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ABSTRACT 

Commercial titania photocatalysts were modified with silver nanoparticles (NPs) by 

photodeposition method in the presence/absence of methanol. The obtained photocatalysts were 

characterized by XRD, XPS, DRS, STEM and time-resolved microwave conductivity (TRMC) 

methods. The photocatalytic activity was tested under UV/vis irradiation for: (i) methanol 

dehydrogenation (during silver deposition), (ii) oxygen evolution with in-situ silver deposition, 

and (iii) oxidative decomposition of acetic acid, as well as under vis irradiation for 2-propanol 

oxidation. The action spectra of 2-propanol oxidation were also performed. It has been confirmed 

that modification of titania with silver causes significant improvement of photocatalytic activity 

under both UV and vis irradiation as silver works as an electron scavenger (TRMC data) and vis 

activator (possibly by an energy transfer mechanism). The obtained activities differ between titania 

samples significantly, suggesting that the type of crystalline phase, particle/crystallite sizes, and 

electron traps’ density are crucial for both the properties of formed silver deposits and resultant 

photocatalytic activity. It might be concluded that under UV irradiation: (i) high crystallinity and 

large specific surface area are recommended for rutile- and anatase-rich samples, respectively, 

during hydrogen evolution, (ii) mixed crystalline phases cause high rate of oxygen evolution from 

water, and (iii) anatase phase with fine silver NPs results in efficient decomposition of acetic acid, 



whereas under vis irradiation aggregated silver NPs (broad LSPR peak) on the rutile phase are 

promising for oxidation reactions.  

I. INTRODUCTION 

Photocatalysis under solar radiation has been considered as the possible solution for the most urgent 

human problems, i.e., energy, environment, and water. It is believed that application of highly efficient and 

stable photocatalysts with ability of working under broad range of solar radiation might be the best choice 

since it might operate without: (i) consumption of reagents, (ii) energy input, and (iii) formation of wastes, 

and thus could be considered as green and sustainable process. Among various photocatalysts, titanium(IV) 

oxide (titania) is probably the most widely investigated because of high activity, stability, abundance, low 

cost and negligible toxicity.1-3 However, titania suffers from charge carriers’ recombination (as all 

semiconductors) and inactivity under vis irradiation. Accordingly, various methods and procedures of its 

modification have been proposed, including surface modification,4-6 doping,7-9 coupling10-12 and 

morphology architecture.13-15 For example, modification with noble metals (NMs) results in double action, 

i.e., an activity enhancement under UV (NM working as an electron scavenger)16-18 and vis response due to 

plasmonic properties.19-23 Accordingly, NM-modified semiconductors with activity under vis irradiation, 

known as plasmonic photocatalysts, have been of great interest recently. It has been proposed that the proper 

design of their morphology, i.e., the size/shape (influencing the wavelengths of plasmonic peak) and the 

distribution of noble metal on the semiconducting support could result in high activity at broad range of 

irradiation.22, 24-26 However, most studies have been performed for only one type of titania (or other 

semiconductors), and thus it is unknown how the properties of the support might influence the resultant 

properties of plasmonic photocatalysts and the overall activity. Our previous studies have shown the 

significant influence of titania matrix for gold-24, 27 and copper-28 modified samples, but only preliminary 

research has been done for silver ones.29 Accordingly, here, eight different titania samples modified with 

the same content of silver (2 wt%) have been compared. Moreover, the conditions of silver photodeposition 

have been changed to investigate the influence of the properties of deposits on the resultant properties, and 

thus photocatalytic activity. 

Additionally, the mechanism of plasmonic photocatalysis has not been clarified yet, and the energy 

transfer vs electron transfer have been mostly suggested.19, 30-34 The morphology-dependent mechanism has 

also been proposed.23, 35 It should be pointed out that in the case of silver and copper, the co-participation 

of other mechanisms is highly probable since these metals are easily oxidized, and thus formed oxides could 

form efficient heterojunction with titania (and other common photocatalysts).28, 36-39 The stability of vis 

responsive photocatalysts must also be further investigated as proposed electron transfer (both in the case 

of plasmonic photocatalysis and coupled semiconductors) might result in oxidation and further release of 



noble metal cations. Accordingly, this study is also focused on the stability issue during long-term 

irradiation, and the clarification of the possible mechanism for silver-modified titania photocatalysts. 

