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ABSTRACT 

The degradation of organic pollutants using photocatalysis is more effective than conventional 

methods, with ZnO being the most widely used of the various semiconductor materials for 

application in photocatalysis. Unfortunately, degradation efficiency is inhibited by the electron-

hole recombination. The photocatalytic activity of ZnO can be enhanced by adding noble metals, 

such as Ag nanoparticles. However, the fabrication of ZnO˗Ag using liquid-phase processes is 

complicated and often requires multiple steps. In this study, the effects of Ag content, ranging 

from 0 to 20 wt%, in the photocatalytic activity of ZnO˗Ag nanocomposites are investigated. The 

nanocomposites were fabricated by a one-step process using flame pyrolysis and with zinc acetate 

and AgNO3 as the precursors. The nanocomposites were collected using an electrostatic 

precipitator and characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), 

and nitrogen adsorption-desorption of the Brunauer-Emmett-Teller (BET) specific surface area. 

The XRD results confirm the existence of Ag nanoparticles in the prepared nanocomposites, 

whose crystallite size was not significantly influenced by the presence of the nanoparticles. The 

SEM indicated that the morphology of the nanocomposites produced was spherical, with some 

aggregates. Particle size distribution of the nanocomposites increased with higher Ag content. 

The photocatalytic activity of the produced nanocomposites, estimated by evaluating the 

degradation of the methylene blue aqueous solution under UV irradiation, showed that the highest 

photocatalytic performance was attained when the concentration of Ag was equal to 5 wt%. 
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1. INTRODUCTION 

Organic pollutants from waste water can be degraded in several ways, such as adsorption, 

oxidation, reduction and photocatalysis (Balu et al., 2018; Kusrini et al., 2018; Mamat et al., 

2018). The application of photocatalysis using semiconductor materials is reported to be more 

effective than the conventional chemical oxidation methods for degradation of these pollutants 

(Chatterjee & Dasgupta, 2005).  

ZnO is the most widely used of the various semiconductor materials for application in 

photocatalysis   due   to   its   suitable  band   gap,  non-toxicity,  high   chemical   stability,   cost- 
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effectiveness, strong oxidation ability, and easy availability (Duan et al., 2010). However, 

electron-hole recombinations inhibit the photocatalytic activity of pristine ZnO. Therefore, many 

attempts have been made to enhance the photocatalytic performance, such as by modification of 

the ZnO structure in order to increase the surface area and light absorption (Kadam et al., 2018). 

Furthermore, doping the ZnO nanoparticles with noble metals (Dermenci et al., 2014), lanthanide 

groups (Vaiano et al., 2017), natural zeolite (Rahman et al., 2018), and Fe3O4 (Winatapura et al., 

2016) have also been reported as promising candidates for enhancing the photocatalytic activity. 

In general, Ag nanoparticles are more attractive as dopants compared to other noble metals 

because of their high electrical and thermal conductivity, non-toxicity, cost-effectiveness, and 

high work function (Kadam et al., 2018). Kusdianto et al. (2017) reported that the addition of Ag 

nanoparticles enhanced the photocatalytic activity of the nanocomposite produced by up to 35% 

compared to pristine TiO2 because Ag can be used as an electron acceptor to inhibit the electron-

hole recombination.  

ZnO-Ag nanocomposite can be fabricated by liquid-phase methods using sol-gel, precipitation, 

electrodeposition, hydrothermal, and solvothermal approaches (Jianguo et al., 2017; Kadam et 

al., 2018; Vaiano et al., 2018; Liu et al., 2019). These methods are able to fabricate nanocomposite 

at ambient temperature and atmospheric pressure. However, the disadvantages of these processes 

are that they involve a large number of processing steps and then require further steps to remove 

any residue or impurities, as well as completely removing the solvent. Furthermore, gas-phase 

methods employing spray drying pyrolysis have been utilized to fabricate ZnO-Ag 

nanocomposite (Dermenci et al., 2014). These methods are suitable for obtaining particles in a 

single step. However, decomposition of the precursors occurs inside the tubular furnace, which 

requires a high electrical power source. Another one-step process using the gas-phase method 

and flame pyrolysis has also been reported as a good candidate for producing the particles due to 

high crystallinity of the nanoparticles produced. Moreover, it is not necessary to deal with the 

solvent after fabrication as it evaporates during decomposition inside the flame reactor (Tani et 

al., 2002). The high purity of the product, with a relatively narrow size distribution, is another 

advantage of this method (Kammler et al., 2001). In addition, many types of low-cost precursors 

can be used as sources (Solero, 2017).  

