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a b s t r a c t
The release of a large number of antibiotics to the environment has created a shade of sorrow in 
the scientific community. This work reports the preparation of efficient plasmon-induced ZnO-Ag/
AgCl photocatalysts by in-situ coprecipitation and hydrothermal methods, and applied for the deg-
radation of tetracycline hydrochloride antibiotic under visible light irradiation. The ZnO-Ag/AgCl 
composites were characterized by XRD, TEM-EDS, DRS, XPS and PL. The photocatalytic efficiency 
of ZnO was significantly improved by introducing proper amount of Ag/AgCl. The improved pho-
tocatalytic activity is due to the surface plasmon resonance effect of Ag metal and charge separa-
tion in the nanocomposite material. The obtained results showed that ZnO-Ag/AgCl photocatalyst 
had higher photocatalytic activity compare to pure ZnO. The amount optimized sample containing 
30% Ag/AgCl decomposed 80.7% tetracycline hydrochloride in 2 h. From trapping experiments, it 
was concluded that super oxide anions were the main degrading species involved in the degrada-
tion of tetracycline hydrochloride. Finally, charge transfer mechanism was proposed based on the 
obtained results and active species involved in the degradation process. In conclusion, the synthe-
sized ZnO-Ag/AgCl composite photocatalyst has a good potential for environmental remediation.
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1. Introduction

The rapid development of industry and economy has 
caused severe water pollution crisis. The introduction of 

different antibiotics as emerging pollutants to the exter-
nal environment has threaten human life and disturbed 
the normal ecosystem in the recent years. Especially, the 
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tetracycline hydrochloride (TC-HCl) found in the effluents 
of hospitals and livestock breeding centres has caused large-
scale water pollution and posed serious threats to aquatic 
animals and plants [1]. Conventional treatment methods 
such as adsorption, microbial removal and electrochemi-
cal techniques have been exercised extensively but no one 
gained enough popularity due to the incomplete removal, 
costly materials, high energy requirements and time con-
suming characteristics [2]. Therefore, more advanced, 
efficient and green techniques are instantly required to 
eradicate these emerging pollutants for the protection of 
water ecosystem and aquatic life.

Photocatalysis has been matured in the degradation 
of organic pollutants owing to its high efficiency and eco-
friendly characteristics. The availability of plenty solar 
energy is a cost effective factor to commercialize photoca-
talysis for energy consumption and environmental reme-
diation [3]. Different photocatalysts have been applied for 
pollutants degradation with some remarkable deliveries, 
such as TiO2, ZnO, g-C3N4, CdS etc. [4–19]. Among these 
photocatalysts, ZnO has attracted massive attention due 
to its non-toxic nature, low cost, excellent physical stabil-
ity, high hydrophobicity, oxidant power, favorable band 
edge positions, and environmental sustainability [20–22]. 
Unfortunately, its high band gap of 3.21 eV and high recom-
bination rate of photogenerated carriers do not allow it to 
harvest major portion of the electromagnetic radiations 
for high efficiency photocatalysis. Therefore, the modi-
fication of ZnO has become a hot topic in the scientific  
research.

The introduction of metal and non-metal dopants, con-
struction of proper heterojunction with other semiconduc-
tors and loading of noble metals on the surface of ZnO have 
been exercised by many researchers for improved photo-
catalytic performance [23–31]. Especially, the introduction 
of silver/silver halide (Ag/AgX, X = Cl, Br, I) have deliv-
ered excellent photocatalytic degradation activity under 
visible light irradiation as the pore channels between Ag 
and AgCl have surface plasma resonance effect to reduce 
recombination of the electron-hole pairs. Modification with 
Ag also bends the band of the semiconductor at the inter-
face of the metal and semiconductor to form Schottky bar-
riers, which can accelerate the electron transfer between 
the interface of the components of composite [32–34]. 
Further, the introduction of Ag metal has many advan-
tages such as low cost, superior electrical and thermal  
conductivities.

