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Abstract 
ZnO photocatalyst was prepared by sol-gel method. Silver metallization on the surface of ZnO was carried out by photoreduction 
method by varying the silver content from 0.1 to 1.0 wt %. PXRD pattern shows typical hexagonal wurtzite structure for ZnO and Ag-
ZnO samples. At higher concentrations of silver, peaks pertaining to metallic silver and silver oxide were observed in the PXRD pattern. 
UV-vis absorbance spectra shows higher absorbance for silver metallised samples with extended absorption in the visible region due 
to the surface plasmon resonance (SPR) effect due to the oscillation of CB electrons. The band gap values of various catalysts were 
found to be 3.19, 3.14, 3.13, and 3.17 eV for SG-ZnO, Ag-ZnO (0.1 wt %), Ag-ZnO (0.5 wt %) and Ag-ZnO (1.0 wt %) respectively.  The 
decreasing order of reactivity of the catalysts is as follows: Ag-ZnO (0.5 wt %) > Ag-ZnO (1.0 wt %) > SG-ZnO > Ag-ZnO (0.1 wt %).  

 

1. Introduction 

Among the numerous semiconductor materials, ZnO is one of the excellent photocatalyst that has been extensively studied 

owing to its unique physical and chemical properties, such as variable morphologies, low cost, high reaction activity and 

nontoxicity. Many research studies have highlighted the better performance of ZnO particles to remove some of the organic 

contaminants in the ground water. ZnO is a wide band gap material and its band edge positions can be compared to the TiO2 

which is popularly used in the field of photocatalysis. But ZnO like TiO2 absorbs only in the UV region and the 

photogenerated charge carrier recombination is the major limitation (1). To overcome these limitations metal nanoparticles 

are often deposited on the surface of ZnO nanoparticles. The metal nano deposits acts as trapping sites by accepting the 

photogenerated electrons from the conduction band of ZnO (2-5). Deposition of noble metals like Au, Ag and Pt nanoparticles 

effectively reduces the charge carrier recombination. The Fermi level of the semiconductor and the electron accepting states 

of surface deposited noble metal should match with one another (6-8). Recently, Xie et al. showed that depositing Ag on ZnO 

nanostructures improved photocatalytic activity due to stable separation of photogenerated electrons and holes (9). They 

demonstrated that only 80 min were taken to fully degrade methylene blue (MB) under UV light, using Ag/ZnO 

nanostructures. Liu et al. studied the effect of Ag-deposited ZnO nanostructures for degrading Rhodamine-B (RhB) and 

confirmed an enhancement in photocatalytic efficiency (10). Deng et al. decorated ZnO microrods with photoreduced Ag 

nanoparticles and the combined structures were found to increase the rate of degradation of MB under both UV and solar 

light compared to pure ZnO microrods (11). Although all of the aforementioned results have shown the enhanced 

photocatalytic activity, none of the research articles deal with the prevention of corrosion of ZnO nanoparticles especially in 

alkaline conditions and lacks the discussion pertaining to the exact mechanism of charge transfer process (12, 13). In this 

regard, Ag has been chosen to be deposited on ZnO, since it is less expensive compared to Au and Pt and has energy level 

below the conduction band (CB) of ZnO. Ag occupies exceptionally special position among the metals from the point of 

view of electronic properties. The work function of Ag (Φ ~ 4.7 eV) is much lower than the work function of the other noble 

metals especially Au and Pt. Other exceptional properties of Ag are that it is resistant to dissolution, it can resist the attack 

of oxidizing agent and enhance the activity of ZnO.  

2. Experimental 

2.1 Materials 

Zinc nitrate hexahydrate (Zn(NO3)2•6H2O) 99% purity, sodium hydroxide (NaOH) and sulphuric acid (H2SO4) were obtained 

from Merck Chemicals Limited. Silver nitrate was obtained from Sisco-Chemical Industries. Ammonia was obtained from 

SD Fine Chemicals and Rhodamine B (RhB) (dimethyl amino-azobenzene sodium sulphonate) was obtained from Aldrich 

Chemicals. All the reagents used were of analytical grade and the solutions were prepared using double distilled water. 

