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Abstract: The Ag-nanoparticles (Ag-NP)/TiO2 composite thin films with various amounts 

of Ag (10 mol% Ò n Ò 80 mol%) were examined as a potential photocatalyst by 

decoloration reaction of methylene blue (MB) in an aqueous solution. These composite 

thin films of ca. 100 nm thickness were fabricated by the MPM at 600 °C in air. The 

decoloration rates monitored by the absorption intensity of the MB solution indicated that 

the composite thin films of Ag with an amount less than 40 mol% are not effective under 

vis-irradiation, though they can work as a photocatalyst under UV-irradiation. Further, the 

UV-sensitivity of the composite thin films gradually decreased to almost half the level of 

that of the TiO2 thin film fabricated under the identical conditions when the Ag amount 

increased from 10 to 40 mol%. Contrarily, the composite thin films of Ag content larger 

than 50 mol% showed the vis-responsive activity, whose level was slightly lower than the 

decreased UV-sensitivity. Diffuse reflectance spectra suggested that the vis-responsive 
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activity of the composite thin films is due to the conductivity, localized surface plasmon 

resonance and surface plasmon resonance of Ag-NP. It was also elucidated that the  

vis-responsive level of the composite thin films corresponds to their electrical conductivity 

that depends on the Ag content. 

Keywords: photocatalyst; Ag NP; molecular precursor method; methylene blue; surface plasmon  

 

1. Introduction  

Metal oxide photocatalytic degradation of organic pollutants has attracted significant attention by 

researchers because of its usefulness in tackling environmental contaminants [1]. Whereas titanium 

dioxide as a metal oxide seems to be one of the most promising semiconductors for many 

photocatalytic applications due to its low cost, chemical stability and non-toxicity. Its utilization 

remains typically confined to UV light because of its wide band gap (3.2 eV for anatase and 3.0 eV for 

rutile) [2]. This limits the efficient utilization of solar energy for TiO2 because TiO2 cannot efficiently 

utilize solar light since UV light accounts for only 4ï6% of solar radiation. Therefore, many attempts 

have been undertaken in recent decades to shift the threshold of the photo-response of TiO2 into the 

visible region, which would enhance its potential for chemical solar energy conversion and open 

possibilities for further applications [3ï7].  

One of the alternative approaches for achieving the threshold of the photo-response of TiO2 into the 

visible region is to make a composite semiconductor by modifying TiO2 with noble metals. These 

noble metals act separately or simultaneously depending on the photoreaction conditions, experimental 

methods used and they may (i) enhance the electron-hole separation by acting as electron traps [8ï11], 

(ii) extend the light absorption into the visible range and enhance surface electron excitation by size- 

and shape-dependent plasmon resonances excited by visible light [7,12ï14] and/or (iii) modify the 

surface properties of TiO2 [15,16]. The early methods [17ï19], to produce noble-metal nanoparticles 

are still used today and continue to be the standard by which other synthesis methods are  

compared [20ï22]. In particular, silver as a noble metal has attracted considerable attention, as a result 

of its remarkable role in the improvement of the photo-activity of semiconductors [9,13,23]. They could be 

reused, and handled more easily and economically if impregnated on substrates. Therefore, many researchers 

have focused on modifying TiO2 with Ag by synthesis Ag/TiO2 heterostructures [8ï14,23,24].  

Although the synthesis of Ag/TiO2 heterostructures was intensively reported in large  

quantities [8ï14,23,24], there are few reports about Ag/TiO2 composite thin films with amounts of  

Ag > 18 mol%, prepared by chemical methods such as sol-gel, so far in the literatures. It is well 

reported that incorporating larger amount of Ag particles was limited by the sol-gel dip-coating 

method of up to 18 mol% due to Ag particles coalescing with each other into huge particles during 

sintering [25]. Moreover, Ag/TiO2 electrodes were short-lived because Ag NPs on TiO2 are easily 

oxidized and dissolved in an electrolytic solution under vis-light irradiation [26,27]. Ag NPs must be 

coated with a SiO2 shell or Al2O3 mask to prevent foremost their oxidation by TiO2 [26,27]. By 

incorporating silver ions and Cu ions into clay minerals/TiO2 mixtures with different ratio, it obtained 

composites capable of degrading ethanol in the visible wavelength range about twice as fast as the 