In this study, preference has been given to the flame pyrolysis method, as the energy source of 

the flame can be generated by simple combustion between the fuel and oxidizer, meaning it is 

cost-effective. In previous studies, our group has successfully fabricated ZnO by the flame 

pyrolysis method, in which the morphology of the particles produced was significantly affected 

by the temperature of the flame (Widiyastuti et al., 2013; Widiyastuti et al.,2014). However, to 

the best of our knowledge, no studies have reported the effect of Ag content on ZnO-Ag 

nanocomposite prepared by flame pyrolysis and the characterization of the products for the 

photocatalytic activity. Inspired by this gap, the objective of this study is to investigate the effect 

of Ag loading on ZnO-Ag nanocomposite synthesized by the flame pyrolysis method and their  

photocatalytic performance  under UV light irradiation. Methylene blue (MB) was used as the 

model organic pollutant because it is commonly used as a synthetic dye in the textile industry and 

is not easily biodegraded by nature (Kusrini et al., 2018). Furthermore, MB is a heterocyclic 

aromatic compound, which is toxic and highly dangerous to humans (Balu et al., 2018). Using 

MB as a model organic pollutant, we believe that the results obtained will provide valuable 

information on MB degradation efficiency to help solve the environmental issue, especially due 

to the liquid waste of organic pollutants.    
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2. METHODS 

2.1.  Material and Experimental Setup 
Zinc acetate dihydrate (Zn(CH3COO)2.2H2O), p.a. 99.5%, Merck), silver nitrate (AgNO3, 

Merck), methylene blue (C16H18ClN3S, Merck), and distilled water were used as received as 

precursors. They were prepared by dissolving the zinc acetate in distilled water in a homogeneous 

process using a sonicator to prepare the ZnO 0.1 M concentration. Silver nitrate with different 

weights ranging from 0 to 20% wt (based on zinc acetate) were mixed with the prepared ZnO 0.1 

M under sonication. The mixed precursor solution was then fed into an ultrasonic nebulizer 

(Omron) operated at 1.7 MHz.     

The lab-made experimental apparatus used for the fabrication of the ZnO-Ag nanocomposites 

through flame pyrolysis was similar to that of our previous study (Widiyastuti et al., 2014). 

However, some modifications were made by installing a peristaltic pump to pump the fresh 

precursor continuously into a nebulizer chamber. Through this modification, the volume of 

precursor inside the nebulizer could be controlled and kept constant during the nebulizing process 

in order to obtain similar precursor concentrations. An ultrasonic nebulizer was used to generate 

droplets by atomizing the precursor solution. The droplets produced by the nebulizer were then 

carried into the flame reactor by compressed air  at a flow rate of 3 LPM.  Before used, the 

compressed air was passed through silica gel to remove the moisture content from the air. 

Liquefied petroleum gas (LPG, commercial grade, PT. Pertamina) was used as fuel, and the 

compressed air was used as the oxidizer. Combustion reaction occurred in the premixed burner. 

The flow rate of LPG and oxidizer was kept constant at 0.3 and 2.8 LPM respectively. The 

precursor of mixed zinc acetate and silver nitrate was decomposed inside the flame reactor to 

produce ZnO-Ag nanocomposites. These were collected in the electrostatic precipitator, where 

the temperature was kept constant at 120oC in order to avoid condensation. Moreover, non-

condensable gas was attracted by a vacuum pump and trapped in the water trap. 