2.2 Catalyst preparation 

2.2.1 Preparation of ZnO photocatalyst 

ZnO was prepared by sol–gel method as previously reported (2, 14). Zn(NO3)2•6H2O was dissolved in distilled water to form 

an aqueous solution, 0.2 M ammonia (28 wt %) was then added drop wise to the aqueous solution with continuous stirring 

for 1 h. The white precipitate was filtered and the product was repeatedly washed with water to remove all nitrate ions and 
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further it was washed with ethanol and then dried in oven at 90 °C for 1 h and finally calcined at 450 °C for 5 h in a muffle 

furnace. 

2.2.2 Process of surface Ag deposition on ZnO photocatalyst 

Silver deposition on the surface of the photocatalyst was carried out by photoreduction of AgNO3 in the presence of oxalic 

acid in an aqueous suspension as prepared by Szabo-Bardos et al. [3, 15, 16]. Silver concentration was varied from 0.1 to 1.0 

wt % on the surface of the ZnO photocatalyst by varying the concentration of silver nitrate. An aqueous solution of AgNO3 

(1.24 × 10−4 M) and oxalic acid (5 × 10−3 M) along with ZnO (1 g) was suspended in 1 L of distilled water and was stirred 

vigorously under UV irradiation for 40–50 min to get 0.1 wt % of silver deposit. Silver deposited samples were designated 

as Ag-ZnO(X), where X is the Ag weight percentage and is equal to 0.1, 0.5 and 1.0 wt %. The pH of the suspension was 

adjusted to 6.8–7.0 by the addition of 0.1 N NaOH solution. After the irradiation, the solution containing Ag-ZnO(X) was 

allowed to stand for 6 h. Depending on the percentage of deposited silver the color of the photocatalyst changed from white 

to dark grey indicating the reduction of Ag+ to Ag0 and confirming the deposition of Ag0 on the surface of ZnO. The solid 

was filtered, washed, dried and then heated at 120 ˚C for 2 h. The absence of silver in the aliquot sample of reaction mixture 

confirms the complete deposition of Ag metal on the semiconductor particle surface. 

2.3 Characterization of the catalysts 

The PXRD patterns of the catalysts were recorded using Panalytical X’Pert Pro MPD: PW3204 diffractometer at room 

temperature using Cu Kα radiation as source with Ni filter under the scan rate of 2° per min in the 2θ range of 20–80°. The 

absorption spectra were recorded by using a Shimadzu- UV 3101 PC UV-VIS-NIR UV–vis spectrophotometer in the range 

of 200–800 nm. The baseline correction was done using a calibrated sample of BaSO4. FTIR spectra were obtained using 

Agilent Technologies Cary 630 FTIR spectrometer over the range of frequencies from 4,000–400 cm-1 using KBr as the 

reference sample. The morphology of the photocatalysts was observed using scanning electron microscope (SEM, JEOL 

JSM-6490LV). EDX technique was employed to obtain the information of the percentage of elements present in the samples. 

2.4 Photochemical reactor and photocatalytic experiments 

The photocatalytic activity of all the prepared samples were evaluated in the degradation of RhB under UV/solar light and 

the reaction conditions were optimized to achieve maximum efficiency within the desired interval time. Experiments were 

carried out at room temperature using a circular glass reactor whose surface area was 176.6 cm2. Before the start of the 

reaction, the catalysts were finely dispersed in 250 ml of the dye solution and stirred in dark for 30 min to ensure adsorption 

equilibrium of the dye on the catalyst surface under the specific pH conditions. 125 W medium pressure mercury vapour 

lamp was used as the UV light source. Photon flux was found to be 7.8 m W/cm2 by ferrioxalate actinometry whose 

wavelength peaks around 350-380 nm is used. The irradiation was carried out by direct focusing the light into the reaction 

mixture in open air condition at a distance of 29 cm. The reaction mixture was continuously stirred. Solar light experiments 

were performed under sunlight directly between 11 am to 2 pm when the solar intensity fluctuations were minimal. The 

intensity of sunlight was found to be around 1200 W/m 2. A convex lens was used for focusing and concentrating the solar 

light intensity and the reaction mixture was exposed to this concentrated sunlight. The average solar intensity was found to 

be 0.776 kW m-2 by solar radiometer. The intensity of the solar light was concentrated by using a convex lens and the reaction 

mixture was exposed to this concentrated sunlight. The solar radiation as a function of wavelength was measured by 

photometer, which shows the maximum around 450–500 nm. To avoid the error arising due to the fluctuations in solar 

intensity, all the experiments were conducted simultaneously. 

