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dation of organophosphorus pesticidest
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The construction of ternary semiconductor nanostructures has attracted much attention in photo-
catalysis by virtue of their tunable elemental composition and band structure. Here, ternary semi-
conductor Zn,Ag;_,S (0 < x < 1) composites were successfully prepared by a simple and low-cost
hydrothermal method without using any surfactant. Combined analyses using XRD, N, sorption, SEM,
TEM and UV-vis DRS revealed that the ternary composite semiconductor materials exhibited well-
developed crystalline frameworks, large surface areas of 15-70 m? g%, sizes of 10-30 nm, and out-
standing UV light absorption properties. Data from XRD and TEM indicate that photocatalysis might
contribute to the formation of the strong interfacial interaction between ZnS and Ag,S nanoparticles.
The photocatalytic activities were investigated via the degradation of organophosphorus pesticides,
including malathion (MLT), monocrotophos (MCP) and chlorpyrifos (CPS), using the Zn,Ag;_,S com-
posites under UV light irradiation. The toxicity of MLT, MCP, and CPS was reduced by photocatalysis
and photolysis; however, photocatalysis had a greater impact. Superior photocatalytic performance
was exhibited by the Zng sAgo sS catalyst owing to its large surface area and the presence of Ag® with
improved charge transfer in comparison with that of bare ZnS and Ag,S. Assays of stability and re-
usability indicated that the ZngsAgosS composite retained more than 85% of its activity after five
cycles of use. On the basis of the results, a possible photocatalytic mechanism of the prepared
samples was proposed. This study indicates a potential application of the ternary semiconductor
materials in the efficient UV light-driven photocatalytic degradation of other pollutants that may

rsc.li/pps cause environmental pollution.

Introduction

The release of toxic and persistent organic pollutants into
aquatic environments has been a growing concern in the
recent past, and addressing the issue of their remediation is
considered to be an urgent need. Hazardous organic pollu-
tants such as pesticides, polychlorinated biphenyls, haloge-
nated organic solvents and polycyclic aromatic hydrocarbons
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tElectronic supplementary information (ESI) available: The photocatalytic degra-
dation of the organophosphorus pesticides, namely, MLT, MCP and CPS, was
monitored using UV-visible absorption spectra in the absence and presence of
the Zn,Ag, .S catalyst, which are shown in Fig. S1(a-c) and S2(a-c), respectively.
The effects of the addition of different scavengers on the photocatalytic degra-
dation of (a) MLT, (b) MCP and (c) CPS by the ZnS and Ag,S nanocomposites,
respectively (Fig. S3 and S4). Cycling runs in the photocatalytic degradation of
(a) MLT, (b) MCP and (c) CPS in the presence of the synthesized ZnS and Ag,S
nanocomposites under UV light irradiation, respectively (Fig. S5 and S6). See
DOIL: 10.1039/c8pp00220g
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are discharged from industrial and wastewater treatment
plants and are responsible for contamination of ground and
surface water."”” Pesticides in aquatic environments are poten-
tially toxic and are difficult to decompose by conventional
treatment processes. The search for new methodologies to
promote the photodecomposition of organophosphorus pesti-
cides is of major relevance for the elimination of pollution in a
variety of environmental situations. Common methods for
eliminating pollution from aqueous solutions include adsorp-
tion, biological processes, ozonation, photolysis, Fenton reac-
tions, and membrane processes, of which each has its own
advantages and disadvantages. One advanced method of oxi-
dation is photocatalysis, which is a process based on the
absorption of light energy by nanoparticles.®> This process
using nanoparticles as a catalyst involves the production of
hydroxyl radicals (HO"), which can be generated from hydro-
gen peroxide (H,0,), ozone or oxidants, in combination with
the use of ultraviolet (UV) radiation for achieving complete
degradation or mineralization of organic pollutants into CO,
and H,O. Catalysts such as semiconductor nanostructures
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have been used for photocatalytic oxidation of pollutants
present in water.*®

In recent years, researchers have focused on semiconductor
photocatalysis owing to its potential applications in energy
conversion and degradation of environmental pollutants.”™
Reported photocatalyst systems, to the best of our knowledge,
can be generally classified into oxides,"®'*>™** sulfides,'® " oxy-
sulfides,' nitrides,® and oxynitrides.>® However, all current
photocatalysts can only be activated under ultraviolet or visible
light irradiation and thus do not work when a light source is
not present. Recently, the great potential of semiconductor
photocatalysis for resolving environmental pollution and
energy shortages has been widely recognized.>>** Numerous
efforts have been made to develop efficient photocatalysts.
Many new materials, such as Bi/BiVO,,>! g-C3N,/SmVO,,>*
STo.25Big.7501 36,70 Ce0,/SN0,/rGO,*” and Ag;PO,,*® with photo-
catalytic activities within the visible light spectrum have been
reported. However, drawbacks such as limited harvesting of
visible light, rapid charge recombination and poor stability
still hinder their applications. Therefore, the search for new
methodologies to promote the photodecomposition of organic
compounds such as dyes, phenols, and pesticides is of major
relevance for the elimination of pollutants in a variety of
environmental situations. Hence, new photocatalysts must be
developed to overcome the shortcomings of conventional
photocatalysts.