II. METHODS 

Eight titania samples, listed in Table 1, were modified with silver (2 wt% in respect to TiO2) by 

photodeposition method. In brief, 0.6 g of titania was suspended in 25 mL of 50 vol% methanol-water 

solution in a Pyrex glass tube. Then, 2.2 mL of 50 mM AgNO3 (99.8% Wako, Japan) was added under 

continuous stirring. Samples were also prepared in pure water (25 mL, Milli-Q) instead of methanol. The 

suspension was de-aerated by 15-min argon bubbling, and the tube was sealed with a rubber septum. Six 

samples could be prepared simultaneously by putting the tubes in a sample holder, placed around high-

pressure Hg lamp in a thermostated water bath (25 C), as shown in Fig. 1a. The tubes were irradiated under 

continuous stirring (500 rpm) for one hour, and 0.2 mL gas was sampled every 15 min to check the amount 

of evolved hydrogen or oxygen (methanol or water environment, respectively) by gas chromatography (GC-

TCD). Then, other samples were also prepared for longer irradiation duration (5 h) in the presence of 

methanol. After irradiation, samples were washed at least three times with methanol and then three times 

with water, centrifuged, dried at 120 C and ground in an agate mortar. The samples were named according 

to the titania type and the photodeposition conditions, where “w” and “m” mean that photodeposition was 

performed in water and methanol, respectively, whereas “1h” and “5h” correspond to the duration of 

irradiation. For example, AgP25m-1h states for silver-modified P25 titania by 1-h photodeposition of silver 

in methanol solution.   

Samples were characterized by various methods, including X-ray diffraction (XRD, Rigaku 

Intelligent), X-ray photoelectron spectroscopy (XPS, JEOL, JP-9010MC), scanning transmission electron 

microscopy (STEM, Hitachi, HD 2000), energy-dispersive X-ray spectroscopy (EDS), and diffuse 

reflectance spectroscopy (DRS, Jasco, V-670). Time resolved microwave conductivity (TRMC) analysis 

was performed by an ns-time scale laser pulse (Nd:YAG with 10 Hz at 1064 nm and Gunn diode to generate 

36.8 GHz microwave and laser pulses, respectively). Crystallinity of samples (Table 1) was estimated by 

internal standard method with nickel oxide (of 96% crystallinity) as a standard mixed thoroughly with 

titania (20:80 w/w) in an agate mortar before XRD analysis.40 

Photocatalytic activity was examined under UV/vis irradiation (the same irradiation system as that 

used for photodeposition, except a sample holder, as shown in Fig. 1b) and vis irradiation (Xe lamp with 

cut-off filter) for oxidative decomposition of acetic acid and 2-propanol, respectively. In brief, 50 mg of 

sample was suspended in aqueous solution of acetic acid (5 vol%) or 2-propanol (5 vol%) and irradiated 

under continuous stirring. Generated products, i.e., carbon dioxide and acetone, were analyzed by gas 



chromatography (GC-TCD and GC-FID, respectively). The action spectrum analysis was performed using 

diffraction-type illuminator for 2-propanol oxidation. 

 

FIG. 1. The photographs of UV/vis irradiation system for (a) samples’ preparation, and (b) activity testing. 

 

III. RESULTS 

A. Synthesis of silver-modified titania samples 

Silver was deposited on different titania samples (Table 1) via photodeposition method, i.e., under 

irradiation titania was excited (eq. 1), and thus photogenerated electrons reduced silver cations, forming 

zero-valent silver deposits directly on the titania surface. It has already been shown that photodeposition is 

one of the best methods for the fast and efficient (without metal loss) deposition of noble metals on various 

semiconductors.18, 22, 24, 37 Here, to check how properties of silver deposits might influence the photocatalytic 

activity, two experimental conditions and different duration of irradiation time have been applied. 

