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A series of photocatalysts and heterojunction composites comprising ZnO, WOs3, and BiOl with different
loadings of WOs and BiOl into ZnO was synthesized and applied for the destruction of 2-chlorobiphenyl
(2CBP). The surface morphologies and elemental analysis of the as-synthesized composites were
determined using a Carl Zeiss Sigma FE-SEM equipped with an Oxford X-act EDS; optical studies were
conducted using a UV 1800 Shimadzu UV-vis spectrophotometer. The X-ray diffraction measurements
were made with a Bruker D2 XRD instrument, while the BET surface area measurements, BJH pore size
distribution, and isotherms were obtained using a Micrometrics TriStar 3000 instrument. The ZnO-[10%]
BiOl heterostructure exhibited a superior photocatalytic activity in this study. The degradation reactions
were fitted to the pseudo-first and second order kinetic models in order to exploit the kinetic process of
the photodegradation reaction. The ZnO-[10%]BiOl hetero-photocatalyst showed the highest rate
constants of 0.0054 min~! and 0.0086 min~' in both the first and second order kinetic models,
respectively. When compared to undoped ZnO, the rate constant of the ZnO-[10%]BiOl heterostructure
was observed to be nearly 5-fold higher, demonstrating the superior catalytic performance of the as-
prepared ZnO-[10%]BiOl hetero-structured photocatalyst. All the photocatalysts and heterostructures
showed increased rate constants in the second-order reaction kinetics model except for BiOl and ZnO-
[5%]WOs3, whose rate constants decreased from 0.0046 to 0.0041 min~! and 0.0036 to 0.0029 min~%,
respectively. The kinetic data show that it requires 128.4 min for the measured 2CBP concentration to be
halved to the initial concentration when ZnO-[10%]BiOl is applied. A charge separation degradation
mechanism is proposed to describe the process. The findings from this study suggest that ZnO-[10%]
BiOl can potentially be used as an efficient and effective catalyst for the degradation of recalcitrant
rsc.li/esadvances organic pollutants in water.
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Environmental significance

Polychlorinated biphenyls (PCBs) are synthetic compounds that have been detected in nearly every part of the global environment as pollutants, including water,
sediments, air, fish and animals, and human adipose tissue, milk, and serum. PCBs are among the class of pollutants listed as persistent organic pollutants
(POPs), together with the 209 PCB congeners. Originally, PCBs were abated by biodegradation, physical processes (such as incineration, solvent extraction,
adsorption) and chemical processes (such as the use of nanoscale zero-valent iron via dechlorination). However, these processes have proven to be expensive,
ineffective, and inefficient and often lead to the production of even more toxic compounds. Photocatalysis has been proposed for the treatment of PCBs, which
could be a better alternative to other methods with respect to the United Nations Sustainable Development Goal 6. This study addresses the synthesis of efficient
photocatalysts and their subsequent application in the photodestruction of 2CBP. This study also models the reaction kinetics of the photodestruction process
in addition to proposing a photodestruction mechanism for the as-synthesized heterostructure.
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up of organic pollutants has become increasingly necessary.
However, the process is expensive, costing nations and corpo-
rations a lot of money. The current practices in organic
pollutant remediation (ozonation, reverse osmosis, filtration,
adsorption, biological treatment, coagulation, incineration)
have been reported to be inadequate and are mostly effective
when two or more processes are combined.? Incineration can
result in the emission of toxic volatile gases, while physical
methods (adsorption, filtration, reverse osmosis, coagulation)
have been reported to be expensive and may not totally elimi-
nate organic pollutants but may transform them to harmful
intermediates.*® A long treatment time is required in biological
treatment processes coupled with the presence of toxic and
recalcitrant pollutants immune to the aforementioned
methods, which may also cause unpleasant odors. Ozonation,
although effective in some cases, has been reported to be
unstable and is also affected by temperature, pH, and salts.’ In
light of these issues, a pressing demand exists for the
advancement and implementation of novel advanced treatment
technologies for organic pollutant abatement in water and
wastewater resources.®

Advanced oxidation processes (AOPs) have received a lot of
research attention in the last three decades and are now used in
organic pollutant abatement because they are cheaper (when
compared with other processes), efficient, and environmentally
friendly. AOPs are capable of the in situ production of hydroxyl
radicals ("OH), superoxide anion ('O,~), and electron/hole (e”/
h") pairs for the remediation of organic pollutants into CO,,
H,0, and less harmful products.*” Among the various AOPs
(Fenton Processes, UV/H,0,, 03/H,0,/UV, 03/UV,
conductor photocatalysis), photocatalysis has been reported as
the most novel, promising, and “green” alternative. Semi-
conductor photocatalysts and their development provide
potential solutions for pollution remediation in addition to the
global energy problem due to the abundance of solar energy.®

A variety of semiconductor photocatalysts (TiO,, ZnO, Fe,O3,
CdS, and ZnS) have been deployed for the purpose of photo-
oxidation of pollutants with TiO, remaining the most studied
and utilized material to date.** This is because of its high
oxidative power, economy, photostability, non-toxicity, chem-
ical stability, and quick electron transfer to molecular oxygen
under UV light."**® Despite all of the listed positives, TiO, has
been reported to suffer from major drawbacks, such as difficulty
in recovering and utilization of fine titania powders (which has
prevented its large scale utilization in photocatalytic processes),
higher cost (compared with ZnO), high charge carrier recom-
bination, and low absorption rate over the UV spectrum, among
others.”?* Due to their near identical bandgap, availability,
similar degradation mechanism, large free-exciton binding
energy (which ensures prolonged exciton emission even above
room temperature), and low cost, ZnO has been identified as
a promising candidate capable of competing with TiO, because
of the exhibition of better absorption efficiency over a larger
percentage of the solar spectrum.”® In addition, several
researchers suggested a higher efficiency of ZnO over TiO, in
the generation of photoactive species, easy fabrication via
crystal growth anchored on a variety of supports using low

semi-
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temperature, higher electron mobility (about two-folds higher
than TiO,), and higher quantum efficiency (in numerous
studies).>*2¢