Among all the studied semiconductors, metal sulfides
have exhibited the most promising activities in the treat-
ment of water under UV light because of their suitable band
energies. II-VI semiconductor compounds are of consider-
able interest because of their potential utility in a wide
range of optoelectronic devices, high absorption coeffi-
cients, high efficiency of radiative recombination and band
gaps that nearly match the visible region of the solar
spectrum.?** In particular, ZnS is a well-known photo-
catalyst as a result of the rapid generation of electron-hole
pairs by photoexcitation and the high negative potentials of
excited electrons and exhibits high activity in H, evolution,
even without the assistance of noble metal cocatalysts.>* 3¢
However, the band gap of ZnS (3.66 eV) is too large for a
visible light response,**> and many methods, such as doping
with noble metal ions,’”° the preparation of binary or
ternary compounds and combination with various narrow-
band-gap semiconductors, have been employed to endow
ZnS with UV light activity.*® Ternary semiconductor
materials have been well studied because their optical band
gaps are tunable by changing their compositions.*' For
instance, Zn,Ag,_,S has the potential to form a continuous
series of ternary semiconductors and opens the possibility
of varying the optical band gap systematically in a
controlled way from the visible (Ag,S = 1.3 eV) to the
UV (ZnS = 3.66 eV) region. In recent years, doped ZnS
systems such as Au-ZnS, Ag-ZnS and Ag-ZnGeS, hybrid
nanostructures have also received special attention in photo-
catalysis for achieving enhanced photocatalytic activities in
comparison with that of bare ZnS. More interestingly, the
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band gap width and band edge position of Zn,Ag;_,S can be
precisely tuned by varying the concentrations of Ag' and
Zn** ions. Owing to the advantages of ZnS and Ag,
much attention has been paid to Ag-doped or Ag-
deposited ZnS composite systems. Extensive studies have
continued to produce a variety of composite structures with
better performance than their individual components.

Gupta et al® observed the enhanced photocatalytic
activity of Ag-ZnS in comparison with that of ZnS
nanostructures.

From the background literature, it has been found that few
studies are available on the degradation of organopho-
sphorus pesticides using ternary semiconductor nano-
structures; therefore, the UV-light-activated photocatalytic
degradation of pesticides using Zn,Ag;_,S composites is a
promising task. The objective of this study was to develop
ternary semiconductor Zn,Ag;_,S composites without the use
of any surfactant using a simple hydrothermal method as
photocatalysts for the degradation of MLT, MCP, and CPS
under UV light irradiation. A comparative study of the photo-
catalytic degradation of MLT, MCP, and CPS in the presence
of Zn, sAg,.5S was specifically performed with bare ZnS and
Ag,S NPs, as silver was incorporated into the ZnS lattice to
enhance its photocatalytic efficiency. The reusability of these
catalysts was also determined using a cyclic degradation test.
The reactive species involved in the photodegradation of pes-
ticides were determined, as well as the rate of the photo-
chemical reaction, and a possible mechanism of the
enhanced performance of Zn,Ag;_,S was also proposed. The
structure, morphology, surface composition and chemical
status of elements in the as-prepared Zn,Ag; ,S composites
were characterized by UV-vis DRS, PL, XRD, SEM, TEM, BET
measurements, and XPS.

Experimental section
Materials and methods

All starting materials were commercially available and were
used as received without further purification. Silver nitrate
(AgNO3), zinc nitrate tetrahydrate (Zn(NOs),-4H,O) and
sodium sulfide (Na,S-9H,0) were purchased from S.D. Fine
Chemicals, Mumbai, India. Analytically pure malathion,
monocrotophos and chlorpyrifos (97%) were purchased from
Sigma-Aldrich (Bangalore Bonded Warehouse, India), and
100 mg L™" solutions of the pesticides (malathion, chlorpyri-
fos, and monocrotophos) were prepared in double-distilled
water and stored at 4 °C. All solutions and reaction mixtures
were prepared using double-distilled water.

Synthesis of ternary Zn,Ag;_.S nanocomposites

A series of Zn,Ag;_,S (x = 0, 0.5 and 1.0) nanocomposites
were prepared by a simple and low-cost hydrothermal
method without using any capping agent. Different molar
ratios of Zn/Ag (x = 0, 0.5, 1.0) were used in the preparation
of the nanocomposites using various amounts of Zn>*
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(Zn(NOs),-4H,0; 0.5 mM), Ag" (AgNO;; 0.05 mM) and S*~
(Na,S-9H,0; 0.05 mM) precursors. Typically, different
amounts of Zn>" and Ag® were dissolved in 100 mL of
double-distilled water under vigorous stirring to form a
stable solution at room temperature. After ultrasonication
for 30 min, a certain amount of Na,S was dropped into the
solution under vigorous stirring. Subsequently, this mixture
was transferred to a 100 mL Teflon-lined autoclave and main-
tained at 180 °C for 24 h. Finally, the product that was
obtained was filtered, washed with double-distilled water
several times and dried at room temperature. After the pre-
cipitate cooled to room temperature naturally, a series of pro-
ducts (ZnS, Zn, 5Ag 5S and Ag,S) were collected and utilized
for further characterization.