Table 1. The properties of titania samples used in this study 

Titania name Supplier 
Composition (%) Crystalline  

size*/nm 

SSA/ 

m2 g-1 

ETs/ 

μmol g-1 anatase rutile NC phase 

ST01 Ishihara Sangyo Kaisha 73.7 0.0 26.3 8 298 84 

FP6 CSJ 72.2 9.6 18.2 15 104 154 

ST41 Ishihara Sangyo Kaisha 93.3 1.2 5.5 102 11 25 

P25 Evonik Industries 76.6 13.3 10.1 22 59 50 

UFR Newcastle University 8.7 62.2 29.1 11 114 344 

TIO6 CSJ 3.8 75.9 20.3 16 100 242 

TIO5 CSJ 8.9 86.8 1.3 231 3 14 

STG1 Showa Titanium 1.4 94.4 4.2 100 6 50 

*the crystallite size of major component; CSJ – Catalysis Society of Japan; ETs – density of electron traps (data reported 
previously40, 41); NC – non-crystalline phase; SSA – specific surface area (data reported previously 40, 41) 



First, silver was deposited in the presence of methanol as a hole scavenger (methanol 

dehydrogenation), as shown by the following equations (eq. 2-4). The progress of the reaction could be 

easily monitored by the estimation of the amount of evolved hydrogen on silver-modified titania (eq. 5). 

TiO2 → TiO2 (e-/h+)  (1) 

2Ag+ + 2e- → 2Ag0  (2) 

CH3OH + 2h+ → HCHO + 2H+ (3) 

2Ag+ + CH3OH → 2Ag0 + 2HCHO + 2H+ (4) 

Ag/TiO2 + CH3OH → Ag/TiO2 + HCHO + H2 (5) 

 

Next, pure water was used as a hole scavenger (water oxidation), according to the following 

equations (eq. 6-8), and the progress of reaction could be monitored by estimation of the amount of evolved 

oxygen. 

2Ag+ + 2e- → 2Ag0 (6) 

H2O + 2h+ → 1/2O2 + 2H+ (7) 

2Ag+ + H2O → Ag0 + 1/2O2 + 2H+ (8) 

 

The obtained results of hydrogen and oxygen generation during silver photodeposition on different 

titania samples are shown in Fig. 2. Interestingly, in the case of methanol dehydrogenation (Fig. 2a), the 

highest photocatalytic activity is observed for large rutile (STG1 and TIO5) and fine anatase (ST01) 

samples. Similar phenomenon has also been observed for gold-modified titania photocatalysts, where the 

highest activities among 15 titania samples were obtained when gold was deposited on ST01 and TIO5 

titania photocatalysts.22, 27 In the case of anatase samples, the activity dropped with an increase in the particle 

size (a decrease in specific surface area), whereas an opposite situation was observed for rutile samples.27 

Considering, another study for 35 different titania samples, tested in four different reactions systems, it has 

been found that both high crystallinity (low content of crystal defects − electron traps) and high specific 

surface area are preferable for methanol dehydrogenation with in-situ platinum deposition.40 Accordingly, 

it might be concluded that also for in-situ silver photodeposition, high crystallinity and large specific surface 

area are key factors for hydrogen evolution on rutile- and anatase-based samples, respectively. 

In contrast to the methanol dehydrogenation case, the water oxidation with in-situ silver deposition 

is characterized by much lower efficiency, as shown in Fig. 2b. This is not surprising as high overpotential 



(resulting from the first step of proton removal)42 and low efficiency are commonly reported as the main 

reasons of slow oxygen evolution. The contradictory data could be found in the literature, suggesting that 

(i) rutile is an active phase of titania (especially with large particle sizes),43-46 (ii) inactivity of rutile,47 and 

(iii) the synergism between anatase and rutile.45, 47 Kakuma et al. have proposed that rutile could form a Ti–

OO–Ti surface structure (as the distance between titanium atoms on the surface of rutile is smaller than that 

on anatase one), resulting in high efficiency of O2 formation.48 Interestingly, even though commercial rutile 

showed the highest activity, the different behavior was observed for self-prepared samples, where the 

sample with the highest anatase-to-rutile ratio exhibited the best performance (but only three different 

compositions were tested, i.e., 57.8%, 73.1% and 88.8% of anatase).45 Similarly, here, P25 sample has been 

the most active (with ca. 85% anatase content), but both the presence of large rutile particles (40-130 nm)49 

and the synergism between both phases could be responsible for observed effect. 

