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A B S T R A C T   

Two series of Ag-TiO2 photocatalysts were prepared with the use of photodeposition method with variation of the 
irradiation time and precursor concentration. The obtained photocatalysts were studied by XRD, Raman spec-
troscopy, HR TEM, UV–vis spectroscopy, and low-temperature N2 adsorption/desorption method. It has been 
consequently found that the optical properties of the resulting catalysts differ significantly: the positions of 
surface plasmon resonance peaks red-shifted with the increase in precursor concentration. At the same time, 
optical absorption of the samples increases with both precursor concentration and irradiation time. Photo-
catalytic activity for the obtained catalysts was evaluated in decolorization of Rhodamine B with the use of Xe arc 
lamp (250 W) with and without λ > 420 nm light filter. Radical trap experiments have shown that the amount of 
both superoxide anions and hydroxyl radicals increased in full spectrum of the lamp, with the latter being absent 
in the reaction mixture during visible light photocatalysis. Comparison of different Ag-TiO2 catalysts has also 
been made, with 1-Ag-90 min sample being the most active in full spectrum, and 3-Ag-90 min demonstrating the 
highest conversion in visible light attributed to the increased generation of superoxide species on the surface of 
Ag clusters. Controversially, 1-Ag-45 min sample showed the lowest activity in full spectrum being surpassed 
even by unmodified TiO2, but reached the highest rate constant value in visible light. This effect can be related to 
advanced electronic interaction between Ag plasmonic nanoparticles and titania support in the presence of 
sensitizer compound, and the formation of Ag/Ag2O composite system on the surface of titania. Influence of the 
state of silver on photocatalytic activity and mechanism details is discussed with special attention to irradiation 
wavelengths.   

1. Introduction 

In the course of time, a selection of titania-based studies has been 
featuring photocatalytic silver and its effect on photocatalytic activity in 
oxidation of organic compounds [1]. Some of the most recent works 
feature the development of Ag/Ag2O/TiO2 heterojunctions [2–4]. Such 
catalytic systems are known for their notable ability to participate in 
visible light-driven reactions of photodegradation and water oxidation, 
which is supported by increased generation of oxidant species due to the 
realization of Z-scheme charge transfer mechanism. A common impor-
tant issue of Ag+ ions being reduced during the photocatalytic experi-
ment is also negated in such type of heterojunctions [5,6], which makes 
Ag/Ag2O/TiO2 promising silver-based photocatalytic systems for 
decomposing organic pollutants. Amongst preparation methods, chem-
ical reduction [7], liquid impregnation [8,9], sol-gel [10], and 

photoreduction [11] are some of the most commonly used. While many 
methods are proven to yield significant improvement of photocatalytic 
activity, photoreduction method stands out because of better involve-
ment of the support matrix in electron transfer during the process of 
photodeposition [12] and relative simplicity and predictability of the 
reduction process where Ag+ ions require less additional agents or 
control measures to be reduced to metallic silver if required [13]. Such 
catalysts are considered an appealing solution for reactions of dye 
photodegradation, such as Rhodamine B [14–16], methyl orange [17, 
18], methylene blue [11], and a selection of others [19,20]. 

The important factors of Ag positive influence in photooxidation 
reactions were cited as narrowing of the band gap [21], increased 
generation of superoxide radical and hydroxyl radical species [22,23], 
increased charge carrier separation [24], increased adsorption capacity 
[22], and enhanced wettability [25]. At the same time, a general trend 
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for Ag particles is observed, where, after a certain point, increased 
metallic properties of the loaded silver aggregate lead to an activity 
reduction due to silver sites becoming responsible for hole recombina-
tion and hindering access of organic species to the titania surface [26]. 
However, there is still a lot of ambiguity in how the state of Ag on the 
surface of TiO2 does affect the photodegradation mechanism, and how 
electronic interactions between Ag nanoparticles and TiO2 support 
might contribute to such differences. Several studies also point out on a 
detrimental effect of silver presence in TiO2-based photocatalysts, 
sometimes without further comments [22]. 

