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Abstract 

Titanium dioxide (TiO2) incorporated with silver nanoparticles (AgNPs) was synthesized 

and investigated. The incorporation of silver nanoparticles caused the absorption edge of 

TiO2 to be shifted into the lower-energy region. A decrease in band gap energy from 3.23 

eV to 2.19 eV was observed when TiO2 was modified with Ag@P4VP NPs. Also, at the 

point when the AgNPs was modified with P4VP, the band gap energy diminished from 

2.03 eV to 1.96 eV. We also observed an increase in urbarch energy from 515 to 546 meV 

when silver nanoparticles was introduced, which indicates a considerable introduction of 

tail states at the band edge thus influencing the electron transport in the film. This 

increase could be attributed to the increase in the defect density due to the incorporation 

of AgNPs@P4VP and increase of oxygen vacancy atoms within the TiO2 film. 
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1. Introduction 

The large energy band gap of TiO2inhibits it from being active under UV light [1-3]. The solar spectrum is made up of only 3–5% UV light and around 

40% visible light [3]. Therefore, the efficiency of TiO2 as a photocatalyst under sunlight irradiation is limited. Modification of TiO2 to improve the 

photocatalytic efficiency of TiO2 under sunlight visible irradiation is necessary. 

In previous studies, in order to improve the photoreactivity of TiO2 and to extend its absorption edge into the visible-light region, doping of various 

transition metal cations has been investigated extensively [4-7]. Except for a few cases [6,7], however, the photoactivity of the cation-doped TiO2 
decreased even in the UV region. This is because the doped materials suffer from a thermal instability or an increase in the carrier-recombination centers 

[4]. 

Umebayashi et al. [8] demonstrated the doping of TiO2 with S atoms. From the result they obtained, S atoms occupied O-atom sites in TiO2 to form Ti-S 
bonds. The S doping caused the absorption edge of TiO2 to be shifted into the lower-energy region. 

Some groups have demonstrated the substitution of a nonmetal atom such as nitrogen (N) [9–12] and fluorine (F)[13-15] for oxygen (O). Lee et al. [8] 

fabricated the N-doped TiO2 films on a silicon substrate by metalorganic chemical vapor deposition using titanium tetra-isopropoxide and nitrous oxide. It 
was shown by Asahi et al. [11,12] that N doping shifted the absorption edge to a lower energy, thereby increasing the photoreactivity in the visible-light 

region. On the other hand, F doping in TiO2 was carried out by gas-phase HF treatment at high temperatures [13], a sol–gel technique [14] and ion 

implantation [15]. The photocatalytic performance of the F-doped TiO2 was enhanced due to reduction of the recombination rate of the photo generated 
charge carriers [14]. 
In contrast, we expected that the introduction of silver nanoparticles could significantly modify the electronic structures of TiO2 because AgNPs has a larger ionic 

radius compared to previously used materials. However, there have been reports regarding AgNPs incorporation into TiO2 by Serry et al. [3] which shows an 

effective photocatalytic material (6–50% improvement in catalytic efficiency), which is attributed to the fact that the silver is homogeneously dispersed throughout 

the material. Also the effect of Ag doping on titania and its photocatalytic activity by UV irradiation was studied by Chao et al. [15] (by the sol–gel method) and they 
found that Ag doping promotes the anatase to rutile transformation, which is attributed to the increase in specific surface area which causes the improvement in 

photocatalytic activity, and enhances the electron–hole pair separation. 

There are some contradictory results also reported showing the decreased activity of silver modified titania[16,17].This may be due to their preparation method, 

nature of organic molecules, photoreaction medium, or the metal content and its dispersion. Even though there are many studies showing the photocatalytic activity 

of silver doped titania[16, 18-20], the exact mechanism and the role of silver is under debate. In this paper we report a systematic study of solar initiated 

photocatalytic activity of spin coated titania with silver nanoparticles. We discussed the effect on the optical-response properties and the result shows that the 

introduction of silver nanoparticle into the TiO2enhances the optical-response and contributes to the band gap narrowing and increased urbarch tailing. 
 