ZnO is an n-type semiconductor that has been researched for
its low cost, easy fabrication via crystal growth anchored on
a variety of supports using low temperature, high redox poten-
tial, high quantum efficiency, and non-toxicity. Regrettably, the
practical application of ZnO is restricted by its wide band gap
(~3.3 eV), which is linked to its absorption only in the UV
spectrum, high carrier recombination, vulnerability to dissolu-
tion at acidic pH, low quantum efficiency and photo-corrosion
over prolonged illumination (in aqueous solutions).?”?®
Various strategies for the modification of the ZnO semi-
conductor to improve its photocatalytic activity have been
proposed, and currently being extensively studied by
researchers. Some of these strategies include the narrowing of
the wide bandgap through incorporation of metal or non-metal
dopants, integration with other semiconductors with smaller
bandgaps, construction of heterojunctions between two or
more semiconductors, hydrogenation (annealing in hydrogen
environment), and anchoring on carbon nanostructures.>'

Bismuth-based metal oxides (e.g., Bi4TizO4,, Bi,O3, BiFeOs3,
BiFeWOs, BiVO,, Bi,WOs, Bi,M00g), oxyhalides (BiOI, BiOBr,
BiOCl, and BiOF) and sulfides (Bi,S;) have recently attracted
much interest among materials scientists, and are classified as
emerging materials due to their optical properties for waste-
water treatment. Among the aforementioned visible light cata-
lysts, bismuth oxyhalides are considered as very promising due
to their excellent photocatalytic activity owing to their good
optical and electrical properties.*> Among the bismuth ternary
metal oxides, bismuth oxyiodide (BiOI) has the narrowest band
gap and highest photocorrosion stability. It is also equipped
with the strongest absorption under visible light and exhibits
the best photoactivity.**** Despite the possession of a narrow
band gap and visible light absorption range properties, BiOI is
plagued with the problem of increased recombination of pho-
togenerated e /h*, which affects its quantum efficiency. In view
of this, adequate tailoring is mandatory to enhance the photo-
activity of BiOL.

WO; is an n-type semiconductor that was chosen as the
semiconductor to be etched into ZnO because of its promising
physical and chemical properties. It possesses a narrow
bandgap (2.4-2.8 eV) when compared to that of ZnO (3.2-3.37
eV), which enables it to absorb visible light. This property
makes it an ideal candidate for photocatalysis. WOj; is equipped
with excellent photosensitivity, stability and resistance against
photocorrosion in aqueous medium, remarkable electron
mobility (6.5 cm®> V™! s7') and good electron storage proper-
ties.>>*® In addition, it is cost-effective, relatively harmless,
exhibits fine interactions with metals, and has high mechanical
strength. The ionic radius of WOj; (0.062 nm) is very close to that
of ZnO (0.074 nm), which makes it fit perfectly and inhibit the
growth of the crystal sizes. Despite all of the interesting prop-
erties of WO;, studies show that it is difficult to observe spon-
taneous H, formation with WO; without modification. This is
attributed to the location of its lower CB edge [+0.5 V vs. NHE
(normal hydrogen electrode) at pH = 0] with reference to the
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standard H'/H, redox level, in addition to the problem of the
rapid recombination of photogenerated electrons and holes.*”

Consequently, BiOI, being a p-type semiconductor with
absorption in the visible range, is ideal for forming a p-n het-
erojunction with ZnO, which has absorption properties in the
UV range. Coupling BiOI and ZnO will be an effective way to
improve the photocatalytic activity. Furthermore, the relative
energy of the WO; conduction band electrons limits its oxygen
reduction capacity, and this leads to the build-up of these
electrons, culminating in a reduced photocatalytic activity.*® As
a result of these limitations, the optimum utilization of WO; as
a photocatalyst without any modification is inefficient. To
enhance the photocatalytic performance of WO3, incorporation
of other dopants will be necessary.**

Polychlorinated biphenyls (PCBs) are synthetic compounds
that have been detected in nearly every part of the global envi-
ronment as pollutants, including water, sediments, air, fish and
animals, and human adipose tissue, milk, and serum.** Among
the class of pollutants listed as persistent organic pollutants
(POPs), polychlorinated biphenyls are among the 12 persistent
organic pollutants (POP) compounds, together with the 209 PCB
congeners.” Originally, PCBs were abated by biodegradation,
physical processes (such as incineration, solvent extraction, and
adsorption), and chemical processes (such as the use of nano-
scale zero-valent iron via dechlorination).**** Incineration leads
to the production of toxic by-products, such as polychlorinated
dibenzo-p-dioxins and polychlorinated dibenzo-furan. Biore-
mediation is unsuitable because of the highly oxidized and
recalcitrant nature of PCBs to biological processes. Adsorption
requires large quantities of adsorbents, and may cause waste
disposal problems and inefficient regeneration of the adsor-
bent. Some researchers have proposed sorption onto activated
carbon, followed by thermal treatment of the solid residue, or
super critical oxidation. However, these methods may not be
cost-effective.”””** Photocatalysis has been proposed for the
treatment of PCBs. However, there are not many literature
reports in this regard. The pollutant of interest in this study is 2-
chlorobiphenyl (2CBP), which was chosen because 2CBP is one
of the PCB congeners with the highest solubility in aqueous
media. This makes it one of the most probable PCBs to occur in
aqueous environments. In light of the observed chemical and
biological stabilities of 2CBP, photocatalytic degradation could
be an important route for its environmental abatement.>