A typical experiment contains 100 mg of catalyst finely dispersed in 250 ml of 10 ppm RhB dye solution under the specified 

conditions that was stirred vigorously using magnetic stirrer. The test samples were taken out at different time intervals and 

the solution was centrifuged at 1500 rpm for 2 minutes and then filtered to remove the catalyst particles completely. The RhB 

dye concentration in the aqueous phase was estimated using an UV–vis spectrophotometer. A blank experiment containing 

only the substrate RhB in the absence of photocatalyst with illumination was performed in order to determine the contribution 

of the direct photolysis. 

3. Results and Discussion 

3.1 PXRD studies 

The PXRD patterns of SG-ZnO and Ag-ZnO(X) photocatalysts are displayed in Fig. 1. The diffraction peaks at 31.8⁰, 34.4⁰, 
36.2⁰, 47.5⁰, 56.6⁰, 62.8⁰, 66.4⁰, 67.9⁰ and 69.1⁰ were ascribed to (100), (002), (101), (102), (110), (103), (200), (112) and 

(201) planes of ZnO (JCPDS No.36-1451) confirming typical hexagonal wurtzite ZnO. The minor diffraction peaks at 38.18⁰, 
44⁰ and 64⁰ are ascribed to (111), (200) and (311) indicating the presence of metallic silver (JCPDS No. 04-0783) which is 

more prominently present in the 1.0 wt % Ag-ZnO sample. 

The average crystallite size was estimated based on the broadening of (101) peak at 2θ = 36.2⁰ using the Scherrer’s equation 

cos

k
d



 
 , where λ is the wavelength of the Cu Kα source used, β is the full width at half maximum (FWHM) of the 

(101) diffraction angle, k is a shape factor (0.94) and θ is the angle of diffraction. There is no change in the diffraction peaks 

of Ag deposited ZnO. With an increase of Ag content, the diffraction peak of Ag (111) becomes much stronger and sharper 

which indicates the increase in the mean size of metal Ag particles. 
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Fig 1. PXRD pattern of the Sg-ZnO, Ag-ZnO (0.1 wt %), Ag-ZnO (0.5 wt %) and Ag-ZnO (1.0 wt %) samples 

 

Photocatalysts Crystallite size D (nm) Lattice parameters (Å) Unit cell volume  (Å)3 λmax (nm) Eg  (eV) 

SG-ZnO 34.9016 a=b=2.8163; c=5.412 42.925 389.176 3.2 

Ag-ZnO (0.1 wt %) 29.3272 a=b=2.8225; c=5.219 41.577 390.399 3.16 

Ag-ZnO (0.5 wt %) 40.0654 a=b=2.8168; c=5.212 41.353 396.792 3.13 

Ag-ZnO (1.0 wt %) 44.3746 a=b=2.8167; c=5.211 41.350 395.194 3.18 

 

Table 1. Summary of data obtained by X-ray diffraction and UV–vis absorption techniques. D: crystallite size in nm, Å: 

lattice parameters, (Å)3: unit cell volume, λmax: absorption maxima in nm, and Eg: band gap energies in eV. 

3.2 UV-visible absorbance spectral studies 

 

Fig. 2. UV-vis absorption spectra of SG-ZnO and Ag-ZnO(X) samples 

The optical absorption properties of catalysts were investigated using UV-visible absorption spectral technique. Fig. 2 shows 

the UV–vis absorbance spectra of SG-ZnO and Ag-ZnO(X) photocatalysts. Modification of ZnO with Ag remarkably 

influenced the optical properties of the photocatalysts. It was observed that the Ag-ZnO samples exhibited improved optical 

response in the visible region after the surface deposition of metallic Ag0. The intensity of the reflected radiation provides 

information about the wavelength at which the semiconductor absorbs the light. The absorption spectra of the deposited 
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samples shows extended absorption in the higher wavelength region. The extent of absorption of Ag-ZnO (0.5 wt %) was 

found to be maximum under UV region and an extended absorption is also maximum in the visible region. Further, increase 

in the Ag concentration the extent of absorption decreases for Ag-ZnO (1.0 wt %) sample implying the optimum 

concentration to be 0.5 wt % of Ag on ZnO surface. The band gap energy values of the samples can be calculated using the 

equation: 
1240

gE


 ; where, Eg is the band gap energy (eV) and the value of λ (nm) is obtained from the intersection point 

of tangents drawn to the absorption curves on the wavelength axis. 

