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Abstract
Novel visible light sensitive BiOCl/AgI composites were synthesized by a facile precipitation technique. Samples were 
characterized by SEM (scanning electron microscope), XRD (X-ray diffraction), UV-DRS (UV-diffuse reflectance spec-
troscopy) and XPS (X-ray photoelectron spectroscopy). Photocatalytic activity of the samples was evaluated using 3-CP 
under UV–Visible irradiation. Compared to pure BiOCl, AgI and other BiOCl/AgI, the composites exhibited more catalytic 
activity under both UV and visible lights within 120 min. Optimal content of the BiOCl in the composite system was found 
as 40%. The excellent degradation of 3-CP under light was attributed to the efficient separation of photo-induced charge 
carriers, defect levels, iodide and chlorine (I⋅, Cl⋅) radicals. The radical scavenging activities also illustrate that holes and 
superoxide radicals (h+) and (O−⋅

2
) are dominant agents in the photocatalytic degradation process. These results demonstrated 

that BiOCl/AgI systems are very useful to decompose persistent organic pollutants.

1  Introduction

Water pollution, especially having organic contamination 
and harmful bacteria, is a serious growing problem due to 
industrialization as well as economic and population growth 
[1]. Dealing organic pollutants has become an urgent con-
cern [2]. Toxic metabolites exhibit harmful effects on human 
beings and other living organisms [3]. As an example, chlo-
rinated phenols that exist in the ecosystem are very toxic to 
almost all organisms. Aromatic chlorinated phenols cause 
death or reflects serious side effects; even at very low con-
centrations [4].

To treat organic pollutants in water, different methods 
have been applied such as biodegradation, adsorption, direct 
UV light [5], flocculation, electrochemical treatment etc [6, 
7]. However, these techniques have certain disadvantages 
such as high energy consumption, low removing yields, 
production of toxic intermediates etc. Therefore, the fab-
rication of efficient and eco-friendly materials has become 
compulsory.

There has been an increasing interest in advanced oxida-
tion process (AOPs) where organic pollutants are miner-
alized by generating radicals such as hydroxyl (OH−⋅) or 
superoxide (O−⋅

2
) [8]. The reported photocatalytic systems 

are based on TiO2, ZnO, ZnS, AgBr and AgCl [9]. Recent 
developments in the Bi-based photocatalyst have led to a 
renewed interest in the catalytic procedures. Especially, 
Bi-based oxyhalides have been studied due to their unique 
properties [10].

BiOCl is an important Bi-based material to study in the 
photocatalytic reactions. It has anisotropic material with 
[Bi2O2]2+ layers by intercalated Cl− ions. This presents an 
internal electric field in the BiOCl structure that results in 
the effective separation of electron–hole pairs, which pro-
vides enhanced catalytic performance under light [11]. 
In addition, Ag-based photo-catalysts are used as well to 
enhance catalytic performance [12]. AgX reveals an elec-
tron and hole pairs by absorbing photon under visible light. 
Ag and Bi-based catalysts such as AgI/Ag2CO3, and BiOCl/
TiO2 have been showed higher catalytic activity than their 
pure forms. The results reflected by these materials has sug-
gested that heterojunction materials could help in the inhibi-
tion of photogenerated species and further enhance the light 
response and photocatalytic performance of Ag or Bi-based 
hybrids.
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To the best of our knowledge, there is no report where 
BiOCl/AgI composites are used in the photocatalytic degra-
dation of 3-CP. Herein we report the preparation of BiOCl/
AgI composites by an in situ precipitation method. Compos-
ites were subjected to the photocatalytic degradation against 
3-CP under UV–Visible irradiation. The morphology, opti-
cal properties and structure of the composites were also 
evaluated. The purpose of this investigation was to relate 
AgI and BiOCl.