In this work, two series of Ag/Ag2O/TiO2 photocatalysts are pre-
pared via photoreduction method using 250 W Xe arc lamp, where 
irradiation time and Ag precursor concentration were varied in respec-
tive synthesis procedures, while commercial TiO2 P25 photocatalyst was 
used as a support in both cases. To investigate the effect of silver on 
photocatalytic activity and electronic properties of TiO2, Rhodamine B 
dye was used capable of sensitizing TiO2 with the use of visible light 
energy [27]. Generation of active species for pristine TiO2 sample 
(Degussa P25) and silver-loaded samples was investigated with the use 
of •O2

− and •OH radical traps. In all experiments, both visible and com-
bined UV +Vis spectra of a 250 W Xe arc lamp were used. 

2. Experimental 

The following compounds were used in synthesis procedure and 
photocatalytic tests: titanium dioxide (Merck, Germany), silver nitrate 
(Regionchemshab, Russia), Rhodamine B (Vekton, Russia), isopropyl 
alcohol (EKOS-1, Russia), benzoquinone (Vekton, Russia). All the 
chemicals applied were of analytical grade and used without further 
purifications. 

Ag/Ag2/TiO2 photocatalysts were prepared via typical photo-
deposition method [28]. Commercial TiO2 P25 was used as a substrate. 
During the preparation of samples, two key factors were varied: (i) 
concentration of Ag precursor, from 1.16 to 6.95 mM; (ii) irradiation 
time, from 45 min to 270 min. 40 mL of AgNO3 aqueous solution of 
desired concentration and 1 g of commercial TiO2 P25 (as-received) 
were placed in 50 mL glass beaker and irradiated by 250 W Xe arc lamp 
during a chosen time in air atmosphere under constant vigorous stirring. 
After the irradiation, the samples were rinsed with distilled water, 
filtered and dried in a desiccator in dark for 24 h. No thermal treatment 
was applied. 

In the first series of the samples, the irradiation times were varied 
from 45 min to 270 min, while the initial concentration of AgNO3 was 
fixed at 2.32 mmol/L. The obtained photocatalysts were subsequently 
designated as 1-Ag-45 min, 1-Ag-90 min, and 1-Ag-270 min, where “1′′

stood for the proportion coefficient for Ag+ concentration. 
The second sample series were prepared with the fixed irradiation 

time of 90 min. At the same time, initial AgNO3 concentrations were 
varied within the range of 1− 5 mmol/L. The resulting samples were 
titled as 0.5-Ag-90 min, 1-Ag-90 min, and 2-Ag-90 min. The sample 
names represent the preparation details – the first number stands for a 
proportion coefficient for Ag+ concentration, while the last number is 
designated for the irradiation time. 

Optical properties of the samples were studied with the use of 
Evolution-600 (Thermo Scientific, USA) spectrometer in diffuse reflec-
tance mode. Stock MgO standard was used as reference. The samples 
were studied without dilution. Optical bandgaps were calculated via 
conventional Tauc plot method for indirect transitions. 

The textural features of the prepared samples were analyzed by low- 
temperature N2 adsorption/desorption method using the TriStar II 3020 
analyzer (Micromeritics, United States) and calculated using the BJH 
method to determine the micropore size distributions. 

The elemental composition of the samples was analyzed using the X- 
ray fluorescence (XRF) wavelength-dispersive sequential spectrometer 
XRF-1800 (Shimadzu, Japan). X-ray diffraction (XRD) patterns were 
recorded using the XRD-6000 diffractometer (Shimadzu, Japan) with a 

monochromatized Cu Kα radiation (λ = 1.5418 Å) in the range of angles 
of 20–70 (2θ) with a scanning rate of 2◦/min. Raman spectroscopy 
measurements were performed using of InVia microscope (Renishaw, 
UK) with laser excitation at a wavelength of 532 nm in the range of 
100–1000 cm− 1 at a power less than 1 mW. 

Transmission electron microscopy (TEM) data were obtained using 
the JEM-2200 FS (JEOL, Japan) microscope with a resolution of 0.1 nm 
at an accelerating voltage of 200 kV. High-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) was used 
to analyze the features of distribution of silver nanoparticles on titania 
surface. The crystal lattice parameters were calculated by Fourier 
transform using the DigMicrograph (GATAN) software. 

The electrokinetic properties of the suspensions were studied with an 
Omni S/N analyzer (Brookhaven, USA) equipped with a BI-ZTU auto-
titrator. To measure the particle electrophoretic mobility and calculate 
the zeta potential, the phase analysis light scattering technique was 
used. The pH of the zero charge point for the colloidal solutions were 
measured by titration using diluted (0.001 and 0.1 mol/L) solutions of 
KOH or HNO3. To measure the dynamics of zeta potential in water 
suspensions of TiO2 and Ag/TiO2 samples, a concentration of 30–50 mg/ 
L was used, being prepared with distilled water. 