Some other studies have synthesized heterostructures via
different procedures, such as plasma synthesis, ultra sound
method, mechanochemical technique, and facile mechanical
mixing method.>~** In this study, a series of bare photocatalysts
and varying combinations of ZnO-[X]WO; and ZnO-[X]BiOI were
synthesized via direct and facile methods to obtain a series of
photocatalysts and heterostructures (ZnO, WO3, BiOI, ZnO-[5%]
WO;, ZnO-[10%]WO;, ZnO-[20%]WO;, ZnO-[5%]BiOI, ZnO-
[10%]BiOI, ZnO-[20%]BiOI). These prepared semiconductor
photocatalysts and heterostructures were applied in the
destruction of 2-chlorobiphenyl. The degradation reactions
were fitted to the pseudo-first and second order kinetic models
to exploit the kinetic process of the photodegradation reaction.
A charge separation mechanism has been proposed. Previous
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studies have worked with very low concentrations due to the
chemical stability, difficulty, and difficult degradation mecha-
nism of 2-CBP.>>*® For example, Hong et al. (1998) used 1 ppm
in their study, Huang et al. (1996) worked with a concentration
of 265 ppb, Carey et al. (1976) experimented at 25 ppb, while
Zhang et al. (1993) conducted their study at 80 ppb.>>**** In this
study, a concentration of 10 ppm was chosen, which is both
interesting and challenging.

2. Materials and methods

2.1. Materials
Potassium iodide (KI), bismuth nitrate pentahydrate
(Bi(NO3);-5H,0),  ammonium  metatungstate  ((NH,)

6H,W1,04), oxalic acid, and 2-chlorobiphenyl (2CBP) were
purchased from Sigma-Aldrich. ZAD [(Zn(CH3;COO),-2H,0)],
ethanol and methanol were purchased from Associated Chem-
ical Enterprises (ACE). Deionized water purified by a Millipore
system was used for all sample preparations. All solvents and
chemicals used in the experiments were of AR grade, and
therefore not subjected to any additional purification before
use. A stock solution of 1000 ppm 2CBP was prepared in
a methanol-water ratio of 85:15 under vigorous and contin-
uous stirring. Further dilutions of the stock solution were used
to obtain the desired concentrations of 10 ppm for this study.

2.2. Preparation of ZnO, WOj3, BiOl, ZnO-(X)WO; and ZnO-
(x)BiOI

ZnO nanoparticles were synthesized via a sol-gel process. ZAD
[Zn(CH5COO),-2H,0] was used as the precursor, ethanol as the
solvent and oxalic acid as the surfactant. ZAD was dissolved in
a beaker containing ethanol, which was subsequently poured
into a 3-neck reactor set on a reflux apparatus and water bath.
The solution was refluxed at 60 °C (£5) under vigorous stirring
for 30 minutes. A clear solution was obtained. Oxalic acid (12.5
g) was dissolved in a beaker containing ethanol, and was
subsequently added “dropwise” into the ZAD solution. On
addition of oxalic acid, the formation of gels was observed as
reflux was continued at 50 °C (+5) for 60 minutes. After
refluxing, the xerogel was cooled to ambient temperature and
oven dried overnight at 80 °C. After drying, the sample was
collected and calcined at 500 °C in a furnace to obtain the ZnO
nanoparticles.

Tungsten trioxide (WOj3;) nanoparticles were synthesized via
a simple hydrothermal process. Ammonium metatungstate
hydrate powder (AMT) was dissolved in deionized water, and
stirred for a few minutes. The solution was transferred to
a hydrothermal autoclave reactor, and put into an oven at 120 °
C for 18 hours. The sample was taken out of the autoclave after
the reaction and filtered off, washed with water, and then
washed with ethanol. The filtered product was dried in ambient
air, and subsequently calcined in a furnace at 500 °C for 2 hours
to obtain the WO; nanoparticles.

BiOI nanoplates were synthesized via a facile hydrothermal
process. Bismuth nitrate pentahydrate (Bi[NOs];-5H,0) and
potassium iodide (KI) were utilized as precursors in this

Environ. Sci.. Adv,, 2023, 2, 325-338 | 327
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synthesis. Bismuth nitrate pentahydrate was dissolved in 60 ml
of ethanol and stirred for 30 minutes. Potassium iodide was
dissolved in 60 ml of deionized water separately, and also stir-
red for 30 minutes. The KI solution was introduced dropwise
into the bismuth nitrate pentahydrate solution as stirring was
continued for 60 minutes. The reddish-brown solution was
subsequently transferred to a hydrothermal autoclave reactor,
and placed in an oven at 130 °C for 18 hours. The autoclave was
taken out of the oven and allowed to cool to avoid the release of
iodine gas. The suspension was poured onto a filter paper in
a glass funnel, and washed with water and alcohol. Deionized
water and alcohol were used to rinse the Teflon of the autoclave.
Deionized water was lastly used to wash off traces of alcohol on
the filter paper. The product on the filter paper was dried and
subsequently ground in agate mortar to obtain the BiOI
nanoplates.

To synthesize a ZnO-WOj; heterojunction of different weight
percentages (5, 10, 20%), ZnO was dispersed in deionized water
and stirred for 30 minutes. Ammonium hydroxide was used to
maintain the pH of the mixture at 6.5. A stoichiometric amount
of ammonium metatungstate hydrate [(NH,)6H,W;,0,40] was
introduced to the mixture, and left to stir for 15 hours. The
precipitate formed was filtered, washed several times with
deionized water and ethanol, and subsequently air dried. The
dried sample was collected, ground in an agate mortar, and
subsequently calcined at 500 °C for 3 hours to obtain the ZnO-
[X]WO; heterojunction.

To synthesize ZnO-[X]BiOI, ZnO was suspended in deionized
water. A stoichiometric amount of bismuth nitrate pentahy-
drate [Bi(NOj;);-5H,0] was added to ethanol under vigorous
stirring. The latter was poured into the suspension and stirring
was continued. A stoichiometric amount of potassium iodide
(KTI) was dissolved in deionized water, and added dropwise into
the mixed liquor under vigorous and continuous stirring. The
mixed liquor was allowed to stir for 3 hours. The suspension
was subsequently centrifuged at 4000 rpm for 15 minutes, and
dried in ambient air for 18 hours. The dried product was
collected and ground in an agate mortar to obtain a series of
ZnO-BiOI heterojunctions.