2 � Experimental

2.1 � Synthesis of AgI

25 mL of silver nitrate (AgNO3 0.1 mol L− 1) and 20 mL 
of potassium iodide (KI 0.15 mol L− 1) were stirred in a 
beaker for 60 min at room temperature in dark. The obtained 
yellowish-green particles were filtered, washed with dis-
tilled water/ethanol mixture (80v/20v) and dried at 90 °C 
for 180 min.

2.2 � Synthesis of BiOCl‑bent

A solution of 5.28 g of Bi(NO3)3·5H2O in 25 mL of con-
centrated HCl was stirred for 4 h at room temperature. The 
mixture was aged for 12 h. The obtained solid particles were 
dried at 85 °C for 3 h and calcined at 200 °C for 4 h.

2.3 � Preparation of BiOCl/AgI composites

The BiOCl/AgI composites were obtained by in situ precipi-
tation technique. For this purpose, an appropriate amount 
of BiOCl was added to 50 mL of distilled water. Then, 1 
gr of silver nitrate and 35 mL of potassium iodide (0.1 M) 
were added and stirred in the dark for 120 min. The obtained 
product was filtered, washed with distilled water/ethanol 
(80v/20v) and dried at 90 °C for 120 min. A series of BiOCl/
AgI composites were prepared with different weight ratios of 
BiOCl. 25, 40, 50% BiOCl particles were defined as 25BAg, 
40BAg and 50BAg respectively.

2.4 � Characterization

Microstructure and shape of the particles were investigated 
using SEM (JEOL JSM-7600F). Transmission electron 
micrographs (TEM) were obtained from JEOL JEM-2100 
(UHT) microscope. Crystalline structure was examined 
by XRD (Rigaku Dmax 350) using copper K radiation 
(λ = 0.154056 nm). The photoluminescence (PL) emission 
spectra of the samples were recorded by a spectrofluoromet-
ric (Spex 500 M, USA). Optical properties were performed 
using UV–Vis 1601 spectrophotometer (Dr. Lange 1601 

UV–Vis spectrophotometer) at room temperature. X-Ray 
photoelectron spectroscopies (XPS) measurement was per-
formed using PHI 5000 Versa Probe.

3 � Result and discussion

3.1 � XRD analysis

The XRD result of AgI and BiOCl/AgI samples are provided 
in Fig. 1. All diffraction peaks are sharp that indicates well 
crystallite structure of the prepared samples. Characteristic 
diffraction peaks of BiOCl were observed at 2θ = 11.98°, 
25.86°, 32.45°, 33.45°, 40.95°, 46.33°, 49.66°. These values 
correspond to the tetragonal structure of BiOCl with (001), 
(002), (110), (012), (112), (020), and (113) planes, respec-
tively (Fig. 1a) [13].

Moreover, pure AgI shows sharp diffraction peaks at 
2θ = 22.31°, 23.70°, 25.37°, 32.80°, 39.09°, 42.62° and 
46.23° (Fig. 1) that corresponds to the (100), (002), (101), 
(102), (110), (103), (112) crystal planes of β-phase AgI crys-
tal [14]. The peak intensity ratio of (110) to (001) planes 
for BiOCl was calculated as 2.32, 2.26 and 2.53 for 25BAg, 
40BAg and 50BAg samples, respectively. It is possible that 
AgI particles were more dispersed onto (001) facet in the 
40BAg sample (Fig. 1b).

It is clear that addition of BiOCl did not change the dif-
fraction peaks of AgI in the AgI–BiOCl samples as com-
pared with the standard AgI in the JPDS pattern. For the 
AgI–BiOCl samples, the intensity of diffraction peaks of 
BiOCl are gradually increased (Fig. 1b). The XRD patterns 
of the synthesized catalysts were evaluated with the standard 
card of Ag (JCPDS No. 04-0783). Metallic Ag (green line in 
Fig. 1b) was not obtained the prepared samples [15]. After 
producing BiOCl/AgI, the peaks of the composites remark-
ably shifted to higher 2 theta angle with the increasing of 
BiOCl content, which confirms a strong interaction between 
AgI and BiOCl (Fig. 1c).