 

 

FIG. 2. Evolution of (a) hydrogen, and (b) oxygen during silver deposition on titania samples. 

 

B. Characterization of silver-modified titania samples 

During silver photodeposition, the color of fine titania (ST01, FP6, P25 and TIO6) has changed 

from white to brown/yellow (Table 2), which confirms that silver is reduced, forming zero-valent deposits 

on the titania surface. In the case of titania photocatalysts with large particles (ST41, STG1 and TIO5), the 

color turned to violet, which indicates the formation of larger silver particles. The localized surface plasmon 

resonance (LSPR) of silver appears at ca. 395-405 nm (brown color) for fine silver NPs (5-10 nm), and 

bathochromic shift is observed with an increase in the NPs’ sizes, e.g., LSPR at 500 nm (violet color) for 

100-nm NPs.50, 51 Accordingly, it might be concluded that the properties of titania influence the properties 

of deposited silver, i.e., the larger the titania NP is, the larger are formed NPs of silver. Similar observation 



has already been found for gold-modified titania, where a linear dependence between crystallite sizes of 

gold and titania has been observed.22 It is thought that the preferential deposition of metallic NPs on the 

surface defects of titania52 could be the main reason of this behavior as fine titania samples are characterized 

by high density of surface defects (electron traps, ETs).53, 54 

However, in contrast to gold-modified titania samples, the color of silver ones is not stable, and its 

change after samples’ drying is observed, as presented in Table 2 and Fig. 3. Similar data have already been 

reported for other silver-modified titania samples (and also other photocatalysts modified with less noble 

metals, such as copper),28, 37, 38 and it has been thought that the color change results from the partial surface 

oxidation of silver deposits.29, 55 Obviously, DRS spectra (exemplary data for anatase ST41 and rutile TIO5 

shown in Fig. 3) confirm that vis response has been achieved in the case of all modified titania samples in 

respect to the pristine titania samples with absorption edges at ca. 390-420 nm (black lines) depending on 

the polymorphic form. The modified samples exhibit two peaks in DRS spectra at vis range (Figs. 3b and 

3d) due to the silver presence. The peak at shorter wavelengths (ca. 390-420 nm; clearly shown in Figs. 3b 

and 3d) suggests the presence of zero-valent silver, whereas photoabsorption at longer wavelengths (520-

570) might be caused by oxidized forms of silver. Similar photoabsorption properties have been observed 

for titania samples modified with silver(I) oxide.56  

 

Table 2. The color of titania samples during/after silver photodeposition 

Sample name ST01 FP6 ST41 P25 UFR TIO6 STG1 TIO5 

during silver photodeposition  

Ag(TiO2)m-1h d. brown yellow l. violet d. yellow d. brown d. brown/violet violet violet 

Ag(TiO2)w-1h d. brown l. brown l. violet l. brown violet violet violet violet 

Ag(TiO2)m-5h d. brown d. yellow l. brown d. yellow d. brown d. brown violet violet 

after silver photodeposition (dried samples) 

Ag(TiO2)m-1h l. brown brown violet l. brown gray gray violet/gray violet/gray 

Ag(TiO2)w-1h l. yellow l. brown l. violet v.l. brown gray l. gray violet violet/gray 

Ag(TiO2)m-5h creamy l. brown violet gray gray gray violet violet/gray 

d − dark; l − light; v.l. − very light 

 

 

 



 

FIG. 3. Exemplary DRS data for pristine and silver-modified titania samples: anatase ST41 (a-b) and rutile 

TIO5 (c-d) taken with BaSO4 (a, c) and respective pristine titania (b, d) as references. 

The crystal properties of obtained samples have been analyzed by XRD, and exemplary data are shown 

in Fig. 4 and Table 3. Indeed, the presence of silver has been confirmed in all modified samples. Moreover, 

in general the larger deposits have been formed on the titania samples with larger particles, as already 

suggested from the color of samples. It should be pointed out that only crystallites could be analyzed by 

XRD, and thus non-crystalline deposits (e.g., with mixed oxidate states) could not be detected. Moreover, 

the low content of phases and the crystallites of small sizes are also difficult for detection. Therefore, all 

these issues should be considered when analyzing the properties of obtained samples.  