2.3. Characterization

The surface morphologies and elemental analysis of the as-
synthesized composites were determined using a Carl Zeiss
Sigma FE-SEM equipped with an Oxford X-act EDS. Optical
studies were conducted using a UV 1800 Shimadzu UV-vis
Spectrophotometer. X-ray diffraction measurements were
made with a Bruker D2 XRD instrument, while BET surface area
measurements and isotherms were obtained using a Micro-
metrics TriStar 3000 instrument. The average particle sizes of
the as-synthesized composites were calculated from diffraction
peaks using the Debye-Scherrer relation, while band gap was
calculated via Tauc plots established from UV-vis spectra. A
Hettich ROTOFIX Benchtop Centrifuge was used to separate
some particles suspended in liquids during synthesis, while all
pH values were determined using an OHAUS Starter 3100 pH
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meter. The light source for this study was an AM 1.5G 100 mW
ecm™? lamp.

The model pollutant (2-CBP) was analyzed using a Shimadzu
GC-MS QP 2010 equipped with a Rxi-5ms column of 30 m
length, an internal diameter of 0.25 mm and a film thickness of
0.25 pum. Helium was used as the carrier gas, and the injector
temperature was set at 220 °C. A volume of 1 pl of sample was
auto-injected into the column. The temperature program was
set at 140 °C, held for 4 minutes and then ramped up to 240 °C
at a rate of 4 °C min~*, and subsequently held for 10 minutes.
The GC run was initiated after 3 minutes to isolate the solvent
peak from the chromatogram because of the solvent cut-off
point. The compound of interest was identified between 4
minutes to 10 minutes.

2.4. Photocatalytic evaluation

The degradation of 2-chlorobiphenyl under simulated solar
radiation was used to assess the photo-activities of the
composite photocatalysts and heterostructures. A stock solution
of 1000 ppm 2CBP was prepared in a methanol-water ratio of
85:15 under vigorous and continuous stirring. Further dilu-
tions of the stock solution were used to obtain the desired
concentrations of 10 ppm for this study. A concentration of
10 ppm of 2CBP in 100 ml solvent solution was placed in
a beaker, mounted on a stirrer plate, and placed directly under
the light source. The initial concentration was taken into
account. The desired amount of catalyst was introduced there-
after, and magnetically stirred in the dark for 30 minutes. This
was to enable the establishment of equilibration of adsorption-
desorption between the pollutant and the surface of the pho-
tocatalyst. During the experiments, the suspensions were
magnetically stirred to properly disperse the photocatalysts. The
pH values of the respective experiments were adjusted using
HCI and NH,OH. The photocatalytic activities of the individual
photocatalysts were evaluated using an AM 1.5G 100 mW cm >
solar radiation simulator. The surface of the beaker was covered
in order to prevent the escape of radiation during the photo-
catalytic process. At designated time intervals, 3 ml aliquots of
the mixture were taken out using a syringe and filtered using
a 0.22 um simplepure membrane filter attached to the syringe.
This was done to separate the photocatalyst particles. After
irradiation, the filtered samples were equilibrated in a dark box
lined with aluminum foil and stored in the refrigerator prior to
GC analysis.

3. Results and discussion

3.1. X-ray diffraction

The XRD pattern of the as-prepared ZnO nanoparticles shows
sharp and intense peaks observed at 26 values of 31.7°, 34.4°,
36.1°, 47.3°, 56.3°, 62.6°, 66.3°, 67.9° and 69.1°, which corre-
spond to the 100, 002, 101, 102, 110, 103, 200, 112 and 201
crystal planes of hexagonal ZnO, respectively. As displayed in
Fig. 1, the diffraction peaks of pure ZnO are intense and narrow,
showing the high crystalline character. The orientation of the
as-synthesized ZnO nanoparticles conformed to the hexagonal

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of the as-prepared bare photocatalysts and
heterostructures.

wurtzite phase of pure ZnO nanoparticles, as indexed on JCPDS
01-075-6445. The diffraction peaks of the BiOI composite
sample are classified as the tetragonal phase of BiOI, and
indexed on the JCPDS card number 00-010-0445. From the
displayed pattern, it is observed that the sample contains the
pure phase of BiOI coexisting with mixed phases, such as BisO,I
and Bi,;Oql;. This is attributed to the synthesis method and the
long hydrothermal reaction time in the autoclave lined with
a Teflon. The peaks located at 10°, 30°, 34°, 46°, and 56°
correspond to the identified (001), (102), (110), (200), and (212)
diffraction planes, respectively. The intense and sharp diffrac-
tion peaks of the sample indicate the high crystallinity of the as-
synthesized photocatalyst. The XRD pattern of the WO; sample
(as shown in Fig. 1) corresponds to the triclinic phase of tung-
sten trioxide, as indexed on JCPDS card number 00-032-1395.
There are no observed impurity peaks, which attest to the purity
of the sample and excellent synthesis. Peaks were identified at
23.26°, 24.47°, 26.79°, 28.95°, 34.20°, 49.98°, and 55.89° and
correspond to the 001, 110, 101, 200, 201, 220 and 202 crystal
planes, respectively. The pattern for the sample with 5% BiOI
loading does not show peaks of BiOI within the ZnO lattice. This
could be due to the detection limit of the instrument, which is
also related to the low loading of BiOI on the ZnO surface. This
occurrence is also ascribed to the high dispersion of BiOI on the
surface of ZnO. At 10% loading, a peak at 29° appeared, which
corresponds to the 102 diffraction plane of BiOI nanoparticles.
At an increased loading of 20%, the peak at 29° became more
intense. This confirmed the increased loading of BiOI and its
complete integration within the ZnO lattice. The intensity of the
peaks increased with increased loading of BiOl. The XRD
patterns of the as-prepared heterojunctions exhibited charac-
teristic peaks of both pure BiOI and ZnO crystalline phases.
There were no other impurity peaks observed in all three
samples, which confirms the purity of the samples, excellent
synthesis, and complete dispersal of BiOI on the surface of the
ZnO nanoparticles. Fig. 1 also shows the XRD patterns of the as-
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prepared ZnO-WO; composites with different WO; loadings. All
of the samples can be indexed to the triclinic phase of WO; and
typical hexagonal wurtzite structure of pure ZnO samples. The
intensity of the peaks increased with increased loading of WO;
in the ZnO lattice. The samples with 5% and 10% loading of
WO; do not show any peaks apart from the peaks of ZnO. This
can be attributed to the detection limit of the instrument, as
well as good dispersal of WO; on the surface of ZnO. At an
increased loading of 20%, intense peaks were observed at 23°,
24.4°, 28° and 34°, corresponding to the 001, 110, 200 and 201
crystal planes of triclinic WO3, respectively, in addition to the
characteristic peaks of hexagonal ZnO. No impurity peaks were
observed, which shows physical content homogenization in all
of the composites. The average crystallite sizes of all of the
synthesized photocatalysts were calculated from the FWHM
obtained from the diffraction peaks using the Debye-Scherrer
equation:

D = KI(/(8 cos 6)] (1)

where A = 1.54056 nm is the wavelength of X-ray diffraction
used, @ is the Bragg diffraction angle of the XRD peak, and § is
the measured broadening diffraction line peak at an angle 20 at
half its maximum intensity (in radian).

The calculated crystallite sizes of the composites are pre-
sented in Table 1. The average crystallite sizes of ZnO, BiOI and
WO; were calculated as: 37.6, 40 and 13 nm, respectively. The
heterostructure with 5% BiOI had an average crystallite size of
16.4 nm, and the sample with 10% BiOI had an average crys-
tallite size of 31 nm, while the sample with 20% BiOI loading
had an average crystallite size of 45 nm. The average crystallite
size increased with increased loading of BiOI in the ZnO
composite. There may have been a penetration of the hexagonal
wurtzite crystal structure of ZnO by tetragonal BiOI, which
would influence the crystal growth-induced collapse. This
occurrence explains the small crystallite size of the 5% ZnO-
BiOI compared to the other samples. This also explains the
increased crystallite size in the other samples. The sample with
5% loading of WO; had an average crystallite size of 35.4 nm,
while the sample with 10% WO; content had an average crys-
tallite size of 49 nm. The sample with 20% loading of WO; was
estimated to have an average crystallite size of 31 nm.

Table 1 Average crystallite sizes of the bare photocatalysts and
heterostructures

Average crystallite

Sample FWHM size (nm)
ZnO 0.2295 37.6
WO; 0.6533 12.9
BiOI 0.2068 40.0
ZnO-BiOI 5% 0.5276 16.4
ZnO-BiOI 10% 0.2797 31.0
ZnO-BiOI 20% 0.1887 45.0
ZnO-WO; 5% 0.2441 35.4
ZnO-WO;3; 10% 0.1759 49.0
ZnO-WO; 20% 0.2687 31.0
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3.2. SEM-EDS analysis

The morphologies of the ZnO, W03, BiOI, ZnO-(X)BiOI and ZnO-
(X)WO; composites were investigated using FE-SEM. As shown
in Fig. 2a, there is an observed high porosity with a sponge-like
morphology and agglomeration due to the elevated temperature
chemical reactions (500 °C) for the ZnO nanoparticles. This
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resulted in a dense morphology due to the total decomposition
of the organometallic precursor. Scanning electron microscopy
of the as-synthesized BiOI catalyst showed an irregular shaped
plate-like morphology, as seen in Fig. 2b. The type of solvents
used for the synthesis may have played a role in the observed
morphology, in addition to the hydrothermal method used. The
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Fig.2 SEM images of (a) ZnO, (b) BiOl, (c) WOs3, (d) ZnO-[5%]BiOl, (e) ZnO-[10%]BiOl, (f) ZnO-[20%]BiOl, (g) ZnO-[5%]WOs3, (h) ZnO-[10%]WOs3,

and (i) ZnO-[20%]WOs.
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low viscosity solvents used in the synthesis process contributed
to the plate-like morphology due to the high diffusion rate of
the ions. The Yusoff group in 2019 also observed a plate-like
morphology after the direct crushing of Bi(NOj;);-5H,0 and
KI, subsequent addition of distilled water to form a paste.*
Fig. 2c shows the SEM image of the WO; nanoparticles. There is
a combination of highly agglomerated non-homogeneous
nanorod assays and pointed end morphology. This can be
attributed to the long reaction time in the autoclave and
subsequent calcination at elevated temperature. Tehrani and
colleagues (2020) also observed the same effect in their study,
which used Na,WO,-2H,0, sodium sulphate and citric acid as
starting materials.® The reaction time of 18 hours in the Teflon-
lined autoclave and a calcination temperature of 500 °C hours
may have caused the agglomeration. The SEM images of the
ZnO-BiOI heterojunctions (5%, 10%, 20%) show changes in the
morphology of ZnO. The images show non-uniform surfaces.
With increased loading of BiOI on ZnO, one can observe
penetration of the rods and rectangular plates with reference to
5% (Fig. 2d) loading of BiOIL At 10% (Fig. 2e) loading, there
seemed to be more penetration and onset of agglomeration with
irregularly shaped aggregates and some plates. The sample with
20% (Fig. 2f) loading showed more agglomeration, resulting in
a sponge-like morphology with pores, which could be as a result
of further wrapping between ZnO and BiOI aggregates. From
these observations, it can be deduced that the morphology very
much depends on the loading of BiOI in the heterostructures.
Scanning electron microscopy of the various loadings of WO,
on the ZnO nanoparticles shows agglomeration with no
particular uniform morphology, as seen in Fig. 2g-i. From close
observation, mostly nodular morphology can be identified for
all three samples. As loading of the WO; increased in ZnO, more
agglomeration was observed. This can be attributed to the
preparation method and starting materials, which may have
caused highly dense clusters of small grains that are inter-
connected. The sample containing 20% wt. WO; exhibited the
highest level of agglomeration. Generally, the morphologies of
all three samples do not show remarkable changes with
increased loading when it is compared to the SEM images of
pure ZnO and WOs;. Lei and colleagues (2019) also observed the
same outcome in their synthesis, which combined hydro-
thermal and impregnation processes, followed by subsequent
calcination.®*

