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In this work, Ag-AgCl/ZnO hybrid was synthesized via a facial wet chemical method. The 

synthesized hybrid was characterized by SEM, XRD, EDX, UV-vis spectroscopy and 

photoluminescence spectroscopy. The Ag-AgCl/ZnO hybrid exhibited a significant 

enhancement of photocatalytic activity towards degradation of methylene blue under 

visible light. The cause of the enhanced photocatalytic performance could ascribe to the 

highly facilitated electron transport by the synergistic effect between ZnO and Ag-AgCl. 

Meanwhile, Ag-AgCl can implement the photosensitization of ZnO with high efficiency 

through SPR effect. 
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1. Introduction 
 

During the past decade, organic dyes are widely used in many industrial field and their 

effluents have become of the main components of water pollution. They could easily contaminate 

the environment as well as threaten human health because their high solubility in water, toxic and 

stable to against light, temperature, chemical and microbial decompose process [1-4]. Since the 

photocatalytic activity of TiO2 has been discovered by Fujishima and Honda in 1972 [5], 

photocatalysts have been extensively studied for the elimination of organic dyes in wastewater [6-

12]. Studies showed that the utilization of commercial semiconductors could mineralize many 

organic compounds in water, mineral acids and CO2. Therefore, using the photocatalytic activity 

of semiconductors to elimination of organic pollutants is deemed to an alternative approach for 

waste water treatment. 

Zinc oxide is a well-known n-type semiconductor with band gap energy of 3.37 eV, hence 

is considered as one of the best photocatalysts to deal with organic pollutant [13, 14]. However, 

like other metal oxide photocatalysts, the photocatalytic activity of ZnO is still restricted by fast 

recombination of the photogenerated electron hole pairs [15, 16]. Additionally, the ZnO only can 

absorb UV light with λ‹ 387 nm, which means only less than 5% of solar energy can be used for 

photocatalytic reaction. Many efforts have been made for extending the absorption range of ZnO, 

such as elements doping and metal-semiconductor heterostructure formation. For example, Ag has 

been wildly studied for coupling with ZnO and extends the visible light absorption due to the 

localized surface plasmon resonance (SPR) effect. Also, studies showed the metal particles can act 
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as a sink for electrons, to prolong the lifetime of the photogenerated charge carriers and therefore 

improved the photocatalytic activity [17-25].  

Silver halides are wildly recognized as photosensitive materials [17, 26-29]. Recently, 

research showed that the Ag-AgCl supported metal oxide semiconductor has enhanced 

photocatalytic activity under visible or simulated solar light. For example, Jiaguo Yu et al.[30] 

reported the fabrication and characterization of Ag/AgCl/TiO2 nanotube arrays. The synthesized 

Ag/AgCl/TiO2 nanotube arrays exhibited a highly visible light photocatalytic activity for 

photocatalytic degradation of methyl orange in water. Adhikari et al.[26] reported the synthesis of 

Ag/AgCl/WO3 photocatalyst by a microwave assisted hydrothermal method. The Dye degradation 

efficiency of the composite photocatalyst was found to be increased significantly as compared to 

that of the commercial WO3 nanopowder. In this study, we report a facial chemical method for 

synthesizing Ag-AgCl/ZnO hybrid. The photocatalytic activities of the as-prepared Ag-AgCl/ZnO 

hybrids are investigated by photodegradation of methylene blue (MB) under the visible light 

illumination and the performance is compared with the bare ZnO. 

 

 
2. Experimental 
 

2.1 Materials 

 

Zinc nitrate hexahydrate (Zn(NO3)2∙6H2O), ammonium hydroxide (28-30% NH3 basis), 

silver nitrate (AgNO3), methylene blue (MB), benzoquinone (BQ), ammonium oxalate (AO) and 

isopropanol (IPA) were purchased from Sigma-Aldrich. All other chemicals used were analytical 

grade reagents without further purification. Milli-Q water (18.2 MΩ cm) was used throughout the 

experiments. 

  

2.2 Preparation of Ag-AgCl/ZnO hybrid  

 

As-received zinc nitrate hexahydrate (5 g) was dissolved in 20 mL of water under stirring. 

