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In this study, highly efficient silver halide (Ag/AgX where X= Cl, Br, I), photocatalysts were successfully 

synthesized through hydrothermal method. The prepared samples were characterized by X-ray diffraction 

(XRD), scanning electron microscopy (SEM) and Brunauer-Emmett-Teller (BET). All three compounds were 

confirmed to be pure with the associated planes being identified. The photocatalytic activity of these 

photocatalysts were evaluated through the degradation of 2,4-dichlorophenol (2,4-2,4-DCP) under UV and 

visible light irradiation. Variant photocatalytic efficiency was exhibited dependent on the material used. The 

Ag/AgBr photocatalysts exhibited the best efficiency among all three catalysts, resulting in an 83.37 % and 

89.39 % photodegradation under UV and visible light after 5 h, respectively, at a catalyst loading of 0.5 g/L.  

1. Introduction 

Water contamination with chlorinated organic compounds such as chlorophenol (CPs) and chlorophenoxy 

herbicide are reported as major environmental threats. Chlorinated organic compounds are generally utilized 

in the production of biocides, pesticides as well as wood preservatives (Liu et al., 2019). 2,4-Dichlorophenol 

(2,4-DCP) is a photodegradation product of triclosan, a common antimicrobial agent and 2,4-

dichlorophenoxyacetic acid herbicide (Melián et al., 2013). 2,4-Dichlorophenol has been listed as a priority 

pollutant by the United States Environmental Protection Agency (USEPA (Melián et al., 2013)), as it creates 

serious threats to both aquatic and human health due to its high toxicity, recalcitrant, mutagenic, and 

carcinogenic properties (Liu et al., 2019). Furthermore, the World Health Organization (WHO) has established 

a limit to the concentration of CPs in drinking water to less than 1.0 mg/L (Organization, 2003). In order to 

reduce the risk of 2,4-dichlorophenol in the environment, remediation through the development of suitable 

removal methods is thus essential. Several methods have been investigated for the removal of 2,4-DCP in 

aqueous solutions, namely adsorption (Melián et al., 2013), ozonation (Aziz et al., 2018) and electrochemical 

(Liu et al., 2019) treatment. Most of these methods have disadvantages such as high operational cost, low 

efficiency, and the production of excessive by-products. As such, the development of effective methods for the 

degradation of 2,4-DCP is imperative. Recently, photocatalysis has been identified as an economically 

efficient and environmentally friendly advanced oxidation process (AOP), that is capable of mineralizing a wide 

range of organic compounds including recalcitrant phenolics (Adenuga et al., 2019). The most widely 

investigated photocatalysts are the TiO2-based nanoparticles (NPs) as they are inexpensive, non-toxic and 

structurally stable (An et al., 2016). However, the large band gap of TiO2 (3.2 eV (Cui et al., 2015)), has limited 

its application. TiO2 can be directly excited by ultraviolet (UV) irradiation, which accounts for only 4% of the 

solar spectrum. Consequently, efforts have been made to develop photocatalysts that can absorb visible light 

which accounts for approximately 43% of the solar spectrum (Ma et al., 2012), thus, providing green energy 

source, economical and an eco-friendly strategy of environmental remediation. Thus, it is imperative to 

develop visible light responsive photocatalytic materials. Plasmonic photocatalysts made of noble metals 

nanoparticles (Au, Ag, Pt, Cu), indicate high adsorption coefficients in a broad UV-Visible-near infrared 

spectral range, due to their strong surface plasmon (Cui et al., 2015). Silver nanoparticles exhibit efficient 

plasmon resonance in the visible region. Silver halides are highly photosensitive and can be utilised as 

metallic silver precursor. AgX photocatalysis on organic degradation process, is similar to, general 
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photocatalysis mechanism, whereby, AgX can absorb photons and excite electrons from its VB to CB leaving 

holes in VB. When photons are absorbed, AgX (X=Cl, Br, I) produces an electron and a hole causing an 

electron transfer and subsequently, Ag+ reduced to surface plasmon effect (Fan et al., 2018). The localized 

surface plasmon effect of metallic Ag0 activate the self-generated electrons and holes engaging in the 

photocatalytic degradation. Herein, Ag/AgX (X =Cl, Br, I) photocatalysts were synthesized by simple 

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

Brunauer-Emmett-Teller (BET). The obtained particles photocatalytic activities were evaluated through the 

degradation of 2,4-dichlorophenol under UV and visible light irradiation. 

2. Material and methods 

2.1 Chemicals and Materials 

Sodium chloride (NaCl), sodium bromide (NaBr), potassium iodide (KI), silver nitrate (AgNO3) and glacial 

acetic acid (CH3COOH) were obtained from Glassworld (Johannesburg, South Africa). 2,4-Dichlorophenol and 

HPLC grade acetonitrile were purchased from Sigma-Aldrich (St Louis, MO, USA) and Merck (South Africa), 

respectively. All reagents were utilized without further purification. Deionized water was used throughout this 

study. 