All discussed samples as well as unmodified TiO2 were tested in a 
40 mL batch reactor with a quartz window. The amount of catalyst was 
50 mg with Rhodamine B (RhB) chosen as substrate. The starting con-
centration of RhB was 2∙10− 5 M. Suspension with the catalyst and 
substrate was kept in dark for 1 h and irradiated for 4 h under constant 
stirring, with an aliquot of 4 mL centrifuged and analyzed every hour via 
SOLAR PB 2201 spectrophotometer (Solar, Belarus) in optical density 
mode. A λ > 420 nm cut-off filter was employed in experiments 
involving visible light. 250 W Xe arc lamp was used in all photocatalytic 
experiments. During radical trapping experiments, benzoquinone and 
isopropyl alcohol were used as scavengers for superoxide radicals and 
hydroxyl radicals, respectively. The amounts of introduced scavengers 
were chosen according to literature data in a similar experiment with 
regards to catalyst mass and solution volume: 0.001 M for benzoquinone 
and 0.02 M for isopropyl alcohol [29]. To ensure the correctness of 
chosen isopropyl alcohol concentration, an additional series of experi-
ments with Rhodamine B photodecolorization by pristine TiO2 P25 was 
conducted. 

3. Results and discussion 

Table 1 lists the synthesized samples and their preparation details. 
The CAg+ column contains data on initial concentration of AgNO3 during 
preparation of the Ag/TiO2 systems; tir stands for irradiation time in the 
synthesis performed. The weight fractions of silver in the prepared 
samples detected via X-ray fluorescence analysis are listed in the ωAg 
column. Optical properties of the samples are featured in λSPR and Eg 
columns providing locations of surface plasmon resonance peaks and 
optical bandgap values, respectively. 

According to the presented data, irradiation time and initial Ag+

concentration have an impact on the silver content in the obtained 
samples: the weight percentage of Ag is increased with both factors. 
However, only 0.5-Ag-90 min sample corresponds to theoretical 

Table 1 
Titania-based samples featured in the study.  

Sample CAg+, mM tir, min ωAg*, % wt. λSPR, nm Eg, eV 

1-Ag-45 min 2.32 45 0.55 512 2.80 ± 0.02 
1-Ag-90 min 2.32 90 0.74 518 2.88 ± 0.02 
1-Ag-270 min 2.32 270 0.68 518 2.75 ± 0.02 
0.5-Ag-90 min 1.16 90 0.51 488 2.91 ± 0.02 
1-Ag-90 min 2.32 90 0.74 518 2.88 ± 0.02 
2-Ag-90 min 4.64 90 0.70 532 2.83 ± 0.02 
TiO2 P25 – – 0 – 3.10 ± 0.02  

* according to XRF data. 
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expectations, having ~0.51 % wt. according to the XRF results. In case 
of other samples, the Ag content does not exceed 0.74 % wt. for double 
AgNO3 concentration (1-Ag-90 min), and all other samples including 2- 
Ag-90 min show lesser amounts. The decreased irradiation time of 
45 min results in significantly lowered amount of silver loading in the 
case of 1-Ag-45 min sample. On the other hand, increased irradiation 
time of 270 min does not provide the greatest Ag content among both 
series. In general, the Ag content is not predominantly defined by syn-
thesis conditions, and is rather dependent on different factors. 

Thus, a change in silver photoreduction mechanism on titania sur-
face can be expected with variation of irradiation time and/or AgNO3 
concentration. To investigate these differences in the state of active 
component and related optical properties, diffuse reflectance spectros-
copy was used. 

Table 1 and Fig. 1 present the optical properties of the samples. The 
samples based on TiO2 P25 demonstrate the presence of surface plasmon 
resonance (SPR) peak. The absorption edge of silver-containing systems 
is different from pristine TiO2 indicating the presence of electronic 
interaction between Ag and the support [30]. 