Catalysts 2013, 3                            

 

 

627 

reference photocatalyst type P25 [28,29]. Using molecular precursor method (MPM), a coating 

precursor solution can be prepared by a reaction of Ti(O
i
Pr)4 with ethylenediamine-N,N,Nǋ,N'-

tetraacetic acid (EDTA) under the presence of dibutylamine and hydrogen peroxide [30ï32]. 

Consecutively, the Ag acetate ethanol solution can be easily prepared, simply by dissolving the silver 

salt in ethanol [32,33]. The two precursor solutions can be then mixed at different molar concentration 

to form a composite solution [32,33]. By spin coating the composite precursor solution on quartz glass 

substrates, the potential of producing metallic Ag-nanoparticles/titania (Ag NP/TiO2) composite thin 

films with various and unprecedentedly high Ag particles, up to 80 mol% of Ag homogeneously 

distributed in a titania matrix can be fabricated by heat treated at 600 °C [32,33]. It was concluded that 

the MPM offers excellent miscibility of the silver and titania precursor solutions, and is effective for 

overcoming the limitations in miscibility of the conventional sol-gel method and is necessary for 

fabricating Ag/TiO2 composite thin films with amounts of Ag Ò 80 mol% [32].  

In this study, we report the photocatalytic activity of Ag-NP/TiO2 composite thin films with various 

amounts of Ag (10Ò Ag mol% Ò 80) in titania and compare them with pure TiO2 thin film, both 

fabricated by the MPM. The relationship between the unprecedentedly high amounts of metallic silver 

in TiO2 and photocatalytic decoloration rate of methylene blue was examined. Homogeneous 

distribution and growth of Ag-NP in the composite thin films were clarified by the FE-SEM and TEM 

observations. The absorption spectra of Ag-NP/TiO2 composite thin films were analyzed by using 

Kubelk-Munk equation for diffuse reflectance spectra (DRS), in order to study the plasmonic effect of 

Ag-nanoparticles (Ag NP) in dielectric TiO2 matrix. The findings demonstrated that a positive 

relationship exists between Ag NP surface plasmon absorption and the rate enhancements of 

decoloration and prove the hypothesis that the metallic plasmonic enhances rates of photocatalytic 

reactions [24]. 

2. Results 

The TiO2 thin film and eight Ag-NP/TiO2 composite thin films (COMP-Agn; n = 10, 20, 30, 40, 50, 

60, 70, and 80) were fabricated. The XRD and electrical conductivity results of these Ag-NP/TiO2 

composite thin films are presented in our recent paper [32,33].  

2.1. Chemical Characterization of Thin Films by XPS  

Figure 1 shows the XPS high resolution wide scans for COMP-Ag70. The major XPS peaks include 

Ag 3d, Ti 2p, and O 1s. The XPS peak for C1s (284.8 eV) is due to the adventitious hydrocarbon from 

the XPS instrument itself. The depth profile for COMP-Ag40, 50 and 70 were scanned as shown in 

Figure 2; including the spectra obtained after performing Gaussian curve-fitting. The Ag 3d peaks (Figure 2a) 

for all thin films are located at 368.0 eV (3d5/2) and 374.0 eV (3d3/2), with a spin-orbit splitting of 6.0 eV. 

