 μm syringe filter to separate the solid and 
measured by spectrophotometry.  

All experiments were run at ambient 
temperatures. Rhodamine 6G (R6G) and Methyl Blue 
(MB) were used as test dyes to evaluate the 
photocatalytic potential of the solids. The dye 
concentration were measured by UV–Vis 
spectroscopy on a Shimadzu UV-1700 
spectrophotometer, on the basis of the main maxima 
of absorption in the visible region of the spectra, 
situated at 526.5 nm (R6G) and 568 nm (MB), 
respectively.  

 
 

 
 

Fig. 1. Experimental setup for photocatalytic tests 
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The Lambert-Beer law is valid for R6G at 
concentrations below 12 ppm, therefore the dilution of 
the solutions of higher concentrations was made 
accordingly. The conversion degree of the dye was 
calculated as its decolorization yield, by measuring the 
concentrations values of the dye by 
spectrophotometry, using the (Eq. 1): 

 
Decolorization (%) = 100 (C0 – C)/C0, % (1) 

 
where: C0 is the initial concentration and C is the 
concentration at time t. 
 
3. Results and discussion 

 
3.1. Sample characterization 

 
The nature of the phases and the crystallinity 

degree was analyzed by XRD, the patterns are shown 
in Fig. 2. The peak locations and relative intensities 
were fitted from the Joint Committee on Powder 
Diffraction Standards (JCPDS) database: TiO2anatase 
(JCPDS 21-1272), TiO2 rutile (JCPDS 21-1276), 
silver (JCPDS 04–0783) and silver oxide Ag2O 
(JCPDS 00-076-139). 

In all samples, the main peaks can be assigned 
to anatase by the following planes and corresponding 
2θ angles: [101] (25.3o); [004] (38o); [200] (48o); [105] 
(54o); [204] (62.55o) and [116] (69o) (Sakurai and 
Mizusawa, 2010). The undoped TiO2 is almost pure 
anatase, but the noisy pattern suggests the presence of 
significant amounts of amorphous phase. The larger 
width and the less sharpness of the peaks of sample S1 
compared to S2 indicate that the first sample is less 
crystalline and has smaller particle size than the other. 
Also, S1 contains mostly anatase crystalline phase, 
while S2 is a mixture of anatase and rutile, as proved 
by the distinctive peaks at 27.5 and 36o, due to the 
rutile [110] and [101] planes. The lower position of the 
baseline for sample S2 indicates its higher crystallinity 
degree compared to S1. Silver was identified in S1 and 
S2, respectively, as metallic Ag by the peaks at 38.1° 
[111], 44.5° [200] and 64.4° [220] (Amin et al., 2009; 

Brook et al., 2007), as AgO (32.8, 34, 38.2 and 40o) 
and as Ag2O (38 and 44.5o) (Waterhouse et al., 2001). 
There are several overlapped peaks between silver and 
titania, therefore the individual contributions of the 
mentioned phases were labeled on Fig. 2. The 
unidentified peaks from S2 marked with asterisk (*) 
can be assigned to stable silver-organic combinations 
formed and stabilized during the thermal treatment 
(Gauri et al., 2016).  

The SEM images and an exemplification of 
EDAX image for the as-synthesized and calcined 
samples are presented in Fig. 3. Sample S1 consists of 
compact agglomerations of small, irregularly shaped 
particles. The calcined sample S2 has a quite similar 
aspect, even more compact, with some small particles 
attached on the outer surface of the aggregates. 

The EDAX analysis results (Table 2) show that 
upon calcination, the silver ratio at the surface 
decreases, indicating its migration inside the titania 
structure, as previously mentioned in literature (Amin 
et al., 2009; Hussain et al., 2016; Zhao and Chen, 
2011).  

 
Table 2. Elemental composition of samples S1 and S2 

 
Element Sample 1 Sample 2 

O  51.78±1.2 51.53±1.45 
Ti  41.29±0.5 44.29±0.9 
Ag  6.94±0.85 4.17±0.4 

 
The high resolution SEM images of samples S1 

and S2 are presented in Fig. 4. The structure contains 
in both cases agglomerated nanoparticles, but their 
aspect changed significantly after the thermal 
exposure. In the case of as-synthesized sample, the 
surface is rather smooth, while during the calcination, 
the surface becomes rough and has the aspect of 
agglomerated small flakes.  

