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Abstract:  

In this study, the doped ZnO nanorods with silver (Ag) as photosensitive material are prepared by 

the solvothermal method. The structural and optical characterization is carried out by the scanning 

electron microscopy, X-ray diffraction, energy dispersive spectroscopy and UV-visible 

spectroscopy.  The use of Ag as dopant did not alter the morphology of ZnO except sample 4 

which has flower like morphology. The Ag, Zn and O are the main constituent of doped materials. 

The XRD revealed a hexagonal phase for ZnO and cubic phase for silver and confirmed the 

successful doping of Ag. The photocatalytic activity of Ag doped ZnO nanorods was investigated 

for the photo degradation of methyl orange. The photocatalytic measurements show that 88% 

degradation of methyl orange by the sample 4 within the 2 h of UV light treatment (365nm) is 

significant advancement in the photocatalyst and provide the inexpensive and promising materials 

for the photochemical applications.  
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1. Introduction  

The scientific and technological development has produced high concerns to the environment 

pollution especially water pollution. The large number of pollutants are coming to our environment 

through untreated water from various industrial sources such as textile, photography, printing, 

painting, leather, agro allied companies – pesticides, insecticides and fertilizers. These pollutants 

go into our environment and becomes hazardous to people, animals, microorganisms and aquatic 

life [1-3]. Among these pollutants, the organic dyes are the compounds which gives color to water 

and to fibers. Several textile and fabric industries are established around the globe and they use 

approximately 30% dyes which is equivalent to 1000 tons per year [4,5]. Moreover, the textile 

industry through dyes gives 17%-20% industrial water pollution as reported by the World bank 

[6,7].  The most dyes contain the azoic dyes including methyl orange which carry nitrogen π-bond 

in the structure [8, 9].  The methyl orange (MO) is among the important azo dyes and extensively 

applied in the textile, food, leather and pharmaceutical companies. MO is also used as coloring 

agent for the determination of hydrogen gas and hydrochlorides [10, 11]. It is of great concern that 

MO is added into the water that causes huge impact on the quality of water and creates alarm 

situations for the aquatic life [12]. The worst aspects of using MO are its toxicity, mutagenic and 

carcinogenic nature [13–15]. The MO is hard to degrade; therefore, selective methods are needed 

for its degradation. The conventional methods are frequently used such as coagulation, reverse 

osmosis, membrane filtration, oxidation, reduction, complexometric, ion exchange, anaerobic, and 

aerobic [16] for the degradation of MO. Among these methods, photocatalytic degradation seems 

to be the promising technology for the degradation of water materials, and organic compounds 

specifically as it uses the natural sun light or artificial illumination including ultraviolet and 

microwave etc [17–19]. But the photocatalytic degradation requires a potential photosensitive 

material to degrade the pollutants in the presence of light. The extensive attempts are made to 

produce these materials for the photocatalytic degradation especially semiconducting 

nanostructures including TiO2, SiO2, ZnO, Fe2O3, CdS, ZnS, etc. [20–22]. Among these 

nanostructured materials, zinc oxide (ZnO) have received a great attention due to its unique 

properties and applications. ZnO is used in various potential applications such as light emitting 

diodes, photodetectors, chemical and biosensors, solar cells, piezoelectric nanogenerators, and 

actuators. Moreover, ZnO has been used extensively in several photochemical applications [23-

26]. ZnO is wide bandgap materials with (3.37 eV), large binding energy (60 eV) at room 
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temperature, inexpensive, nontoxic and chemically resistive material [27-35]. Numerous studies 

are reported using ZnO for the photocatalytic degradation of MO in the presence of UV light [36-

39]. Zhu et al. [40] reported ZnO rod- assembled microspheres and obtained them by microwave-

assisted hydrothermal method and they took 9 h to degrade MO completely.  Wand et al [41] 

prepared ZnO powder of different size through physical and chemical methods.  The ZnO particle 

size has shown different photocatalytic degradation behavior and ZnO nanoparticles of 50 nm has 