This is attributed to metallic Ag [34], consistent with the XRD result reported previously [30]. By 

increasing the amount of Ag in the composite thin films, the Ag 3d peak shifts slightly to a lower 

binding energy position by only 0.1 eV (within experimental uncertainty).  
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Figure 1. Representative wide-scan XPS survey spectrum taken from the surface of 

COMP-Ag50 composite thin films. 
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The Ti 2p3/2 and 2p1/2 peaks (Figure 2b) are found at 458.1 and 463.5 eV, respectively, attributed to 

Ti
4+

 for pure crystalline TiO2 [34,35]. The peak position shows no critical change compared to that of 

pure TiO2. This indicates that there is no significant interfacial interaction between Ag and TiO2. The 

O 1s peaks (Figure 2c) found at 531.0 eV is due to O
2ī

 of TiO2 [34,36]. The Ti 2p and O 1s peaks are 

reduced in intensity. The O:Ti ratio obtained from XPS for TiO2, COMP-Agn (n =40, 50 and 70) are 

2.003, 1.997, 2.007 and 2.130, respectively. Further, any peak around 457.4 eV attributable to the Ti
3+

 

ion could not be observed [36]. 

2.2. The Distribution of Ag NP in the Ag-NP/TiO2 Composite Thin Films 

The TEM images of all the composite thin films and Ag NP film are shown in Figure 3. As 

presented in Figure 3a, the presence and distribution of the Ag NP can be observed clearly as dark 

spots. Hence, the dark spots within the composite films micrographs (Figure 3bïj) represent the Ag 

NP. The high-resolution TEM image (Figure 3b) confirmed that the composite samples was comprised 

of crystalline titania and silver nanoparticles with the lattice spacing of a-axis agreeing well with the 

anatase phase (0.352 nm) and metallic silver (0.240 nm), respectively. 

All the TEM micrographs (Figure 3aïj) exhibited small Ag-nanoparticles: 5 ± 2 nm. Three other 

populations of Ag NP are obtained; small spherical nanoparticles: 11 ± 7 nm, larger spherical: 29 ± 8 nm, 

and rod-like: 45 ± 25 nm, or agglomerated ones depending on the amount of silver in a given thin film. 

Therefore, COMP-Agn can be categorized into three types, as categorized by their UV/vis absorption 

spectra we indicated in recent work; low-Ag-level (10 Ò n Ò 40), middle-Ag-level (40 < n < 70), and 

high-Ag-level (70 Ò n) composite thin films. The low-Ag-level thin films show spherical Ag NP 

homogeneously distributed in the titania with diameter 11 ± 7 nm. Most of Ag NP by the high-Ag-level 

thin films are more agglomerated, which is in contrast to the behaviors of the low- and middle-Ag-level 

thin films.  
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Figure 2. High resolution regional (a) Ag3d; (b) Ti 2p and (c) O 1s XPS spectra. The thin 

solid lines indicate the original data of XPS. The dashed curves show theoretically fitted 

curves by assuming Gaussian distribution. 
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Figure 3. (a) TEM image of Ag NP; (b) HRTEM image of COMP-Ag10, and (c)ï(j ) TEM 

images of Ag-NP/TiO2 composite thin films at various amounts of Ag molar 

concentrations: (c) 10; (d) 20; (e) 30; (f) 40; (g) 50; (h) 60; (i) 70 and (j ) 80, respectively. 
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2.3. Particle Morphology and the Dispersion of Silver Nanoparticles 

The surface morphology observed by FE-SEM of Ag-NP/TiO2 composite thin films is illustrated in 

Figure 4. The amounts of Ag grains (white dots) on the surface of low-Ag-level thin films (Figure 4aïd) 

were fewer and scattered compared to middle- and high-Ag-level thin films (Figure 4eïh), 

respectively. Figure 4eïf images for middle-Ag-level composite thin films illustrated that the surface 

morphology of three composite thin films, COMP-Ag50 and 60 respectively, are quite identical and 

Ag particles are homogeneously distributed with some spherical/rod-like and partially agglomerated 

Ag NP on the surface of the composite thin films. Figure 4gïh image shows high-Ag-level thin film, 

COMP-Ag 70 and 80, having a rough surface structure, with some spherical, rod-like and highly 

agglomerated Ag particles on the surface.  
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Figure 4. SEM images a-h, of the Ag-NP/TiO2 composite thin films at various amounts of Ag 

molar concentrations: (a) 10; (b) 20; (c) 30; (b) 40; (e) 50; (f) 60, (g) 70 and (h) 80, respectively. 