By exploiting the effective coordination of Ag+ with 
ZnO to enhance its chemical stability, we loaded Ag/AgCl 
as a nanocomposite material on the surface of ZnO by 
in-situ coprecipitation and hydrothermal methods. The 
as prepared ZnO-Ag/AgCl composite was applied for the 
photocatalytic degradation of tetracycline hydrochloride. 
The determination of the active species involved in the 
degradation of tetracycline hydrochloride was employed 
to understand the charge transfer mechanism in ZnO-Ag/
AgCl under visible light irradiation. The enhanced photo-
catalytic activities of ZnO-Ag/AgCl are attributed to the 
synergetic effect of Ag and AgCl to harvest visible light 
photons and effectively reduce exciton recombination and 
has potential environmental applications.

2. Experimental part

2.1. Synthesis

In a typical synthesis, 1.317 g Zn(CH3COO)2 and 0.59 g 
NaOH were dissolved in 20 mL ultrapure water. The mix-
ture was put in 50 mL autoclave and heated at 140°C for 
12 h in an oven to obtain ZnO. After the preparation of ZnO, 
ZnO-Ag/AgCl nanocomposite was prepared by in-situ 
coprecipitation method. 0.2 g ZnO were dispersed in 60 mL 
ultrapure water for 20 min under sonication and then dif-
ferent volumes of silver nitrate (0.1 M, 1–7 mL) solution 
were dropwise introduced to the above suspension under 
stirring for 30 min at room temperature. After that, different 
amounts of KCl were added and the mixed solution was 
placed under xenon light source for 1 h. Finally, the mix-
ture was centrifuged at the speed of 8,000 r/min and the 
precipitate was dried in a vacuum oven at 60°C overnight 
to get gray black samples. According to the volume of sil-
ver nitrate and KCl added, the theoretical weight percent 
amount of Ag/AgCl loading was calculated to be 5, 10, 15, 
20, 25, 30 and 35.

2.2. Characterization

Japanese physical smart Lab (3) intelligent X-ray dif-
fractometer (Cu kα, λ = 1.54056 Å) was used to character-
ize the catalyst samples. X-ray photoelectron spectroscopy 
(XPS) was measured on PHIQ1600 XPS (US) instrument and 
the obtained binding energies were calibrated with binding 
energy of adventitious carbon. High resolution transmission 
electron microscopy (HRTEM) was carried out with JEOL-
JEM-2100F electron microscope. The UV-Vis absorption 
spectra were collected on the Shimadzu UV3100 (Japan) 
spectrophotometer using BaSO4 as reference material. The 
photoluminescence (PL) spectra of ZnO and ZnO-Ag/
AgCl samples were studied on a Varian-Cary solar eclipse 
spectrometer with an excitation wavelength of 325 nm.

2.3. Photocatalytic activity measurements

TC-HCl was selected as a model pollutant. A series of 
photocatalytic degradation experiments were conducted to 
evaluate the performance of the photocatalysts under vis-
ible light (λ > 400 nm). 32 mg of the photocatalysts were 
dispersed in 50 mL TC-HCl (20 mg/L) solution and stirred 
in dark for 30 min to allow adsorption of pollutants on the 
surface of the photocatalysts. During irradiation, 5 mL of 
the sample solution were drawn after every 20 min and 
centrifuged three times at 9,000 rpm for the measurement 
of the pollutant concentration with visible spectropho-
tometer. The same experiment was repeated with differ-
ent dosage of photocatalysts under different pH values in 
the presence of different anions. The removal efficiency of 
TC-HCl was calculated by the following formula:

η% =
−

×
C C
C

t0

0

100  (1)

where η is the degradation efficiency of TC-HCl, Ct is the 
concentration after t-degradation time, and C0 is the initial 
concentration of TC-HCl.
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3. Results and discussion