The energy dispersive X-ray spectra of the composites are
shown in ESI 1a-i.f The EDS analysis confirm the presence of
only the reference elements, in addition to the appropriate
stoichiometry.

3.3. Optical properties

A UV-vis spectrophotometer was used to determine the
absorption properties of the composites. All spectra were
recorded at room temperature in the range of 200-900 nm. The
bandgaps of all the composites were calculated from Tauc's
plots via the Kubelka-Munk equation (Eqn (2)) by extrapolating
the linear portion of the plot of (ahv)® vs. the photon energy, as
shown in the equation below:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ahv = A(hy — E,)" (2)

where « is the absorption coefficient, 4 is a constant, /4 is Plank's
constant, v is the photon frequency, E, is the band gap, and n is
equal to 1/2 or 2 for the transition being direct or indirect,
respectively. Extrapolating the linear region in a plot of (ahv)?
against v gives the band gap values.

The absorption spectra and Tauc plots of the composites are
shown in ESI 2a-h.} From the absorption spectra, the absor-
bance of ZnO, BiOI, WO;, ZnO-[5%]BiOI, ZnO-[10%]BiOI, ZnO-
[20%]BiOI, ZnO-[5%]WO;, ZnO-[10%]WO; and ZnO-[20%]WO;
were observed at 373, 371, 465, 376, 378, 380, 376, 377 and
380 nm, respectively. The absorption tail of BiOI was observed
beyond 600 nm, similar to the same observation made by Qu
and colleagues (2020).°> WOj; also had an absorption tail in the
visible region. This property has been attributed to of the
presence of pentavalent tungsten (W>") on the surface of the
nanoparticles, which has broad absorption in the visible region
as a result of the capture of photo-excited electrons at WO;
trapping sites.®® Slight red shifts were observed in all of the
heterostructures.

The bare photocatalysts (ZnO, BiOI, WO;) had calculated
band gap values of 3.24, 1.23 and 2.4 eV, respectively. A nar-
rowing of the band gaps was observed for the ZnO-(X)BiOI
heterostructures as the BiOI loading increased. With reference
to the pure ZnO, the band gap was observed at 3.24 eV. However,
with the introduction of BiOI at 5% loading, the band gap
narrowed down to 3.08 eV. As the BiOI loading was increased to
10%, the band gap further narrowed to 3.0 eV. The composite
with the highest BiOI loading at 20% showed the highest band
gap narrowing, as the band gap was estimated at 2.20 eV. This
observation corresponds to the associated red shift for the
absorbance of each of the composites. The ZnO-[5%]WO;
composite had an estimated band gap of 2.56 eV, showing band
gap narrowing from the already established band gap of ZnO
(3.24 eV). As the WO; loading was increased to 10%, there may
have been a formation of energy level defects in the forbidden
band, as the band gap was estimated to be 3.16 eV. This is
greater than the band gap of the ZnO-[5%]WO; composite, but
still lower than the band gap of the undoped ZnO. This also
explains the further band gap narrowing of the ZnO-20% WO,
composite, which was observed to have the narrowest band gap
of 2.17 eV. The same observation was made in the study by
Adhikari and colleagues.™®

3.4. Textural properties

The surface area of the as-synthesized photocatalysts were
measured using the standard nitrogen adsorption-desorption
isotherm and the Barret-Joyner-Halender (BJH) pore distribu-
tion curves. From the nitrogen adsorption-desorption isotherm
analysis, the results were compared with the IUPAC
classification.

The specific surface area of ZnO, BiOI, WO;, ZnO-[5%]BiOI,
ZnO-[10%]BiOI, ZnO-[20%]BiOI, ZnO-[5%]WO;, ZnO-[10%]WO,
and ZnO-[20%]WO; were measured as 1.93, 2.61, 1.08, 7.31,
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Table 2 Textural properties, band gaps and degradation efficiency
Pore volume Pore-size Degradation
Catalyst Sger (m> g™ 1) (em® g™ (nm) Bandgap (eV) (%)
BiOI 2.61 0.019 26.0 1.23 49
WO, 1.08 0.014 43.2 2.4 28
ZnO 1.93 0.012 25.7 3.24 20
ZnO-WO;3; 5% 7.84 0.042 20.3 2.56 45
ZnO-WO; 10% 5.69 0.021 24.5 3.16 53
ZnO-WO;3; 20% 5.57 0.042 32.0 217 33
ZnO-BiOI 5% 7.31 0.064 31.0 3.08 7
ZnO-BiOI 10% 19.79 0.180 35.0 3.0 56
ZnO-BiOI 20% 7.30 0.534 31.5 2.20 28
mesoporous and displayed Type IV isotherms. The one excep-
28 + tion was ZnO, which exhibited a Type V isotherm. In addition,
& . . g .
E —=—Zn0 ¢ most of the isotherms did not exhibit any hysteresis, except for
;”"‘ ——Wo03 3 Zn0, ZnO-[20%]BiOl, ZnO-[20%]WO, and WO,, which exhibi-
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g |—— ZnO-WO3 20% increased with the construction of heterojunctions. However,
e these increments did not follow any particular trend.
20 -
3
o
7 3.5. Photocatalytic protocol
T T T T T 1
ao az a4 a6 as 10 The photocatalytic performance of the as-synthesized bare
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Fig. 3 N, adsorption—desorption isotherms of the as-prepared bare
catalysts and heterostructures.