2.2.  Characterizations 

The crystalline phase and crystallite size of the nanocomposites produced were analyzed by X-

ray diffraction (XRD, X’pert Philips) operated at an accelerating voltage of 40 kV and 30 mA 

using a CuKα radiation source (λ = 0.15418 nm). A scan speed of 10º/min and a sampling point 

of 0.02º were also used during this measurement. The surface morphology of the fabricated 

nanocomposite was observed by scanning electron microscopy (SEM, S-5200, Hitachi High 

Technologies). The samples were subjected twice to a carbon-based ion sputtering device for 1 

min  before observation by the SEM to eliminate the charging effect during analysis. The particle 

size distribution was estimated by measuring several hundred samples using ImageJ software. 

Furthermore, nitrogen adsorption‒desorption (Autosorb-1, Quantachrome Instruments) 

experiments were conducted to analyze the Brunauer-Emmett-Teller (BET) specific surface area 

and the pore volume of the nanocomposites produced. The samples were degassed at 150ºC prior 

to nitrogen adsorption‒desorption measurements. The relative pressure (P/Po) adsorption data, 

ranging from 0.05 to 0.3, was used to determine the BET surface area based on a multipoint BET 

method.  

The photocatalytic activity of the ZnO-Ag nanocomposite was estimated by measurement of the 

photocatalytic degradation of an MB aqueous solution under UV light irradiation at room 

temperature. 6 mg of the ZnO-Ag nanocomposite was dispersed in 60 ml of  MB  solution. The 

suspensions, 6 mg ZnO-Ag dispersed in 60 ml MB solution, were stirred for 30 min in the dark 

chamber before irradiation to attain adsorption-desorption equilibrium. They were then exposed 

to the UV light irradiation under magnetic stirring. Sampling was carried out at 15 min intervals, 

when 4 ml suspension was taken and centrifuged. The MB concentration before and after 

irradiation was measured by UV‒vis spectrophotometry (V-650, Jasco). The absorbance of the 

MB was determined by UV‒vis spectrophotometry with a UV absorbance at 664 nm, primarily 
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originating from the MB. Subsequently, the concentration of MB was obtained by converting the 

absorbance values of the samples into MB concentrations based on an MB calibration curve (MB 

absorbance = 0.2053×MB concentration (mg/L)). 

 

3. RESULTS AND DISCUSSION 

Figure 1 shows the XRD patterns of the fabricated ZnO-Ag nanocomposites with different Ag 

content, including the pristine ZnO. 

 

 

Figure 1 XRD patterns of ZnO-Ag nanocomposites with different Ag content, ranging from 0 to 20 

%wt, prepared by flame pyrolysis. 

 

It can be seen from Figure 1 that ZnO can be successfully fabricated by flame pyrolysis, as 

indicated by the diffraction peaks at 31.7°, 34.4°, 36.2°, 47.5°, 56.6°,  62.9°, and 68.0°  which 

correspond to (100),  (002),  (101),  (102),  (110),  (103) and  (112)  planes,  respectively (Vaiano 

et al., 2017). Referring to Joint Committee on Powder Diffraction Standards (JCPDS), all the 

samples fabricated by this method have the typical hexagonal Wurtzite structure, which is the 

most stable ZnO structure. On the other hand, the XRD patterns also indicate that the 

nanocomposites produced have high crystallinity. Maximum diffraction intensity was observed 

at  36.2°. Four additional diffraction peaks, at 38.1°, 44.3°, 64.4° and 77.5°, are also shown in 

Figure 1 when the concentration of Ag is greater or equal to 5 %wt. These peaks correspond to 

(111), (200), (220) and (300) crystal planes respectively, due to the presence of Ag in the ZnO-

Ag nanocomposite (Vaiano et al., 2017). 