(a) COMP-Ag10 (b) COMP-Ag 20 (c) COMP-Ag 30 (d) COMP-Ag 40

(e) COMP-Ag 50 (f) COMP-Ag 60 (g) COMP-Ag 70 (h) COMP-Ag 80

 

2.4. Optical Properties of TiO2 Thin Film, Ag-NPs and Ag-NP/TiO2 Composite Thin Films 

Figure 5 represents the UV-vis absorption spectra for TiO2 and Ag NP. The TiO2 thin film showed 

a low-intensity absorption band in the vis-region; however, its absorption intensity increased steeply at 

shorter wavelengths with the band edge at around 355. In contrast, the Ag NP film showed a weak and 

broad absorption band at around 410 nm. The absorption band in this region corresponds to the 

characteristic SPR of Ag NPs [33]. This absorption band was also observed for the COMP-Agn thin 

films, though the peak position in this region gradually increased in intensity upon increasing the Ag 

content [33].  

Figure 5. UV-vis absorption spectra for TiO2 thin film and Ag NP fabricated on quartz glass. 
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The DRS of the composite thin films are presented in Figure 5(aīg). The DRS measured in the 

range of 200ï800 nm were converted to the absorbance spectra using Kubelka-Munk equation 

(Equations 1 and 2) [37,38]. 

 
(1)  

 
(2)  

Where R is the reflectance recorded and RTiO2 is the reference recorded for a reference (titania in 

this case). The Origin9 software (OriginLaB Co., Northampton, MA, USA) was used to obtained 

individual Gaussian peaks, which are theoretically fitted peaks by assuming Gaussian distribution. 

The peak positions and peak areas obtained by analysis with curve-fitting procedure are listed in 

Table 1. All the composites show two main peaks, labeled peak 2 and 3. Peak 2, which is at 365 nm on 

average, may represent a typical semiconductor optical absorption since the lambda maximum of pure 

TiO2 is at around 365 nm, corresponding to a band gap of around 3.4 eV. As shown in Figure 5, the 

band edge of TiO2 is around 365 nm and according to our recent paper [33], there was no band gap 

shift observed for TiO2 in all the composite thin films; therefore, we assign peak 2 in all the 

composites to be related to the TiO2 absorption spectrum. Peak 3, which is located at around 390 nm, 

can be regarded as the main Gaussian peak since it has the largest peak area ratio per volume 

compared to the other peaks. 

Figure 6. UVïVis diffuse reflectance spectra (DRS) of Ag-NP/TiO2 composite thin films 

at various amounts of Ag molar concentrations: (a) 10; (b) 20; (c) 30; (d) 40; (e) 50; (f) 60; 

(g) 70 and (h) 80, respectively. 
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Figure 6. Cont. 
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Table 1. The DRS peak positions and peak area ratios of Ag-NP/TiO2 composite thin 

films. These data were obtained by Gaussian curve-fitting using ORIGIN9 software 

(OriginLaB Co., Northampton, USA). 

Notation Peak position (ɚ nm) Peak area ratio (%) 

1 2 3 4 5 6 1 2 3 4 5 6 

COMP-Ag10 340 386 400 492 520 - 1 49 46 2 2 - 

COMP-Ag20 - 365 390 ī 584 640 - 44 31 - 10 15 

COMP-Ag30 - 351 385 559 598 655 - 35 35 5 13 12 

COMP-Ag40 - 359 390 560 600 - - 15 30 9 46 - 

COMP-Ag50 310 354 379 603 649 710 2 29 46 4 9 10 

COMP-Ag60 336 361 383 - - - 44 15 41 - - - 

COMP-Ag70 329 360 386 510 - - 41 5 43 11 - ī 

COMP-Ag80 312 364 417 - - - 53 39 8 - - ī 

Although the average lambda maximum peak position for peak 3 is at 390 nm, as shown in  

Figure 6aïh, more than one-third of its area cover, the visible region Ó400 nm. In addition, peak 1 is 

also exhibited in COMP-Ag10 as well as in the middle- and high-Ag-level composite thin films. 

