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Highlights

* Facile synthesis of ternary Ag/AgCl/BiOCl photocatalyst.

* In-depth characterization through various methods of synthesized material samples.
* Reduced bandgap as a result of SPR heterojunction coupling.

* Enhanced photocatalytic activity in visible light degradation of phenol.

Abstract

Forerunner investigators of photocatalysis utilized TiOz as the photocatalyst of choice. It has
major drawbacks of which the most important one is that it is only activated under ultraviolet
(UV) light irradiation. This high energy consumption made the process practically unfeasible.
Solar energy (natural light and heat from sun) has great prospects with regards to acting as a
substitute for UV light since it is a renewable and cheaper energy source. In this work, the
development of a heterogeneous silver/ silver chloride/ bismuth oxychloride
(Ag/AgCl/BiOCIl) photocatalyst that is able to utilize natural light through visible light
activation was investigated. This will successfully serve as a green alternative in the use of
renewable energy for pollution reduction while saving energy. The synthesized
photocatalysts were characterized using various techniques. The purity and crystallinity of the
synthesized photocatalysts were determined using x-ray diffraction (XRD) while x-ray
photoelectron spectroscopy (XPS) was used to determine the elemental composition and
chemical states present in the synthesized catalysts as well as confirm the presence of
elemental Ag. Fourier-transform infrared spectroscopy (FTIR) specified the functional groups
present while the morphology and chemical composition were determined using a scanning
electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDS) and
transmission electron microscopy (TEM). The surface area and pore size were measured on a
Brunauer-Emmett-Teller (BET) and thermogravimetric analysis (TGA) was done to
determine the thermal degradation of synthesized particles. Ultraviolet-visible spectroscopy
(UV—vis) was done to determine the photoabsorption range and bandgap of the particles as
efficiency of photocatalysis is dependent on these properties together with the morphology of
the semiconductor material. Ag/AgCl/BiOCl photocatalyst showed good photocatalytic
activity of 52 % under a low-wattage simulated visible light irradiation in 4 h. This work
therefore shows great prospect for pollution control through energy reduction thereby
protecting the environment.
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1. Introduction

Semiconductor photocatalysis, a version of advanced oxidation process (AOP), has shown
potential for treatment of contaminants in water especially where the water is contaminated
with micro pollutants and complex organic materials [1]. Due to its ability to completely
mineralize organic pollutants leaving no traces of the compound, photocatalysis has been
referred to as a “Clean” technology. Potentially, photocatalysis can also be classified as a
“Green or fossil energy free” technology if solar radiation is used with the catalysts.
Photocatalysis has been tested in the destruction of bacteria and virus, cancer cells
inactivation, odour mitigation, water photo splitting and oil spillage clean-ups [2].
Photocatalysis involves the use of a semiconductor catalysts suspended in aqueous medium
which when illuminated results in the production of photogenerated holes and electrons on
the surface of the catalyst. This enables toxic pollutants to be degraded into non-toxic and
non-hazardous compounds such as water, carbon dioxide and other small molecules [3].
Titanium based photocatalysts have been widely used due to their relatively low cost,
stability and inertness in aquatic systems [4]. However, titanium based photocatalysts are
characterized by their high electron-hole recombination rates, low quantum yields and wide
band-gap energy which makes them unsuitable for visible light activation and only viable for
activation and usage in the ultraviolet light region [5].

Other semiconductor catalysts grouped as oxides, sulphides, oxysulfides, nitrides and
oxynitrides have gained attention due to their potential application for solar energy
conversion and their ability to degrade environmental pollutants [6]. This is advantageous
because visible light represents 45 % of the solar spectrum and a visible light activated
catalyst will enable the use of solar energy for photocatalysis [7,8].

While various strategies have been explored to improve the bandgap of available
photocatalysts such as TiO2 into the visible light range, researchers in water remediation have
introduced doping, metal loading and heterojunctions by matching band potentials to extend
semiconductors into the visible light range [9,10]. These photocatalysts are specially
designed to ensure higher photocatalytic activity because of adequate separation of electron-
hole pairs thereby improving their visible light activation response [11]. Several
heterojunction mechanisms have proven to be successful in improving the activity of
photocatalysts, these includes type-II and p-n heterojunctions. While p-n heterojunctions have
proved to be more superior, new heterojunction methods namely surface and direct Z-scheme
heterojunctions have recently received considerable attention [10].