Instruments and material characterization

Samples of the synthesized ZnS, Zn, sAgo.5S and Ag,S compo-
sites were characterized by various physicochemical tech-
niques. The crystal structure of the samples was investigated
using X-ray diffraction (XRD; Philips X’Pert Pro Advance
X-ray diffractometer) with Cu Ka radiation over the range of
260 = 10-80° with an accelerating voltage of 40 kv and an
applied current of 40 mA. The size and shape of the prepared
composite photocatalysts were observed by transmission
electron microscopy (TEM, Tecnai G2) with an accelerating
voltage of 200 kv. The morphology of the prepared photo-
catalysts was observed by scanning electron microscopy (SEM,
Zeiss EVO MA-10, Germany) coupled with energy-dispersive
X-ray spectroscopy (EDX) for determining the elemental com-
position. In order to study the absorption spectra of the
samples (to calculate the E, value), UV-visible diffuse-reflec-
tance spectroscopy (UV-vis DRS, Shimadzu UV-3600 UV-vis-
NIR spectrophotometer) was used, and BaSO, was used as a
reflectance standard in the DRS experiments. The PL spectra
of the photocatalysts were recorded using a Shimadzu
RF-5301 PC spectrometer with an excitation wavelength of
335 nm. The specific surface areas of the samples were deter-
mined by Brunauer-Emmett-Teller (BET) measurements of
nitrogen adsorption using an ASAP 2020 surface area and
porosity analyzer. X-ray photoelectron spectroscopy (XPS)
measurements were also performed with a monochromated
Al Ka X-ray source (hv = 1486.6 eV) at an energy of 15 kV per
150 W.

Photocatalytic reactor setup

Photocatalytic degradation experiments were performed in a
slurry batch reactor to avoid exposure to UV light. A cylindri-
cal photochemical reactor that measured 30 cm x 3 cm
(height x diameter) and was equipped with a water circulation
arrangement was used in all the experiments. Irradiation was
carried out using UV lamps (300 W Xe lamps) built into a
lamp housing with polished anodized aluminum reflectors
and placed 6.5 cm from the reactor. Cooling was provided
using a continuous flow of water through the middle cylinder
to prevent the system from generating excess heat. The test
solution was kept in the outer cylindrical part of the reactor.
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The lamps predominantly emitted UV radiation with a wave-
length of 254 nm. The reactor setup was covered with alumi-
num foil followed by a black cloth to prevent leakage of UV
light.

Pesticide degradation tests

The photocatalytic activities of the synthesized Zn,Ag;_,S
materials were assessed by the photocatalytic degradation of
MLT, MCP and CPS in an aqueous solution. Prior to the
photocatalytic experiments, the adsorption of MLT, MCP and
CPS on the ZnS, Zn, 5Ag, sS and Ag,S composites used as the
photocatalysts was carried out by mixing 100 mL of an
aqueous solution of MLT, MCP or CPS, respectively, with a
fixed weight of the respective photocatalyst (30 mg). Before
irradiation with light, a suspension containing the organo-
phosphorus pesticide and photocatalyst particles was soni-
cated for 10 min and vigorously stirred for 30 min in the dark
to allow dispersion of the photocatalyst particles in the sus-
pension and the attainment of sorption equilibrium, respect-
ively. Then, the mixture was placed in a 100 mL quartz cell
30 cm from the UV light source in the photocatalytic reactor.
During irradiation, 2.0 mL of the solution was sampled at
regular intervals (10 min), and the concentrations of MLT,
MCP and CPS were determined by measuring the absorbance
at 265 nm, 210 nm and 226 nm, respectively, using a UV-
visible absorption spectrometer. At given time intervals, ali-
quots of 2 mL were extracted and filtered by a membrane
filter (pore size = 0.47 pm, diameter = 15 mm) for the
removal of photocatalyst particles. From the degradation
experiments, the percentage degradation of MLT, MCP and
CPS using the Zn,Ag,;_,S samples was determined by the fol-
lowing equation:

Co—C
D(%):%xloo

(1)

where D is the degradation efficiency and C, and C, are the
initial concentration and final concentration at time ¢ of the
MLT, MCP and CPS solutions, respectively.

Reactive oxidant species detection test

The generation of various active species was detected
during the process of photoreaction. The major active
species, namely, hydroxyl radicals ("OH), holes (h"), and
superoxide radicals ("O,”), were investigated by the addition
of several scavengers, namely, tert-butyl alcohol (¢-BuOH,
5 mmol L™'), ammonium oxalate (AO, 1 mmol L™') and
p-benzoquinone (p-BQ, 1 mmol L), to the solutions of
MLT, MCP and CPS, respectively, before irradiation with
light using the Zn,Ag;_,S composites. The reusability of the
catalysts was assessed by retrieving the catalysts after the
degradation process followed by washing and drying in air
at 110 °C. Then, the catalyst was reused for the degradation
of MLT, MCP, and CPS under
conditions.

similar experimental
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Results and discussion