19.79, 7.30, 7.84, 5.69, 5.57 m> g~ ', respectively, as presented in
Table 2.

The N, adsorption-desorption isotherms (Fig. 3) showed
that nearly all of the as-synthesized composites were
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Fig. 4 Barret-Joyner-Halender (BJH) pore size distribution of the as-
prepared bare catalysts and heterostructures.
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photodestruction of 2-chlorobiphenyl (2CBP). Fig. 5a and
b show the degradation efficiencies and photodegradation plots
of 2CBP by the as-prepared composites. All of the photocatalysts
showed varying degrees of photocatalytic efficiencies. Bare ZnO
achieved an efficiency of 20% at 150 minutes, while bare WO,
achieved 28% destruction at the same time. BiOI was observed
to be the most efficient catalyst (49%) among all of the bare
catalysts. The heterostructures comprising ZnO-[5%]BiOI, ZnO-
[10%]BiOI, ZnO-[20%]BiOI, ZnO-[5%]WO;, ZnO-[10%]WO0; and
ZnO-[20%]WOj; exhibited varying photocatalytic activities as the
observed efficiencies were 7%, 56%, 28%, 45%, 53% and 33%,
respectively, as shown in Fig. 5a. The photocatalytic activities of
the bare/undoped photocatalysts follow the trend BiOI > WO; >
ZnO. This is attributed to the quick separation of the electron-
hole pairs, before recombination takes place. In addition, BiOI
was observed to possess the narrowest band gap among the bare
photocatalysts. This may have contributed to its photocatalytic
performance.

The fabricated heterojunctions containing 5% loading of
BiOI and WO; showed diverse results. The composite contain-
ing 5% WOj3; (45%) showed significant activity when compared
to its 5% BiOI (7%) counterpart, coupled with its slightly larger
surface area. The samples loaded with 20% BiOI/WO; also
showed varying photocatalytic activities, although the differ-
ence in efficiencies is not as significant as the composites with
5% loading. At similar reaction conditions, ZnO-[20%]WO; and
ZnO-[20%]BiOI achieved degradation efficiencies of 33% and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Photodegradation plots of (a) degradation efficiency, and (b) time-dependent photocatalytic degradation.

28%, respectively. The composites of ZnO-[10%]BiOI and ZnO-
[10%]WO; were observed to be the photocatalysts with the most
significant activities in this study. ZnO-[10%]BiOI (56%) ach-
ieved approximately two-fold the efficiency of ZnO-[20%]BiOI
(28%), while ZnO-[10%]WO; (53%) showed much more signif-
icant activity than ZnO-[20%]WO; (33%). Loading at 20% (BiOI,
WO;) onto the bare ZnO showed a significant reduction in
photocatalytic activity. This may have been caused by the
excessive loading, which leads to the formation of recombina-
tion centers and light penetration depth that exceeded the space
charge layer, leading to quick recombination of the photo-
generated electron-hole pairs.**

The composite (ZnO-[10%]BiOI) with the largest surface area
(19.79 m> g ") and a significant pore volume was observed to
exhibit the best photocatalytic activity. Heterogeneous photo-
catalysis is mostly efficient when a photocatalyst is equipped
with a large surface area. As already established, photocatalysis
mainly occurs on the photocatalyst's surface.®® Typically,
a photocatalyst with a high number of atoms on its surface will
have enhanced adsorption properties. Nanosized diameters of
nano-structures will make charge separation of the photo-
generated electrons and holes easier due to transfer of the
charge carriers from the bulk to the surface of the photocatalyst.
Thus, a larger surface area leads to the subsequent formation of
more hydroxyl radicals for more photocatalytic reaction centers,
even though our study did not follow that particular order.
Several researchers made similar observations in their respec-
tive studies.®*® The as-synthesized composite in our study,
which had the most significant and largest surface area, in
addition to its significantly enhanced pore volume, exhibited
the best photocatalytic activity in the destruction of 2CBP.

The construction of the ZnO-[10%]BiOI heterostructure
enabled the spatial segregation of electrons and holes into
different compartments, which in turn, encountered recombi-
nation and also isolated the redox sites on the surface of the
photocatalyst. Incorporating semiconductors with different
crystal structures and band positions results in more efficient

© 2023 The Author(s). Published by the Royal Society of Chemistry

utilization of incident photons, and leads to efficient charge
separation by the electric field interface. This enhanced pho-
toactivity of ZnO-[10%]BiOI is also attributed to increased light
absorption and efficient charge separation, in addition to the
narrow bandgap and exposed reactive facets. Thus, the BiOI in
the heterostructure acted as a photosensitizer. Furthermore,
coupling ZnO and BiOI into a heterojunction enhanced the
photocatalytic activity of ZnO because of the high-contact areas
enabled by the fast charge transfer channel of BiOI and ZnO, in
addition to the presence of more active sites.”” A decline in the
photocatalytic activity was observed beyond the 20% loading of
ZnO-WO; and ZnO-BiOI heterostructures because of a reduc-
tion in the separation efficiency of the photoinduced electrons
and holes. Furthermore, loading BiOI beyond 20% is detri-
mental to the heterojunction because of the tendency of BiOI to
aggregate and agglomerate.”””® Thus, ZnO-{10%]BiOI was
identified as the optimal photocatalyst for this study.