Examples of catalysts being investigated in recent years include bismuth-based oxyhalides.
This is due to their uncommon properties of layered structures and their demonstrated
potential for activation in a wide electromagnetic band including the visible light range. The
bismuth-based oxyhalides have been tested in catalysis, nanodevice and nanosensor
development and in eco-friendly pigments [6,12]. The layered structure of bismuth
oxyhalides provides a large enough space for the atoms and orbitals to be polarised thereby
separating the electron-hole pair effectively and reducing recombination of the generated
electron-hole pairs. Bismuth oxychloride (BiOCI) is one of the bismuth oxyhalides which has
attracted vast attention due to its high photocatalytic activity evidenced in the degradation of
cationic dyes such as methylene blue and rhodamine blue [13].



Table 1. Photocatalytic degradation of different Ag/AgCl-composite particles in previous studies.

Photocatalyst Pollutant
Hollow Ag/AgCIl/BiOCl1  Methyl orange (MO)
Flower-like Ag/AgCIBioC] RhodamineB,
Tetracycline

Ag/AgCl/BiOCl nanosheets S. aureus

AgCl nanotubes/BiOCl

nanosheets Methyl orange

4-Aminobenzoic acid

Ag/AgCl/WOs-nanoflakes (4-ABA)

Poly(N-hexadecyl pyridine
acetylenic alchohols
bromide)-Ag/AgCl (Pp-
16@Ag/AgCl)

Rhodamine B and
fast green dyes

Ag/AgCl dispersed on
mesoporous Al2Os3

Methylene orange
and methylene blue

Ag/AgCl/SnO: Rhodamine B

Ag/AgCl/WO;3 Rhodamine B

Investigation

Ag/AgCl/BiOCl synthesis, characterization and
photodegradation of MO using a 5 W LED
visible light.

Synthesis through a solvothermal method,
characterization, visible light degradation of
pollutants using a 500 W Xe lamp. Recycling of
catalysts.

Synthesis, characterization, photocatalytic
inactivation of bacteria using a 500 W Xe lamp,
inactivation mechanism proposed.

Synthesis, characterization, degradation, catalyst
recyle and nanosheet/nanotubes degradation
mechanism.

Synthesis in geothermal water (chlorine source),
visible light degradation of pollutant using a

300 W xenon lamp, stability test and degradation
mechanism.

Synthesis, characterization of photocatalyst, its
degradation of pollutants and reusability tests.

Synthesis, characterization, and degradation of
pollutants under a 300 W Xe arch lamp for
visible light irradiation.

Synthesis, characaterization, degradation of
pollutants under simulated sunlight irradiation
with a 500 W xe lamp used as light source.

Microwave assisted synthesis of Ag/AgCl/WOs3,
photocatalyst characterization and its
photocatalytic activity under simulated solar
light.

Remarks

20 % Ag/AgCl/BiOCI showed high photocatalytic
activity for MO under LED irradiation. h* and -O™ plays
significant role in MO degradation.

Followed first order kinetics. Ag/AgCl/BiOCI shows a
higher photocatalytic activity in visible light than pure
BiOCl.

Ag/AgCl/BiOCI showed higher photocatalytic activity in
comparison to Ag/BiOCl, AgCl/BiOCl and
Ag/AgCl/TiO;.

Followed pseudo-first order kinetics. Strong visible light
response and improved separation of photogenerated
electron holes.

The 50 wt % Ag/AgCl/WO; showed a higher
photocatalytic activity under visible light irradiation in
comparison to Ag/AgCl and WOs.

The composite showed high photocatalyst activity in the
degradation of RB and FG under UV irradiation.

The photocatalysts exhibited high photocatalytic activity
and stability in the degradation of the organic pollutants.
Ag/AgCl(Ch;:COOAg)/Al,0O3 showed the highest
photocatalytic activity.

Successful synthesis of Ag/AgCl/SnO; and its different

Ag/Sn molar ratios. Ag/Sn shows that 7% shows the the
best photocatalytic activity.

The photocatalyst activity of the synthesized
photocatalyst in the degradation of dye is noticed to be
higher in than WOs.

Reference
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Photocatalyst Pollutant

Cyclized polyacrylonitrile Methyl orange,
(CPAN)/Ag/AgCl rhodamine blue

Rhodamine blue,

Ag/AgCl-CAWO, Methylene blue,
methylene orange,
phenol

Cuz:0/Ag/AgCl microcubes Methyl orange
TiO: hollow nanofibers
grafted Ag/AgCl Methyl orange

(Ag/AgCI-EITiOz)

AgCl@Sn-TiO:
microspheres

Rhodamine blue, 3-
aminophenol

Ag-AgCL in porous PVA Methyl orange

E. coli, S. aureus, S.

epidermidis, P.
aeruginosa, Methyl
blue

AgCl/Ag-cellulose paper

4-chlorophenol,

Ag/AgCl@TiO; V)

Investigation

Synthesis, characterization and photocatalytic
activity test of photocatalyst in the degradation
of organic pollutants under visible light
irradiation using a 300 W iodine tungsten lamp
as a lamp source.