80% degraded MO in 2h.  Hong et al. [42] synthesized Fe3O4/ZnO core shell nanocomposite via 

co-precipitation process and found 83% photo degradation of MO in 6 h.  Fu et al. [43] synthesized 

Cu-doped ZnO nanoparticles and they revealed 88% degradation of MO in 4 h. Zheng et al. [44] 

fabricated ZnO nanorods on the indium tine oxide substrate by thermal evaporation and 71% 

degradation of MO was demonstrated in 2.5h. The doping of ZnO has shown promising features 

in photo degradation as it enhances the optical, electrical, and magnetic properties. The use of 

transition metal ions has great impact on the functional properties of ZnO as they are not used as 

trapping agents, but they minimize the charge recombination and accelerates the interfacial 

electron transfer which further increases the surface reactivity [45,46]. Also, doping has capability 

to absorb photons of light with extended solar spectrum. Several dopants have been used to 

improve the photocatalytic activity of ZnO such as Co [47], Ag [48], Mn [49], Pd [50], Bi [51], 

Sm [52], Al [53], Ce [54], and Ag [55]. These enough works on ZnO for the degradation 

application are carried out but, in our case, we used silver as dopant based on its plasmonic effect 

which consumes the large portion of light and there by efficient degradation is demonstrated. The 

plasmonic effect of silver for the degradation is rarely investigated and it will excite the scientific 

community to investigate more photo catalytic properties of ZnO using plasmonic effect, thus 

present work is quite different from the reported works based on ZnO.  Also, the optimization 

approach is used to illustrate the effect of dopant on the plasmonic effect which indicates a fast 

photo degradation kinetics by tailoring the dopant concentration into the ZnO. The method for the 

silver doping into ZnO is solvothermal method which is different from the reported works.  

In this study, we report the Ag doped ZnO nanostructures by low temperature aqueous chemical 

growth method. The silver is successfully incorporated in the structure of ZnO and it has shown 

significant photocatalytic degradation of MO. Sample 4 has almost 88% photo degradation 

efficiency. This indicates that by optimizing the dopant level in ZnO can lead to the development 
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of photosensitive materials. The synthetic strategy is simple and cost effective and it can pave the 

way for the widespread use of these Ag doped ZnO nanostructures in diverse applications.  

2. Experimental section  

Silver nitrate (AgNO3, M=169.87, Merck), Zinc acetate-dihydrate (ZnC4H6O4, M=183.48, Merck), 

ammonia solution (25%, Merck), methyl orange, and ethanol (C2H5OH, 99.5%, were purchased 

from Sigma-Aldrich). All the chemicals were used without further purification and throughout the 

study, the solutions were prepared in the deionized water.  

2.1. Synthesis of Ag doped ZnO nanostructures  

The Ag doped ZnO nanostructures were obtained by precipitation process. The zinc acetate di-

hydrate and 25% ammonia were used as the primary reagents and the following strategy was used 

to produce Ag doped ZnO. The dispersion of different contents of silver namely 5, 10, 15 and 20 

mg was carried out in 5 mL of ethanol and it was left for sonication for 30 mints. Then 2.22 g of 

zinc acetate di-hydrate were dissolved into 100 mL of the deionized water and 5 mL of 25 

% ammonia was mixed with zinc precursor. Five beakers were containing the zinc acetate di-

hydrate and ammonia. In four beakers 5, 10, 15 and 20 mg of silver nitrate were dispersed in 5 mL 

of ethanol and they were labelled as sample 1, 2, 3, and 4. One beaker containing zinc acetate di-

hydrate and ammonia labelled as pristine sample. Then beakers were covered with the aluminum 

foil in order to avoid the evaporation of growth solution. The beakers were kept at 90 oC for 5 

hours in preheated electric oven. After the growth, the beakers were taken out from the oven and 

white product was settled in the bottom of each beaker. Then filtration was used to collect the 

white nanomaterial product.  

The crystal structure, morphology and composition of prepared Ag doped samples were studied 

by powder X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive 

spectroscopy (EDS). The SEM images were collected at an accelerating voltage of 3 kV and EDS 

was equipped with SEM for the recording of EDS spectra.  

