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Abstract

In this study, we have successfully doped sulfide (S?) and chloride (CI'!) simultaneously
into ZnO by hydrothermal method. The structure, morphology, composition and optical
properties of the prepared S-Cl doped ZnO nanostructures were investigated by x-ray
diffraction (XRD), scanning electron microscopy (SEM), scanning transmission electron
microcopy (STEM), energy dispersive spectroscopy(EDX) and UV-visible (UV-Vis)
spectroscopy techniques. After, doping of both S and Cl into ZnO no significant alteration

in the nanorod morphology was noticed. The wurtizite crystal structure of ZnO was



retained with a red shift in the 26 towards high angle. The XRD results are supported by
the high resolution transmission electron microscopy. The elemental analysis revealed a
successful doping of S and Cl into ZnO structure. Importantly, the optical band gap of
Zn0O was decreased 2.9 eV upon doping of S and Cl ions. Thus, the nonmetal doping via
S and Cl has significantly enhanced the photocatalytic properties of ZnO towards
methylene blue (MB) due to high density of active sites and decreased charge
recombination rate of electron-hole pairs. The photo-degradation efficiency towards MB
reached 99.64% upon using S and Cl doped ZnO photocatalyst using optimum dose of 15
mg and initial dye concentration of 1.87x10°M. The use of simultaneous nonmetal doping
concept could of great importance for the preparation of other nanostructured materials and

their use in potential applications like solar cells, and photoelectrochemical water splitting.
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1. Introduction.

Over the recent years, the textile industry is one of the most pollutants releasing industry into the

environment. These pollutants contain a heavy load of chemicals including dyes and they have

been cause of harming our environment. These dyes are found at large quantities into the waster

of textile industry which not only affect the human life but as well as aquatic life. Furthermore,

these dyes exist in various forms such as an acidic, disperse, fabric, mordant, reactive, vat, and

ingrain azo. These dyes are found as colored in the wastewater. The structural information of dyes

tells that they contain an aromatic ring in their structure, and they can be dissolved either into

organics or inorganic solvents and they can be found as suspended solids which are supposed to
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be cause of toxicity. These colored substances cause serious health problems including skin
disease, allergy, cancer and mutation. These substances are not only affecting the human organs
such as kidney, liver, central nervous system and brain, but also at the same to the aquatic life by
acting as shield for the sunlight and thereby resisting the access of light to aquatic life. In addition,
the survival of human and aquatic life in their ecosystem is probably impossible without the
availability of pure water to them. The inappropriate disposal of by-products and an excessive use
of chemicals into the industry have degraded the quality of natural water [01-03]. The methylene
blue (MB) discharged by thedying industries is one of the most prominent dye among the different
dyes. For the removal of MB various methods such as reverse osmosis, adsorption on activated
carbon, coagulation, poly-electrolyte promoted, nano-filtration, electrochemical treatment,
biological treatment in particularly enzyme and photo-catalytic degradation have been employed
[04].Photocatalytic degradation is one of the most competitive methods whicheffectively solve the
degradation issue of dyes from wastewater and it has several advantages including simplicity,
efficient, and do not produce secondary pollutants [5]. The photocatalytic method requires a high
energy light irradiation source and an oxidant to generate hydroxylradicals which are involved
degradation process. All the renewable technologies have attracted huge attention because they
offer promising results and can be used as potential alternative for the energy generation and
wastewater treatments. Photocatalysis is supposed to be an efficient technique to degradethe
recalcitrantin wastewater [6]. Many researchers reported the use of semiconducting materials
(TiOy, CdS, ZnO, WO3, Fe;03, SnOs etc) as photocatalyst or the wastewater treatments [7—12].