3.2 � SEM analysis

All composites showed almost similar morphology that con-
firms the co-existing of BiOCl and AgI (Fig. 2). Two types 
of shapes were observed in the composites samples. AgI par-
ticles were collected on the surface of BiOCl. The surfaces 
of the composite samples were rough that presented higher 
sorption onto their surfaces, that is why efficient catalytic 
degradation occured. As shown in Fig. 2d, BiOCl particles 
have platelet morphology of 50–70 nm thickness with semi-
uniform flat surfaces.
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3.3 � TEM analysis

Figure 3 shows TEM image AgI/BiOCl (40BAg) compos-
ite. From Fig. 3a, it can be seen that the AgI and BiOCl 
were combined closely (Fig. 3a). BiOCl and AgI particles 

were spherical and rods shapes. The EDX mapping images 
exhibits that AgI/BiOCl (40BAg) sample shows a uniform 
distribution of the chemical elements on their surfaces. 
Hence, it could conceivably be hypothesized that BiOCl 
and AgI co-exist in the composite photocatalyst with close 
interaction.

Fig. 1   XRD pattern of pure BiOCl (a), all samples (b) and shifting of 
2θ degree (c)

Fig. 2   SEM images of the synthesized composite particles 25BAg 
(a), 40BAg (b), 50BAg (c)
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3.4 � Optical properties

The optical properties of catalysts play a major role in the 
photosensitization activity. UV–Vis analysis was performed 
between 200 and 800 nm spectral ranges to investigate the 

optical and light-acting properties of the samples. Figure 4a 
presents the UV–Vis diffuse reflectance spectra of BiOCl, 
AgI and BiOCl/AgI. All samples (except BiOCl) absorbed 
the visible light of < 450 nm suggesting their broad utility 
under the visible light irradiation. Band gap values (Table 1) 

Fig. 3   TEM image (a) and corresponding elemental mapping images (b, bı) of 40BAg nanoparticles
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of the samples were calculated using Eg =
1240

λ
 formula. The 

band gap value of BiOCl is higher than the others.
As well known, crystalline structure and surface prop-

erties can change the DRS results of a catalyst. With the 

increasing of BiOCl content, slightly red shift occurs that 
can be seen in the spectrum of BiOCl/AgI composites that 
is in fact caused by the synergetic effect between BiOCl 
and AgI [16]. However, no noticeable differences were 
observed in the band gap values of the synthesized BiOCl/
AgI catalysts. The band gap value of the 40BAg sample 
is lower as compared to the values of other composites 
(Table 1). A possible explanation for this case can be oxy-
gen vacancy that provides a new electronic state in the 
BiOCl, which acts as a trap to capture excited electrons. 
This phenomenon is useful to expand the absorption spec-
trum to the visible light region [17].

In summary, the obtained band gap values of the BiOCl 
and AgI are smaller than that of BiOCl/AgI composites. 
Thus it can be suggested that BiOCl/AgI is suitable to 
excite its electrons under visible light that are required for 
the catalytic degradation of organic materials.

Furthermore, the band edge locations of BiOCl and AgI 
were calculated by using the following empirical formula:

where ECB and EVB is the valence and conduction band edge 
potential, X are the electro negativities of BiOCl (X = 6.36) 
[18] and AgI (X = 5.48) [19]. Eg is the band gap energy of 
the semiconductor while Ee is the energy of free electrons 
on the hydrogen scale (about 4.5 eV). The estimated ECB and 
EVB values were − 0.52 and 2.48 for AgI and − 0.39 and 3.92 
for BiOCl respectively. Therefore, it can be proposed that 
BiOCl and AgI exhibit a matching interactive energy band 
structure. These observations support the efficient separation 
of the charges (electrons and holes) that are originated from 
AgI in the BiOCl/AgI catalyst [20].