2.2. Photo degradation activity of prepared ZnO nanostructures  

The photo degradation of various ZnO samples was investigated for the degradation of aqueous 

MO. The photo degradation was carried out in the presence of UV lamps with wavelength of 365 

nm and power of each lamp was 10 W. The 10 mg of photocatalyst was dispersed in MO solution 

and a uniform distribution was obtained, the solution was stirred in ultrasonic bath for 10 mints. 

The adsorption and desorption process on the photocatalyst surface were monitored by the 
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magnetic stirring for 30 mints in the dark. Then solution was treated with UV lamps at different 

intervals of time. After the UV light treatment, the suspensions were used by UV-visible 

spectrophotometer (PE Lamda35) by recording the absorption at characteristic wavelength of 470 

nm to estimate the amount of the MO in suspension. The photo degradation efficiency of various 

Ag doped ZnO samples was measured by the following equation: 

Degradation efficiency % =
𝐶𝑜−𝐶𝑡

𝐶𝑜
× 100 

Here Co is the initial MO concentration (mg/L), Ct shows the MO concentration (mg/L) after 

different intervals of UV light treatment (t). 

To further investigate the kinetics of photo degradation of MO and pseudo first order kinetics was 

measured using the following expression  

ln_C0 ⁄Ct_=Kapp×t 

Here Kapp indicates the reaction rate constant, C0 is  the initial concentration of  MO(mg/L) at  

irradiation time 0 min, and Ct shows the MO concentration at the reaction time t (mg/L). 

 

3. Result and discussion 

The powder XRD was used to record the reflection peaks of various ZnO samples as depicted in 

Figure 1. The diffraction patterns of ZnO in Ag doped samples are same as that in undoped ZnO 

sample, however some metallic silver patterns are found which confirms the successful doping of 

Ag into ZnO nanostructures. The reflection peaks for Ag doped ZnO are measured at 2 thetas 

31.737° (54.8), 34.420° (43.8), 36.225° (100), 47.515° (21.9), 56.536° (27,7), 62.836° (30.8), 

66.304° (3.5), 67.893° (20.4), 69.015° (9.3), and 72.561° (2.2), 76.891°(3) as  shown in Figure 1. 

The diffraction patterns of ZnO are in agreement with reference card no. 96-900-4182 and ZnO 

exhibits hexagonal phase.  There is shift of diffraction angle, which is due to the difference in the 

size of Ag and Zn atoms that further creates the distance in crystal structure and might decrease in 

diffraction angl, here in our case Ag is bigger in size than Zn atom, therefore we see shift in the 

diffraction to small angle. The XRD has identified the diffraction patterns for the silver in the ZnO 

as described by blue color and they are well matched to the reference card no.  96-901-1609 and 

it has cubic phase.  
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Figure.1 The XRD patterns of pure ZnO and Ag-doped ZnO nanostructures, sample-1-4. 

 

The morphological features of different ZnO nanostructures were investigated by SEM as shown 

in Figure 2. Both the undoped and doped ZnO nanostructures are integrated into Figure 2. The 

morphology remains unaltered after the doping except sample 4 that has flower like morphology 

due to excess of silver nitrate concentration in ethanol. ZnO nanostructures exhibit nanorod like 

shape and the length of each nanorod is few microns and an average diameter is 100 to 200 nm. 

The composition of Ag doped ZnO samples was analyzed by EDS mapping which confirms the 

uniform distribution of Ag, Zn, and O in the nanorod morphology.  
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Figure 2: The SEM images of various Ag doped ZnO nanostructures (a) sample 1, (b) sample 2, 

(c)  sample 3 and  (d) sample 4 
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Figure 3: The elemental mapping of various Ag doped ZnO nanostructures (a) sample 1, (b) 

sample 2, (c) sample 3 and  (d) sample 4 

Further to understand the excellent photocatalytic activity of Ag doped ZnO via estimation of 

optical bandgap as the concentration of Ag is increased the band gap is decreased from 3.38 to 