Among the various semiconductor materials, ZnO is generally considered as a good photocatalyst
for the degradation oforganic dyes due to its stability in chemicals properties, non-toxicity and
inexpensiveness [13]. However, some major drawbacks including its wide band gap 3.37 eV (bulk)
which may limit the absorption of light in the ultraviolet region and fast rate of electron-hole
recombination rate which severely affects the performance of ZnO as photocatalyst. Therefore, the
development of efficient and stable photocatalysts based on ZnO for the practical applications are
highly needed. We need to utilize the large region of solar spectrum and to overcome the
recombination rate of electron and hole pairs. These are the main challenges in the current state of
art of photocatalysts based on ZnO [14]. The photo-response of ZnO may be enhanced in the
visible spectrum of solar light by employing various alternative strategies including doing into

Zn0O, co-doping, coupling with lower band semiconductors, surface plasmon response, quantum



dots, sensitization with natural and synthetic dyes [15-31]. Doping is known as the suitable
approach to increase the optical spectrum and catalytic properties [32, 33]. The literature survey
shows that some nonmetal dopants like (e.g. carbon (C), nitrogen (N), and sulfur (S)) into ZnO
cause the creation of intermediate or lower energy levels between the band gap, enabling ZnO to
absorb visible light and minimize the recombination rate of electron-hole pairs due to photo-
excited electrons to nanosized nonmetal atoms on the surface of the catalyst, therefore efficiently
degraded the dyes in the wastewater [34-36]. The use of S and Cl separately as nonmetal dopant
into ZnO has been carried out, however the simultaneous doping of S and Cl into ZnO is not
reported elsewhere.

In this study, the doping of S and Cl into ZnO simultaneously has been studied for the
photodegradation of MB. The doping of S and Cl into ZnO has been carried out by hydrothermal
method. The structural studies of doped samples were carried out by SEM, XRD, HRTEM and
EDS techniques. The optical characterization on the nonmetal doped ZnO was studied by UV-
visible spectroscopy. The performance of doped samples was found very efficient for the

degradation of MB and efficiency of 99.66 % is reported herein.

2. Experimental Methodology
2.1  Materials

The chemicals use din this study include ammonium sulphide (NH4)>S or N>HgS, ammonium
chloride (NH4Cl), sodium hydroxide (NaOH), zinc acetate-dihydrate(ZnCsHeOs4), 25% aqueous
ammonia solution Merck), methylene blue (CisHisN3SCl) organic dye, and ethanol (C2HsOH,
99.5%) were purchase from Sigma-Aldrich Karachi, Pakistan and used without further

purification. The deionized water (DI) was used in all the experiments.

2.2 Synthesis of simultaneously S and Cl doped ZnO nanorods by
hydrothermal method

The hydrothermal method was employed for the synthesis of ZnO and S as well as Cl doping ZnO
nanostructures. We used zinc acetate di-hydrate (ZnC4HsO4) and 25 % ammonia for the fabrication
of ZnO. The 0.01 M concentration of ammonium chloride and 0.01 M concentration of ammonium

sulphide, 0.1 M of sodium hydroxide and 0.1 M of zinc acetate di-hydrate were mixed in equal



volume of ethanol and deionized water and their well dispersion was obtained by employing
ultrasonic bath for 30 min.The pristine ZnO was prepared by same method by dissolving 0.1 M
zinc acetate di-hydrate and 0.1M NaOH. The aluminum foil was employed to seal the beakers in
order to avoid the evaporation of aqueous solution during hydrothermal process. The growth
process was carried out in preheated electric oven at 90 °C for 5 h. Finally, filtration and drying

processes were employed to collect the white product of ZnO nanostructures.

X-ray diffraction was performed with powder diffractometer (D8 Advance, Bruker) employing the
experimental conditions of CuKa radiation (A= 1.54050 A), 45 mA, 45 kV and at a scan rate of
1° min~'.Scanning electron microscopy was carried out with a ZEISS Gemini SEM 500 equipped
with field emission gun. The elemental analysis was determined by energy dispersive X-ray
spectroscopy (EDS) embedded in the scanning electron microscope. The scanning transmission
electron microscopy (STEM) observations were carried out with a JEOLARM 200-Cold FEG at
80 kValong with energy dispersive X-ray (EDX). For the observations, the powder was dispersed
in ethanol and a drop of the dispersion was deposit on a holey carbon grid (200 mesh size). The
degradation rate and the quantitative decrease in the cocnetratin of MB was quantified by a