Catalyst synthesis through photoreduction
process, characterization and degradation under
visible light with a 300 W xenon lamp as light
source.

Synthesis, characterization and visible light
activated degradation of MO using a 500 W Xe
lamp.

Synthesis through electrospinning and co-
precipitation, characterization and degradation of
MO under visible light (300 W Xe arc lamp)
degradation.

Simple hydrothermal synthesis, characterization
and photodegradation of contaminants under
visible light.

Three—step synthesis, characterization, visible
light degradation under visible light (xenon
lamp) and photostability tests.

Synthesis through a facile ultra-sound agitation
process, degradation of organic pollutant under
direct sunlight, antibacterial and biocompatibility
tests.

Synthesis through a deposition, precipitation and
reduction method. Characterization of
synthesized catalyst and degradation of 4-
chlorophenol and photoreduction of Cr(VI)
under visible light irradiation.

Remarks

The synthesized catalyst showed great activity and

stability in the degradation of methyl orange. [27]
Complete degradation of RhB, MB and MO using

synthesized catalyst in 30 min. 95 % Phenol degradation [28]
in 90 min.

93 % methyl orange degradation in 16 min. High stability [29]
of synthesized catalyst.

Ag/AgCI-ELTiO; showed a higher photocatalytic activity

in comparison to Ag/AgCIl-SGTiO,, Ag/AgCl, ELTiO,  [30]
and SGTiO,.

The synthesized catalyst showed great photocatalytic

activity in the degradation of the pollutants and it is noted [31]

that the photocatalytic activity is based on the amount of
AgCl present in the composite.

Ag/AgX has a photoactivity dependence on Cl. The
synthesized AgCl/PVA showed week photoactivity under [12]
acidic conditions.

Successful fabrication of AgCl/Ag hybride cellulose
paper as confirmed by characterisation. Synthesized
catalyst showed superior photoactivity in the inactivation
of bacteria and degradation of organic pollutant.

[32]

Successful one-pot synthesis of photocatalyst. Efficient
photodegradation of 4-CB and Cr(VI) under visible light.
Ag to AgCl ratio discovered to be key component in
photoactivity.

[33]

Reference



Different synthesis techniques are used to produce BiOCIl. Depending on the process used,
different crystalline structures and macroparticles are produced, such as, nanoflowers,
nanorods, nanosheets, nanobelts, thin films which all have different morphology and surface
area, consequently affecting the band gaps and photodegradation potential [14,15]. BiOCI,
like TiOz2, exhibits a wide band gap and therefore, is mainly activated within the UV range
[16]. This has led to research into improving the visible light responsiveness of BiOCl. Some
good materials were discovered for this purpose, one of which is the AgX (X =ClI, Br, I).
AgX has a wide band-gap and therefore cannot be photo-excited under visible light
irradiation [17], however, its ability to photoreduce upon light illumination and form
elemental Ag with surface plasmon resonance (SPR) properties has been shown to drastically
improve the visible light responsiveness of some large band-gap semiconductors [18].
Previous work has shown that Ag/AgX/BiOX possesses good photodegradation activity in
the degradation of dyes and organism sterilization [5]. Table 1 summarizes the various
Ag/AgCl/-catalyst photocatalytic heterojunction systems that have been used to degrade
different organic contaminants in previous studies.

In the present work, we report the synthesis of Ag/AgCl/BiOCI composite photocatalysts
fabricated through the deposition of AgCl on BiOCl followed by the introduction of
elemental Ag on the surface through photoreduction. The constituent components, AgCl and
BiOCl were also synthesized. The material properties of these particles were characterised
using a range of analytical techniques. The photocatalytic activity of all synthesized materials
was investigated by monitoring the degradation of phenol under both UV and visible light
and a possible photocatalytic mechanism was suggested. Our investigation contributes to the
body of knowledge around Ag/AgCl based photocatalysts used in the degradation of organic
contaminants in waste water under visible light. To the best of our knowledge, the visible
light driven photoactivity of the present ternary catalyst and its individual constituents on
phenol contaminated wastewater has not yet been reported.

2. Materials and methods
2.1. Photocatalyst synthesis

Table 2 summarizes the main materials that were used to synthesize the various catalysts
presented in this study.

Table 2.: Materials used for catalyst synthesis and their source.