3.5 � PL analysis

To investigate the separation and recombination of the 
charge carriers in the synthesized samples with different 
BiOCl molar ratios, photoluminescence (PL) was meas-
ured (Fig. 5) at room temperature. The BiOCl/AgI com-
posites showed almost similar emission peaks with that of 
pure AgI. The PL absorbance intensity of AgI and BiOCl 
around 485 nm was higher in 40BAg sample (Fig. 5). As 
well known, PL reflects an impressive result to reveal 
migration, recombination and charge transfer efficiency. 
There are many reports where the higher PL intensity 
shows lower recombination of electron hole pairs that 
reduces the photocatalytic activity. However, sometime a 
surface defect and oxygen vacancy at the catalyst surface 
can cause higher PL intensity of photoluminescence and 
photocatalytic activity [21].

ECB = X − Ee − 0.5Eg

EVB = X − Ee + 0.5Eg

Fig. 4   UV-DRS spectra of the synthesized samples

Table 1   Band gaps and kinetic results of the catalysts
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2
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BiOCl 4.31 2.2 0.99 3.2 0.95
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40Bag 2.91 6.5 0.98 10.7 0.98
50BAg 2.92 4.6 0.98 8.8 0.99
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3.6 � XPS analyses

Figure 6 shows the high resolution XPS spectra of the 
40BAg catalyst. The 40BAg sample contains Bi, Cl, O, 
Ag and I elements (Fig. 6a). An O 1s peak (Fig. 6b) at 
527.11 eV belongs to O2- in the Bi–O bond in BiOCl [21]. 
Also the broad O 1s peak (Fig. 6c) indicates more than one 
chemical oxygen species [22]. Two XPS characteristic peaks 
(Fig. 6d) at 156.87 and 162.13 eV were Bi4f7/2 and 4f5/2 
related to Bi3+ [23]. The peaks (Fig. 4e) detected at 371.93 
and 365.92 eV represents Ag 3d3/2 and Ag 3d5/2 of Ag+ in 
the 40BAg sample [24]. The binding energies of 628.65 and 
617.24 eV were attributed to I3d3/2 and I3d5/2 respectively. 
This confirms the presence of I− in AgI [20] (Fig. 6f). These 
results confirm the pure BOCl/AgI composite to be used in 
the photocatalytic study.

3.7 � Photocatalytic studies

All photocatalytic studies were performed under UV–Vis-
ible irradiation at room temperature and neutral pH. As 
well known, adsorption of the samples plays a major role 
in the degradation process. 0.1 g/50 mL of solid/liquid was 
added to a beaker where the concentration of 3-CP was 
10 mgL− 1. This solution was kept in the dark for 60 min 
to obtain adsorption/desorption equilibrium. Initially the 
absorption spectrum of 3-CP did not change until irradiated 
by UV–Visible light without catalyst (Fig. 7). The obtained 
absorption spectra of 3-CP presented a distinct band cen-
tered around 269 nm. This band is related to the electronic 
transitions of the phenolic oxygen on the aromatic ring of 
3-CP [25].

In 40BAg sample, similar absorption spectrum of 3-CP 
was observed in dark conditions. This confirmed that the 

synthesized samples did not shift the absorption spectra 
of 3-CP at initial stages. During the photodegradation, a 
300 W Xe lamp with cut off UV filter was used as visible 
light source. For UV light irradiation, a specially designed 
UV reactor was used that consists of a closed system hav-
ing a Spectroline XX-15 N UV lamp that emits radiation at 
260 nm with the intensity of 2 mW cm−2 and allows fixed 
mixing and cooling. Once photocatalytic degradation had 
begun, 1 mL of sample was withdrawn and filtered to moni-
tor degradation rates of 3-CP in a spectrophotometer. This 
process was repeated every 30 min. Photocatalytic degrada-
tion of 3-CP was calculated using the following equation:

where Ao and At are the initial and final absorbance of 3-CP 
at 274 nm for visible light and 269 nm for UV light irradi-
ated samples.