UV-visible spectrophotometer (PerkinElmer, Lambda 1050).
2.3. Photocatalytic Activity of prepared Zno nanostructures

The photocatalytic activity of as synthesized ZnO nanostructures was investigated with the
degradation of methylene blue (MB) dye using different dose concentrations0.62x10°, 1.87x10
6, 2.50x10% M in deionized water. Pristine and S-Cl doped ZnO nanostructures of 10 mg were
placed horizontally in the two 100 mL beakers containing 1.87x10°M of MB dye and exposed
to ultraviolet (UV) light. Typically the reaction suspension was prepared by adding different dose
concentration of (5, 10, 15) mg of the as-prepared S-Cl-doped ZnO powders into 100 mL of 10
mg methyl blue aqueous solution.Before applying UV light, the aqueous suspension of stock
solution containing different catalyst and MB (0.62x10°, 1.87x10°%, 2.50x10° M) dye dose
concentration placed in sonicator for 30 min for achieving adsorption-desorption equilibrium.
Later on, the MB stock solution was irradiated with UV-Visible light under the room temperature.
The UV-Visible light was employed for carrying out the degradation activity through locally made
photoreactor using a compact UV lamp of (365 nm) and a power of 18 watt were applied. The

UV-visible spectrophotometer (PE Lamda35) was employed to record the main absorbance peak
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to quantify the MB dyes which detected at (664) nm. The UV-visible spectrophotometer recorded
the absorption spectrum after every 30 min intervals to monitor the MB concentration in the stock
solution. The intensity of absorption spectrum at characteristic wavelength of (664) nm was
observed to determine the concentration of MB by recording UV visible spectra in the wavelength
range of 200-800nm. The mathematical formula used for the calculation of decolorization
efficiency for as synthesized intrinsic ZnO and S-Cl doped ZnO nanostructures was as follows:

Co—Ct
Co

Degradation Efficiency (%) = ( ) X 100 (D)

Where Co(gm/L) is the initial dye concentration and C; (gm/L) shows MB dye

(mg/L) after certain interval of time.

3. Results and Discussions
3.1 Structural characterization of various ZnO nanostructures
The morphological investigations of pristine ZnO and S-Cl doped ZnO were evaluated by
employing the scanning electron microscope. It is well observed through the SEM study that
pristine ZnO and S-Cl-doped ZnO nanostructures have almost homogeneous morphology,
however some randomly oriented particles are associated with the S and CI doped sample as shown
in Figure 1. The purse ZnO exhibits well defined nanorod like morphology with random alignment.
The length of ZnO nanorods could be few microns and the average diameter around 200 nm as
shown in Figure la-b. The S and Cl doped ZnO sample possesses a heterogenous morphology
consisting nanorods and cluster of particles as shown in Figure 1c-d. The size of particles could be
larger than 100 nm and the length of nanorods is decreased with the addition of S and CI source

due to etching effect.

EDX is a very reliable technique to quantitatively analyze the presence of zinc, oxygen, sulfur and
chlorine in the S-Cl-doped ZnO sample as shown in Figure 2(a & b). The EDX patterns reveal
only peaks at the energies of zinc and oxygen for pristine ZnO (Figure 4a), indicating clearly the
purity of synthesized nanostructures as shown in Figure 2(a), while for S-CI doped ZnO, the
spectrum shows peaks corresponding to sulfur, chlorine, zinc and oxygen atoms (Figure 2b),

confirming the successful doping of S-CI atoms in the lattice of ZnO.



STEM High Angle Annular Dark Field (HAADF) images of hydrothermally synthesized pristine
and S-Cl doped ZnO nanostructures are presented in Figures 3a and 4a respectively. Figure 3a-
shows that pristine ZnO possesses a rod-like structure with a length of several microns, as shown
previously by SEM. The product obtained by addition of S and Cl as a dopant into ZnO is
heterogeneous and consists of a mixture of nanorods and nano-platelets (Figure 4a). The length of
nanorods decreases with the addition of S and Cl. X-maps of detected elements are shown on
Figures 3b-c and 4b-d. These observations highlighted that sulfur is incorporated mainly in the
nano-platelets. The chlorine is mainly shown by EDS via SEM analysis and the percent distribution

of chlorine was not uniform throughout the sample.