Material Source
Cetyltrimethylammonium chloride (CTAC) Sigma-Aldrich
Bismuth (III) nitrate pentahydrate (Bi(NOz3)3:.5H20) Sigma-Aldrich
Phenol Merck, SA
Acetic acid Glassworld, SA
Silver nitrate (AgNO3) Glassworld, SA

The synthesis method used to prepare Ag/AgCl/BiOCI composite photocatalyst was adapted
from Hong et al. [34]. Bismuth oxychloride particles were synthesized by dissolving 9.7 g of
Bi(NO3)3.5H20 into a solution containing 30 mL ultrapure water and 15 mL acetic acid. A
second solution was prepared by dissolving 6.4 g of cetyltrimethylammonium chloride
(CTAC) in 30 mL of ultrapure water. The bismuth nitrate solution was then added dropwise
into the CTAC solution with constant stirring at room temperature for an hour. A white
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precipitate was formed and recovered by filtration. It was then washed three times with
ethanol and three times with ultrapure water before being dried overnight at 70 °C. The
resultant particles were ground to fine powder.

AgCl was synthesized through an in situ precipitation method. 3.2 g of CTAC was added to
30 mL of ultrapure water in one beaker. In another beaker, 3.4 g of AgNO3 was added to
70 mL of ultrapure water. Both solutions were mixed and stirred in the dark for five hours
followed by washing three times with ethanol and water before being dried at 80 °C for 8§ h.

2.1.1. Synthesis of Silver chloride/bismuth oxychloride (AgCI/BiOCI) and silver/silver
chloride/bismuth oxychloride (Ag/AgCI/BiOCI)

Finally, the composite silver chloride/bismuth oxychloride (AgCl/BiOCl) and silver/silver
chloride/bismuth oxychloride (Ag/AgCl1/BiOCI) catalysts were synthesized as follows. 1.7 g
of silver nitrate (AgNO3) was dissolved in 925 mL of ultrapure water. Ag/AgCl/BiOCl
composites was synthesized by mixing the silver nitrate solution with a BiOCI solution
similar to the one described for the BiOCI synthesis. The solution was magnetically stirred
for 6 h. The resultant precipitate was collected and re-dispersed in 1 L of water before
irradiating it with a 36 W visible light lamp for 1 h for the photoreduction of Ag®.
AgCl/BiOCI composite catalyst synthesis followed a similar synthesis route with the
exception of the photoreduction step.

2.2. Characterization techniques

The crystalline purity and phases present in the synthesized particles were evaluated using X-
ray diffraction (XRD). The spectra were recorded on a PANalytical X Pert Pro powder
diffractometer in -0 configuration with an X’Celerator detector, variable divergence- and
fixed receiving slits with Fe filtered Co-Ka radiation (A= 1.789 A). The primary functional
groups on the catalyst surfaces were determined using a Perkin Elmer Fourier-transform
infrared (FTIR) spectrometer with a MIRacle Zn/Se ATR attachment. The Brunauer-Emmett-
Teller (BET) surface area and porosity of the particles was obtained using a Micromeritics
TriStar II analyser. The primary particle size, morphology and EDS mapping of the
synthesized photocatalysts were captured on a scanning electron microscopy (SEM) Zeiss
Ultra PLUS FEG SEM. SEM samples were prepared by distributing the particles on an
aluminum plate and coated with carbon using an auto-coating sputter coater. SEM images
were captured at 1 kV. TEM images were captured using a JEOL JEM 2100 F TEM. The
samples were placed on a TEM mesh grid and coated with a light layer of carbon for
stabilization. The valence states of the elements contained in the photocatalysts were
confirmed through X-ray photon spectroscopy (XPS) on a Thermo ESCALAB 250Xi and
using a monochromatic Al Ka X-ray source (1486.7 eV) operated at 300 W. This was
accomplished by measuring the kinetic energy of electrons deflected from the surface of the
catalyst. The thermal stability of the synthesized particles was determined using a TGA5500
from TA instruments. The analysis was carried out in a temperature range of 25-1000 °C, at a
heating rate of 10 °C min™! in an inert nitrogen atmosphere. The photoelectric properties of
the photocatalyst material was evaluated by recording the UV—vis spectra on a Hitachi U-
3900 spectrophotometer.