3.1. XRD analysis

Fig. 1 shows the XRD patterns of ZnO-Ag/AgCl samples 
prepared with different contents of Ag/AgCl. The peaks 
of all samples correspond to the (100), (002), (101), (102), 
(110), (103) and (112) crystal planes of ZnO are located 
at 31.78°, 34.42°, 36.26°, 47.54°, 56.58°, 62.84° and 67.97°, 
respectively, according to the standard PDF card (36–1451) 
[35]. The XRD peaks at 38.16°, 44.31°, 64.45° and 77.51°, are 
respectively corresponded to (111), (200), (220) and (311) 
crystal planes of Ag according to the standard PDF card (04–
0783). There is no characteristic peak of AgCl in the 5%–20% 
range due to its large dispersion on the surface of ZnO. 
However, with increase in the amount up to 25%, the dif-
fraction peak of AgCl begins to appear in the 25%-ZnO-Ag/
AgCl sample, and the intensity of the corresponding peak 
of ZnO and Ag gradually decreases. No characteristic peaks 
of other substances were observed in the prepared sam-
ples, indicating that the samples are of high purity and 
Ag/AgCl is loaded on ZnO substrate successfully.

3.2. Transmission electron microscopy

The TEM image of ZnO-Ag/AgCl-30% is shown in 
Fig. 2. It is clear that the prepared catalyst is the form of 
nanosheets with different sizes (Fig. 2a). At high magni-
fication, the Ag/AgCl particles with a diameter of 3–5 nm 
can be observed on the surface of ZnO (Fig. 2b). The cor-
responding energy spectrum of the sample is shown in 
Fig. 2c. The characteristic peaks of Zn, O, Cl and Ag ele-
ments appear in the spectrum, which indicates the success-
ful preparation of Ag/AgCl loaded ZnO photocatalysts. It 
can be seen from Fig. 2c that the peak intensity of Ag ele-
ment is almost higher than that of Zn element, which is 
caused by the attachment of Ag/AgCl on the surface of ZnO, 
and the test value of Ag in EDS detection becomes larger.

3.3. UV-Vis DRS

Diffuse reflectance spectra were measured to explore 
the light absorption capacity of the samples and the results 
are shown in Fig. 3. The absorption edge of pure ZnO is at 
400 nm with obviously no absorption in the visible region, 
and the maximum absorption peak in the given region is 
slightly higher than that of the nanocomposite samples. 
The gray ZnO-AgCl sample shows higher light absor-
bance than that of pure ZnO. All samples of ZnO-Ag/AgCl 
show absorption in the visible region at 420 nm due to 
the surface plasmon resonance effect of Ag and the inten-
sity of absorption increases with increase in the amount 
of Ag/AgCl. Thus the introduction of Ag/AgCl obviously 
increases the ability of ZnO to harvest visible light for 
enhanced photocatalytic activity.

3.4. X-ray photon spectroscopy

The XPS data were taken to evaluate the elemental com-
position and oxidation states of the sample (Fig. 4). Fig. 4a 
shows the survey spectra of Zn 2p, O 1s, Ag 3d and Cl 2p 
of the ZnO-Ag/AgCl-30%. In Fig. 4b, the XPS spectrum 
of Zn 2p is deconvoluted into two characteristic peaks at 
1,021.4 and 1,044.6 eV corresponded to Zn 2p3/2 and Zn 2p1/2, 
respectively. This indicates that the valence state of Zn is +2 
in the complex [36]. Fig. 4c shows that the high-resolution 
O 1s XPS spectrum can be simulated into two peaks with 
binding energies 530.3 and 531.9 eV and are corresponded 
to the oxygen of Zn-O [37]. The two characteristic peaks at 
367.5 and 373.5 eV in the high-resolution spectrum of Ag are 
corresponded to 3d5/2 and Ag 3d3/2 and show Ag+ and Ag0 
sates, respectively (Fig. 4d). The two characteristic peaks 
at 198.9 and 197.3 eV in Fig. 4e are corresponded to the 
Cl 2p1/2 and Cl 2p3/2 orbitals of Cl.