3.6. Proposed degradation mechanism

The results obtained from the experiment give a strong indi-
cation that the superior photodegradation activity of the ZnO-
[10%]BiOI nanocomposite is due to the p-n heterojunction
structure between ZnO and BiOL”"”*”* From the UV-vis spectra
of both ZnO and BiOl, the calculated band gaps were estab-
lished as 3.24 eV and 1.23 eV, respectively. A simplified band
energy structure of ZnO and BiOlI is shown in Fig. 6. ZnO, being
a typical n-type photocatalyst, has its Fermi level close to its
conduction band. Meanwhile, being a p-type photocatalyst,
BiOI has its Fermi level located close to its valence band.***”*
The introduction of BiOI into the ZnO lattice and subsequent p-
n heterojunction construction leads to the realignment of the
Fermi levels of the two materials. This causes band bending and
creation of electric fields.” Photoexcited electrons transfer to
the conduction band of ZnO, leaving the holes in the BiOI
valence band (Fig. 6b). This takes place because the conduction
band of BiOI is more negative than the conduction band of ZnO.
In the same way, the valence band of ZnO is more positive than

Environ. Sci.: Adv., 2023, 2, 325-338 | 333
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Fig. 6 Proposed band energy diagram of ZnO and BiOl before contact (a), and after (b) interfacial contact, formation of p—n junction and charge
separation process of the ZnO-BiOl heterostructure under solar irradiation.

that of BiOI. This shows that separation efficiency of the ZnO-
[10%]BiOI composite is improved. In turn, the photocatalytic
activity is also improved.

The reduction of photocatalytic activity beyond the optimum
doping of 10% is attributed to the excessive loading of BiOI onto
ZnO and the reduction in number of active sites.”® This may
have caused BiOI to act as recombination centers, leading to
reduced photocatalytic performance. Khatamian and colleagues
attribute this to the light penetration depth, which exceeded the
space charge layer.”” This makes it easy for the photogenerated
electron-hole pairs to recombine, leading to a lower photo-
catalytic performance. Thus, an optimum concentration of BiOI
is mandatory to match the thickness of the charge layer and
light penetration depth to effectively separate the photo-
generated electron-hole pairs. Several studies have observed
a similar trend.*®”*%°

From the experimental results, the following photocatalytic
mechanism is proposed:
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transfer

Biol (ecy) — ZnO(ecp) (4)

ZnO(ecp) + 0, — ZnO + O, — (5)

0, +H" — OH" (6)

O, and OH" + 2CBP — degradation (products) (7)

3.7. Kinetics study

The 2CBP degradation data were fitted to the pseudo-first and
second order kinetic models in order to exploit the kinetic
process of the photodegradation reaction, as shown in Fig. 7a
and b. It is observed that the experimental data could be fitted
into both pseudo-first and second-order reaction kinetics
models. The ZnO-{10%]BiOI heterophotocatalyst, which was the
most efficient catalyst in this study, was observed to show the

highest rate constants of 0.0054 min~* and 0.0086 min ' in
24
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(a) Pseudo-first-order kinetic model fit for 2-CBP degradation. (b) Pseudo-second-order kinetic model fit for 2-CBP degradation.
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Table 3 Pseudo first and second order kinetics data for 2-CBP degradation by as-prepared photocatalysts and heterojunction composites

S/N Photocatalyst K (min ™) R? (In Cu/Cho) t1/2 (min) R (1/C - 1/Cy) K, (Lmg " min™")
1 ZnO 0.0012 0.966 577.6 0.969 0.0014
2 WO; 0.0010 0.990 693.1 0.993 0.0013
3 BiOI 0.0046 0.983 150.7 0.966 0.0041
4 ZnO-BiOI 5% 0.0005 0.983 1386.3 0.982 0.0006
5 ZnO-BiOI 10% 0.0054 0.964 128.4 0.922 0.0086
6 ZnO-BiOI 20% 0.0016 0.996 433.2 0.996 0.0020
7 ZnO-WO; 5% 0.0036 0.987 192.5 0.993 0.0029
8 ZnO-WO; 20% 0.0029 0.978 239.0 0.952 0.0031
9 ZnO-WO; 10% 0.0049 0.969 141.5 0.981 0.0077
both first and second order kinetics models, respectively. When References

compared to undoped ZnO, the rate constant of the ZnO-[10%]
BiOI heterostructure was observed to be nearly 5-fold higher.
This further demonstrates the superior catalytic performance of
the as-prepared ZnO-[10%]BiOI heterostructured photocatalyst.
All of the photocatalysts and heterostructures showed increased
rate constants in the second-order reaction kinetics model. In
contrast, the rate constants of BiOI and ZnO-5% WO; decreased
from 0.0046 to 0.0041 min~' and 0.0036 to 0.0029 min™ ',
respectively. The kinetic data show that it requires 128.4
minutes for the measured 2CBP concentration to be halved to
the initial concentration when ZnO-[10%]BiOI is applied. The R-
squared values affirm that the photocatalytic experiments in
this study could follow both the pseudo-first and second order
kinetic models. The rate constants and relative coefficients
obtained by fitting the experimental data are listed in Table 3.

4. Conclusions

In this study, a series of bare photocatalysts and hetero-
structures were prepared for the photodestruction of 2-chlor-
obiphenyl. The ZnO-[10%]BiOI heterostructured photocatalyst
exhibited superior photocatalytic activity in the destruction of
2CBP. The ZnO-[10%]BiOI heterophotocatalyst, which was the
most efficient catalyst in this study, was observed to show the
highest rate constants of 0.0054 min~' and 0.0086 min" in
both the first and second order kinetics models, respectively.
When compared to undoped ZnO, the rate constant of the ZnO-
[10%]BiOI heterostructure was observed to be nearly 5-fold
higher. The kinetic data show that it requires 128.4 minutes for
the measured 2CBP concentration to be halved to the initial
concentration when ZnO-{10%]BiOI is applied. The findings
from this study indicate that optimal creation of a hetero-
junction between ZnO and BiOI increases the photocatalytic
activity and efficiency. The findings from this study suggest that
ZnO-[10%]BiOI can potentially be used as an efficient and
effective catalyst for the degradation of recalcitrant organic
pollutants in water.
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