Characterization of ternary semiconductor Zn,Ag,_,S
photocatalysts

The phase composition and the crystal structure of the as-pre-
pared samples were characterized by powder XRD. Fig. 1(a)
shows the XRD patterns of the ternary Zn,Ag;_,S samples with
different molar ratios. In the XRD pattern of pure ZnS, three
prominent peaks corresponding to (111), (220), and (311)
reflection planes were observed at 26 values of 29.04°, 48.06°,
and 57.11°, respectively, and can be indexed to the zinc blende
structure (JCPDS card no: 05-0566). The broadening of the
diffraction peaks might be due to the size effect, and therefore
the crystallite size is in the nanoscale region. The powder XRD
patterns of the Zn,Ag;_,S nanocomposites indicate a gradual
phase change from cubic Zn,Ag;_,S (x = 1.0) (indexed to (111),
(220), and (311) planes) to monoclinic Zn,Ag;_,S (x = 0.5), with
peaks indexed to (101), (110), (120), (112), (031), (103), (123)
and (—213) planes and, with an increase in the Ag content, at
45.15° (200) and 64.21° (220). This phenomenon signifies the
incorporation of Ag atoms into the lattice of ZnS, which influ-
enced the positions of Zn atoms and subsequently changed
the lattice structure of ZnS in the process of formation of solid

Photochemical & Photobiological Sciences

solutions of Zn,Ag;_,S under the synthetic conditions. The
results show that the crystal phases of ZnS changed after it
combined with the Ag content, which further suggests that
this may be beneficial for the photocatalytic properties of the
composite photocatalysts. Furthermore, a careful examination
of the powder XRD patterns revealed a shift in the 20 values of
the peaks with an increase in the Ag content. The observed
shift in the positions of the peaks of ZnS (26) is attributed to
the incorporation of larger Ag* ions (ionic radius = 1.14 A) in
the positions of Zn*" ions (ionic radius = 0.74 A) in the lattice
of ZnS, which may indicate that the Zn,sAg,sS composite
photocatalyst was in the form of a composite instead of a
simple mixture. The estimated crystallite size of the Zn,Ag;_,S
composites was 10-30 nm as determined by the Debye-
Scherrer equation using the peak of highest intensity in the
diffraction patterns.

The UV-vis DRS spectra of the samples were recorded using
a UV-vis spectrophotometer to study the optical absorption
properties of the prepared photocatalysts. The room-tempera-
ture solid-state UV-vis DRS spectra of the Zn, sAg,sS compo-
site, ZnS and Ag,S in the wavelength range of 200-800 nm are
shown in Fig. 1(b). The spectra show a red shift in the absorp-
tion edge from 400 to 610 nm with an increase in the Ag
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sorption isotherm of the Zng sAgo sS nanocomposite.
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(a) Powder XRD patterns, (b) UV-vis DRS and (c) PL spectra of the Zn,Ag;_,S (x = 0, 0.5 and 1.0) nanocomposites, and (d) N, adsorption/de-
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content in the Zn,Ag;_,S composites, with the absorption
edges of ZnS and Ag,S at 360 and around 680 nm, respectively.
The red shift in the absorption edge of the composites was
due to the amount of Ag present, and the absorption edge was
also situated between those of ZnS and Ag,S. The presence of
Ag can accelerate the separation of photogenerated charge car-
riers and thus improve the light absorption efficiency of ZnS.
This phenomenon can be attributed to an intrinsic band gap
transition rather than a transition from impurity levels, which
suggests the formation of Zn,sAg,sS composites. Thus, the
Zn,Ag,_,S nanocomposites exhibited sharp absorption band
edges in the visible region. This implies that Zn, sAg, sS was
not a simple mixture of ZnS and Ag,S but comprised compo-
sites of Zn,Ag;_,S with various compositions (x = 0.5). The cal-
culated band edges of the ZnS and Ag,S samples were located
at around 360 nm (3.44 eV) and 680 nm (1.82 eV), which
correspond to UV and visible light absorption, respectively.
Moreover, the calculated band gap of ZngsAgysS is 2.54 eV.
This range of band gaps and the energy levels of the semi-
conductors play a crucial role in improving their photocatalytic
properties.

PL spectroscopy is an important characterization tech-
nique for determining charge carrier trapping, charge
migration and recombination of light-generated electron-
hole pairs in a semiconductor.*>** Fig. 1(c) shows the PL
spectra of the ZnS, Zn, 5Ag, sS and Ag,S samples, which were
excited at 350 nm and exhibited emission peaks at around
452, 447 and 438 nm, respectively, and the decrease in the
emission intensity may be related to the recombination
process and an enhancement in photocatalytic activity. The
change in the position of the PL peak of the Zn, 5Ag.5S com-
posite indicates that the Ag content in the ZnS lattice pro-
moted the dissociation of light-induced electrons from holes
with no significant alteration in the position of the PL band.
In addition, this effect was further reinforced after decoration
with ZnS and Ag,S to form the Zn, 5Ag,.5S composite, which
implies that the interface between Zn>" and Ag* hinders the
recombination of charge carriers and encourages their
efficient separation, which leaves more to participate in the
photodegradation of pesticides. This clearly indicates a sig-
nificant decrease in emission intensity for Zny sAgo 5S, which
confirms that the recombination process was slow in com-
parison with that in the pure ZnS and Ag,S samples. The PL
results prove that the decrease in emission intensity pro-
moted higher photocatalytic activity.