Then, 1 mL of ammonium hydroxide was added into the solution for 10 min stirring.  Afterward, a 

certain amount of AgNO3 solution (50 mM) was slowly added. After 15 min stirring, 1 mL of 

NaCl (0.5 M) was slowly added into the formed suspension. Then the suspension was refluxed at 

110°C for 30 min. The precipitate was collected by centrifugation followed with water wash. The 

final product was obtained by calcination of the precipitate in a N2 protected furnace at 200°C for 

1 h (denoted as Ag-AgCl/ZnO-1, Ag-AgCl/ZnO-2, Ag-AgCl/ZnO-3 and Ag-AgCl/ZnO-4 for the 

mole ratios of Zn and Ag set as 3:1, 2:1, 1:1 and 1:2, respectively).  

 

2.3 Characterizations 

 

X-ray diffraction patterns were collected from 20° to 80° in 2θ by a XRD with Cu Kα 

radiation (D8-Advanced, Bruker, Germany). Surface morphology of samples were analyzed by 

scanning electron microscope (SEM, S-4700, HITACHI, Japan). The optical absorption was 

investigated using a UV–vis diffuse reflectance spectrophotometer (U-41000, HITACHI, Tokyo, 

Japan). Fluorescence emission spectra were collected on a fluorescence spectrophotometer with 

315 nm excited source (FP-6500, JASCO, Japan).  

 

2.4 Photocatalytic activity evaluation 

 

Photocatalytic activity of the samples was evaluated by photocatalytic degradation of MB 

aqueous solution under visible light irradiation. Typically, 50 mg of the prepared sample was 

added into 20 mL of MB solution (15 mg/L) and kept under dark conditions for 30 min. After light 

illumination, 2 mL of suspension was then taken out a certain period and the photocatalyst was 

separated by centrifugation. The absorption of MB was then measured by a UV-vis spectroscopy. 

The absorbance of MB at 664 nm was used for measuring the concentration change. 
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3. Results and discussion 
 

SEM was used for observing the morphology of synthesized samples. Figure 1 shows the 

SEM images of ZnO, Ag-AgCl/ZnO-1, Ag-AgCl/ZnO-2 and Ag-AgCl/ZnO-4. As can be seen, the 

ZnO formed without Ag-AgCl exhibits a cluster shape, which consists of many small nanorods. In 

contrast, the ZnO particles formed in the Ag-AgCl/ZnO hybrid show an individual rod structure 

with length varying from 0.5-1.5 μm. Moreover, the Ag-AgCl particles also observed in the hybrid 

with a spherical shape. It can be seen that the size of Ag-AgCl particle slightly increases when the 

mole ratio of Ag increased in the synthesis process. Also, it can be clearly seen that the Ag-

AgCl/ZnO-4 shows a much higher content of Ag-AgCl particles than that of Ag-AgCl/ZnO-1. 

 

 
Fig. 1: SEM images of (A) ZnO, (B) Ag-AgCl/ZnO-1, (C) Ag-AgCl/ZnO-2 and (D) Ag-AgCl/ZnO-4. 

 

 

The elemental information of the as-prepared hybrids was analyzed by EDX. Figure 2A 

shows the EDX spectrum of Ag-AgCl/ZnO-2. The spectrum presents the only existence of Zn, O, 

Ag and Cl, indicating the successful formation of hybrid with high purity.    

Figure 2B demonstrates the XRD patterns of ZnO, Ag-AgCl/ZnO-1, Ag-AgCl/ZnO-2, Ag-

AgCl/ZnO-3 and Ag-AgCl/ZnO-4. The pure ZnO exhibits diffraction peaks at 32.0°, 34.5°, 36.3°, 

47.4°, 56.5°, 62.8°, 67.1°, 68.2°, 68.9°, 72.3° and 71.9° can be indexed to hexagonal ZnO (JCPDS 

36-1451). In XRD patterns of Ag-AgCl/ZnO samples, the peaks at 26.2°, 45.5°, 54.2°and 56.7° are 

correspond to the cubic phase crystal structure of AgCl ((JCPDS 31-1238). Moreover, two peaks 

related to the Ag (JCPDS 04-0783) also been observed at 39.0° and 45.1°. By comparing the 

patterns of ZnO and Ag-AgCl/ZnO hybrids, the intensity of ZnO diffraction peaks decline along 

with the amount of AgNO3 increases during the synthesis process, which is agreed with the 

morphology observed in the SEM images. 
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Fig. 2. (A) EDX spectrum of Ag-AgCl/ZnO-2. (B) XRD patterns of (a) ZnO, (b) Ag-AgCl/ZnO-1, 

 (c) Ag-AgCl/ZnO-2, (d) Ag-AgCl/ZnO-3 and (e) Ag-AgCl/ZnO-4. 