According to the Beer–Lambert law, initial and final 
absorbance represent the initial (Co) and final (C) concen-
trations of 3-CP [26]. The obtained results showed that 
composite BiOCl/AgI catalyst was more active to degrade 
3-CP than the pure BiOCl and AgI samples. The amount of 
BiOCl was changed up to 50% in the BiOCl/AgI compos-
ites (Fig. 7), where 40% of BiOCl content in the compos-
ite provided the highest photocatalytic activity. A possible 
explanation for this might be that more BiOCl content low-
ers the electron transfer efficiency of the photo-generated 
electron–hole pairs. So the catalytic activity decreases under 
the visible light [27]. In addition, more crystalline defect 
is possible in structure of the 40BAg sample (40%) that is 
also consistent with data obtained in UV-DRS results. The 
improved catalytic performance of the catalysts can be con-
nected to several factors such as BET surface area, absorp-
tion ability, separation of electron/hole pair oxygen vacancy 
etc. To explain the photocatalytic mechanism of the BiOCl/
AgI samples under UV–Visible irradiation, the band struc-
tures of the BiOCl and AgI must be considered.

The visible light degraded 64.1% of 3-CP (10 mgL− 1), 
whereas UV light degraded 71.4% of 3-CP (10 mgL− 1) 
within 120 min for 40BAg sample. The pseudo-first order 
kinetic rate was used to correlate the experimental results 
(Fig. 8b, d). The first order kinetic rate k (1/min) for 3-CP 
degradation can be calculated by plotting ln

(

Co

C

)

 versus time 

(t). C0 is the initial concentration at zero time and C stands 
for the concentration at certain time. The kinetic rate con-
stant and regressions coefficient values are provided in 
Table 1. Infact, higher rate constant value represents higher 
degradation yield in a photocatalytic reaction [27]. The 
obtained rate constant value of 40BAg sample was higher 
than the other samples (0.0065 and 0.0107 min− 1 for visible 
and UV irradiations respectively). These higher kinetic rate 

%Degradation =
Co − C

Co
× 100 =

Ao − At

At
× 100

Fig. 5   PL spectra of the synthesized catalysts
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Fig. 6   XPS spectra of 40Bag sample, a survey, b O1s, c Bi4f, d Cl2p, e Ag3d, f I3d
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constants of 40BAg sample show efficient degradation than 
the others.

The band structure of BiOCl/AgI composites is given in 
Fig. 9. The obtained VB and CB band edge potential of 
BiOCl are 3.92 and − 0.39 eV while the VB and CB band 
potential of the AgI are 2.48 and − 0.52, respectively. Under 
the visible light irradiation (λ ≥ 405 nm), only the VB elec-
trons of the AgI were excited to its CB level. The excited 
electrons of AgI transferred to the CB level of BiOCl due to 
their matching band structure. The standard redox potential 
of O2∕ ⋅ O

−

2
 is approximately − 0.33 [28]. Therefore, transfer 

of electrons from the CB level of AgI to the BiOCl enables 
the release of superoxide radicals 

(

⋅O−

2

)

 by reducing 
(

O2

)

 . 
Also, the standard redox potential of H2O∕OH

⋅ is about 
2.38 eV that confirms that the holes (h+) on the AgI surface 
oxidizes H2O to ⋅OH radical.

The VB electrons of BiOCl are not excited under vis-
ible light due to higher band gap, however it plays as an 
electron trapping center to improve the separation efficiency 
of electron hole pairs that are originated from AgI catalyst 

Fig. 7   The absorption spectra of 3-CP under UV light at different 
degradation time

Fig. 8   Photocatalytic degradation of 3-CP and ln (C0/C) as function of time using the catalysts under visible light (a, b), UV light (c, d)
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(Fig. 9). During this process, AgI particles intercept the 
photo-induce electrons by interstitial Ag+ to reveal metallic 
Ag [20] that improved the catalytic performance of 40BAg 
catalyst under visible light. Photodegrading of 3-CP under 
UV irradiation was higher than the visible light. 40BAg 
similarly exhibited more catalytic activity under both UV 
and visible irradiation.