To determine the surface area of the as-prepared samples,
N, adsorption/desorption measurements were performed for
the Zn,Ag;_,S nanocomposites in the range of relative press-
ures of 0.1-1.0. Fig. 1(d) shows the N, adsorption/desorption
isotherm of the ZngsAgysS composite. The isotherm was
identified as type IV, which is characteristic of mesoporous
materials.** The pore size distribution calculated from the iso-
therm indicates the presence of a number of pores with sizes
of less than 10 nm in the sample. The estimated BET surface
areas of the samples of ZnS, Zn, sAg,5S, and Ag,S are 16.37,
68.02, and 23.52 m”> g, respectively. The large BET surface
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area of the sample of the Zn, 5Ago.sS composite strongly sup-
ports the assumption that the nanoparticles have a nanopor-
ous structure. The large surface area of the Zn, 5Ag, 5S compo-
site enables the efficient adsorption and transport of charge
carriers, which leads to an enhancement in the photocatalytic
performance.

Analysis of the nanocomposites using SEM supplemented
by EDX was carried out for the Zn,Ag;_,S samples to establish
their morphology, grain size, and shape and to confirm their
chemical composition. Fig. 2(a-c) shows scanning electron
micrographs of samples of the ZnS, Zn, 5Ag, 5S, and Ag,S com-
posites. Typical scanning electron microscopy (SEM) images of
the samples are presented in Fig. 2, in which the morphology
of spherical nanoparticles is also clearly visible. The surface of
every particle is rough, and there are many smaller particles.
At a low magnification, the dispersion of nanoparticles is not
clearly identified, as they are agglomerated. Furthermore,
high-magnification images show the presence of nanocrystals
on the surface of the microspheres (Fig. 2(a—c)). Thus, it is
clear from the high-resolution SEM images that slight agglom-
eration of particles occurred. For elemental analysis, EDX data
(Fig. 2(d-f)) are also reported with the SEM images and
confirm the presence of Zn, Ag, S, C, and O in the samples of
the Zn,Ag,_,S composites.

From the SEM images it is seen that agglomeration of par-
ticles occurred, and hence the actual size of the crystallites is
not clear. Hence, HR-TEM analyses were carried out for the
precise determination of the crystallite size. Fig. 3(a-e) shows
low-resolution and high-resolution TEM images of ZnS,
Zny sAg05S and Ag,S samples, which show the presence of
nanocrystals with sizes of 10-50 nm and spherical shapes but
no uniform size. An observation of the HR-TEM images reveals
the lattice pattern in the nanocrystals, which indicates the
polycrystalline nature of the material. This clearly illustrates
the altered size and morphology of the catalyst powder and
enhanced photocatalytic activity, which is due to the decrease
in the particle size and increase in the surface area of the cata-
lyst. The estimated values of the crystallite size are consistent
with the crystallite sizes calculated from the XRD pattern. The
TEM observations clearly confirm that Ag particles were well
dispersed on the ZnS surface. By combining the structural
(XRD) and morphological (TEM) analyses mentioned above, it
could be deduced that the synthesized Zn,Ag;_,S composite
system is formed from mixed phases, but the dominant phase
is a zinc blende phase. The HRTEM images of the Zn, sAg, sS
nanocomposite (Fig. 3(d and e)) show a clear interface between
ZnS and Ag. Therefore, the present ternary photocatalytic
system exhibits a close interconnection between ZnS and Ag
nanoparticles at a single point, which is necessary for charge
transfer during photoreactions. The SAED pattern (Fig. 3(f))
exhibits well-defined electron diffraction spots, which confirm
the crystalline nature of the cubic phase of the ZnS nanocrys-
tals. Moreover, ZngsAgosS displays circular rings corres-
ponding to diffraction planes of ZnS. From these patterns, it is
clear that the crystallinity of the nanoparticles increased with
the incorporation of Ag ions, as a dot pattern started to
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appear; this confirms the formation and polycrystalline nature
of the product.

The surface chemical composition and chemical states of
the Zn,Ag;_,S composite were examined by XPS and are shown
in Fig. 4. The XPS survey spectrum of the synthesized photo-
catalyst revealed the presence of Zn, C, O, and Ag with no
impurities (Fig. 4(a)). In order to further investigate the
surface composition of the Zn,sAg,sS composite, the XPS
survey spectrum and the corresponding O 1s, S 2p, Zn 2p, and
C 1s spectra were studied. In the survey spectrum, peaks result-
ing from S 2p, Zn 2p, Ag 3d, C 1s, and O 1s were conspicuously
observed at the respective standard values of binding energies,

1434 | Photochem. Photobiol. Sci., 2018, 17, 1429-1442

(a—c) SEM images and (d—f) the corresponding EDX maps of the Zn,Ag;_,S (x = 0, 0.5 and 1.0) nanocomposites, respectively.

which confirmed the presence of these elements in the syn-
thesized nanocomposites. The peaks at 1044.8 and 1021.9 eV
were attributed to spin-orbit splitting of the Zn 2p orbital and
were assigned to Zn 2py, and Zn 2pzp, respectively
(Fig. 4(b)).*> Fig. 4(c) shows the narrow-scan XPS spectrum of
the core-level binding energy of Ag" in the energy range of
364-378 eV. It shows that the high-resolution XPS spectrum of
Ag 3d could be decomposed into Ag 3ds/, and Ag3d;/, peaks at
binding energies of 367.82 eV and 375.71 eV, respectively. The
difference between the binding energy of Ag 3ds,, (367.82 eV)
and Ag 3ds), (375.71 eV) is 7.89 eV, which is characteristic of
metallic Ag in the matrix of an Ag,S product.*® The S 2p peak
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(c)

(e)

Fig. 3
Znp.5Ado sS composite.