2.3. Photocatalytic activity evaluation

The photocatalytic activity of the synthesized photocatalysts, was investigated for phenol
degradation under both UV and simulated solar light. A batch reactor set-up was used and
this consisted of a 400 mL beaker loaded with 300 mL of 10 ppm phenol solution with
varying catalyst loading in the range of 0—1 g of catalyst [35]. The experimental sequence
involved continuous stirring for 30 min in the dark in order to attain adsorption-desorption
equilibrium followed by 4 h of light irradiation. A Philips 36 W UV lamp was used as UV
light source while a combination of six, 36 W Fluora lamps normally used for algae growth
were used as a visible light source. During the photocatalytic degradation process, 2 mL
samples were withdrawn at 30 min intervals, centrifuged and filtered through 0.45 um
membrane filters to remove particles before analysis. Phenol concentration before and after
degradation were monitored on a Waters high pressure liquid chromatograph with a
photodiode array — Waters 2998 PDA detector using a Waters PAH C18 (4.6 X 250 mm,

5 um) column. Mobile phase consisted of two solvents A and B where A consists of 1%
acetic acid in water and B consists of 1% acetic acid in acetonitrile with phenol elution done
at 30 % A and 70 % B.

3. Results and discussion

3.1. Characterization
3.1.1. XRD, FTIR and BET analysis

The purity and crystallinity of the synthesized particles were investigated by XRD analysis.
Fig. 1 shows the spectra obtained for the BiOCI, AgCl/BiOCl and Ag/AgCl/BiOCl catalysts.
Based on the ICSD database using the X’Pert Highscore plus software, pristine peaks of the
pure compounds were detected with virtually no other diffraction peaks being shown. These
results indicate that the synthesis procedure was successful and highly crystalline and pure
compounds were prepared. Fig. 1 also revealed that near symmetrical spectra were obtained
for both the AgCl/BiOCI and Ag/AgCl/BiOCI catalysts. It is worth noting that no elemental
Ag was detected in the ternary Ag/AgCl/BiOCI composite photocatalyst. The beam used for
X-ray diffraction is known to have an average sample penetration depth of = 2-3 um [36].
This is larger than the typical size of silver nanoparticles (2 nm — 100 nm) [37] that were
expected to form on the catalyst surface. Therefore, it is possible that the Ag® were XRD
invisible especially at the very low Ag® concentrations expected. Additionally, the Ag® could
have been amorphous making it difficult to detect using XRD analysis. The peaks indexed at
20=32.2" and 55.2° were attributed to AgCl and correspond to the (200) and (222) khl planes
[11,38]. This observation confirms the coexistence of the AgCl and BiOCIl phases.
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Fig. 1. XRD patterns of BiOCI, AgC1l/BiOCl and Ag/AgC1/BiOCI.

FTIR spectroscopy was conducted in order to determine the major functional groups present
on the synthesized catalysts. Fig. 2 presents the spectra obtained in the wave number range
550 to 4000 cm™!. The broad band ranging from 3400 — 3500 cm™ ! was attributed to the O __
H group which is a result of the interactions with water. Vibration bands at 2923 cm! and
1357 cm! were assigned to the carboxyl and alkane functional groups. This was a surprising
result since the synthesized compounds are supposed to be inorganic in nature. The presence
of these functional groups was thought to result from remnants of the synthesis process such
as CTAC and acetic acid [39] due to inadequate washing. The band at 550 cm™! is attributed
to the Bi-O functional group [40] which is a characteristic and present in BiOCI, AgCl/BiOCl
and Ag/AgCl/BiOCl.
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Fig. 2. FTIR spectra for AgCl, BiOCl, AgCl/BiOCl and Ag/AgCl/BiOCl.

The multipoint BET surface area of the ternary Ag/AgCl/BiOCI composite catalyst was

6.64 m?/g whilst the AgCl and BiOCl recorded values of 8.43 and 4.7 m?/g, respectively. The
pore size (7.0457 nm) and pore volume (0.0187 m?/g) of the main Ag/AgCl/BiOCl catalyst
were also determined.



3.1.2. Particle morphology

The morphology of the various catalysts was evaluated using scanning electron microscopy.
The resulting micrograms for the different constituents are shown in Fig. 3(a—d). AgCl
particles (Fig. 3a) consisted of an agglomeration of near-spherical particles with the primary
particle size ranging from ~ 200 nm to 1 pum. The BiOCl particles shown in Fig. 3b consist of
rod-like structures assembled to form spheres and sheets. A spherical, flower-like
morphology was obtained for both the AgCl/BiOCl (Fig. 3c) and Ag/AgCl/BiOCI (Fig. 3d).
The TEM image for the ternary Ag/AgCl/BiOCI (Fig. 3e) shows the spherical Ag/AgCl
assembled on BiOCI. This flower-like morphology has a potential to improve the
photocatalytic properties of the synthesized materials. The layered structure provides enough
space for polarisation of atoms and orbitals thereby effectively separating the photogenerated
holes and electrons which enhance their photocatalytic activity [41].
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Fig. 3. SEM images of (a) AgCl, (b) BiOCl, (c) AgCI/BiOCl, (d) Ag/AgCl/BiOCl, (¢) TEM image of
Ag/AgCl/BiOClI, (f) EDS spectra of Ag/AgCl/BiOCl.