2.Experimental section 

2.1 Preparation of TiO2 Paste  

The TiO2 films was prepared using a modified sol–gel technique, in which 3 g of P25 (Dagusta) TiO2 powder was dissolved in 15 ml of deionized water 

blended with 0.3 mol of Triton-X 100 and 0.5 g of acetaldehyde, and then vibrated ultrasonically for 24 hours.  
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2.2 Synthesis of Ag nanoparticles 

To fabricate the silver NPs, a modified two-step reduction synthesis procedure was implemented, which was developed based on the conventional 

reduction method which was described in our previous studies [16]. We first heat the mixture containing sodium borohydride (NaBH4) and tri-sodium 

citrate (TSC) at the ratio of 2:7 (1x10-3 mol dm-3: 3.5x10-3 mol dm-3) to 60 oC at 300 rpm for 30 minutes under vigorous stirring to ensure a formation of 
homogenous solution. 45 minutes later, 4 ml of an aqueous solution of AgNO3 (4x10-3 mol dm-3) was added drop-wise to the mixture, and the temperature 

was further raised to 100 oC to make the solution boil quickly. The reaction was allowed to continue for another 45 minutes. Finally, the solution was 

cooled down to room temperature with stirring, and the NPs were collected by centrifugation at 5000 rpm and redispersed in ethanol via sonication for 15 
minutes. 
 

2.3Preparation of Ag@P4VP 

An aqueous solution of P4VP was introduced to the silver already synthesized in section 2.2, it follows with modification of the surface with acetone. To 
hasten the reaction process, P4VP coating, the solution was stirred for 12hrs at room temperature using a magnetic stirrer. The P4VP coating silver NPs are 

collected by centrifugation and redispersed in deionized water by sonication. 
 

2.4Preparation of TiO2/AgNPs 

The glass slides were cleaned using cotton wool soaked in sodium laury sulfate. It was then sonicated in a sonicator for 1 minute to remove excess 

impurity. It was rinsed with distilled water to evacuate excess fumes. The glass slides were dried after cleaning, with magnetic stirrer plate 78-1 (PEC 

medicals, USA) at 76 oC. The temperature was observed using an infrared thermometer for 5 minutes.  
The TiO2 liquid paste was spin coated on the glass slide substrate at the speed of 3000 rpm for 20 seconds. The deposited TiO2 were dried at 150 °C for 5 

minutes. With this one-advance sintering process, it was sintered at 450 °C for 30 minutes, which was advantageous to the enhancement of the interfacial 

contact. Silver nanoparticles (AgNPs) were deposited through successive ionic layer adsorption and reaction (SILAR) procedure. Numerous strategies, 

both chemical and physical classes, including, wet chemical [21], polyol process [22], seed-mediated growth [23], photochemical [24], sonochemical [25], 

electrochemical [26], bioinspired [27], sputtering [28], and laser ablation [29], which have been, hitherto, reportedly employed to synthesize various 

plasmonic Ag nanostructures, possess one disadvantage or the other, such as toxic reducing agents, impurities, organic solvents, or may require special 
condition like high-temperature or low-pressure environment, and sometimes expensive and time-consuming procedures may be involved [30].  

One of the newest solution methods of deposition techniques for the demonstration of thin film is SILAR method, or, in other words known as modified 

chemical bath deposition (CBD). SILAR method is relatively simple and offers wide range of advantages over other expensive methods of thin film 
deposition. It offers simple, inexpensive, and time-saving procedures, which can be carried out at room temperature with no restrictions onsubstrate 

material, dimensions or its surface profile, and the thickness of the film or nanoparticle can be easily controlled [31-34]. Because of the above advantages, 

the SILAR technique was used for depositing our AgNPs. 
 

2.5Preparation of TiO2/Ag@P4VP NPs 

Considering the melting point of P4VP polymer which is considered to be less than the annealing temperature for TiO2 by a factor ~ 2.65, and with the 

expectation of dispersing the Ag@P4VP NPs into the TiO2 layer homogeneously, direct spin coating is utilized. The Ag@P4VP NPs in ethanol solution 
was onto the TiO2 layer deposited at the condition of 3000 rpm for 20 seconds, followed by natural drying to expel the ethanol. 