3.11 eV. The variation in bandgap with increase in the dopant level can be assigned to the addition 

of dopant into the ZnO lattice which further facilitates the electron from valence band to the 

conduction band as shown in Figure 4. The calculated values of optical band gap are shown in 

Table 1. To investigate the photosensitive response for the degradation for MO, an optimum 

approach was used to illustrate the role for different Ag dopant levels on the dye degradation and 

their performance was compared with the pristine ZnO (un doped ZnO) as shown in Figure 5. The 

pristine ZnO has shown poor degradation efficiency and slow degradation kinetics. Using 10 mg 

of pristine ZnO and 0.05 mM MO and the UV-visible absorption spectra were recorded, and 

maximum absorption was measured at 330-360 nm and only 61% degradation efficiency for the 6 

h using UV light. This prolong degradation of pristine ZnO has shown space for the development 

of new functional materials for an excellent photo degradation efficiency and fast kinetics. 

Moreover, the poor performance of pristine ZnO for the degradation of methyl orange is attributed 

to the fast recombination rate of photogenerated electron and hole pairs and low quantum yield for 

the photocatalytic reaction in water media. Likewise, the UV-visible spectra for the various Ag 
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doped ZnO samples were measured for the degradation of MO in the presence of UV light. With 

time, the absorption was steeply decreasing which indicate that fast degradation of MO with Ag 

doped ZnO samples and in 2 h almost complete degradation is demonstrated by the sample 3 and 

4 as shown in Figure 6. The degradation efficiency was found 88.08% and 85.26% for the samples 

3 and 4 in 2 h as shown in Figure 6. The sample 1 and 2 have also significant effect on the 

degradation but the sample 3 and 4 has confirmed that increasing the Ag amount during the doping 

can lead to the excellent efficiency and rapid rate of degradation.  However, when comparing the 

degradation of Ag doped samples with pristine ZnO for MO, the Ag is showing dominant role on 

the degradation efficiency and rate of degradation, thus doping into ZnO is promising strategy to 

design new photocatalysts for the environmental applications especially the degradation of water 

pollutants. Figure 6 shows the kinetic plot between ln (C/Co) vs and time that indicates the pseudo 

first order kinetics and extracting the slope which can be corresponded to the rate constant. The 

high value of rate constants indicates the favorable kinetics of photo degradation of MO using 

silver doped ZnO samples. The photo degradation efficiency was higher for the sample 3 and 4 as 

shown in Figure 6 and it reveals that Ag due to large plasmonic effect has shown significant impact 

on the photo degradation efficiency MO. The use of Ag doped ZnO nanostructures for the 

degradation of MO and the mechanism in which role of Ag for the degradation of MO can be sum 

up in the following steps. Different researches have different opinion about the ZnO material to 

investigate for the photocatalytic applications such as to create oxygen defects or to deposit the 

metal nanoparticles on ZnO which lead to the separation of photo generated electron-hole pairs 

and consequently rapid photocatalytic activity is expected [56, 57]. The photocatalytic mechanism 

for the Ag/ZnO samples is described by the following equations [55]: 

 

 

𝑍𝑛𝑂 + ℎ𝑣 → ecb⎺ + hvb  (1) 

Vo¨+ ecb⎺→Vo  (2) 

Vo
˙+O2→ Vo¨+·O2  (3) 

Ag → Ag+ e⎺  (or ecb⎺ ) (4) 

e⎺ (or ccb
⎺ )+ O2 → ·O2 (5) 

ecb
⎺ + Ag+ → Ag  (6) 

h+
vb + OH⎺ → ·OH  (7 
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Based on these equations, the process of photocatalytic activity can be summarized as (a ZnO is 

used as the electron and hole supplier during the photo degradation of MO. During the treatment 

of semiconducting  ZnO materials with UV light of equal or higher energy to that of optical 

bandgap then electrons (e) from valence band are excited to the conducing band which at the same 

time generate holes  (h) in the valence band, (b) the oxygen defects as shown in  equation 2 and 3 

as Vo, and Vo,, and the Ag atoms in the crystal of ZnO are used to sink the electrons as given in 