The deposition of larger and more polydisperse NPs of silver on titania samples with larger particles 

has been further confirmed by STEM observations, as shown in Fig. 5. Generally, spherical NPs of silver 

has been formed, but some rod-like deposits in the case of large titania have also been observed.  In the 

case of fine titania, very fine silver NPs (even nano-sized NPs in the case of AgST01m-5h) with the average 



particle size of 5.3 ± 2.4 nm have been synthesized, whereas both very fine and large NPs (> 60 nm) in the 

case of larger titania. 

 

FIG. 4. Exemplary XRD data for pristine and silver-modified titania samples: (a-b) anatase ST41 and (c-d) large 

rutile samples (STG1 and TIO5) prepared during 5-h methanol dehydrogenation; magnified patterns for narrow 

range of angles (to show silver peaks) are presented on the right site (as b and d, respectively). 

 

 

 

 



Table 3. The crystalline properties of silver-modified titania 

Sample name 

crystalline content (wt%) crystalline size (nm) 

TiO2 Ag0 Ag2O AgO Ag0 Ag2O AgO 

AgST01m-1h 97.2 1.3 N.D. 1.5 4.1 - 2.0 

AgST01w-1h 98.8 0.2 0.4 0.6 14.2 - 10.6 

AgST01m-5h 99.4 0.5 N.D. 0.1 4.7 - - 

AgFP6m-1h 99.4 0.2 0.3 0.1 6.3 0.8 - 

AgFP6w-1h 98.6 0.3 0.5 0.6 26.2 9.5 9.2 

AgFP6m-5h 95.9 3.0 1.1 N.D. 1.3 1.3 - 

AgST41m-1h 98.6 1.2 N.D. 0.2 30.7 - - 

AgST41w-1h 99.9 0.1 N.D. N.D. - - - 

AgST41m-5h 98.7 1.1 N.D. 0.2 44.3 - - 

AgUFRm-1h 97.5 1.1 1.0 0.4 4.6 4.7 7.7 

AgUFRw-1h 99.3 0.2 0.1 0.4 - 2.1 2.0 

AgUFRm-5h 98.7 1.1 N.D. 0.2 - 8.7 - 

AgTiO6m-1h 97.5 0.6 1.2 0.7 4.5 1.1 3.6 

AgTIO6w-1h 96.2 1.6 2.2 N.D. 0.7 1.6 - 

AgTIO6m-5h 99.3 0.6 0.1 N.D. 23.1 15.5 - 

AgTIO5m-1h 98.9 0.7 0.1 0.3 5.5 - 9.8 

AgTIO5w-1h 98.6 1.9 0.1 0.4 58.2 - 0.9 

AgTIO5m-5h 95.8 1.7 0.4 2.1 27.5 - - 

AgSTG1m-1h 96.5 2.9 0.6 N.D. 12.9 3.4 - 

AgSTG1w-1h 96.9 1.6 1.5 N.D 27.3 5.0 - 

AgSTG1m-5h 97.5 1.7 0.3 0.5 57.4 - - 

N.D. – not detected 

Next, the surface properties of silver deposits have been investigated by XPS analysis, and 

exemplary data for samples containing large anatase (ST41) are shown in Fig. 6. As expected, silver on the 

surface exists mainly in the oxidized form, i.e., monovalent (1+) being the majority state, reaching the 

lowest and the highest content of 66.3% and 88.7% in the case of AgP25m-1h and AgST41m-1h, 

respectively. The summarized data for all analyzed samples are presented in Table 4. Interestingly, even 

though silver has been partly oxidized (XPS can estimate only surface composition.), zero-valent silver is 

still present in all analyzed samples. 

   

   



 

FIG. 5. Morphology observation of silver-modified titania: (a, b, d, e) STEM images of: (a) AgST01m-5h, (b) 

AgP25m-1h and (d-e) AgTIO5m-1h; (c, f) distribution of silver NPs in (c) AgP25m-1h and (f) AgTIO5m-1h. 