 

2.6Characterization and Measurement  

The optical properties and band gap of the functionalized materials were obtained using UV-Visible spectrophotometry (Axiom Medicals UV752 UV-vis-

NIR), to predict the charge exchange possibility between the acceptor and donor. 
 

3.Results and Discussion  

3.1 Evaluation of band gap energy (Eg) of TiO2,AgNPs, AgNPs@P4VP, TiO2/Ag@P4VP 

Energy band gap of prepared samples have been evaluated from absorption spectra. The absorption coefficients as a function of photon energy for direct 

and indirect optical transitions aredemonstrated in the figures below: 

 

 
Figure 1: The plot of (a) (αhν)1/2 vs photon energy for TiO2, (b) (αhν)2 vs photon energy for TiO2, (c) (αhν)2 vs photon energy for AgNPs, (d) (αhν)2 

vs photon energy for AgNPs@P4VP and (e) (αhν)2 vs photon energy for TiO2/AgNPs@P4VP. 

 

The optical band gap Eg was estimated from the following relation, which is known as the Tauc plot [35]: 
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   ngEhvBhv         (7) 

Where, B is a constant, v is the transition frequency and the exponent n describes the nature of band transition. n = 1/2 and 3/2 corresponds to direct 

allowed and direct forbidden transitions and n = 2 and 3 corresponds to indirect allowed and indirect forbidden transitions, respectively. When, in this 

transition, the electron momentum is conserved, the transition is direct, but if the momentum does not conserve this transition it must be attended by a 
photon, this is an indirect transition [36,37]. 

The band gap can be obtained from extrapolation of the straight-line portion of the ( hv)2vshv or ( hv)1/2vshvplot to hv= 0.  

αis the absorption coefficient that can be calculated from absorbance spectra given as: 

d

A303.2
        (8)  

Where d is the thickness and A is the absorbance. 
We utilized ISolution Image Analysis programming to measure the thickness of the film to be 50 nm for TiO2, 70 nm for TiO2/Ag@P4VP and 16 nm for 

AgNPs. 

The relation of the absorption coefficient to the incidental photon energy depends on the type of electronic transition (direct or indirect transition). 

Figures 1(a-e) demonstrates the Tauc plot of (αhv)2against hvand ( hv)1/2 against hv of TiO2, AgNPs, AgNPs@P4VP, and TiO2/AgNPs films. The 

optical direct and indirect energy band gap of the as prepared TiO2 films were evaluated at the intercept of zero y-axis of linear extrapolation of the plot to 

enable us know whether the most ideal transition for the functionalized nanoparticle is direct or indirect. The estimated direct and indirect band gaps are 
observed to be 3.60 eV and 3.23 eV. While the direct band gap for AgNPs is 2.03 eV. At the point when the AgNPs was modified with P4VP, the band gap 

energy reduced to 1.96 eV. A decrease in band gap energy from 3.23 eV to 2.19 eV was observed when TiO2 was modified with Ag@P4VP NPs. This 

decrease in energy band gap may be attributed to an increase in grain size due to increase in film thickness. This has essentially established quantum 

measure impact whereby the smaller the grain sizes the higher the energy band gap [38]. The decrease in the band gap energy, permit AgNPs@P4VP, and 

TiO2/Ag@P4VP NPsphoto catalyst to be active in the visible region. The absorption shift might be as a result of diffusion of the metallic silver into the 

crystal lattices of the TiO2 structure.  
Result obtain from the plot, indicates that the indirect transition of TiO2 is 3.23 ev. This result is contrary to the work of Reddy et al[39].This could be 

infered that the indirect transition is more favourable for TiO2 nanoparticles with anatase phase which is in agreement with past reports for anatase TiO2 

[40,41]. The direct transition demonstrated an unrealizable bandgap estimation of 3.60 eV, since its only amorphous material that the band gap is greater 
than 3.40 eV independent of the transition types.  
 