The position of the SPR peaks mainly depends on the starting con-
centration of silver ions in the solution during the photoreduction pro-
cedure (see Table 1). At the same time, increased irradiation time did not 
lead to notable red shifts in the SPR peak wavelength, except for the 1- 
Ag-45 min sample, which supposedly had fewer opportunities for cluster 
aggregation. However, the intensity of optical absorption grows with the 
increase of both Ag+ concentration and irradiation time that indicates 
the appearance of nanosized silver clusters on the surface of TiO2 P25 in 
both cases. Interestingly, the greatest light absorption is observed for 1- 
Ag-270 min sample, while the largest SPR peak wavelength belongs to 
the sample with increased initial CAg+ in the solution: 2-Ag-90 min. This 
hints at different growth mechanisms of silver clusters in the studied 
series. Notable widening of the SPR peaks with the increase of silver 
content in the initial solution can be explained by longitudinal character 
of plasmon resonance, further pointing out at the changes in particle 
shape [31]. Another possible reason of such peak behavior is the 
appearance of Ag2O coating on the photodeposited Ag particles, which is 
formed during synthesis and causes a red-shift when more oxygen is 
adsorbed on the Ag cluster surface [32]. 

The optical bandgap values for the prepared samples are also listed in 
Table 1. The bandgap width for the initial TiO2 P25 sample was calcu-
lated to be 3.10 eV that agrees well with published results for Degussa 
P25 in Ref. [33]. While no clear correlation between the bandgap width 
and preparation conditions is observed, the narrowing of the bandgap 
might be related to differences in Ag particle size. It is implied that 
electron transition type is not changed upon the addition of silver onto 
the surface of TiO2 P25. Graphical representation of the Tauc plot 
method for each sample is shown in Fig. S1. 

The obtained Ag-TiO2 samples were studied with HR TEM, STEM- 
HAADF analysis, and EDS mapping technique. Fig. 2, a demonstrates 
the internal structure of the TiO2 P25 support. The interplanar spacing 
corresponds to that of anatase, with a common particle size being 
10− 20 nm. The particles feature well-crystallized structure. The Ag 
photoreduction for 90 min from silver nitrate solution with concentra-
tion of 2.32 mM led to the distribution Ag NPs as small nanoparticles 
with predominant sizes of 1− 2 nm (Fig.2, b, c). The formation of a small 
amount of Ag NPs with sizes of ~20 nm was observed. 

According to the obtained data, 1-Ag-270 min sample possesses large 
Ag clusters with the sizes of 20− 30 nm surrounded by a cloud of smaller 
3− 4 nm particles (Fig. S2, a). In addition, EDS mapping method shows 
that small Ag clusters are scattered throughout the sample surface 
(Fig. S2, b). The 1-Ag-90 min sample follows a similar pattern in STEM- 
HAADF demonstrating the lower amount of larger 30 nm particles 
(Fig. S2, c) in comparison with 1-Ag-270 min sample and smaller 
nanoparticles of ~1− 2 nm (Fig. S2, d). HR TEM data confirms the 
presence of small silver nanoparticles through the surface of the sample 
(Fig. 2, с, d). 

Fig. S2, f shows the results of STEM-HAADF analysis for 1-Ag-45 min 
sample. Similar to all samples studied above and prepared with CAg+ =

2.32 mM, this photocatalyst possesses large Ag particles surrounded by a 
cloud of smaller 1− 5 nm particles. However, in this case a decreased 
irradiation time coincides with downsized particles (about 20 nm) and 
leaves some areas completely free of such large particles. It points out at 
different growth character of small and large silver aggregates, with 
larger particles being formed in the solution and then descending on the 
catalyst surface after the process of homogeneous aggregation [34,35]. 
This may also explain the lack of SPR peak shift with nonetheless 
increasing light absorption in these sample series. 

Additionally, the same analysis procedure was carried out with 2-Ag- 
90 min sample prepared with increased concentration of silver ions in 
the solution (see Fig. S2, g and h for STEM-HAADF and EDS images, 
respectively). Comparably to the previously discussed samples, 2-Ag- 
90 min features larger and smaller particles arranged in a similar 
fashion. However, the increased concentration of silver precursor leads 
to the formation of larger aggregates up to 50 nm in size, with smaller 
particles being present in lesser amount than in other studied samples. 
Although the size of the latter is 7− 10 nm that is larger than in the other 
samples, their distribution is less uniform. This can be explained by the 
formation of larger particles in the solution medium rather than on the 
catalyst surface. 