(Fig. 4(d)) and Zn 2p peaks can be observed at 163.31 eV and
1021.9/1044.8 eV, which suggests that S and Zn elements exist
mainly in the form of S*~ and Zn®", respectively, on the surface
of the samples.”” In summary, the XPS spectra confirm that
the positions of the peaks due to Zn, Ag, and S correspond to a
Zng sAgo S nanocomposite.

Photocatalytic degradation of organophosphorus pesticides

As determined from the optical measurements, all the syn-
thesized photocatalysts were expected to exhibit photocatalytic
activity under UV light. Therefore, photocatalytic degradation
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(a—c) Low-resolution and (d—e) high-resolution TEM images of the ZnS, ZngsAgdosS and Ag,S composites and (f) SAED pattern of the

studies were conducted using the Zn,Ag;_,S composites for
the degradation of organophosphorus pesticides, namely,
MLT, MCP, and CPS, as model pollutants under UV light
irradiation. Pretreatment of the synthesized photocatalysts
with solutions of MLT, MCP, and CPS in the dark gave an
adsorption rate of <11% in all cases under UV light irradiation
for 1 h. The effect of photolysis was confirmed before the
photodegradation study by irradiating the solutions with a light
source in the absence of a catalyst. As shown in Fig. S1(a—c),
photolysis had no pronounced effect on the degradation of
MLT, MCP, and CPS under UV light irradiation, whereas the
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Fig. 4 High-resolution X-ray photoelectron spectra of the Zng sAgosS nanocomposite: (a) survey, (b) Zn 2p, (c) Ag 3d, and (d) S 2p spectra of a

representative sample.

presence of pure ZnS resulted in degradation rates of 82.38%
(MLT), 79.51% (MCP) and 80.27% (CPS), and pure Ag,S
resulted in degradation rates of 80.12% (MLT), 76.51% (MCP)
and 78.72% (CPS) after 60 min under similar conditions. For
comparison, the activities of samples of pure ZnS and Ag,S
were also tested under the same conditions (Fig. 5). It can be
seen from Fig. 5 that in comparison with pure ZnS and Ag,S
the ZngsAgosS composite material displayed higher photo-
catalytic performance because of the presence of Ag ions incor-
porated into the ZnS lattice for the transfer of charge carriers,
large surface area, and smaller particle size. The enhancement
in the photodegradation of MLT, MCP, and CPS after treatment
with the Zn,sAg,sS ternary photocatalyst under UV light
irradiation is clearly observed in Fig. S2(a-c). The remarkable
enhancement in the UV-light-driven photocatalytic activity of
the Zn,sAgsS composite was mainly due to the enhanced
charge separation and UV light harvesting properties of the Ag
nanoparticles.”®*® Moreover, the Ag nanoparticles anchored
on the surface of Zn, 5Ag, 5S behave as an electron sink, which
could significantly increase the separation of photogenerated
electron-hole pairs and inhibit their recombination.’® The
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Fig. 5 The photocatalytic degradation of the organophosphorus pesti-
cides MLT, MCP and CPS was monitored via the UV-visible absorption

spectra of a reaction mixture containing the Zn,Ag;_,S composite
photocatalysts.

This journal is © The Royal Society of Chemistry and Owner Societies 2018



Photochemical & Photobiological Sciences

I MLT

[ McP

I CPS

[ 1ZnS+MLT

B ZnS+MCP

[ 1ZnS+CPS

I Ag,S+MLT
B Ag S+MCP
I Ag S+CPS
I 7, Ag, S+MLT
I Zn Ag, S+MCP
[ Zn Ag, S+CPS

()

% of Degradatjop,

Fig. 6 3D bar diagram of the photocatalytic degradation of MLT, MCP
and CPS in the absence and presence of the Zn,Ag; .S composite
photocatalysts.

enhanced photocatalytic performance of the Zn, 5Ag,sS com-
posite is due to the presence of Ag® formed by the photoreduc-
tion of Ag" under light irradiation. The order of the photo-
catalytic activities in the degradation of MLT, MCP, and CPS
under similar conditions was Ag,S < ZnS < Zn, 5Ago.5S, which
further confirms that the Ag nanoparticle loading plays a
crucial role in the photocatalytic properties.”’ It is clearly seen
from Fig. 6 that the rate of photocatalytic degradation for the
Zn, sAgo.sS composite photocatalyst was much higher in com-
parison with those for pure ZnS and Ag,S under similar
conditions.