Moreover, with exception to COMPAg60, overlapped Gaussians peaks with smaller peak areas than 

those of peak 2 and 3 are appearing in the visible light regions. These peaks 4, 5 and 6 have lambda 

maximum at around 500 nm, 600 nm and 550 nm, respectively. 

2.5. Photo-Responsive Activity of Ag-NP/TiO2 Composite Thin Films  

The photocatalytic activity of MB decoloration was investigated quantitatively by monitoring the 

changes between the initial MB absorption spectra and the final MB absorption spectra intensity 

positions, as well as qualitatively by determining the decoloration rate of MB (nM min
ī1

). The 

absorption spectra of decoloration of 1 × 10
ī2

 mM of MB aqueous solution tested under dark, UV light 

and vis-light irradiation for 18 h are shown in Figure 7aïc, respectively, by employing the pure TiO2 

thin film, pure Ag NP, COMP-Agn thin films, where 10 Ò n Ò 80 and the blank.  

Under dark (Figure 7a), the MB absorption spectra change for pure TiO2, pure Ag (Ag100) and 

COMP-Ag10 are at the identical intensity position to that of the blank. This illustrated that there was 

no catalytic activity taking place in these two samples under dark condition. The absorption spectra for 
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COMP-Ag20, 30 and 40 show small changes compared to those of COMP-Ag50, 60 and 70.  

COMP-Ag80ôs absorption spectral change is smaller than those of COMP-Ag 50, 60 and 70 composite 

thin films but larger than for low-Ag-level composite thin films. The influence of the amount of the Ag 

in titatia on self-decoloration of MB could be thus evaluated.  

Figure 7. Absorption spectra of decomposition of 0.001 mmol of MB aqueous solution in 

the presence of different Ag-NP/TiO2 thin films after kept under (a) dark; (b) UV and  

(c) vis-light irradiation for 18 h. 

 

In Figure 7b, the absorption spectral changes is getting smaller with the increase in the Ag amount 

in COMP-Agn; whereby COMP-Ag80 and pure Ag NP (high-Ag-level) show the smallest changes and 

TiO2 shows the biggest change under UV-light irradiation. The pure Ag NP exhibited a very poor 

photocatalytic activity under UV and dark almost equal to that of the blank, which reflected that Ag 

did not act as catalytic on itself. Almost 100% decoloration of MB solution has been attained when 

UV-light was irradiated for 18 hours on pure TiO2 and on low-Ag-level composite thin films.  

Middle-Ag-level shows the moderated change between the initial MB absorption spectra and the final 

MB absorption spectra intensity positions. In Figure 7c, the absorption spectral change was larger with 

an increase in the amount of Ag in COMP-Agn thin film under visible-light irradiation. Pure TiO2 

shows the smallest change, while COMP-Ag70 shows the largest change. KŖrºsi et al. showed that the 

rate of photooxidation of organic compounds was significantly enhanced by silver-modification of 

titania [39]. 

In order to obtain qualitative data, an index of photocatalytic activity (IPCA, nM min
ī1

) of 

decoloration rate of 1 × 10
ī2

 mM MB solution permitted us to directly compare the performance of 

pure TiO2 and composite thin films under light irradiation to the dark condition. Each experimental set 

was repeated three times. The results were reproduced within narrow limits and the mean value was 

selected. The IPCA values extracted from a decoloration rate of 1 × 10
ī2

 mM MB solution by 

photoreaction with each thin film and a blank are shown in Table 2. 
 

Under UV-light irradiation, none of the composite samples exhibit more photoactivity than pure 

TiO2, while all of the composite samples are more photoactive than pure TiO2 under both dark and 

visible-light irradiation. The different results reveal that the photoactive enhancement mechanisms 

under UV and visible-light irradiation are different. 