Fig. 3 presents the XRD results. It is shown that the position and 
intensity of anatase (PDF-2 #21-2172) and rutile (PDF-2 #21-1276) 
peaks do not change upon the addition of silver even with the increased 
initial concentration of silver (2-Ag-90 min sample). However, an 
additional peak at 2θ = 32.2 appears for all of the silver-containing 
samples corresponding to the phase of cubic Ag2O (PDF-2 #41-1104). 
This may lead to a significant difference in photocatalytic activity during 
UV +Vis and visible irradiation experiments for the samples due to the 
possible formation of z-scheme Ag/Ag2O/TiO2 composites [2,3]. 

To investigate the influence of silver on TiO2 electronic structure, 
Raman spectroscopy was used for the samples 0.5-Ag-90 min, 1-Ag- 
90 min, and 2-Ag-90 min. All four native TiO2 Degussa P25 bands are 
present in all samples (see Fig. S3 for details) [36]. According to the 
results presented in Fig. 4, the addition of silver leads to a Raman shift 
from 142.4 cm− 1 to 145.4 cm− 1 for the characteristic peak of anatase 
nanoparticles indicating the presence of Ti3+ defects [37,38]. Observing 
similar shift in samples with different silver content, it can be suggested 
that only a fraction of loaded silver directly interacts with the titania 
surface. 

Fig. 5 presents the zeta potential measurements of unmodified TiO2 
and the sample 1-Ag-270 min possessing the greatest light absorption. 
The isoelectric point of TiO2 P25 is approximately 6.05, which is 
consistent with other studies (6.0 [39], 5.7 [40]). At the same time, the 
surface of Ag-containing photocatalyst 1-Ag-270 min is charged Fig. 1. Optical properties of the studied samples.  
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negatively with a different isoelectric point of 3.59 also corresponding to 
literature data [41]. It seems that the dye molecules in these cases tend 
to be adsorbed via different functional groups [42] providing differences 
in photodegradation mechanisms. 

Table 2 and Fig. 6 show the results of photocatalytic studies. To 
provide better insight, optical properties from Table 1 are also pre-
sented. Kuv+vis and Kvis columns are intended for rate constants in 

Fig. 2. Internal structure of prepared samples: (a) HR TEM of TiO2 P25; (b, c) HR TEM of 1-Ag-90 min.  

Fig. 3. Phase composition of studied samples. Symbols A and R stand for 
anatase and rutile phases, respectively. 

Fig. 4. Raman shift of anatase peak for samples 0.5-Ag-90 min, 1-Ag-90 min, 2- 
Ag-90 min and pristine TiO2. 

Fig. 5. Zeta potential measurements of TiO2 P25 and 1-Ag-270 min samples.  

Table 2 
Photocatalytic activity of the samples.  

Sample λSPR, nm Eg, eV Kuv+vis*103, s− 1 Kvis*103, s− 1 

1-Ag-45 min 512 2.80 ± 0.02 3.89 4.22 
1-Ag-270 min 518 2.75 ± 0.02 14.03 3.15 
0.5-Ag-90 min 488 2.91 ± 0.02 7.93 2.62 
1-Ag-90 min 518 2.88 ± 0.02 12.64 3.44 
2-Ag-90 min 532 2.83 ± 0.02 8.20 4.61 
TiO2 P25 – 3.10 ± 0.02 6.79 2.90  

Fig. 6. Photocatalytic activity of all studied samples in UV + Vis (a) and Visible 
irradiation (b). 
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photocatalytic experiments using full spectrum of the lamp and visible 
light only, respectively. 

It can be observed that the two featured irradiation modes lead to 
different catalysts being the most active amongst the whole series, which 
is presumably connected with the surface state and Ag-affected elec-
tronic properties of the studied samples. For UV +Vis mode, 1-Ag- 
90 min and 1-Ag-270 min are the most active samples, with their rate 
constant doubling that of unmodified support. At the same time, 1-Ag- 
45 min is even less active than pristine TiO2. Coincidentally, this sample 
has an increased size of Ag clusters (Fig. S2, f) formed via photocatalytic 
reduction of Ag+ on the surface of TiO2 accompanied by the shortened 
time of irradiation and decreased number/size of silver clusters formed 
in the solution as a consequence of the latter. This hints further at the 
influence of Ag cluster size and origin on the catalyst behavior. 