SEM-EDS analysis was further carried out to determine the elemental composition. The
corresponding spectrum (Fig. 3f), distribution of elements (Table 3) and elemental mapping
(SI Fig. 1) on the surface of the synthesized ternary photocatalyst shows the co-existence of
Ag, Bi, Cl, and O elements in the synthesized particles. AgCl shows an approximate 1:1 ratio
of Ag to Cl in the synthesized AgCl photocatalyst. In BiOCI, AgCl/BiOCl and
Ag/AgCl/BiOCl, while oxygen is in excess, the at.% of Ag:Bi:Cl is at an approximate 1:1:2
ratio. The BiOCl, AgCl/BiOCl and Ag/AgCl/BiOCl all show a consistent amount of oxygen
present in the synthesized materials which is also similar to work done by Zhao et al. (2018).

Table 3. SEM-EDS atomic percentage of elements in the synthesized photocatalysts.

Elements/ at.% AgCl BiOCI AgCUBIiOCI Ag/AgCUBIOCI
Ag 51.54 - 10.92 9.99
cl 48.46 19.42 22.79 20.28
Bi - 17.72 12.29 10.55
o - 62.86 54.01 59.18

3.1.3. XPS analysis

XPS measurements were carried out in order to determine the elemental compositions and
specify the chemical states of elements present in the synthesized catalysts. Fig. 4 shows the
full XPS spectra for AgCl, BiOCl, AgCI/BiOCl and Ag/AgCl/BiOCl, while Fig. 5 shows the
peaks of the different elements present. The two strong peaks at 158.3 eV and 164 eV in the
ternary Ag/AgCl/BiOCl, binary AgCl/BiOCI composite and BiOCl can be ascribed to the Bi
4f7,2 and Bi 4f5,2 of Bi** which represents the Bi** species in BiOCI. The peak at 367.1 ¢V in
AgCl, AgCl/BiOClI and Ag/AgCl/BiOCI corresponds to Ag 3ds.. Cui et al. [42] suggests that
the peaks at 367.1 eV is attributed to oxidized Ag" in the AgCl while the peak in close
proximity at 374 eV is assigned to metallic Ag which is as a result of photoreduction of Ag*
to Ag®. It is worth noting that this observation supports presence of Ag® after light irradiation
which had previously not been confirmed by the XRD results. The peak at 530.4 eV
corresponds to O 1s which is the Bi-O in BiOCl and peak at 197.8 eV corresponds to Cl 2p3/2.
The carbon peak present at 284.9 eV is C 1s which is ascribed to the presence of
accidental/adventitious carbon species.

i 4f

Bi 5d
Bi 4p

Ag/ApCVRIOC

O Ag3d <
AgCVBIOC
Bi 4d
Ag 3d Bl

Cl2p AgCl

= 1s

Intensity, a.u.

0 200 400 600 800
Binding energy, eV

Fig. 4. XPS analysis of synthesized AgCl, BiOCl, AgCI/BiOCl and Ag/AgCl/BiOCl sample.
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Fig. 5. Corresponding XPS spectra for C12p, Ag3d, Bi4f and O1 s in AgCl, BiOCl, AgC1l/BiOCl and
Ag/AgCl/BiOCl samples.

3.1.4. TGA analysis

The thermal stability of the synthesized photocatalysts was analyzed using TG analysis and
the resulting mass loss vs temperature curves are shown in SI Fig. 2. The thermal degradation
of the AgCl/BiOCl and Ag/AgCl/BiOCl are identical as the curves are superimposed on each
other. At 1000 °C, AgCl is completely decomposed and BiOCI had an 80 % mass loss while
the binary and ternary composites measured a 62 % loss. This shows that AgCl and BiOCl
decomposes at a lower temperature in comparison to the synthesized AgCl/BiOCl and
Ag/AgCl/BiOCl composites.

3.1.5. UV-vis and band gap measurement

The photoelectric properties of the synthesized catalysts were determined using UV—vis
spectroscopy, the resulting spectra are shown in Fig. 6. All the catalysts exhibited absorption
in the UV range. More importantly, AgCl/BiOCI showed heightened photoabsorption in the
visible light range compared to the other photocatalysts. This was closely followed by
Ag/AgCl/BiOClI and BiOCl with AgCl showing virtually no photoabsorption in the visible

11



light range. These observations suggest that the coupling of AgCl with BiOCI does indeed
improve the photoabsorption of the composite in the visible light range. The optical band-
gaps were calculated using the Kubelka-Munk equation [43]. The estimated band gaps for the
synthesized catalysts were 5.6 eV for AgCl, 5.4 eV for BiOCl, 3 eV for AgCl/BiOCl and

2.8 eV for Ag/AgCl/BiOCl as shown in Fig. 7. These values were higher compared to those
reported in literature. Chen et al. [44] measured a band energy of 3.29 eV for BiOCl and

2.9 eV for their hollow structured 30 % Ag/AgCl/BiOCl microspheres. Although, the present
study measures a relatively higher bandgap for AgCl and BiOCl, it also shows a significant
reduction in bandgap when both materials are coupled.