equation 4 and  6 which facilitates the electron-hole pairs as depicted in equation 1, (c)The 

photoelectron are trapped as electron accepting species such as adsorbed O2 which further creates 

superoxide radical anon (.O2) as shown in equation 5. Moreover, the photo induced holes are 

trapped by hydroxyl ion which turned into hydroxyl radical as (. OH) as given in equation 7. These 

produced superoxide and hydroxyl radicals are governing on the overall efficiency of 

photocatalytic reactions. For example, the hydroxyl radical is known as strong oxidizing agent 

either partial or complete degradation of organic compounds is unavoidable [55]. More insight on 

the mechanism for the improved performance of the Ag doped ZnO nanorods in photo degradation 

of methyl orange could be explained as. The valence band electrons of Ag during the interaction  

with UV light have equal or greater energy than the  ZnO band gap  then consequently the electrons 

from the valence band of silver are excited to the conduction band gap of ZnO that result in the 

generation of equal number of holes in the valence band of ZnO nanorods  at the same time. As 

the conduction band energy level of pristine ZnO nanorods is higher than that of intraband state of 

Ag-doped ZnO thereby electron can move from ZnO to Ag. Due to the presence of Ag on the 

surface of ZnO nanorods that leads to the trapping of electrons and further it prevents the 

recombination of electron and holes pairs. Also, the methyl orange molecules might be excited 

during the interaction of UV light and can give the electrons to the conduction band of the ZnO 

and intraband state of the Ag. Due to the smaller intraband of Ag an enhanced photo catalytic 

degradation efficiency and rate is obtained for the Ag doped ZnO nanorods figure 7 shows the 

kinetic study of the silver doped ZnO nanostructures and their photo degradation efficiency as it 

can be seen that doped photo catalysts follows the pseudo first order kinetics and maximum photo 

degradation efficiency is shown by the sample 3 and sample 4.  
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Table:1. Optical parameters of pure ZnO and Ag doped ZnO nanostructures for the 

calculation of optical bandgap 

Name of Samples Cut-off wavelength (nm) Band gap (eV) 

Pure-ZnO 358.9 3.45 

Sample-1 367 3.38 

Sample-2 390.8 3.25 

Sample-3 392.8 3.15 

Sample-4 397.8 3.11 

 

  
 

Figure 4: UV-visible absorption spectra for various Ag doped ZnO samples 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 5: (a) shows the UV-visible absorption spectra of MO dye solution at different time after 

irradiating with  UV light for the pristine  ZnO, 5 (b) The 𝐶t/𝐶0 versus time curves of MO, 5(c) 

Kinetic plot of Ln(Co/Ct) versus irradiation time for photodegradation, 5(d) calibration curve of 

photo degradation efficiency  (%) versus different intervals of time. 
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(a) (b) 

 
(c) 

 
(d) 

 

Figure: 6 (a, b, c, d) indicates the UV-visible absorbance spectra of MO dye solution at different 

intervals of time after irradiating with UV light and using various photocatalysts 
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(a)  

 
(b) 

 
(c) 

 

 

Figure: 7 (a) shows the 𝐶t/𝐶0 versus time curves of MO. (b) shows the Kinetic plot of Ln(Co/Ct) 

versus irradiation time and (c) shows the calibration curve of degradation rate (%) versus different 

intervals of time.  
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4. Conclusions 

In summary, un doped and doped ZnO nanorods are prepared by the solvothermal method. XRD 

study has successfully confirmed the doping of silver and it does not alter the crystal structure of 

ZnO. Importantly, dopant did not show a significant effect on the morphology of ZnO nanorods 

except sample 4 which has flower like structure. EDS verified the composition of doped samples 

as shown by the XRD experiment.  UV-visible spectroscopy analysis shows that the optical 

bandgap of ZnO decreases with the increase of dopant concentration. The pristine ZnO has poor 

photocatalytic activity when compared to the silver doped ZnO nanorods and almost 88% MO is 

degraded in the time 2 h. The doped ZnO nanorods are potential photocatalysts for the water 

purification and environmental applications.  
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