The pristine ZnO and S-CI doped ZnO nanostructures were characterized by powder XRD. Fig.
5(a, b) reveals that the powder X-xay diffraction detected the patterns within the range of 20- 79°
for pristine ZnO and S-Cl doped ZnO nanostructures with a scanning step of 0.01°.The sharpness
as well as absence of impurity indicates the high purity of as-synthesized nanomaterial.
Furthermore, the sharp peaks may be related to the planes which measured at 2 theta angle of
31.86" (100), 34.54° (002), 36.32° (101), 47.62° (102), 56.66° (110), 62.96° (103), 66.44° (200),
68.04° (112), 69.18° (201), 72.34°(004), 76.76°(202) andshowing the clear randomly oriented ZnO
nanostructures [37]. The XRD results are according to the reported reference JCPDS card No. 01-
075-1533, and could be assigned to the hexagonal wurtzite structure of ZnO [38]. However,the
XRD results for the doped sample clearly indicates the increasing order in the red shift. The red
shift of dominant peaks is observed at 20 angle of 31.24, 33.78 and 35.84 degree lying at plane
(100), (002) and (101) respectively as depicted in Fig 5(b) .The shift in S-Cl doped ZnO sample
might effect on the optical and morphological properties. Furthermore, the increasing order was
observed in lattice parameters a and ¢ and volumes V in the doped ZnO nanostructures. The lattice
parameters ‘a’ and ‘c’ value were observed larger in S-CI doped ZnO as compared to pristine ZnO.
The ratio of c¢/a was found 1.732 which is very close value with ideal value of 1.6.This increase in
lattice parameters of S-Cl doped ZnO may be caused by addition of dopant whose ionic radii such
as S(r=1.09 A),CI-(r=1.81A) into pristine ZnO with atomic radii such as Zn(1.38 A ) and O(1.40),
resulting in expansion of the S-CI-ZnO lattice structures [39]. In addition the doping of S-Cl into
ZnO can further alter the distance in crystal structure as well as in diffraction angle. Moreover,

the crystallite size of the as-prepared samples was evaluated from Scherer’s relation [40].



KA

D(nm) = (FWHM) . Cos(6)

2)

Whereas D represents crystalline size (nm), K denotes shape factor K= 0.94, Adepicts wavelength
of X-Ray (nm), Bindicate Full Width at Half Maximum (rad) and© denotes Bragg Diffraction
Angle (deg). The (hkl)denotes the Miller Indices. The findings regarding average value of
crystalline size of pristine ZnO and S-CI doped ZnO nanostructures were obtained 35.292 nm and
26.209 nm, respectively at the plane value of (100) and as in the case of (101) the 50.2117 nm
reduced to 44.4225 nm and at the plane (110) it decreased from 42.159 nm to 23.496 nm. The
smaller crystalline size also called particle size is proportional to the enhancement of specific
surface area which leads to increase in the number of active surface sites. Furthermore these
increased surface active sites may lead better photocatalytic performance. This makes the
photogenerated charge carriers react with absorbed molecules to form hydroxyl and superoxide
radicals. These values were obtained in decreasing order with incorporation of S-Cl as a dopant
concentration into ZnO. The observed decreasing behavior of crystalline size could be attributed
to the diffusion and growth impairment of ZnO crystal grains, which is caused by the replacement
of oxygen (r =1.40 A) in ZnO with either of S(r=1.09 A) orCI" (r= 1.81A). Loan T. T. Nguyen et.
al has also reported the decrease in crystalline size of La-doped ZnO nanostructures[41]. These
size characteristic is an essential parameter for possibly improving the photocatalytic properties of
S-Cl-doped ZnO nanostructures. These crystal structure parameters values are summed up in Table

1.