 

3.3 SEM and EDX 

In order to investigate the morphology of the synthesized photocatalyst particles, SEM and EDX analysis were carried out. 

Fig. S1 shows SEM images of SG-ZnO (Fig. S1A), Ag-ZnO (0.1 wt %) (Fig. S1B), Ag-ZnO (0.5 wt %) (Fig. S1C) and Ag-

ZnO (1.0 wt %) ( Fig. S1D) photocatalysts. The SEM images show that the silver particles are homogeneously distributed 

on the surface of ZnO photocatalyst. The Fig. S1B shows the hexagonal morphology of ZnO, but as the concentration of 

silver content increases, it covers up the hexagonal morphology of ZnO photocatalyst. EDX spectra of Ag-ZnO (1.0 wt %) 

is shown in Fig. S1E. The presence of Ag, Zn and O were confirmed in the Ag-ZnO (0.5 wt %) and Ag-ZnO (1.0 wt %) 

samples. Qualitative and quantitative determination of elements present in the sample was done by using grid supported 

carbon film of 15–25 nm thickness which gives exceptionally low background. The atomic % and weight % values of 

elements in various samples are given in Table S2. The fractional percentage of carbon detected was neglected in this study 

since the grid supported carbon film was used. 

 

3.4 FTIR analysis 

FTIR spectrum for ZnO shows two bands around 350–600 cm−1, which are generally assigned to the stretching vibration of 

Zn–O bond (Fig. 3). The bands at 3372 cm−1 and 1597 cm-1 corresponds to the O-H stretching and O-H bending vibrations 

of the surface adsorbed water molecule. The spectra of the Ag-ZnO(X) samples display well-defined characteristic bonds 

which are not seen for the SG-ZnO sample. The band at 3393 cm-1 corresponds to the stretching vibrations of –OH groups of 

ZnO is narrowed and shifted to a lower frequency of 3360 cm-1 for Ag-ZnO(X) samples. Such characteristic shifts can be 

attributed to the hydrogen bonding. The appearance of three sharp peaks at 1620 cm-1, 1494 cm-1 and 1345 cm-1 is due to the 

bond formation between silver and oxygen.  

Fig 3. FTIR spectra of SG-ZnO and Ag-ZnO(X) samples 

3.5 Photocatalytic activity 

The photocatalytic activity of the SG-ZnO and Ag-ZnO(X) was studied by taking RhB as a model pollutant under UV and 

visible light irradiation. Fig 4 shows the plots of C/C0 versus time for the degradation of RhB in the presence of different 

catalysts (Ag-ZnO(X) and SG-ZnO) under UV/visible light illumination, where C is the concentration of RhB remaining in 

the solution after irradiation time t and C0 is the initial concentration of the RhB. The blank experiments reveal 40% of 

degradation of RhB which is direct photolysis process. The decreasing order of reactivity of the catalysts under UV and solar 

light irradiation is as follows: Ag-ZnO (0.5 wt %) > Ag-ZnO (1.0 wt %) > SG-ZnO > Ag-ZnO (0.1 wt %). Ag-ZnO (0.5 wt 

%) catalyst shows highest efficiency. Ag-ZnO (0.5 wt %) photocatalyst shows 100% degradation within 30 minutes. The 

surface deposited silver particles at optimum concentration traps the photoinduced electrons and later these electrons are 

detrapped to the adsorbed oxygen molecule to form O2
•− radical. The electron-hole separation is enhanced which contributes 

to enhanced photocatalytic activity during the interfacial charge transfer process at the interface of the Ag and ZnO contact. 
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This creates the Schottky barrier due to the differences in the work function of Ag and ZnO. This barrier mainly traps the 

electrons thereby reducing the rate of recombination of electron-hole pairs.  
- +

CB VB

- -

CB 2 2

ZnO + hυ ZnO(e +h )                                                                                                        (1)

e + O O                                                          





+

VB

                                                                   (2)

h + OH OH                                                                                                                         (3)

OH + RhB degradation product                                                                                            (4) 

 