On the basis of the detailed characterization and previous
reports,”’** a probable mechanism of the enhanced photo-
catalytic performance of the Zn,sAg,sS composite under UV
light irradiation was proposed for the degradation of MLT,
MCP, and CPS (Scheme 1). In this study, the recombination of
photogenerated charges produced by the absorption of UV light
by oxygen vacancies resulted in a lower band gap, which was
extended by the transfer of electrons from the conduction band

Pesticides
{MLT, MCP, CPS)

NHE (eV)

H,0 Degradation Products

ZnysAgysS

o ZnS

Scheme 1 Schematic representation of photocatalytic degradation of
organophosphorus pesticides using the ZngsAgosS composite
photocatalysts.
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of ZnS to the highest occupied molecular orbital of Ag. On the
other hand, Ag can also act as a sensitizer to absorb UV light
and transfer electrons from the surface of Ag to the conduction
band of ZnS. In addition to these excitations, in the case of the
present ternary photocatalytic system, Ag nanoparticles act as a
photocenter to generate electron-hole pairs by the absorption
of UV light via the SPR effect. A number of excitations are poss-
ible in the present case because the Ag nanoparticles are
strongly interconnected with the Zn,sAg,sS composite. The
SPR effect produced by UV light irradiation leads to the transfer
of electrons from the equilibrium Fermi level to the conduction
band of ZnS, which leaves holes behind on the Ag surface.
These electrons injected into the CB of ZnS can either react
with dissolved oxygen to produce superoxide radical anions
(‘0,7), which can subsequently react with H,O to give hydroxyl
radicals ("OH) in a consecutive reaction pathway. In another
case, the photogenerated electrons are transferred directly to
the Ag surface from the CB of ZnS and react with dissolved
oxygen to form oxidizing radicals. The holes formed by the
absorption of UV light by ZnS and Ag can react with hydroxyl
groups to generate hydroxyl radicals. The free radicals produced
by the overall process react further with organic pollutants (in
the present case, the pesticides MLT, MCP, and CPS) to oxidize
them to CO,, H,0, and other products.

In order to determine the degradation products of the
photocatalytic activity of the ZnS, Zn, sAgy sS, and Ag,S photo-
catalysts, a series of experiments were carried out with MLT,
MCP, and CPS in an aqueous suspension with UV light with a
wavelength of 254 nm. As the irradiation time increased, MLT,
MCP, and CPS degraded into small fragments, and conse-
quently complete mineralization was achieved in about 1 h. To
complete the degradation of the pesticide compounds using
the Zn,sAgosS composite photocatalyst required a shorter
irradiation time than with pure ZnS and Ag,S. This was due to
the suppression of electron-hole recombination and the gene-
ration of more "OH radicals. The "OH radicals are sufficiently
reactive to break different (C-C, C=C, and C=O0) bonds in
MLT, MCP, and CPS molecules adsorbed on the surface of the
Zn,Ag,_,S composites, which will finally lead to the formation
of CO, and inorganic ions. Furthermore, the continuous degra-
dation of MLT, MCP, and CPS leads to the formation of inter-
mediates such as aldehydes, alcohols, nitrates and phosphoric
acid. The alcohols and aldehydes can easily be hydrolyzed in
water, whereas the phosphoric acid and nitrates are trans-
formed into harmless inorganic ions such as phosphate
(PO,*") and nitrate (NO5"). Finally, MLT, MCP and CPS and
their intermediates are converted into CO,, H,O and harmless
inorganic ions.

To further investigate the active species in the process of
the photocatalytic degradation of MLT, MCP and CPS by the
Zn,Ag,_,S nanocomposites under UV light irradiation, it is
well known that hydroxyl radicals ("OH), valence band holes
(h") and superoxide radicals ("O,”) have been deemed to be
the main reactive species in the process of the photocatalytic
degradation of organic pollutants. Radical scavengers, namely,
t-BuOH, p-BQ, and AO, were employed for the investigation of
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‘OH and "0, radicals and valence band holes (h") generated
during the Zn,sAgosS-assisted photocatalytic process. As
shown in Fig. 7(a—c), the addition of these quenchers inhibited
the photocatalytic activity of Zn, sAg, sS under UV light for the
degradation of MLT, MCP, and CPS. The degradation efficiency
for MLT, MCP, and CPS decreased greatly on the addition of
p-BQ in comparison with the addition of +BuOH and AO. It is
indicated that 'O, radicals played a critical role in the photo-
catalytic activity of the Zn,sAg,sS composite in comparison
with h* and "OH radicals under UV light irradiation. It is con-
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Fig. 7 Effects of the addition of different scavengers on the photo-
catalytic degradation of (a) MLT, (b) MCP and (c) CPS by the Zng sAgo sS
composite photocatalyst.
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cluded that ZngsAgosS can suppress the recombination of
induced electron-hole pairs under visible light irradiation.
Similarly, we investigated the scavenging effect of ZnS and
Ag,S samples in the degradation of MLT, MCP, and CPS, and
the results are shown in Fig. S3(a-c) and S4(a—c),} respectively.