2.2 Synthesis of Ag/AgX (X=Cl, Br & I) 

The Ag/AgCl catalyst was produced using a hydrothermal method adapted and modified from (Kuai et al., 

2010). The preparation of AgCl followed a typical procedure of dissolving 105 mg of AgNO3 in 30 mL of 

deionized water, thereafter, 0.0016 mol of NaCl was added to the above solution. After 10 min of vigorous 

stirring, the mixture was transferred into an autoclave and kept for 2 hours at 120 oC. After cooling to room 

temperature, the product was collected and washed several times with deionized water and ethanol. Ag/AgCl 

was obtained through the dispersion of the obtained products in 10 mL of deionized water and irradiating 

under visible light for 3 hours to convert some Ag+ ions on the surface region of AgX (X = Cl, Br & I) to Ag0 

species. Thereafter, the product was collected and dried at 60 oC for 12 hours. The preparation of Ag/AgBr 

and Ag/AgI followed the above procedure using NaBr and KI reagents, respectively. 

2.3 Characterization 

X-ray diffraction (XRD) spectra of the prepared samples were analysed using a PANalytical X﮲Pert Pro powder 

diffractometer in θ-θ configuration with an X﮲Celerator detector and variable divergence and fixed receiving 

slits with Fe filtered Co-Kα radiation (λ=1.789 Å). The particle morphology was detected using a Zeiss 540 

Ultra FEGSEM scanning electron microscope. The specific surface areas of the catalysts were characterized 

by a nitrogen adsorption-desorption and BET method by a surface area analyser (Micrometrics Tristar II 

3020). All samples were degassed overnight at 150 °C under pure nitrogen atmosphere prior to analysis for 

the removal of all adsorbed species from the catalysts. 

2.4 Photocatalytic activity 

The photocatalytic activities of the as-prepared Ag/AgX were evaluated by 2,4-dichlorophenol (2,4-DCP), 

using a photochemical reactor with visible light and UV light irradiation. A 72 W LED lamp with a wavelength 

from 380-800 nm was used as the visible light source and the UV light source was the 36 W LED (PHILIPS 

TUV 36 W/C36 T8) lamp. Before irradiation, 125 mg of photocatalyst was added into 250 mL of the 2,4-DCP 

(10 ppm) and kept stirred in the dark for 1 hour to reach the adsorption-desorption equilibrium. During 

photodegradation, 2 mL of aliquots were sampled at certain time interval and collected for subsequent 

analysis after centrifugation and filtration for the removal of photocatalysts. 

2.5 Analytical procedure 

The concentration of 2,4-DCP was determined using HPLC (Water 2695 separation module with a 2489 

UV/Visible detector). The HPLC was equipped with a Water PAH C18 (250 x 4.6 mm) and worked at 25 °C 

with the detector performing at 280 nm. The mobile phase was 60:40 (v/v) acetonitrile and deionized water 

and the flow rate at 1 mLmin-1. The mobile phase solvents consisted of 0.1 % of acetic acid in both the 

acetonitrile and water. 2,4-DCP was identified through the comparison of the retention times with standard 

samples, thereafter, quantified with the calibration curve method. 2,4-DCP was identified at a retention time of 

4.40 minutes. Empower software was used to collect data. 

 



3. Results and discussion 

3.1 Characterization 

XRD analysis was conducted to investigate the crystal structure of the of the as-prepared Ag/AgX (X=Cl, Br, I) 

photocatalysts. The typical XRD spectra of the prepared photocatalysts are presented in Figure 1. The XRD 

pattern of Ag/AgCl shows the cubic phase of AgCl (Cui et al., 2015), with distinct diffraction peaks at a 2θ of 

33°, 54° and 66° which can be assigned to (200), (311) and (400) planes, respectively. The peaks centred at 

38° and 64° can be attributed to the cubic phase of Ag (Wang et al., 2011). The XRD pattern of the Ag/AgBr 

catalyst shows the coexistence of cubic phase Ag and cubic phase AgBr (Wang et al., 2011). Ag phase can 

be characterized by the distinct peaks at a 2θ of 38.5° and 78.5° which are assigned to (111) and (311) 

planes, respectively. AgBr peaks are located at a 2θ of 32.5, 52.5° and 65.5° correlating to (200), (311) and 

(400) plane, respectively. XRD patterns of Ag/AgI photocatalyst match the reported data by An et al. (2014) of 

hexagonal phase β-AgI and cubic phase γ-AgI. The presented diffraction peaks are sharp and intense, 

indicating the high degree of crystallinity of the Ag/AgX species. 