In the case of visible irradiation, the biggest rate constant is achieved 
by the 2-Ag-90 min sample having the largest “guest” Ag cluster size due 
to increased Ag+ concentration in the initial solution. It goes along with 
the widest SPR peak located at 532 nm, which is the most red-shifted 
peak in the series indicating its contribution to the ability to absorb 
visible irradiation. Pristine TiO2 P25 is active in visible light for the sole 
reason of RhB sensitization. The fact of 2-Ag-90 min and 1-Ag-45 min 
demonstrating the highest rate constant in visible irradiation, though 
under full spectrum of Xe lamp they did not show a comparable per-
formance, may indicate the formation of Ag/Ag2O/TiO2 composites. In 
this case, absorption of UV photons by Ag2O leads to a less involvement 
of TiO2 and, as consequence, a decrease of photogenerated charge car-
riers, simultaneously the Ag+ reduction reaction occurs on the surface of 
the photocatalysts with the help of remaining TiO2-generated electrons 
[28]. 

Optical density curves during Rhodamine B decolorization experi-
ment are presented in Fig. 7 for pristine TiO2 P25 along with the most 
notable photocatalysts of this study. It can be seen that different sets of 
properties possessed by the samples provide a significant impact on the 
photocatalytic oxidation mechanism. Although the 1-Ag-90 min sample 

is the most active in UV +Vis decolorization, i.e. destruction of 
Rhodamine B dye molecule with a characteristic peak at 555 nm, it can 
be seen that intermediate products remain during the last hour of the 
experiment, which can be noted by higher absorption in the area of 
200− 300 nm compared to the experiment with unmodified titania. The 
change in RhB behavior in the presence of silver-containing catalyst is 
also noticeable after the first 60 min where the optical density curve 
intersects with the initial RhB absorption curve at the start of the 
experiment. In visible light, the same photocatalyst demonstrates a more 
selective dealkylation behavior [43] in comparison with all other sam-
ples, with characteristic peak at 260 nm responsible for conjugated 
structures featuring a notable blue shift with a lesser decrease in in-
tensity. At the same time, 1-Ag-270 min sample behaves in a similar way 
to unmodified titania during both irradiation modes, showing a trend for 
general photodegradation of the substrate. Finally, 2-Ag-90 min sample 
demonstrates features of both processes, being notably less active in 
decolorization under UV +Vis illumination. 

To investigate the influence of different radical species on the reac-
tion of RhB decolorization, isopropyl alcohol (IPA) and benzoquinone 
(BQ) were used for trapping hydroxyl radicals and superoxide anions, 
respectively. Like in all previous catalytic experiments, change of optical 
density of the main RhB structure peak at 555 nm was chosen as analytic 
signal. 

Fig. S4 shows the influence of IPA concentration (0.002–6 M) on the 
photocatalytic activity of pristine TiO2 P25. According to the obtained 
data, C = 0.02 M and C = 0.2 M provide identical results indicating 
successfully trapped hydroxyl radicals. At the same time, excess C = 6 M 
completely prevents the reaction. 

Fig. 8 shows comparison between pristine TiO2 (a) and 1-Ag-90 min 
sample (b). It can be seen that in full spectrum of the lamp the addition 
of silver on TiO2 surface certainly leads to an increase in overall 
decolorization activity of Ag-TiO2 and provides increased concentration 
of both •OH and •O2

− . 
In visible light, however, hydroxyl radicals are completely absent 

Fig. 7. Comparison of RhB optical density spectra during photocatalysis in UV + Vis and Visible irradiation for: (a) TiO2 P25; (b) 1-Ag-90 min; (c) 1-Ag-270 min; (d) 
2-Ag-90 min. 
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when 1-Ag-90 min is employed. The observed facts allow concluding 
that the increase in ∙OH concentration during UV +Vis irradiation is 
attributed to better charge separation provided by silver nanoparticles 
on the titania surface, and not to the ability of silver itself to facilitate 
•OH generation on its surface in spite of shifted absorption edge and 
more narrow bandgap. Moreover, whereas TiO2 P25 is confirmed to 
generate hydroxyl radicals of its own during visible light irradiation 
[44], the presence of silver negates the phenomenon leading to a more 
selective dealkylation behavior of silver-containing samples observed in 
this study. 