The stability of a photocatalyst sample is important for
practical applications. The ternary semiconductor Zn,Ag; ,S
photocatalyst displayed the best charge separation ability and
highest photocatalytic performance among all the catalysts
that were prepared (Fig. 8(a-c), Fig. S5(a—c) and S6(a—c)T).
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Fig. 8 Cycling runs in the photocatalytic degradation of (a) MLT, (b)
MCP and (c) CPS in the presence of the synthesized Zny sAgp sS compo-
site photocatalyst under UV light irradiation.
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Therefore, the photocatalytic stability of the Zn, sAg,.sS
composite was examined by performing recycling experi-
ments for the photodegradation of MLT, MCP, and CPS
under UV light irradiation. As shown in Fig. 8, the ternary
semiconductor Zn, sAg.5S photocatalyst exhibited superior
photostability, which remained roughly unchanged after
five successive cycles. The used photocatalysts after each
run were collected, centrifuged, washed with distilled
water, dried at 100 °C and then reused in a new run. As
illustrated, at the end of the fifth run the degradation
efficiency declined from 96.41% to 94.27% (MLT), from
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Fig. 9 Kinetic plots of the photocatalytic degradation of MLT, MCP, and
CPS in the absence and presence of the synthesized Zn,Ag; ,S compo-
site photocatalysts.
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92.51% to 90.64% (MCP) and from 91.38% to 89.61% (CPS)
using the Zn, sAgy.sS composite photocatalyst. The slight
decrease in photocatalytic activity may be due to the inevi-
table loss of the catalyst during the washing, centrifu-
gation, sedimentation and transfer processes,”® and no
changes were observed in the structure and morphology of
the ZngsAgo.sS catalyst. The enhanced photostability in
support of the photocatalytic activity favors the practical
application of the ternary ZngsAgesS composite
photocatalysts.

To further study the reaction kinetics, the photodegradation
of MLT, MCP, and CPS using samples of the Zn,Ag;_,S compo-
sites was fitted to a pseudo-first-order kinetic equation,’® and
the results that were obtained are shown in Fig. 9. This clearly
indicates that the photocatalytic activity of Zn,sAgysS is
higher than that of the ZnS and Ag,S samples under UV light
irradiation. It can be deduced from these results that
Zn, 5Ag0.5S possessed the best photocatalytic activity under UV
light irradiation, which may indicate that the transfer of photo-
generated holes and electrons and the adsorption capacity
reached an optimum in this composite photocatalyst. The
apparent rate constant (k) for the degradation of MLT, MCP,
and CPS by the Zn, sAg, 5S composite photocatalyst, which was
determined by linear estimation using pseudo-first-order reac-
tion kinetics, was calculated to be 0.01281, 0.01254 and
0.01211 min~", which was an average of 1.38 and 1.57 times
higher than those for pure Ag,S and ZnS, respectively. The
maximum photocatalytic performance of the ZngsAgosS
photocatalyst for the degradation of MLT, MCP, and CPS was
higher than that of pure Ag,S and ZnS, which was basically
related to the SPR effect of Ag ions in the ZnS lattice. The
degradation efficiencies, apparent reaction rate constants (k)
and ¢/, values of the ZnS, Zn,sAg,sS and Ag,S samples are
summarized in Table 1.

Table 1 Comparison of photocatalytic activity of various catalysts for degrading the organophosphorus pesticides MLT, MCP, and CPS

Catalyst Organophosphorus pesticide % of degradation Rate constant, (min™~") Half-life (min) R
No catalyst o 8.94 0.00101 686.14 0.98
Zn$ - i 82.38 0.00961 72.11 0.99
Zng 5Ag0 5S - B 97.31 0.01281 54.09 0.97
Ag,S e 80.12 0.00816 84.92 0.99
# o
MLT
No catalyst el 10.11 0.00107 647.66 0.99
Zns et L] ([:‘ g 79.51 0.00914 75.82 0.99
Zn, 5Ag0.5S h 95.44 0.01254 55.26 0.98
Ag,S 76.51 0.00751 92.27 0.99
MCP
No catalyst & % B 10.47 0.00109 635.78 0.99
Zns c;]:;(‘,,,-‘lkvqﬂj 80.27 0.00932 74.35 0.99
Zn, 5Ag 55 O SHy 94.54 0.01211 57.22 0.98
Ag,S 78.72 0.00784 88.39 0.97
CPS
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Conclusions

In summary, ternary semiconductor Zn,Ag; ,S composites
were prepared for the UV-light-driven photodegradation of
organophosphorus pesticides (MLT, MCP, and CPS) via a
hydrothermal route without using any surfactant. The samples
that were prepared were unambiguously characterized by XRD,
XPS, UV-vis DRS, PL, BET measurements, SEM-EDX, and TEM.
Among all the prepared samples, Zn,sAg,sS possessed pre-
eminent photocatalytic activity in the degradation of MLT,
MCP, and CPS under UV light. The degradation efficiency
reached 95% after irradiation for 1 h, which was higher than
that of the pure ZnS and Ag,S samples. The higher photo-
catalytic degradation rate of MLT, MCP, and CPS was achieved
using the Zn, sAg, sS composite because the synergetic effect
of the Ag content played an important role in the transfer of
charge carriers during the photocatalytic degradation process,
which effectively prolonged the lifetime of photoinduced elec-
trons generated by Ag and ZnS upon the absorption of UV
light. Active oxygen species ("O,” and "OH) and h* played an
important role in the degradation process. The enhanced
photocatalytic activity and photostability suggest that the
ternary Zn,Ag; .S photocatalyst has potential applications in
water treatment.
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