3.2. Optical properties of synthesized nanostructures

The exploration of optical properties of pristine ZnO and S-CI doped ZnO nanostructures were
carried out using UV-visible absorption spectroscopy. The UV-vis absorption spectrum whose

wavelength range between (200—800 nm) was recorded as shown in Fig. 6(a)

The effect of incorporation of S-ClI as dopant into ZnO was carefully analyzed which depicted the
change appears in absorption wavelength and it shifted to longer wavelength for S-Cl doped ZnO,
which may be assigned to agglomeration of the nanostructures. The literature survey shows that
the shifting of absorbance wavelength to larger wavelength is in line with reported work [41].1t is

worth noting that the band gap energy is considered to be main indicator for the determining the



potential and for assigning the difference between conduction band (CB) and valence band

(VB.Tauc-equation was used to evaluate the band gap energy (Ey)
(achv)™ = k(hv — Ep) 3)

Whereas a, K,hv represent the absorption coefficient, the energy-independent constant value,
photon energy respectively and the optical band gap is denoted by E; (e.V) and n=2.Tauc’s plots
of ZnO and S-Cl doped ZnO are represented in Fig 6(a-b). The insets in Fig 3(a-b) reveals the
linear relation between (ohv)? and hv and this linear portion of Tauc’s plot was extrapolated to the
ordinate as to be equal to 3.24 eV. The addition of S-ClI as a dopant slightly reduces this value to
2.9 eV as shown in inset of Fig 3b,which reveals the ability of the synthesized nanostructures to
harvest visible light. This band gap Eg value agrees with most of the reported studies about the
nonmetal doped ZnO [34, 35, 42]. The decreased value of band gap was assigned to defect states
between the conduction band and valence band of S-CI-ZnO, which may possibly arise due to the
interaction of S-Cl-doping into ZnO. Thus, the S-Cl doped ZnO results in decline in the optical
band gap energy which might enhance the photocatalytic properties of S-CI-ZnO nanostructures

to perform efficient degradation of organic pollutants.
3.3. Photodegradation activity towards methylene blue

Fig. 7 shows the chemical structure of Methylene Blue (MB).

The undoped ZnO and S-Cl doped ZnO nanostructures were placed under UV light box locally
made to irradiate UV radiation upon nanostructures to investigate the photocatalytic degradation
of methyl blue (MB). The UV-visible spectra were recorded at different irradiation time intervals
of 40 min for pure ZnO and 30 min for S-CI-ZnO and presented in Fig 8(a), Fig 9(a-c) and Fig
10(a-c) respectively. The maximum absorbance peak at 664 nm was found in spectra of MB. The
absorption of MB was decreasing at 664 nm which shows the function of irradiation time as shown
in Fig. 8, 9 and 10. As soon as the surface area of ZnO and S-Cl doped ZnO nanostructures gets
the illumination of UV light, it causes the ignition of photocatalytic decomposition process by
generating the photo electron—hole pair between the conduction and valence bands, resulting in
the degradation of organic compound. The photo-exited electron goes to CB and leaves behind a

hole in valence band (VB). These electrons and holes exhibit the ability to offer high oxidation



potential to allow direct oxidation of MB in reaction medium. Furthermore, the recombination rate
of electron and hole can be limited by the interactions of photogenerated species in VB and in CB
by following the oxidation reaction with eitherH.O, OH or O adsorbed on ZnO and S-CI-ZnO to
produce the hydroxyl radicals through the following reactions [40, 43]:

(S — CldopedZn0) + hv - ez + hig 4)
ecg + Oz(adsorvea) = 03 = 20;” + H* » H,0°" + 05~ )

his + H,0 > H* + HO® (6)
ecg + hiy = (S — Cl dopedZnO) + Heat (7
H,0, + ecg » HO*+ OH™ ()
H,0, + 05~ — HO® + OH™ + 0, 9)
H,0, + hv - 2HO® (10)

Finally the hydroxyl radicals are used as the scavengers to decompose MB dye pollutant through

following reactions [43]
Dye + (05~ — HO® + HO;) — Intermediate — Product (11)

Fig:6(a)schematically reveals that the MB dye decreases slowly over the time of 150 min at the
photocatalyst dose of 10 mg. Whereas in the case of S-Cl-doped ZnO the decreases the height of
absorbance peak in concentration of the MB over the irradiation time 150 min as shown in Fig (9,
10). The photocatalytic degradation activity may be affected by various factors such as amount of
catalysts, concentration of MB and radiation of energy and irradiation time. For the optimization
of photocatalysis process, it is essential to study these parametersto observe their effect on

photocatalytic degradation.