4. Conclusions 

To summarize the obtained results, both the irradiation time and 
initial silver concentration in the solution influence on the formation of 
silver clusters and the resulting optical properties. It has been shown 
that the formation of silver clusters occurs both photochemically and 
photocatalytically, with large clusters appearing in the solution medium 
as a result of irradiation and descending to the titania surface, depending 
in size on initial Ag+ concentration mostly. The smaller silver clusters 
appear directly on the surface via photocatalytic reduction of silver ions 
and their growth is inhibited by the presence of larger clusters coming 
from the solution. With an increase in Ag+ concentration, the photo-
catalytic formation of photoreduced surface clusters is inhibited further 
as it is shown for 2-Ag-90 min sample. At the same time, prolonged 
irradiation leads to the photocatalytical growth of silver clusters in 1-Ag- 
270 min sample. This suggests that the number of active sites on the 
TiO2 surface is the limiting factor of photocatalytical growth for silver 
particles. Moreover, when Ag+ concentration is further increased in the 
solution, silver photoreduction process tends to occur rather in close 
proximity to the surface than on the surface itself leading to the for-
mation of larger particles weakly bonded with the sample surface in this 
particular case. 

Such growth mechanisms diversely affect optical properties of the 
samples: while irradiation time is generally responsible for absorption 
intensity, initial Ag+ concentration is mainly responsible for the SPR 
peak position. One of the notable examples is the 2-Ag-90 min sample 
demonstrating a red shift indicating the presence of larger particles and 
wider size distribution in comparison with the 1-Ag-90 min which is 
otherwise close to it in terms of optical properties. 

The behavior of the samples in visible and UV +Vis irradiation ex-
periments also differs significantly with the change in Ag cluster size and 
bandgap width. It has been observed that despite the highest RhB 
decolorization activity in full spectrum of the lamp, the sample 1-Ag- 
90 min is the most selective towards dealkylation of the main structure 
of the substrate instead of complete mineralization during visible irra-
diation. This behavior has been associated with the smallest Ag cluster 
size and widest distribution of these clusters as confirmed by STEM- 
HAADF, EDS and HRTEM methods. At the same time, 2-Ag-90 min 
sample possessing the largest Ag clusters behaves in a similar fashion to 

pristine TiO2 in visible light providing a less selective destruction of RhB 
structure and featuring the highest rate constant in the whole study, 
with SPR position shifted to 532 nm in comparison with 518 nm of 1-Ag- 
90 min sample. This indicates better involvement of electrons during the 
visible light irradiation for 2-Ag-90 min. It has been also demonstrated 
that the presence of silver negates the formation of hydroxyl radicals in 
visible light promoting the formation of superoxide anions at the same 
time, which describes the behavior of 1-Ag-90 min sample further. 

The sample 1-Ag-45 min clearly underperforms in the full spectrum 
of the lamp showing similar behavior to 2-Ag-90 min due to the presence 
of partially reduced silver that leads to a decrease in photoactivity. The 
rate constant for this sample is lower than for pristine TiO2 indicating 
that electrons are utilized preferably in the subsequent Ag+ reduction 
than in generation of superoxide anions on the surface of the on-top Ag◦

clusters. In visible light, however, surface Ag cations are not reduced 
because the electrons come exclusively from the process of Rhodamine B 
photosensitization and accumulate behind the Schottky barrier, thus 
notably increasing the photocatalytic performance of the sample. 

Such differences in photocatalytic activity result from silver depos-
ited on the TiO2 surface in a different manner during the same photo-
reduction process. With that, when the Ag+ exists in excess with respect 
to the O− active sites or there is not enough time for a more complete 
photoreduction, silver oxide is deposited on TiO2 with metallic silver 
growing on top of the resulting particles. These systems change their 
composition during the UV irradiation, with TiO2-generated electrons 
participating in Ag+ photoreduction on the site. However, such catalysts 
are better at utilizing photosensitized electrons under visible light and 
are able to facilitate photodegradation of organic substances without 
using higher energy irradiation. 

When synthesis conditions favor a more complete photoreduction of 
deposited silver during the preparation stage, another kind of hetero-
junction is being formed, with Ag2O capping the surface of the metallic 
silver cluster and forming a core-shell particle with Z-scheme electron 
transfer. Such systems are more effective in full spectrum of the lamp 
(λ > 300 nm) being able to accumulate surface-generated electrons and 
provide better separation of charge carriers. However, when UV part of 
the spectrum is absent, such catalysts lose the ability to produce hy-
droxyl radicals, even more than pristine TiO2 facilitating mild oxidation 
of organic substances with an increased number of superoxide anions. 
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