 

Table 4. The content of different oxidation forms of silver (%) in silver-modified titania samples 

Sample Ag0 Ag+ Ag2+ 

AgST01m-5h 22.2 74.1 3.7 

AgFP6m-1h 8.3 80.7 11.0 

AgST41m-1h 8.7 88.7 2.6 

AgST41w-1h 9.4 85.8 4.8 

AgST41m-5h 10.8 86.0 3.2 

AgP25m-1h 30.6 66.3 3.1 

AgP25m-5h 22.7 70.6 6.68 

AgUFRm-1h 21.9 73.5 4.6 

AgTIO6m-5h 7.1 82.9 10.0 

AgTIO5m-1h 9.1 81.7 9.2 

AgTIO5w-1h 17.5 79.1 3.4 

AgSTG1m-5h 16.5 80.8 2.7 

 

 

 

 

 



 

 

FIG. 6. XPS data of Ag 3d5/2 for (a) AgST41m-1h, (b) AgST41w-1h, and (c) AgST41m-5h. 

 

C. Photocatalytic activity of silver-modified titania samples 

First, photocatalytic activity of all samples was investigated under UV/vis irradiation for oxidative 

decomposition of acetic acid, and obtained results are shown in Fig. 7a. The modification of anatase-rich 

samples with silver results in 2-4 fold increase in photocatalytic activity, as shown in Fig. 7a.  The most 

active samples are those based on large anatase, i.e., ST41 and P25. To investigate the possible reason of 

activity enhancement, the time-resolved microwave conductivity (TRMC)57 method was used. Three 

samples (pristine and modified ST01) were excited at fixed wavelength of 355 nm. The significant decrease 

in the intensity of TRMC signal (Fig. 7c-d) for silver modified samples has confirmed that silver works as 

an electron scavenger, inhibiting charge carriers’ recombination. The conditions of silver photodeposition 

have slight impact on the photocatalytic activity, and it is clear that extended duration of photodeposition 

has inhibited the activity. The decrease in activity could be caused by silver aggregation, similar to reported 

gold-modified titania case,58 and thus a decrease in the number of active sites. On the other hand, much 

different bahaviour has been observed for rutile-rich samples, where silver deposition does not change 

(TIO6), reduces (UFR) or increaseas (TIO5) the photocatalytic activity. Much lower activity of rutile than 

anatase has been comonnly reported, especially in the case of oxidation reactions, with various possible 

reasons, i.e., (i) the direct bandgap leading to fast recombination of charge carriers, (ii) less positive valence 

band, (iii) larger content of deep ETs, etc.40, 54, 59-61 Moreover, the particle size of titania might also influence 

the photocatalytic activity. Usually, titania with large particles are highly crystallized, and thus with low 

content of defects. Indeed, ST41, TIO5 and STG1 contain almost pure crystalline phases and very low 

density of ETs, as shown in Table 1. In addition, diffuse reflectance spectra of the reaction suspension 

(photocatalyst in aqueous acetic acid) have been taken before and during the irradiation for one of the most 



active samples (AgST41w-1h).  It is clear that UV/vis irradiation (even 2 min) has caused re-apperance of 

silver plasmonic peak with max at ca. 470 nm (Fig. 7b). 

 

FIG. 7. (a) Photocatalytic activity of pristine and silver-modified samples under UV/vis irradiation (λ > 300 

nm), (b) DRS of AgST41w-1h suspended in aqueous solution of acetic acid before and after irradiation under 

UV light, (c-d) TRMC data for pristine and silver-modified ST01 samples. 