 

Figure 1: XRD spectra of the as-prepared Ag/AgX (X=Cl, Br, I) photocatalysts 

The morphology of the Ag/AgX particles have an effect on the their photocatalytic properties, as different 

morphologies lead to different surface area, which directly determine the photocatalytic performance (Cui et 

al., 2015). The surface morphologies of the as-synthesized Ag/AgX were characterized by SEM and are 

presented in in Figure 2(a-d). As shown in Figure 2(a), the as-synthesized Ag/AgCl exhibits irregular and near-

spherical morphology. Ag/AgBr exhibits irregular spherical-like shape presented in figure 2(b). Figure 2(c-d) 

show the polygonal plates of the as-synthesized Ag/AgI. Most of the as prepared catalysts are agglomerated 

with a non-uniform distribution of particles, which is a characteristic of surfactant-free precipitation reactions in 

aqueous media (Reddy et al., 2015).  



  

  

Figure 2: SEM images of the as-prepared catalysts (a) Ag/AgCl, (b) Ag/AgBr, (c) Ag/AgI and (d) high 

magnification of Ag/AgI 

The BET surface areas and, the pore size of the as-prepared catalysts are presented in Table 1. The BET 

surface area of Ag/AgI is 0.33 m2g-1, which is higher than Ag/AgBr (0.14 m2g-1) and Ag/AgCl (0.09 m2g-1). 

Furthermore, the obtained pore size of Ag/AgCl, Ag/AgBr and Ag/AgI are 130.30, 102.45 and 59.9Å, 

respectively, indicating that the reduction of pore size produce an increased surface area. Higher surface 

areas are beneficial in enhancing adsorption capability and transfer ability of organic pollutant onto the surface 

of photocatalysts to enhance photodegradation (Shi et al., 2013). 

Table 1: BET surface area and pore volumes of the as-prepared samples 

Samples  SBET (m2g-1) Pore size (Å) 

Ag/AgCl 0.09 130.3 

Ag/AgBr 0.14 102.5 

Ag/AgI 0.33 59.9 

 

3.2 Photocatalytic activity 

The photocatalytic performance of the as-prepared Ag/AgX photocatalyst were evaluated in the 

photodegradation of 2,4-DCP, under UV and visible-light irradiation. Control tests were conducted to 

investigate the effect of UV and visible-light irradiation as well as, adsorption of 2,4-DCP. Figure 3(a). present 

the degradation effect of UV and visible-light irradiation on 2,4-DCP in the absence of the catalysts over 5 

hours. A photodegradation of approximately 36.37 % and 30.97 % was exhibited under UV and visible-light 

irradiation, respectively. Presented in Figure 3(b). is the catalysis performance of the as-prepare Ag/AgX. 

Ag/AgCl exhibited an adsorption of 63.36 % after 5, slightly higher than Ag/AgBr (53.36 %) and Ag/AgI 

(55.11%), this can be attributed to the polarity of the catalysts surface. The polarity of the catalysts surface 

played a critical role in adsorbing 2,4-DCP over the specific surface area (Sobiesiak, 2017). 
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Figure 3:(a) Photolysis test (without catalysts) under UV and visible light irradiation and (b) adsorption test (in 
the dark) of the as-prepared samples of 2,4-dichlorophenol 

Figure 4(a) and (b) illustrates the photocatalytic degradation efficiencies of 2,4-DCP for Ag/AgCl, Ag/AgBr and 

Ag/AgI under UV and visible-light irradiation. Ag/AgBr photocatalyst exhibited the highest photodegradation 

efficiency under both UV and visible-light irradiation for 2,4-DCP removal, presenting a degradation of 83.37 % 

and 89.39 % respectively. Ag/AgI had the lowest efficiency under both lights with approximately 72.71 % 

removal under UV irradiation and 38.16 % under visible light after 5 h of irradiation. Ag/AgCl presents an 

efficiency of 78.96% and 72.70 % under UV and visible light, respectively. Tian (2012) has reported on the 

visible light response of Ag/AgX illustrating that, for Ag/AgCl photocatalyst, the visible light photocatalytic 

activity is primarily relative to the plasmonic adsorption of Ag, whereas, in the case of Ag/AgBr and Ag/AgI, 

both Ag and AgX respond to the visible-light irradiation producing more electrons and holes. Thus, Ag/AgBr 

usually presents higher photocatalytic activity than Ag/AgCl. This correlate with the result of this study by 

which, Ag/AgBr photocatalyst exhibited the highest degradation under visible light irradiation. 

 

Figure 4: Photocatalytic activity of the as prepared samples under (a) UV light and (b) visible light irradiation  

4. Conclusions 

Ag/AgX (X=Cl, Br, I) photocatalysts were successfully synthesized through a hydrothermal method. The 

prepared photocatalysts crystallinity were confirmed through XRD characterization with SEM presenting near-

spherical, spherical-like and polygonal plate morphologies in Ag/AgCl, Ag/AgBr and Ag/AgI catalysts, 

respectively. The photodegradation tests indicate the efficiency of the catalysts under both UV and visible light 

irradiation. Ag/AgBr exhibits the highest overall efficiency of approximately 89.39 % photodegradation of 2,4-

dichlorophenol after 5 h. This study indicates the potential use of silver halides, specifically Ag/AgBr under 

visible light irradiation, for the remediation of 2,4-dichlorophenol in the environment. 
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