Under solar light, ZnO showed no visible light absorption. The irradiated visible light is absorbed mainly by RhB and also 

by Ag0 by surface plasmon resonance effect (17). Upon the absorption of light by RhB, an electron is excited to higher energy 

levels and further transferred to the CB of ZnO. This mechanism is called a dye-sensitization (18). The transfer rate is 

determined by the interfacial wave-function of the catalyst and the dye (19-21). The CB electron is then captured by the 

adsorbed oxygen to form an active O2
•− species (19-23). The photogenerated superoxide radicals degrade the RhB. The holes 

(h+
VB) react with OH− or H2O to form active •OH radicals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                   

 

Fig. 4. Plots of C/C0 versus time for degradation of RhB under: (A) UV light irradiation and (B) Solar light irradiation. 

The energy level of the deposited Ag varies with its size and plays a crucial role in interfacial electron transfer process in the 

photocatalysis. The energy level of the single Ag atom is around -1.30 eV and for the bulky Ag deposits it is around -4.6 eV 

versus vacuum energy level. The energy level of the O2/O2
•−

 is found to be around -4.27 eV versus vacuum energy level. As 

the size of the Ag atoms increases its energy levels are lowered and are located below the CB of ZnO. The main criteria for 

the photoinduced interfacial electron transfer depends on the energy level of the CB of ZnO and the deposited silver atoms 

(varies from -4.64 eV to -1.30 eV versus vacuum energy level) and dissolved oxygen molecules (-4.27 eV versus vacuum 

energy level) as shown in the Fig. 5. The energy level of the single Ag atom lies above the CB edge of ZnO and the electrons 

cannot migrate to this Ag atom, since electrons cannot move uphill. Hence the Ag-ZnO (0.1 wt %) sample shows lower 

photocatalytic activity compared to the other samples. The energy level of the bulky silver atoms can be found below the CB 
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of ZnO, but if the energy level of the dissolved oxygen molecule is above, the electrons cannot migrate to the molecular 

oxygen. These mechanisms are depicted elaborately in the Fig. 5. At optimum Ag deposition (0.5 wt %), the Ag energy level 

is below the CB of ZnO and it is above the energy level of dissolved oxygen molecule (-4.27 eV versus vacuum energy level). 

Hence the photoinduced electrons can migrate smoothly from the CB of ZnO to the deposited Ag atoms and in turn can 

migrate to the oxygen molecule, this speed up the interfacial charge transfer process.  

 
Fig. 5. The energy level diagram of ZnO, Ag deposit and dissolved oxygen depicting the overall charge transfer mechanism. 

 

4. Conclusion 

The surface modification of ZnO with metallic silver is one of the methods proposed in the present research to enhance the 

photocatalytic activity by reducing the rate of recombination of photogenerated charge carriers. The enhanced activity of 

silver metallised ZnO under solar light can be attributed to the surface plasmon resonance effect of Ag nanoparticles which 

creates an enhanced local electric field on the surface of ZnO. The plasmon resonance energy depends on size, shape and 

concentration of the metal nano deposits. 
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     Fig. S1(C)                     Fig. S1(D)  

Fig. S1(E) 

Fig.S1. SEM images of (A) SG-ZnO (B) Ag-ZnO (0.1 wt %) showing hexagonal wurtzite structure (C) Ag-ZnO (0.5 wt %) 

(D) Ag-ZnO (1.0 wt %) and (E) EDX pattern of Ag-ZnO (1.0 wt %) 

Photocatalyst Element Weight%  
 

Atom%  

  Observed Approximate 
 

Observed Approximate 

SG-ZnO Zn 53.04 53  24.36 24 

 O 46.87 47 
 

75.64 76 

Ag-ZnO (0.1 wt %) Ag 0.27 0.3  0.07 0.1 

 Zn 56.10 56 
 

23.92 24 

 O 43.63 44  76.01 76 

Ag-ZnO (0.5 wt %) Ag 1.63 1.6  0.46 0.5 

 Zn 61.72 62 
 

29.05 29 

 O 36.65 37  70.48 70 

Ag-ZnO (1.0 wt %) Ag 4.09 4  1.09 1 

 Zn 53.97 54 
 

23.69 24 

 O 41.93 42  75.22 75 

 

Table S2. EDX data of SG-ZnO, Ag-ZnO (0.1 wt %), Ag-ZnO (0.5 wt %) and Ag-ZnO (1.0 wt %). 

 