The TEM and SAED images of samples S1 and 
S2 are shown in Fig. 5. The TEM images prove the 
uniform dispersion of the Ag nanoparticles, appearing 
as dark spots on the major TiO2 phase. The crystallite 
size of TiO2 increases after calcination.  
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Fig. 2. Powder XRD patterns of synthetized samples: A – anatase, R – rutile 
 
 

 
 

a - S1 
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b – S2 

Fig. 3. SEM micrographs and EDAX snapshots of samples S1 and S2 
 

  

Fig. 4. Micrographs of samples S1 and S2 at high-resolution 
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A B 

Fig. 5. TEM and SAED of samples S1 (A) and S2 (B) 
 

Table 3. Interplanar distances (Å) for the nanoparticles of S1, deduced from SAED and XRD 
 

Distance from SAED 3.525 2.363 1.90 1.66 1.458 
Distance from XRD 3.517 2.366 1.893 1.696 1.483 
Interplanar distance from literature 
(Massard) 

3.51 2.33 1.89 1.66 - 

Miller indices [101] [004] [200] [105] [204] 
 

The SAED pattern of S1 indicates that the 
crystallinity degree of the samples is not very high, 
since the rings are not continuous and bright, in line 
with the results from XRD. After the calcination, the 
sample becomes poly-nanocrystalline, as shown by 
the high number of light spots in Fig. 5B. 

The SAED image of sample S1 was used to 
determine the values of the interplanar distances from 
the structure (Table 3). These values were compared 
with the theoretically calculated values available in 
literature (Massard at al, 2012) and the ones obtained 
from the XRD patterns using the relation of Bragg (Eq. 
2): 
 
λ = 2 D sin θ             (2) 
 

where λ is the wavelenght of X-Ray (1.5406 Å), D is 
the interplanar distance and θ the incidence angle.  

The values from Table 3 corelate very well 
between the two analysis methods and are in 
agreement with literature data. The investigated area 
contained only TiO2-anatase. 
 
3.2. Environmental application 

 
The heterogeneous photocatalytic degradation 

of organic dyes by TiO2 and TiO2-Ag nanocomposites 
was investigated in the photocatalytic degradation of 
Rhodamine 6 G (R6G) and Methyl Blue (MB) dyes.  

The R6G concentrations were of 15 and 30 
ppm, the photocatalyst dose of 1 g L-1 and the pH was 
4.2 (native value of the dye). In order to improve the 
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conductivity of the dye solution, a similar experiment 
was performed using sodium nitrate as an agent to 
introduce some extra ions in the reaction medium 
(Atitar et al., 2015).  

A comparison between the two series of tests 
(15 and 30 ppm of dye), in terms of decolorization 
extent, performed on TiO2, S1 and S2 of dye is 
displayed in Fig. 6. The results highlight the beneficial 
role of Ag doping of the TiO2 sample. Both S1 and S2 
samples have higher photocatalytic activities than the 
undoped sample, for both dye concentration values. 
The calcined form has a much better behavior, 
especially when the dye concentration is low, being 
able to decompose 85% of the dye in two hours of 
exposure to UV light from the 15 ppm solution and, 
respectively, 53% in the case of 30 ppm solution.  

The higher activity of the doped titania samples 
compared with the pure TiO2 can be explained by the 
contribution of the silver compounds (Jiang et al., 
2015), which have a very low band gap (1.3 eV) and 
form boundaries by the aggregation of Ag2O 
nanoparticles on the support, very efficient in escaping 
the photogenerated electrons and avoid the 
recombination electron-hole. On another part, the 
calcination generates a proper ratio between anatase 
and rutile (Dariani et al., 2016; Dorian et al., 2011; 
Ghazzal et al., 2012), which has an important role in 
the optimization of the electron-hole pair formation 
and avoiding the recombination process. The position 
of the energy levels of the valence band and 
conduction bands of the two phases favors the 
migration of the promoted electron from the anatase 
conduction band to the conduction band of rutile, 
instead allowing the recombination (Scanlon et al., 
2013).  

An example of the spectra evolution in time 
(Fig. 7) shows that the decrease of the main peak of 
R6G from 526.5 nm is strong, as well as that of the 
peak at 248 nm. Another peak increases progressively 
around 220 nm, due probably to nitrate ions issued 
during the degradation of the dye.  

The photocatalytic reactions are usually 
strongly influenced by the pH value and by the 
conductivity of the solution. A test was made at 30 
ppm of R6G at pH of 8 (Lutic and Cretescu, 2016). 
Some studies (Atitar et al., 2015) indicate that the 
increase the conductivity of the dye solution is 
beneficial on the organic compounds removal from 
solutions. In order to check this fact in our case, a 
similar experiment was performed using sodium 
nitrate (0.1 M) as an ions provider in the reaction 
medium. The decolorization of the dye in time is 
displayed in Fig. 8.  