3.2 Assessment of Urbach Energy   

In optical absorption in a semiconductor, electrons get energized over the energy band gap from the highest point of the valence band (VB) to the base of 

the conduction band (CB). When the encounter disorder during this transition, the electrons experience issue.  As a result of this change, their density of 
states diminish exponentially (tail off) into the energy band far from CB. This tail of density of states reaching out into the energy band gap is termed 

urbach tail and the energy related with it is the urbach energy. Swanepoel [42], and caglar [43], reported that absorption coefficient ( ) near the band 

edge assume an exponential dependence on photon energy estimated by following equation:  

)/exp(0 UEhv         (9) 

The values of urbach energy were calculated from the plot of ln( ) versus photon energy (hv) for TiO2 and TiO2/AgNPs@P4VP films. The plot is 

governed by equation (10) 

    Euhv /lnln 0          (10) 

    
Figure 2: Plot of (a) ln( ) versus photon energy (hv) for TiO2 (b) ln( ) versus photon energy (hv) for TiO2/AgNPs@P4VP film. 
 

The reciprocal gradient of the linear portion of the curve was used to calculate the urbach energy and a value of 515 meV was obtained for TiO2 and 546 

meV for TiO2/AgNPS@P4VP as shown in figure 2. The values of eV can be used to measure structural disorder in the prepared samples. The urbach 
energy of 515 and 546 meV indicated that there was considerable introduction of tail states at the band edges thus influencing the electron transport in the 

films. 

The presence of urbach tail is because of the structure, caused by the deformities and doping in the thin films [44]. The increase in EU suggests that the 
atomic structural disorder of studied films increase. The introduction of Ag@P4VP NPs remarkably increases the urbach energy value, in agreement with 

others using different materials for doping [45,46]. Such increment could be identified with the increase in the imperfection in surface density because of 

the incorporation of Ag@P4VP NPs and increment of oxygen vacancy within the TiO2 molecules inside the TiO2 film [47,48], which suggests the 
likelihood of long range order, locally emerging from the formation of a bond between the TiO2 and the Ag@P4VP NPs. In TiO2 nanoparticles, Ti4+ is 

surrounded by six oxygen ions forming basic TiO62- octahedra. Loss of oxygen in the lattice discharges free electrons. These free electrons are either 

captured by Ti4+ to form Ti3+ on the lattice site, to maintain charge neutrality, or got captured in the oxygen vacancy. The electrons captured by the Ti4+, on 
either side of oxygen vacancy (V0), forms Ti3+-V0-Ti3+ defect complex, and the electrons captured by the oxygen vacancies form color centers (F, F+ or 

F++) [49,50]. Subsequently, basic deformities, from sample, such as Ti3+ and oxygen vacancies are the reason behind the broadening of the light absorption 

of TiO2/Ag@P4VP NPs upto visible region. Absence of visible absorption peaks in pure TiO2 does not indicate that this sample is devoid of oxygen 
vacancies. Oxygen vacancies are present in the sample. But the concentration of these defects may be too low to be detected. The lowering of band gap in 

TiO2/AgNPs@P4VP indicates presence of defect bands in the band gap of TiO2. These defect states produce an absorption tail extending deep into the 

forbidden gap. This tail is referred as Urbach tail and the associated energy as Urbach energy [51,52].  
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Addition of AgNPs@P4VP enhanced the shuffling motion of atoms in composite films. Such unlimited motion could have expanded the urbach tailing 

thus increasing the eV due to increased number of vibrational energy levels for a given electronic state. The obtained value of EU was within the range (46 

to 660 meV) for semiconductors reported by Staet al. [53]. The urbach energy value of 515 meV obtained in this investigation was noteworthy in showing 
the introduction of tail states at band edges that impact electron transport. 

 

4. Conclusion 

The TiO2-based nanoparticles incorporated with AgNPs@P4VP nanoparticles were synthesized using spin coating procedure. The addition of 

AgNPs@P4VP nanoparticles was found to cause a significant shift in the absorption edge to lower energy. From the analysis of urbach energy, 

incorporating AgNPs@P4VP nanoparticles results to imperfection in surface density and increment of oxygen vacancy within the TiO2 molecules inside 
the TiO2 film, which suggests the likelihood of long range order, locally emerging from the formation of a bond between the TiO2 and the Ag@P4VP NPs. 
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