3.5. Photoluminescence

Photoluminescence technique is used to study the sep-
aration and recombination process of excited charges in 
semiconductors. The PL spectra of ZnO and ZnO-Ag/AgCl-
30% are shown in Fig. 5. The two samples show strong flu-
orescence emission peaks at 539 nm, which is caused by the 
near band-edge emission of the intrinsic wide band gap of 
ZnO, as a result of the recombination of excitonic centers 
[38]. PL intensities are significantly quenched when Ag/
AgCl is introduced on the surface of ZnO. The PL inten-
sity of ZnO is the highest indicating poor charge separa-
tion in pure ZnO. However, the introduction of Ag/AgCl 
results in marked decrease in the PL intensities and the 
lowest intensity is provided by ZnO-Ag/AgCl-30% indi-
cating that charge recombination has been significantly 
decreased in the sample which plays very important role 
in photocatalysis.

3.6. Photocatalytic activity

The photocatalytic degradation activities of the fab-
ricated samples under visible light are given in Fig. 6. The 
degradation efficiency of ZnO is very low because of its low 
and weak visible light absorption. When Ag is introduced Fig. 1. XRD patterns of ZnO and ZnO-AgCl/Ag samples.
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on the surface of ZnO, its degradation activity is signifi-
cantly improved because of the visible light absorption 
due to the surface plasmon resonance characteristics of Ag 
metal and 36.2% of the pollutant is degraded in 2 h (Fig. 6a). 
In order to study the quantitative analysis of the prepared 

photocatalysts, the apparent rate constant (k) for the pho-
todegradation of TC-HCl was calculated based the initial 
40 min (Fig. 6b). The photocatalytic activities are further 
improved when AgCl is cropped along with Ag on the sur-
face of ZnO. The photocatalytic activities are increased as the 
amount of Ag/AgCl is increased and 80.7% of the pollutant is 
degraded by the ZnO-Ag/AgCl-30% sample in 2 h. However, 
when the amount of Ag/AgCl is increased to 35%, the deg-
radation efficiency is slightly decreased due to aggregation 
of particles and their shadow effect [39]. These enhanced 
activities are attributed to the synergetic effect of both Ag 
and AgCl to absorb visible light photons and prolong the 
life of excited charges. As a result, the organic pollutants can 
occupy the active sites more frequently to utilize more photo-
generated electron-hole pairs for the degradation process.

3.7. Effect of catalyst amount

The effect of the dosage of the photocatalysts on the 
degradation of TC-HCl is shown in Fig. 7. It is clear that the 
pollutant is removed rapidly in the initial stage of the pho-
tocatalysis, and this trend becomes gentle later on. When 
the dosage is 20 mg (0.4 g/L), the photocatalytic removal of 
pollutant is slow as the number of solar photons absorbed 
are relatively fewer to produce enough active free radicals 
such as h+, e–, •O2

–, •OH for the degradation process. When 

 
Fig. 2. TEM (a) and HRTEM (b) of ZnO-Ag/AgCl-30%, (c) corresponding EDS spectrum.

Fig. 3. UV-DRS spectrum of pure ZnO and ZnO-Ag/AgCl 
samples.
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the dosage of the catalyst is increased to 32 mg (0.64 g/L), 
the amount of the free radical produced under light irra-
diation is also increased to bring the highest degradation 
activity. When the dosage is 40 mg (0.8 g/L), the catalytic 
effect is significantly reduced. This is attributed to the 
aggregation of the particles of the catalyst which decreases 
the surface area for effective adsorption of the pollutants. 
Moreover, too much catalyst results in light shielding phe-
nomenon which reduces light transmittance through the 
solution. Thus degradation of the pollutant is decreased 
at high dosage of the catalyst.

3.8. Active species analysis

In order to explore the active degrading species involved 
in the decomposition of TC-HCl pollutant, free radical cap-
turing experiments were carried out. Ascorbic acid, metha-
nol, and iso-propyl alcohol (IPA) were used as quenching 
agents for •O2

–, h+ and •OH, respectively. Fig. 8 shows the 
results and photocatalytic degradation rate of TC-HCl by 
ZnO-Ag/AgCl-30% in the presence of different scavengers. 
When ascorbic acid is added to the solution, the degradation 
effect of ZnO-Ag/AgCl-30% on TC-HCl is greatly reduced. 