The results are highly similar in both cases, 
either using or not the sodium nitrate. The value of the 
initial solution conductivity did not influence the dye 
degradation efficiency. The decolorizing degree is of 
only 34% after 120 minutes and 41% after 180 
minutes. So, in our case, the increase of conductivity 
did not bring any special progress of the 
decomposition reaction.  

The MB dye was also tested as standard 
compound in the photodegradation. In this case, the 
initial value of the dye concentration was of 100 ppm 
and the photocatalyst dose of 0.2 g L-1. The lower solid 
dose and higher dye concentration chosen are due to 
the very high efficiency of the photocatalyst in the 
decolorization. In Fig. 9 is displayed the evolution in 
time of the MB spectra and in the inset, the evolution 
in time of the dye concentration. 

 

 
 

Fig. 6. Conversion versus time of the R6G by photocatalytic degradation on TiO2-based samples  
(native dye pH, 1 g L-1 photocatalyst dose) 
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Fig. 7. Spectra evolution in time for 15 ppm of R6G decomposition on S2 (up to 60 min of photocatalysis 
the dye solution was diluted prior to measuring) 

 

 
 

Fig. 8. Influence of sodium nitrate in the reaction medium at pH 8 
(1 g L- 1photocatalyst dose, 30 ppm R6G initial concentration; 0.1 mol L-1 NaNO3) 

 

 
 

Fig. 9. Spectra in time during the photocatalytic conversion of MB dye (100 ppm MB, 0.2 g L-1 solid)  
and dye concentrations during 120 min of reaction at 100 and 50 ppm of dye 
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The decomposition of MB is rapid after 
switching on the UV light. The decolorization is very 
fast, but only chromophore group is clearly affected in 
the process. The spectra provide the production of 
very large and intense peaks in the UV region of the 
spectrum, indicating that the initial molecule is only 
splitted in several fragments, not mineralized, as most 
photocatalytic reactions aim as the target in the 
environmental applications.  

From these two examples, we can conclude 
that the structure of the dye is of prime importance in 
evaluating the behavior of the TiO2-Ag 
nanocomposites. Despite the activity in the 
decomposition of R6G is remarkably high only at low 
dye concentrations, we should be aware of the 
antiseptic-desinfection potential of silver in real 
wastewaters treatment and consider this type of solids 
as interesting to investigate further. 
 
4. Conclusions 

 
The synthesis of a new photocatalyst with 

disinfection potential, based on Ag-doped TiO2 
nanoparticles was described. The sol-gel method was 
combined with impregnation-reduction, in order to 
obtain a good dispersion of the dopant as small 
nanoparticles on the surface of the majority phase.  

Titanium tetra-isopropoxide was used as a 
TiO2 precursor in the synthesis: hydrolyzed in nitric 
acid solution and precipitated by ammonia solution. 
The obtained solid was then doped with silver nitrate 
and the ions reduced to silver with hydrazine. The 
comparison in terms of structural investigation and 
photocatalytic testing was made between the as-
synthesized product and the one obtained by 
calcination at 650oC.  

The characterization of the prepared samples 
(simple or calcined) was performed by XRD, SEM, 
TEM and EDAX. The anatase phase was the main 
component of the as-synthesized product, while a 
mixture anatase-rutile was detected in the calcined 
phase. Silver is well dispersed as nanoparticles in the 
as-synthesized product, while a mixture of Ag, AgO 
and Ag2O exists in the calcined product. Also, a 
migration of Ag inside the structure during the 
calcination was highlighted by EDAX.  

The photocatalytic activity in the decolorizing 
of R6G dye indicates the beneficial roles of silver as a 
dopant and of the calcination process. The conversion 
degree of R6G (15 ppm aqueous solution) on undoped 
TiO2 was only 42%, and reached 48% on the as-
synthesized sample and respectively 84% on the 
calcined one. The attempt to enhance the reaction 
yield by changing the pH value and the conductivity 
of the reaction medium did not bring any further 
success.  

The MB was decolorized almost totally in 10 
minutes, at higher initial concentrations dye values 
(100 ppm) and lower photocatalyst dose (0.2 g L-1). 
However, high amounts of organic intermediates 
absorbing in the UV region of the spectra were 

produced in the solution, making unattractive an 
eventual application. 

The high decomposition yield of organic dyes 
and the well-known disinfection potential of Ag-
containing solids recommend them for testing in 
wastewaters needing complex treatments.  
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