1.2 by e AgCl
====Ri0C]
Ll Y ——AgCUBIOCI
= [r A e
- O Ag/ACUBIOCI
g H ..r‘l -—
= - -
fﬂ_ {'Iﬁ i r:.‘] -———
= : "I"'"'-" =
- .
= 0,4 i 'E ""fta":,_:---...._
02t
u n 5 L " 1 " " M Fl .. " " n 1 a s L M L
180 280 380 480 580

Wave length, nm

Fig. 6. UV—vis spectra of synthesized particles.
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Fig. 7. Estimated optical band gap of as-synthesized particles.
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3.1.6. Photodegradation under UV light irradiation

The photocatalytic degradation of phenol was carried out under UV irradiation using the
ternary photocatalyst, Ag/AgCl/BiOCI. The initial catalyst loading was 0.25 g/300 mL and
the effect of the UV light and the catalyst material was investigated and shown in Fig. 8. The
results show a 20 % reduction in phenol concentration under adsorption conditions where the
phenol solution was contacted with Ag/AgCl/BiOClI in the absence of light. The other control
experiment determined the effect of the light source in the absence of the catalyst. This
photolysis experiment assumes that photolytic cleavage of phenol bonds occurs under UV
irradiation. Approximately 30 % degradation occurred after 4 h, therefore confirming that UV
light alone is capable of partially breaking down phenol. The commonly used Degussa TiO2
was also used under the same conditions for comparative purposes and was determined to
pose similar photocatalytic activity to Ag/AgCl/BiOCl (60 %). This showed that the
Ag/AgCl/BiOCl was activated in ultraviolet light and is capable of degrading phenol. The
results also confirm that, for substantial degradation of phenol under UV light irradiation to
occur, both light irradiation and photocatalyst are required.
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Fig. 8. Phenol degradation under UV light irradiation investigating the effect of light and photocatalyst.

The effects of the individual constituents of the photocatalysts was investigated under the
same initial phenol concentration of 10 ppm under UV light irradiation (Fig. 9). The
degradation efficiencies of AgCl, BiOCl, AgCl/BiOCI and Ag/AgCl/BiOCI were found to be
75 %, 47 %, 45 % and 60 % in 4 h, respectively. These results show that all synthesized
catalysts are activated under UV light irradiation. AgCl showed the highest degradation
activity in comparison to the other as-synthesized catalysts due to its SPR effects. AgCl is
known to be a photosensitive semiconductor, therefore, it has a natural light response in the
UV light region [43]. It was also noticed that the formation of metallic Ag on the
AgCl/BiOCl improved its photocatalytic degradation efficiency under UV irradiation in
comparison to just AgCl/BiOCI and BiOCI.
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Fig. 9. AgCl, BiOCl, AgCl/BiOCl and Ag/AgCl/BiOCl under UV light irradiation.
3.1.7. Photodegradation under visible light irradiation

Under the simulated visible light, the individual effects of the light and synthesized ternary
Ag/AgCl/BiOClI was investigated in the photodegradation of phenol and illustrated in Fig. 10.
The photolytic degradation of phenol as a result of bond cleavage noticed under UV light
irradiation was absent under visible light irradiation. While the catalyst showed 20 %
degradation due to adsorption on the surface of the catalyst, the photocatalysis experiment
showed 52 % phenol degradation under visible light irradiation. These results indicate that
the composite catalyst is indeed activated by visible light and is capable of degrading phenol.
The results presented in Fig. 10 also prove that the interaction of light and the catalyst is
necessary for organic degradation to occur.
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Fig. 10. Phenol degradation under visible light irradiation investigating the effect of light and photocatalyst.
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Under simulated visible light irradiation, the contributions of the individual catalysts
constituents was investigated and shown in Fig. 11. 14 % and 15 % reduction in phenol
concentration was measured when using AgCl and BiOClI catalysts. The reduction was
attributed to adsorption of phenol on the surface of the catalyst. This shows that the
synthesized AgCl and BiOCl is unable to be activated by visible light in the degradation of
phenol. AgCl/BiOCl and Ag/AgCl/BiOCI showed a similar degradation efficiency of 51 %
and 52 % in the degradation of phenol under visible light irradiation. During the synthesis
process, Ag was photoreduced on the surface of AgCl/BiOCI using visible light irradiation
for an hour. Therefore, Ag® was unavoidably generated during the phenol photocatalytic
degradation reaction using AgCl/BiOCI as there was light irradiation. This means that both
the binary and ternary catalyst had similar component and hence mechanism in the
photodegradation of phenol.
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Fig. 11. AgCl, BiOCl, AgCl/BiOCl and Ag/AgCl/BiOCl under visible light irradiation.
3.2. Possible proposed mechanism