In order to determine the effect of photocatalyst amount on the degradation process, a series
of experiments were carried out by varying the dose of S-CI-ZnO 5, 10 and 15 mg for keeping
constant dye concentration of MB 1.87x10°M constant. The pH of MB dye was kept constant 6.3
throughout the present study. De-colorization process was observed with decreasing absorbance

of MB at different photocatalyst concentration as depicted in Figure 7. Fig 7 reveals that with

10



increasing photocatalyst from (5 - 15) mg the photocatalytic performance may be enhanced. The
most efficient catalyst dose was 15 mg, and it resulted in about 99.66% degradation efficiency for
the 1.87x10°M MB concentration over the time of 150 minas shown in Fig 11. The enhancement
in the degradation performance of S-ClI doped ZnO may be attributed to creating the larger surface
area, resulting in enhancing the absorption of UV light. The larger surface area leads to larger
number of active sites, and these active sites are favorable for capturing the photogenerated
electrons to improve the electron-hole separation efficiency and thereby improving the
photocatalytic efficiency. The electrons and holes are responsible for the oxidizing water to
generate the hydro-xi-radicals *OH,and*O? [44]. Our findings are in line with the reported works
which show the enhancement in degradation efficiency of of ZnO caused by enhanced free radical

hydroxyl concentration [45-47]

The degradation of MB was carried out at various initial concentrations such as (0.62, 1.87 and
2.50) x10°M using pristine ZnO and S-Cl doped ZnO with dosage of 10 mg under UV irradiation.
The obtained results revealed that the degradation efficiency and rate constant of MB with constant
dosage of photocatalyst 10 mg was found in inversely relation with the initial concentration dye
as shown in Fig 12. The decreased performance is shown the effect of varying MB dye
concentration on photocatalytic performance may be assigned to increasing the adsorption of MB
dye on the surface of S-CI doped ZnO, resulting in reduction of "OH concentration on sites of
catalyst [36, 48]. Beer-Lambert’s law also supports the reverse relation between initial dye
concentration and photocatalytic activity because the intensity of photons as well as the adsorption
of photons on the surface of catalyst is limited which leading to the lowering the rate of
photodegradation process. The degradation efficiency of 0.62x10°M MB concentration could
reach up to the 93.46% with photocatalyst dosage of 10 mg over the same time of 150 min. Fig 12
(c) revealed that the minimum degradation efficiency could be achieved 65.56 % for 0.62x10°M
MB with the photocatalyst dosage of 10 mg over the same time interval of 150 min. This low
efficiency of the maximum MB dye concentration was assigned to lower penetration of photons

to the surface of photocatalysts [49, 50].
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The photocatalytic efficiency and degradation constant of pristine ZnO and S-Cl doped ZnO
nanostructures for the degradation of methylene blue (MB) were performed in the presence of UV
light at different time intervals of irradiation. The photocatalytic performance as well as the
degradation rate is proportional to irradiation time interval and photocatalyst dosage. In order to
confirming pseudo first-order kinetics, the MB solution was employed for the evaluation of in
terms of quantifying the differences in degradation rates. The following equation can be used to
deduce the photodecolorization rate constants Moreover, the rate of photocatalytic reaction and
MB photodecolorization rate constants have been performed using pseudo first order kinetics as

shown in the following equation.