Figure 1 also shows an increase in the Ag peaks with increasing Ag content. It is clearly observed 

that the intensity of diffraction peaks at 38.1º, 44.3º, 64.4º and 77.5º is enhanced significantly by 

an Ag content of 20 %wt compared to other content levels. This difference is caused by increasing 

Ag content in the ZnO-Ag nanocomposite. Ag nanoparticles may be embedded in the ZnO 

surface, resulting in higher intensity. Another possibility may be the aggregation of Ag 

nanoparticles, forming an Ag cluster in the ZnO structure, which enhanced the intensity of the 

scanning sample. This possibility is in line with with the BET surface area result, which indicates 
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that the Ag content at 20 %wt showed the smallest surface area (see Table 1). Unexpectedly, Ag 

peaks are not observed when the concentration of Ag is less than 5 %wt. This can be attributed 

to the low concentration of Ag distributed uniformly in the ZnO-Ag nanocomposite. The average 

crystallite size (D) was calculated by the Scherrer equation (Equation 1), based on the highest 

intensity from the XRD patterns shown in Figure 1, using the same equation as in previous studies 

(Widiyastuti et al., 2013; Vaiano et al., 2017):  

                                                    𝐷 =  
𝑘 𝜆

𝐵 cos 𝜃
                                                                              (1) 

where k, , B, and  are the constant (0.9), the wavelength of the X-ray source ( = 0.15418 nm), 

the full-width at half-maximum corresponding to the XRD peaks, and the peak angle, 

respectively. Estimation of crystallite size using the Scherrer equation indicated that it was not 

significantly affected by the Ag content, and was found to be in the range of 2-9 nm (see Table 

1). Yu et al. (2005) and Liu et al. (2019) also report that the crystallite size of TiO2-Ag 

nanocomposite did not change significantly after adding Ag dopant; however, the addition of Ag 

decreased the phase transformation temperature. The highest Ag content (20 %wt) showed the 

largest crystallite size, as high as 9 nm, while the crystallite size with Ag loading of 0.1 %wt was 

the smallest. Because the difference in crystallite size is a matter of just a few nm, it can be 

assumed that such a difference may have a less significant effect on photocatalytic performance.  

 
Table 1 Crystallite size, pore diameter, and specific surface area of ZnO-Ag nanocomposites 

with differing Ag content 

Ag content 

(%) 

Crystallite 

sizea (nm) 

Pore 

diameterb 

(nm) 

Specific 

surface areab 

(m2/g) 

0 3.3 4.5 237.1 

0.1 2.4 1.9 461.2 

1 5.6 2.6 409.4 

5 5.7 5.7 280.1 

20 9.1 4.8 189.9 
aCrystallite size was estimated by the Scherrer equation (Equation 1) 
bPore diameter and specific surface area were calculated from the 

nitrogen adsorption‒ desorption BET measurement 

 

Table 1 also shows the pore diameter and specific surface area of the ZnO-Ag nanocomposites 

with different concentrations of Ag. There is no significant trend in pore diameter with regard to 

Ag content, with the largest pore diameter obtained at an Ag content of 5 %wt. At the same time, 

the specific surface area increased after the addition of Ag 0.1 %wt, then decreased with 

increasing Ag content. The addition of Ag nanoparticles at 0.1 %wt resulted in the largest surface 

area. This can be attributed to the uniform distribution of particles, with less agglomeration (see 

SEM images in Figure 2). On the other hand, Ag nanoparticles are able to suppress the growth of 

ZnO particles. Yu et al. (2005) report that additional Ag content at certain concentrations 

increased the surface area. Table 1 also shows that the surface area decreased with increasing Ag 

content after the 0.1 %wt level. This decreasing surface area can be attributed to the 

agglomeration of particles with a high concentration of Ag content. This agrees well with the 

previous result, that the addition of Ag up to 3 %mol to the ZnO increased the surface area, but 

that this decreased when increasing the Ag content from 3 to 8 %mol (Liu et al., 2019).  

Figure 2 shows SEM images of the morphology of the ZnO-Ag nanocomposites with different 

Ag content, including the pristine ZnO; in general, they have a spherical shape. It is also clearly 

observed that the morphology of the nanocomposite produced was not significantly different with 
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various Ag loadings. This result is in line with with the results reported by Kusdianto et al. (2017). 

However, some aggregate particles can be observed from the SEM images, especially for the 

pristine ZnO and ZnO-Ag with a higher concentration of Ag content. Based on the SEM images 

shown in Figure 2, the aggregation of particles can be attributed to the high concentration of 

particles present in the gas stream when passing through the flame pyrolysis reactor, creating the 

possibility of the particles colliding with each other.  