For photocatalysis to be successful, the photon energy should be greater than the bandgap of
the photocatalysts [46]. Based on the phenol photocatalytic degradation experiments carried
out, it was observed that AgCl and BiOCl on their own were not activated under visible light
irradiation and could not generate the free radicals necessary to initiate the phenol
degradation process. This was attributed to the large bandgaps determined for these materials.
However, when AgCl and BiOCl were combined, and Ag® was photoreduced onto the surface
of the AgCl, it was postulated that a heterojunction photocatalyst similar to PS_C__PS
systems suggested by Zhou et al. [47] and Ye et al. [47] was formed. In this scenario, the Ag
nanoparticles serve as both an electron mediator and a photosensitizer. This configuration
would therefore allow for the generation of stable electron-hole pairs using low energy
photons.

Charge transfer in the envisaged mechanism is theorised to occur as depicted in Fig. 12.
Electron-hole pairs are initially generated in the Ag nanoparticles as a result of the surface
plasmon resonance (SPR) induced by visible light illumination [42]. The electrons are then
transferred to the conduction band (CB) of the AgCl, where they are further transferred to the
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CB of the BiOCI. This ensures spatial separation consequently inhibiting the recombination
of charges [45]. Typically the trapped electrons would then react with dissolved oxygen to
form reactive superoxide free radicals (-O2"). However, for this catalyst combination, it is not
the case since the potential of the BiOCI CB does not favour their formation [47]. Addition of
p-benzoquinone, a superoxide free radical quencher and isopropyl alcohol, a hydroxyl free
radical («OH) quencher showed no reduction in degradation activity, this confirmed their
absence in the system [47]. Further radical trapping tests carried out by the same authors
while investigating the degradation of RhB dye under visible light revealed that addition of
triethanolamine (TEOA) drastically reduced decolourization of the dye. This indicated that
the mechanism was primarily driven by the photogenerated holes. The surface of AgCl is
likely to produce free ClI™ ions, these would then react with holes on the Ag® surface resulting
in the formation of Cl. free radicals. The chlorine ion on the surface of BiOCl is also reported
to oxidize which adds to chlorine radical formation [48,49]. These Cl. free radicals would
then initiate bond cleavage in the target pollutant. It should also be noted that the electrons in
the CB of the BiOCI can potentially reduce the Cl. to CI™. It is postulated that a similar
mechanism occurs in the present study.

<] > - ' »Cl
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Fig. 12. Possible photocatalytic mechanism of Ag/AgCIl/BiOCl in visible light degradation of phenol.
4. Conclusion

This work succeeded in the synthesis of a visible light photocatalyst Ag/AgCl/BiOCl and its
constituents AgCl, BiOCI and AgCIl/BiOCI. The effectiveness of the synthesis process was
validated using various characterization methods to ascertain the purity, morphology and
chemical states of the synthesized catalyst. The photodegradation potential of the synthesized
catalysts were investigated under both ultraviolet and visible light irradiation in the
degradation of aromatic carbon, phenol. The batch experiments were designed in such a way
that the individual effects of light and catalysts were investigated. The results shows that all
the synthesized materials are activated under UV irradiation in the degradation of phenol and
due to the stability and durability of the synthesized particles; they can be used in the place of
commonly used TiOz. Both the binary AgCl/BiOCI and the ternary Ag/AgCl/BiOCl were
activated in the photodegradation of phenol under visible light. This confirms the creation of
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a simple and efficient photocatalyst that utilizes visible light (43 % of solar spectrum) instead
of UV light (4 % of solar spectrum). This is attributed to the unique characteristics of the
fabricated phototcatalysts such as the morphology, surface area, wide photoabsorption range
and low recombination rates. A possible visible light photocatalytic mechanism was also
postulated using the synthesized ternary photocatalyst. The creation of a ternary material
resulted in a lower bandgap material viable for visible light photoabsorption. This
photocatalyst shows great potential for degradation of industrial wastewater in visible light
with the advantage of reducing energy costs.
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