 

 

 

Fig. 4. XPS spectrum of the ZnO-Ag/AgCl-30% sample.
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This indicates that •O2
– plays an important role in the deg-

radation of TC-HCl. When methanol is used as h+ scaven-
ger, the photocatalytic activity is decreased slightly com-
pare to the degradation activity in the presence of ZnO-Ag/
AgCl-30%. When IPA is added into the reaction solution, 
the effect on the photocatalytic degradation is higher and 
the photocatalytic efficiencies decreases by 10% even in 
60 min irradiation, which indicates that h+ and •OH are not 
the main species affecting the photocatalytic activity. Thus, 
the main active species affecting photocatalytic activity  
is •O2

–.

3.9. Photocatalytic mechanism

Based on the obtained results, we proposed a sche-
matic of charge transfer for the process of photocatalytic 
degradation of TC-HCl using ZnO-Ag/AgCl under visible 
light irradiation (Fig. 9). When the frequency of the inci-
dent light coincides with that of the electron oscillation, the 
positive and negative charges are produced in Ag metal. 

 
Fig. 5. PL spectrum of ZnO and ZnO-Ag/AgCl-30% samples.

 
Fig. 7. Photocatalytic degradation of TC-HCl by different 
amounts of ZnO-Ag/AgCl-30%.

 
Fig. 8. Photocatalytic degradation of TC-HCl by ZnO-Ag/AgCl-
30% with capturing agent.

Fig. 6. Photocatalytic degradation of TC-HCl by ZnO, ZnO-Ag, ZnO-Ag/AgCl.
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This instantaneous generation of positive and negative 
charges in Ag metal due to light absorption is attributed 
to the surface plasmon resonance phenomenon which is a 
distinguishing property of noble metals like Ag and plays 
very important role in charge separation and ultimately 
in photocatalysis. The surface plasmon resonance excited 
electrons in the Ag Fermi level possess high thermody-
namic energy and are quickly transformed to the conduc-
tion band of AgCl first and then to ZnO under the action 
of the interface electric field. The synergistic interaction 
between the surface plasmon resonance (SPR) generated by 
silver metal with the polarized field around AgCl enforce 
the SPR excited electrons to ease the photogenerated charge 
separation and interfacial photogenerated charge transfer. 
This result in the photosensitization of ZnO and the trans-
mitted electrons in the conduction band of ZnO still possess 
enough thermodynamic energy to generate super oxide 
anions from the adsorbed oxygen molecules and partici-
pate the photocatalytic degradation of TC-HCl. At the same 
time, the positive holes left on Ag metal (Fermi level) par-
ticipate in the generation of •OH free radicals from water 
and further oxidize and decompose the adsorbed TC-HCl 
molecules. Thus Ag metal not only photosensitized ZnO 
to improve charge separation but also plays important role 
in the production of highly efficient degrading species for 
improved photocatalytic degradation of TC-HCl pollutant.

4. Conclusion

ZnO-Ag/AgCl composite was synthesized by in-situ 
coprecipitation and hydrothermal method, and used for 
the oxidation of TC-HCl under visible light irradiation. 
The photocatalytic activity of the nanocomposite was 
higher than pure ZnO. These improved photocatalytic 
activities are related to the surface plasmon resonance 
effect of Ag metal and charge separation in the nanocom-
posite material. Finally, charge transfer mechanism was 
proposed based on the obtained results and active spe-
cies involved in the degradation process. The optimized 
sample degraded 80.7% TC-HCl in 120 min under visi-
ble light irradiation. From trapping experiments, it was 
concluded that super oxide anions and holes were the 

main degrading species involved in the degradation of 
TC-HCl. In conclusion, the synthesized ZnO-Ag/AgCl has 
a good potential for environmental remediation.
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