 

Next, the photocatalytic activity under vis irradiation (λ > 450 nm) was investigated for all samples, 

and obtained data are presented in Fig. 8a. Obviously, unmodified titania samples are hardly active at this 

wavelength range. However, their surface modification with silver has caused significant increase (up to 

18-fold for AgTIO5m-1h) in the rate of 2-propanol oxidation. In contrast to the activity data taken under 

UV/vis irradiation, silver-modified large anatase (ST41) exhibits the lowest activity. Generally, higher 

photocatalytic activity has been observed for the samples prepared in methanol medium, for longer 

photodeposition duration and containing rutile phase. Similar tendency has been observed for gold-



modified titania samples, where the highest activity under vis irradiation has been obtained for rutile 

samples with large particle sizes.22, 27 In those samples, gold NPs of higher polydispersity (size and shape: 

spherical and rod-like deposits) result in broad plasmon peak (efficient light harvesting), and thus improved 

photocatalytic activity. Similarly, here, it is thought that longer photodeposition (5 h) resulting in silver 

aggregation (though not recommended for UV activity, Fig. 7a) might be a key factor of better vis 

performance (unfortunately no clear plasmonic peak could be observed due to silver oxidation). There are 

two possibilities of vis-response in the case of silver-modified titania (similar to copper-modified titania 

case),28, 38 i.e., plasmonic photocatalysis and heterojunction TiO2/AgxO (x=1-2). The comparison with quite 

different data obtained for Ag2O/TiO2 composites, for which the activity decreases in the following order: 

large rutile > large anatase (ST41) > fine rutile (TIO6) > mixed phase (P25) > ST01,28 suggests that the 

former mechanism (plasmonic photocatalysis) is more probable. Moreover, the aggregation of silver 

(during longer photodeposition) should be significant disadvantage for heterojunction mechanism (electron 

transfer from conduction band (CB) of silver oxide to CB of titania) as the interface between titania and 

silver oxide is crucial for an efficient charge transfer.  

Similar to the activity tests under UV irradiation, it has been observed that the color of irradiated 

suspension has return to brownish (same to that during silver photodeposition), as clearly confirmed by 

DRS data (Fig. 8b), suggesting that the plasmonic feature might play a crucial role in the mechanism. One 

of the most active samples (AgTIO5m-1h) was further examined for longer irradiation (and reflectance 

spectroscopy), as shown in Fig. 8c. Although a good photostability has been observed during 4-h irradiation 

(with a linear trend), the longer irradiation results in a significant activity loss (ca. 3 times) with 

simultaneous shift of photoabsorption towards shorter wavelengths (Fig. 8b). Both considered mechanisms 

might be responsible for the activity loss during longer irradiation, resulting from silver oxidation (electron 

transfer to CB of titania). Interestingly, though a loss of activity has been observed, the reaction rate after 

initial 4 h of irradiation is constant (linear trend), indicating the high stability of the photocatalyst under vis 

irradiation (in contrast to gold-modified titania with no linear vis activity for long-term irradiation).62 It 

should be mentioned that in the case of plasmonic photocatalysis, two main mechanisms have been 

proposed, i.e., charge transfer (hot electrons) and energy transfer.19, 33, 63, 64 Although in the case of gold-

modified titania, the former is more probable considering high differences in activation energy of 

components (LSPR of ca. 2.3 eV and bandgap of ca. 3.2), in the case of silver-modified titania, the energy 

transfer from plasmonic silver to titania is highly possible as the overlapping of plasmonic peak and titania 

photoabsorption is clear (e.g., Fig. 3). Therefore, the high stability (after initial activity decrease – maybe 

caused by re-shaping of silver deposits, Fig. 8b) of silver-modified titania under vis irradiation suggests the 

mechanism of plasmonic photocatalysis via energy transfer.  



To investigate the mechanism in more detail, TRMC analysis under vis excitation and action 

spectrum analysis have been investigated. TRMC experiments performed under vis irradiation (430, 470 

and 550 nm) does not result in any TRMC peak, as shown in Fig. 8d. Interestingly, the contrary data have 

been reported for vis responsive photocatalysts, i.e., with or without TRMC signal under vis irradiation.55, 

65-68 The clear TRMC signals under vis excitation have been found in the case of proposed mechanism via 

electron transfer (either plasmonic or heterojunction), whereas no TRMC signal has been observed for 

silver-modified titania P25.68 Therefore, it is thought that the mechanism of energy transfer could be 

responsible for this observation, i.e., titania is excited via plasmonic energy transfer from silver, and 

subsequently photo-generated electrons are fast scavenged by silver (similar to the mechanism under UV, 

causing the lack of TRMC signal, as shown in Fig. 7c-d), and at the same time photo-generated holes 

oxidize 2-propanol.   