 

 

Figure 2 SEM images of ZnO-Ag nanocomposites prepared by flame pyrolysis at different Ag content 

levels: (a) 0 %; (b) 0.01 %; (c) 0.05 %; (d) 0.1 %; (e) 1 %; (f) 5 %; (g) 10 %; and (h) 20% 

 

The particle size distribution was then estimated by measuring several hundred particles based 

on the SEM images using ImageJ software. Figure 3 shows that particle size increased slightly 

with increasing Ag content, with the exception of an Ag content of less than 1 %wt. This may be 

caused by the interaction of particles through the van der Waals force, which causes the molecules 

to interact and bond with each other. Our results are in a good agreement with those of Dehimi et 

al. (2015), which showed that the particle size of ZnO increased when Ag dopant was added to 

the ZnO particles during annealing, at a temperature of 500oC. Kusdianto et al. (2017) also report 

that particle size increased after adding the Ag nanoparticles to the TiO2 matrix due to the metal-

induced crystallization phenomenon and the coalescence of particles. Furthermore, the heat 

transfer among the ZnO may be enhanced by the presence of Ag nanoparticles.    
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Figure 3 Particle size distribution of the ZnO-Ag nanocomposite estimated by measurement of the 

particles using imageJ at different Ag content levels of: (a) 0%; (b) 0.01%; (c) 0.05%; (d) 0.1%; (e) 1%; 

(f) 5%; (g) 10%; (h) 20% 

 

Finally, photocatalytic activity was evaluated by measuring the MB degradation efficiency 

(MDE) under UV light irradiation with the following equation (Kusdianto et al., 2018): 

                                

 
%100

0

0 x
C

CC
MDE t


                   (2)

 

where C0 and Ct correspond to the initial concentration of MB and after irradiation at a certain 

time (t), respectively. The nanocomposite samples were first subjected to dark conditions for 30 

min under agitation before irradiation with UV light in order to attain adsorption-desorption 

equilibrium. The degradation efficiency of MB only reached 6% without irradiation with the UV 

light (UV light turned off) (see Figure 4). This indicates that the photocatalytic process is more 

dominant compared to the adsorption of ZnO. It is well known that one of the applications of 

ZnO is as use as an adsorbent. 

It can be clearly observed in Figure 4 that the maximum degradation efficiency of MB using 

pristine ZnO can reach 25%. However, the degradation of MB increased with increasing Ag 

content. The maximum degradation efficiency of up to 65% was attained when an Ag content of 

5%wt was used. Figure 4 also shows that the MB degradation efficiency decreased after 

increasing the Ag content to 10 and 20 %wt. This indicates that the optimum condition for MB 

degradation was reached when the Ag content was 5%wt, which can be attributed to the 

synergetic effect between the generation of electrons-holes by ZnO after UV light irradiation and 

the presence of Ag nanoparticles. In this case, the electrons placed in the conduction band (CB) 

will be immediately absorbed by a sufficient amount of Ag nanoparticles, because Ag is an 

electron acceptor (Yu et al., 2005; Kusdianto et al., 2017). On the other hand, the electrons 

trapped in the Ag nanoparticles could not return to the ZnO structure because the Fermi level of 

the ZnO is greater than that of Ag. Numerous holes in the valence balance (VB) reacted with 

water or hydroxyl to produce hydroxyl radicals without any interferences from electron-hole 

recombination. Because the electrons produced are transferred to Ag nanoparticles, the electrons 

and holes are separated by this synergetic effect to give the fastest MB photodegradation. 

However, the degradation of MB is inhibited by electron-hole recombination in the absence of 

Ag or with a low content of Ag nanoparticles in the ZnO-Ag nanocomposites. Moreover, the 

degradation of MB decreased after increasing the Ag dopant to 10 and 20%wt, which can be 
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attributed to the large number of Ag nanoparticles blocking the incoming light to the ZnO 

nanoparticles, thus reducing the MB photoreaction.   