C
LnC—‘Z: Kt (12)

Whereas, C, showsinitial concentration of MB C; denotes concentration of MB at time (t), k

shows Pseudo-first order degradation rate constant. A linearly fitting was employed over the

quantity Ln C—Oversus time to determine the degradation rate coefficient. The obtained fitting
t

results disclose that the apparent degradation rate coefficient varies significantly with addition of

C
S and Cl ingredients into ZnO. Fig 8 (c) shows the linearly fitted kinetic plot between Ln C—o and
t

time interval (min) yielding the degradation rate coefficient to be equal to 0.00232 min 'for pristine
Zn0O. The pseudo first order kinetics model is being followed by linearly fitted kinetic plot.
Whereas in the case of S and Cl-doped ZnO provides greater degradation rate of MB. Fig 11(a)
reveals the graph between (C/C,) and time indicating the decreasing MB concentration at different
time intervals. The degradation rate constants of S-Cl doped ZnO were evaluated by employing
C

CO versus timeat different loading of photocatalysts and MB keeping constant.
t

slope over graph Ln
It was found that the degradation rate constant could be equal to 0.00656 min™', 0.01003 min!,
0.03188 min’!, indicating increasing trend with increasing the catalyst load as shown in Fig 13 (a).
The obtained results resemble with the reported work and this effect was also observed by
Sunil G. Shelar et al.in which degradation of MB (20 mg/L) was achieved 95% efficiency in the
presence of the 1g/LL Ag-doped ZnO over the time duration of 100 min [51]. The degradation
efficiency of pure ZnO at 1.87x10°M of MB and 10 mg of catalyst was yielded the 42.35% over

the time period of 200 min. As compared to that of pure ZnO, the higher photocatalytic activities
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and degradation coefficient of the S-Cl doped ZnO photocatalysts was observed, depicting the
enhancement effect of S-Cl doping on performance of ZnO photocatalysts. The obtained findings
of the degradation efficiency for the (5, 10, 15) mg S-CI doped ZnO catalysts had to be achieved
99.66%, 76.67%, 63.28%, respectively as shown in Fig 11(c). As for as the degradation rate

constant at the different concentration of MB is concerned we have employed equation 12 to

Lo

C, and time

deduce the reaction constant. The operation of slope over the graph between Ln

yielded the K value known as degradation constant as shown in Fig.12 (b). The obtained value
were found to have been equal to 0.01744, 0.01162, 0.00608 min'for (0.62, 1.87 and 2.50) x 10
®M respectively, indicating the degradation activity decreases as MB concentration increases as
shown in Fig 13 (b). Fig 12 (a) shows the graph C/C, versus time indicating the decreasing trend
of degradation over the time period of 150 min for S-Cl doped ZnO. The effect of MB
concentration on the degradation efficiency was observed in inverse relation. The obtained values
for the degradation efficiency were 95.46, 80.15, 65.56% for the (0.62, 1.87 and 2.50) x10°M MB
respectively. The findings of degradation efficiency are in line with the previous studies [52, 53].
The maximum degradation rate constant was obtained 0.03188 min!for 15 mg by loading of
photocatalyst which is almost 13.74 times of pristine ZnO. The degradation efficiency of S-CI
doped ZnO was obtained almost 100%, which is almost 2.36 times of pristine ZnO. The enhanced
photocatalytic efficiency was attributed to multi approaches reported in the previous studies [45,
46, 52-53]. In addition, the band gap of pristine ZnO and S-Cl doped ZnO play influential role in
enhancing photocatalytic activity for the MB. The previous research reveals that lowering the band
gap is proportional to the mineralization of MB. In our case the nonmetal doping such as S-Cl into
ZnO caused the reduction in band gap from 3.25 eV to 2.9 eV which attributed incorporation of S
and Cl in lattice of ZnO [54]. The band gap findings are summarized in table 2, whereas the
degradation efficiency and rate coefficient findings are tabulated in Table 3. Moreover, the recent
literature survey reveals that numerous oxidants such as peroxymonosulfate, hydrogen peroxide
(H20>), peroxydisulfate, CIO*" etc. in heterogeneous photocatalytic system may lead to the
increase in the degradation efficiency following either by limiting e/h* recombination rate with
the generation of superoxide radical ion (O2¢7) by the capturing of conduction band electrons at
the surface of ZnO photocatalyst or by providing additional oxygen atoms acting as an agent to
capture electron [55]. Herein, reports of previous study on the effect of varying dose of oxidant