 

 

Fig. 3 displays the UV-vis diffusion reflectance spectra of ZnO, Ag-AgCl/ZnO-1, Ag-

AgCl/ZnO-2, Ag-AgCl/ZnO-3 and Ag-AgCl/ZnO-4. It can be seen that the absorption gradually 

increases with the increases of the Ag-AgCl content. At visible region, the spectrum of ZnO shows 

no obvious absorption peak. In contrast, the spectra of samples containing Ag-AgCl show obvious 

SPR characteristic absorption peaks. In Ag-AgCl/ZnO hybrid materials, the intensity of SPR 

shows a positive relationship with the amount of Ag-AgCl, which is probably due to the increasing 

amount of Ag particles in the hybrid [31]. Comparing the spectra of Ag-AgCl/ZnO-2 and Ag-

AgCl/ZnO-4, it is found that the SPR absorption peak shows a blue-shift. Many studies reported 

that the SPR absorption of metal can be influenced by its morphology, particle spacing and other 

around materials [32-34]. In our case, the blue-shift probably caused by the increasing of the small 

number of Ag nanoparticles provide by the high concentration of AgNO3 [35]. 

 

 
Fig 3: UV-vis spectra of ZnO, Ag-AgCl/ZnO-1, Ag-AgCl/ZnO-2, Ag-AgCl/ZnO-3 

 and Ag-AgCl/ZnO-4. 

 

 

The photocatalytic activities of prepared photocatalysts were investigated by 

photodegradation of MB, a common azo dye used in the textile industry, under visible light 

irradiation. As shown in Figure 4A, the MB itself cannot be degraded after 120 min light 

irradiation when the absence of any photocatalyst. However, the MB can be degraded when the 

presence of pure ZnO. After 120 min light irradiation, about 50% of MB molecules have been 

degraded in the solution. Furthermore, the Ag-AgCl/ZnO hybrids exhibited much higher 

degradation efficiencies than pure ZnO. It can be seen that the photocatalytic performance of the 

hybrid increased from the Ag-AgCl/ZnO-1 to Ag-AgCl/ZnO-2, then decreased with the persistent 
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increase of Ag-AgCl content. Therefore, in our case, the best mole ratio of Zn and Ag is 2:1. The 

apparent constant values of each photocatalyst can be calculated from the linear fitting of ln(C0/Ct) 

vs irradiation time. As shown in Figure 4B, the apparent constant values of ZnO, Ag-AgCl/ZnO-1, 

Ag-AgCl/ZnO-2, Ag-AgCl/ZnO-3 and Ag-AgCl/ZnO-4 are 0.00531, 0.00852, 0.03995, 0.01874 

and 0.00568/min, respectively, indicating that the Ag-AgCl/ZnO-2 hybrid has remarkably 

enhanced photocatalytic activity.  

The TOC content also been monitored during the photodegradation process. Figure 4C 

displays the kinetic linear simulation curves based on the Langmuir–Hinshelwood first-order 

kinetic model. The results show that the TOC content decreased with photodegradation time, 

indicating the degradation of MB into nontoxic compounds. 

It is generally known that the calcination temperature can influence the size and 

crystallization of photocatalysts [36]. In order to evaluate the influence of calcination temperature 

on the photocatalytic performance, the Ag-AgCl/ZnO-2 was calcined at 250, 300, 350, 400 and 

450°C and the results were depicted in Figure 4D. The degradation profiles show that the Ag-

AgCl/ZnO-2 calcined at 200°C has the best photocatalytic performance. Ascribe to the 

aggregation and crystalline growth of Ag-AgCl/ZnO in the high temperature, increasing of 

calcination temperature of Ag-AgCl/ZnO-2 gives the lower photocatalytic activity [37]. 

 

 
Fig. 4: (A) The photocatalytic degradation of MB by different photocatalysts. (B) The 

apparent reaction rate constant of different photocatalysts. (C) The ln(TOCo/TOCt) vs 

time curves of mineralization of MB by different photocatalysts.  (D)  The  photocatalytic  

          degradation of MB using Ag-AgCl/ZnO-2 calcined at different temperatures. 