From the above discussion, one can understand the fol-
lowing points:

•	 It is possible that these results are originated from 
more excited electrons in both VB level of BiOCl / AgI 
and transferring of the holes in the VB level of BiOCl 
(Fig. 9).

•	 When 3-CP adsorbs on the catalyst surface, the electrons 
in the valence band (VB) of BiOCl and AgI excites to 
their defect level that lead to PL result. This level exhib-
its extra hole h+ in the BiOCl/AgI structure. The oxygen 
vacancies V0 can capture a hole 

(

h+
)

 in the defect level to 
transform V+

0
 species [29]. These processes causes effi-

cient separation of electron hole pairs in combination.
•	 Holes 

(

h+
)

 on the BiOCl and AgI can oxidize Cl− ions 
to Cl⋅ and I− ions to I⋅ . These radicals can oxidize 3-CP 
into CO2 and H2O. Thus, these coupling radicals shows 
efficient catalytic activity of the composite BiOCl/AgI 
samples [23].

Table 2 presents a comparison of photocatalytic degrada-
tion yield of AgI based composites. It is clear that AgI based 
composites exhibited efficient catalytic activity of degrada-
tion for some organic pollutant under visible light irradia-
tion. The obtained degradation results can be related to the 
efficient inhibition of recombination rate of electron/hole 
pairs and surface plasmon resonance (SPR) of metallic Ag.

3.8 � Mechanism of 3‑CP degradation over BiOCl/AgI

Radical reactive species (h+, O⋅−

2
and OH⋅) play an active role 

to decompose organic pollutants. To evaluate the main reac-
tive species in the 3-CP decomposition, ascorbic acid (AA), 
potassium iodide (KI) and isopropyl alcohol (IPA) (each 
1 mmol L− 1) were used as 

(

O⋅−

2

)

 , (h+) and (OH⋅) scavengers 
in the BiOCl/AgI/3-CP system (Fig. 9). The results showed 
that AA and KI have strongly suppressed the catalytic per-
formance of 40BAg sample under both visible and UV light. 
These findings suggest that the main reactive species for 
3-CP degradation over BiOCl/AgI catalyst are O⋅−

2
and h+ 

(Fig. 10).

4 � Conclusion

BiOCl/AgI composites were successfully synthesized by 
in situ precipitation technique. The photocatalytic activity 
of the composites was evaluated using 3-CP under visible 
and UV irradiations. BiOCl/AgI composites showed more 
catalytic activity than pure BiOCl and AgI that can be attrib-
uted to the low recombination rate of electron/hole pairs, 
(Cl−) and (I−) ions to produce (Cl·) and (I·) radicals. BiOCl 
was found as the electron trapping center under visible light. 
Photo-generated superoxide radicals and holes were main 
active species under UV and Visible light. The composites 
degraded 3-CP with excellent yields. BiOCl/AgI composites 
are new candidates where the photodegradation of organic 
pollutants is required. These photocatalysts should be further 
explored against other water soluble organic pollutants.

Fig. 9   Schematic illustration of photocatalytic mechanism of 40BAg 
sample under visible light

Table 2   Comparing 
photocatalytic degradation yield 
of AgI based composites

Photocatalyst Model pollutant Band gap (eV) Photocatalytic 
data (%)
Under visible 
light

Refs.

BiOCl/AgI (40BAg) 3-chloro phenol (3-CP) Eg (AgI) = 3.01 ~ 65 This study
AgI/BiOI (AgI 4%) Methyl orange (MO) Eg (AgI) = 2.34 ~ 70 [28]
p–AgI/{001}n–Bi2O2CO3 2-chloro phenol (2-CP) Eg (AgI) = 2.34 ~ 100 [23]
AgI/ZnO (ZnO@AgI-5%) Methyl orange (MO) Eg (AgI) = 2.81 ~ 83 [14]

e e 
Defect level 
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