H>02 (5 — 30 m mol) revealed that addition of H>O> into thin film N-doped ZnO/CNT
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nanocomposite photocatalyst increase the degradation efficiency for the removal of MB dye in the
presence of UV light irradiation [56,57]. The oxidant H>O2 may be considered the responsible for
the formation of highly reactive radical intermediates and the electron capturing agents.
Consequently, the concentration of *OH radicals may be increased by the addition of H>O: to the
heterogeneous system.

4. Conclusions
In summary, photocatalytic performance of the hydrothermally synthesized non-metal S-Cl doped
ZnO and pristine ZnO nanostructures have been reported. The characterizing techniques such as
SEM mapping, XRD and EDS, TEM were used to elucidate the structure, morphology,
composition and crystal information. The optical band of ZnO was dropped from 3.25 eV to 2.9
eV with simultaneous doping of S and Cl. The maximum degradation rate constant was obtained
0.03188 min'for 0.15 mg/L loading of photocatalyst which is almost 15 times of pristine ZnO.
The degradation efficiency of 100% for the S-Cl doped ZnO over the time of 150 min was obtained
which is almost 2.36 times of pristine ZnO. Thus, S-Cl doped ZnO nanostructures may be
considered as the potential photocatalysts for purifying the waste water of textile industry and

could be sued for other environmental applications.
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Figure 1: Distinctive SEM images (a-b) Pristine ZnO, (c-d) S-CI doped ZnO nanostructures
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Figure: 2. (a) EDS shows the ingredients of pristine ZnO (b) shows the
ingredients of S-CI doped ZnO



Figure 3: STEM HAADF (a) image and corresponding X-maps of Zn (b) and O (c) elements for

the pristine ZnO sample.

Figure 4: STEM HAADF (a) image and corresponding X-maps of Zn (b), O (c) and S (d) elements
for the S-Cl doped ZnO sample.
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Table 1:Crystal Parameters of Pristine ZnO as well as S and Cl doped ZnO Nanostructures.
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Index Parameters Pristine ZnO S-CI-ZnO
1 | Crystalline Plane | (100) (101) (110) (100) (101) (110)
2 20 (Degree) 31.0869 | 35.6364 | 55.9486 | 31.7745 | 36.0246 | 56.3820
3 | FWHM (degree) |0.45938 | 0.6200 | 0.3971 | 0.6201 | 0.5377 | 0.6830
4 | Maximum Height | 191.328 | 94.304 | 121.930 | 210.469 | 102.774 | 157.540
5 Crysu(‘:llri;‘)e SIZ€ | 35000 | 502117 | 42,1591 | 262092 | 444225 | 23.4961
6 d-spacig ( A) 47324 | 09032 | 1.8822 | 43458 | 1.0433 | 6.6916

Table 2: Band gap of Pristine ZnO and S-Cl doped ZnO Nanostructures.

Samples Band Gap (eV)
Pristine ZnO 3.25
S-Cl-ZnO 2.90

Table 3: Photocatalytic degradation rate constant (k) and Degradation efficiency, Regression
Coefficient for different catalyst loading and different methyl blue under UV radiation.
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Different Catalyst Loading (mg) at 1.87x10-6

Catalyst M of MB 5 10 15
K...x 103min’! 6.56 10.03 | 31.88
Regression Coefficient (R?) 0.99 0.99 0.94
Degradation Efficiency (%) 63.28 | 76.67 ‘9966
S.CLZnO Initial conc. of Mli ziit):le y(Sxtlﬂ'6 M) at 10mg of 0.62 1.87 )5
K..x 103min’! 17.44 | 11.62 6.08
Regression Coefficient (R?) 0.92 0.96 0.93
Degradation Efficiency (%) 79346 7| 5015 | 65.56
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