 

 

Figure 4 Methylene blue degradation efficiency of ZnO-Ag nanocomposite with different Ag content 

levels versus irradiation time 

 

Photocatalytic performance was then determined by measurement of the pseudo-first-order rate 

constant (k), based on the equation ln (Ct/C0) = kt, as shown in Figure 5. The results obtained 

reveal that photocatalytic performance improved by increasing Ag content to 5%wt, but then 

decreased after increasing the Ag content to 10 and 20%wt. The lowest photocatalytic 

performance was obtained with the pristine ZnO, without adding Ag nanoparticles.  

 

Figure 5 Plots of ln Ct/C0 vs irradiation time of the ZnO-Ag nanocomposites with various Ag loadings. 
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Figure 6 Illustration of the proposed mechanism of photocatalytic activity of ZnO-Ag nanocomposites 

with various Ag content levels under UV light irradiation. 

 

In general, the photocatalytic activity is influenced by many parameters, such as the crystallinity, 

crystallite size, particle size, pore diameter, specific surface area, the existence or presence of 

dopant, morphology, and structure of the particle, among others. In this case, we can neglect the 

effect of crystallite size, as well as the crystallinity of the nanocomposites, because the results 

obtained show no significant difference between them. We may also disregard the results based 

on pore diameter for photocatalytic activity, because no conclusion can be reached regarding this 

tendency. However, we believe that the most important determiner of photocatalytic performance 

in this study is the existence of Ag nanoparticles. We propose the photocatalytic mechanism with 

differing Ag content, as illustrated in Figure 6. The mechanism for the photocatalysis of an 

organic compound by ZnO is initiated by the generation of electron‒hole pairs when the photon 

energy of light is greater than or equal to that of the band gap energy. The electrons are promoted 

from the valence band (VB) to the conduction band (CB), leaving a hole in the VB. The holes 

generated in the VB will react with water or hydroxyl groups, forming hydroxyl radicals. These 

radicals enable the degradation of organic materials via oxidation. On the other hand, the 

electrons generated are attracted to Ag nanoparticles or react with oxygen, forming oxygen 

radicals. In this study, the lowest photocatalytic activity was obtained when using pristine ZnO 

(see Figure 5). This can be attributed to electron-hole recombination (see Figure 6). However, 

photocatalytic activity increased after adding Ag nanoparticles to ZnO matrix, which was caused 

by the migration of electrons to the Ag nanoparticles, as the Ag particles serve as an electron trap, 

reducing the recombination of electrons and holes (Kusdianto et al., 2017). Unfortunately, 

photocatalytic activity decreased after adding the Ag dopant at levels of 10 and 20 wt%. This 

may have been due to the agglomeration of Ag particles, which blocked the penetration of light, 

resulting in decreased photocatalytic performance. 

4. CONCLUSION 

ZnO-Ag nanocomposites have been successfully fabricated by a one-step process using flame 

pyrolysis. The effect of Ag content on the nanocomposites was also investigated. The XRD 

results indicate that the ZnO produced by flame pyrolysis has a typical hexagonal Wurtzite 
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structure with high crystallinity. The existence of Ag in the nanocomposite could be detected by 

XRD when the Ag content was greater or equal to 5%wt. The crystallite size of the 

nanocomposites was not significantly changed by varying the Ag content. The spherical shape of 

the ZnO, with some agglomeration of particles, was observed by SEM analysis, while particle 

size increased slightly with increasing Ag content. However, pore diameter did not show any 

clear tendency with the various Ag loadings, whereas the surface area increased to 0.1%wt, then 

decreased with increasing Ag content. Finally, photocatalytic activity evaluated by measuring 

MB degradation under UV light irradiation showed that maximum degradation efficiency of 63% 

could be achieved when Ag content of 5 %wt was used. The best photocatalytic activity was 

attained at 5%wt of Ag. We believe that this finding provides valuable information for the 

fabrication method of ZnO-Ag nanocomposite, as well as the effect of Ag content, with wide 

future applicability in various fields such as dye-sensitized solar cells, gas sensors, antibacterial 

applications, and photocatalysis.   
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