 

FIG. 8. (a) Photocatalytic activity of pristine and silver-modified samples under vis irradiation (λ > 450 nm), 

(b) diffuse reflectance spectra of AgTIO5m-1h suspended in aqueous solution of 2-propanol before and after 

irradiation under UV light, (c) the stability data for AgTIO5m-1h suspended in aqueous solution of 2-

propanol  during long-term vis irradiation, (d) TRMC data for pristine and silver-modified ST01 samples 

under excitation at 430 nm. 



The action spectra (Fig. 9) are shown together with respective photoabsorption data (taken for 

irradiated suspension). Unlike DRS taken for dry samples (Fig. 3), photoabsorption under visible light is 

very limited., i.e., almost without characteristic features of silver oxides (only a small peak at ca. 500 nm 

for AgTIO5m-1h). Interestingly, action spectra correlate well with photoabsorption spectra, and thus it 

might be concluded that UV and vis activities are caused by titania excitation and plasmonic photocatalysis, 

respectively. The negligible activity at longer wavelengths than LSPR of silver confirms that plasmonic 

photocatalysis rather than TiO2/AgxO heterojunction is responsible for vis response.  

 

FIG. 9. Action spectra (points) with respective absorption spectra (lines; taken for the suspension) for: (a) 

AgFP6w-1h and (b) AgTIO5m-1h samples; AQE – apparent quantum efficiency. 

 

Additionally, the reference experiments were performed, i.e., (i) the activity of silver-modified 

titania samples for 2-propanol oxidation in the dark and (ii) irradiation of 2-propanol solution in the absence 

of photocatalyst under vis. It has been confirmed that silver-modified titania is inactive for 2-propanol 

oxidation in the absence of irradiation, and 2-propanol cannot be oxidized by vis irradiation under the 

conditions used in this study. 

 

IV. CONCLUSIONS 

Modification of titania with silver results in improved activity under both UV and vis irradiation 

since silver works as an electron scavenger (confirmed by TRMC data) and vis activator, probably by an 

energy transfer mechanism (as suggested by stability, action spectra and TRMC data). 



The obtained activity differs between titania samples significantly, suggesting that the type of 

crystalline phase, particle/crystallite sizes, and electron traps’ density are crucial for both the properties of 

formed silver deposits and resultant photocatalytic activity. 

It should be pointed out that the studies on both silver- and copper-modified titania samples are 

highly challenging in comparison to gold- and platinum- ones since the co-presence of mixed-oxidation 

states of these metals (also difficult for precise estimation because of techniques limitations: only 

crystallites with sufficient content and size by XRD; and only the surface layer by XPS) might result in 

much complex mechanisms under both UV and vis irradiation, including heterojunction, Z-scheme, 

plasmonic photocatalysis (energy and/or electron transfer), and the combination of several mechanisms 

together. Accordingly, it is hardly possible to point out one significant property of silver-modified titania 

that might cause high photocatalytic performance. Nevertheless, based on presented data, one might 

conclude that: (i) under UV irradiation high crystallinity and large specific surface area are recommended 

for rutile- and anatase-rich samples, respectively, during methanol dehydrogenation in the presence of silver 

in-situ deposition, (ii) mixed crystalline phases result in high rate of oxygen evolution from water during 

silver UV photodeposition, (iii) anatase phase with fine silver NPs causes efficient oxidative decomposition 

of acetic acid under UV irradiation, and (iv) aggregated silver NPs (broader LSPR peak) on rutile phase are 

promising for 2-propanol oxidation under vis irradiation. 

Although the correlation between the properties and activities is hardly achieved, it is clear that 

photocatalytic activities of silver-modified samples are highly dependent on the titania matrix. The 

conditions of silver deposition influence also the properties of obtained silver deposits, and thus resultant 

photocatalytic activity, but this impact is not as significant as that by titania matrix. The further studies are 

necessary to clarify the key factors of photocatalytic activity, and the mechanisms of photocatalytic 

reactions on silver-modified titania materials. 
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