 

 

It is well known that heterogeneous photocatalytic system can produce reactive species 

after irradiation of photocatalyst [38-40]. In order to study the reactive species during 

photodegradation of MB under visible light irradiation, terephthalic acid photoluminescence 

probing technique was first employed for detecting the formation of •OH [41]. Figure 5A shows 

the room temperature PL emission spectra of terephthalic acid solution collected every 15 min of 

irradiation. It can be seen that the PL intensity showed a constant emission after the irradiation, 

indicating only small amount of •OH radicals are formed during the photodegradation process. 

This confirms that the •OH radicals are not the main active species in the degradation process. In 
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addition, the effects of various scavengers (1 mM) on photodegradation were studied and the 

corresponding results are shown in Figure 5B. Without using any scavenger, the degradation of 

MB on the Ag-AgCl/ZnO-2 was found to be 99%. However, the photodegradation efficiency 

declined dramatically to about 20% with addition of AO (a scavenger of h
+
) [42]. Moreover, the 

addition of BQ (a scavenger of •O2
─
) [43] and IPA (a scavenger of •OH) [42] also showed a slight 

decrease of photodegradation efficiency. Therefore, considering the results of both experiments, it 

can be concluded that holes are the dominating active species for the photodegradation of MB on 

the Ag-AgCl/ZnO hybrid. 

 
 

Fig. 5: (A) •OH trapping PL spectral changes collected during the visible illumination of 

Ag-AgCl/ZnO-2 in a 0.5 mM terephthalic acid solution. (B) Photodegradation of MB using  

          Ag-AgCl/ZnO-2 as photocatalyst when the presence of different quenchers. 

 

 

The stability of photocatalyst during photocatalytic reaction is an important factor in the 

practical applications. Therefore, the reusability test of the synthesized photocatalyst was also 

conducted using Ag-AgCl/ZnO-2 for eight photodegradation cycles. As shown in Figure 6, the 

Ag-AgCl/ZnO-2 still remains more than 70% of photocatalytic activity after eight cycles 

photodegradation, indicating that the hybrid was quite stable for reproducibility. 

 

 
 

Fig. 6: Recycle tests of the Ag-AgCl/ZnO-2. 

 

 

In general, the heterojunction interfaces will be constructed between the components of 

hybrid materials, which could facilitate the transfer of the photogenerated carriers and enhance the 

photocatalytic performance of semiconductor. [44] In this case, the Fermi levels of ZnO, AgCl, 

and Ag could be balanced to the same position, leading to the electron transfer and exchange. The 

surface plasmon could form on the Ag surface when the frequency of the incident light matches 

the electron oscillation. Then, the electrons in Ag Fermi level are excited and transformed into 

excited electrons. These excited electrons could transfer to the conduction band of AgCl and ZnO 

for achieving the sensitizing effect of ZnO. These electrons further transfer to O2 to create active 

oxidants. Therefore, this electron transfer process should facilitate the photoexcited electron to be 
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separated from recombination with the hole. In order to confirm the suppression of electron hole 

pair recombination, the PL emission spectra of ZnO and Ag-AgCl/ZnO-2 was collected for 

comparison. As shown in Figure 7, the PL spectrum of ZnO present a wide emission band in the 

wavenumber range from 330 to 550 nm. The UV peaks (~350-380 nm) are assigned to the 

recombination of the photogenerated electron hole pairs.[45] The visible emission band (~520-570 

nm) is assigned to the recombination of electrons caused by structural defects such as zinc 

vacancies, oxygen vacancies and interstitial oxygen.[46] In contrast, the PL spectrum of Ag-

AgCl/ZnO-2 shows a significant decline of the emission intensity, implying that the rate of 

electron hole pair recombination has been suppressed. 

 

 
Fig. 7: PL spectra of ZnO and Ag-AgCl/ZnO-2. 

 

 
4. Conclusion 
 

In conclusion, we have demonstrated that Ag-AgCl/ZnO hybrid can be prepared via a 

facial wet chemical method using Zn(NO3)2∙6H2O and AgNO3 as raw materials. In this way, ZnO 

nanorods and Ag-AgCl micro-spheres were obtained synchronously. The results of 

photodegradation experiments showed that the Ag-AgCl/ZnO hybrid has a much higher 

photocatalytic activity than pure ZnO. The best photocatalytic performance was achieved when the 

mole ratios of Zn and Ag was 2:1. The enhanced photocatalytic activity is due to introduction of 

Ag-AgCl, which increases the electrons and holes separation efficiency and transfer speed. 

Meanwhile, ZnO is able to respond to visible light through the SPR effect produced by the Ag-

AgCl. 
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