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Abstract. Chemical co-precipitation route was successfully employed to synthesize polyethylene glycol-coated pure and
doped Zn;—,Mn, S (0 < x < 0.1) nanoparticles. The crystallographic and morphological analyses have been done by X-ray
diffraction (XRD) and transmission electron microscopy (TEM), respectively. The formation of cubic crystal structure and
quasi-spherical morphology has been revealed by XRD and TEM, respectively. The optical analyses have been done by UV—
Vis absorption spectroscopy and energy resolved photoluminescence spectroscopy. Energy dispersive X-ray spectroscopy
study has been carried to analyse the elemental composition. The doping concentration dependent photo-catalytic activity
was checked to analyse the photo-catalytic potential of Zn;_,Mn, S nanoparticles under UV irradiation.
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nanomaterials for purification of polluted water. To the best

In the field of semiconductor industry, II-VI chalcogenide
semiconductors have attained a milestone due to its
size-customized optical properties. Zinc sulphide (ZnS) nano-
materials possess broad band gaps i.e., cubic- and hexagonal-
structured ZnS have 3.68 and 3.77 eV band gap, respectively
[1]. ZnS nanomaterials are the backbone of various fields such
as electronics to analytical streams [2—7]. In other words,
‘ZnS is jack of all trades’. Furthermore, on doping with
d-block and f-block elements, the optical properties are trans-
formed i.e., band gap and luminescent centres are amplified
in electromagnetic spectrum [8]. In addition, the morphology
and crystallography are also redesigned. ZnS nanoparticles
can be synthesized by various efficient routes like solvother-
mal [9,10], sol—gel [11], electrospray pyrolysis [12], polymer
precursor [13], reverse micellar synthesis [14] and many
more. In the present appraisal, Zn;_,Mn,S (0 < x < 0.1)
nanomaterials have been synthesized by varying doping with
Mn?* via a facile chemical co-precipitation route. Due to
industrialization, gradual dumping of organic/inorganic waste
materials in the form of textile dye waste, drugs and many
more in soil and rivers are enhanced beyond the safety limit,
which is a threat to flora and fauna. The worthiness of a
research work is its applicability for the well-being of the
whole ecosystem. In continuation, water purification is a
strong concern for the society. Clean water for drinking pur-
poses is the primary need of a community. The photo-catalytic
activity of synthesized nanomaterials to decompose/degrade
organic pollutants as a test contaminant in water has been
thoroughly studied to explore the potential of synthesized

of our knowledge, this is the first manuscript mentioning the
photo-catalytic ability of polyethylene glycol (PEG)-coated
Zn;_Mn,S (0 < x < 0.1) nanostructures for degradation of
an organic pollutant methylene blue (MB) dye.

2. Materials and methods

2.1  Chemicals required

Zinc acetate dihydrate [Zn(CH3COO),-2H,0], PEG-400
[C2,H4y 420,411, sodium sulphide [Na,S-xH,O], manganese
acetate heptahydrate [Mn(COOH),-7H,O] and MB dye
[C16H3sN3SCl1] were purchased from Merck. All chemicals
were analytical reagent grade with ultrahigh purity and used
without further purification. Deionized water and ethanol
were used for all sample preparations.

2.2 Synthesis of PEG-coated pure and Mn>* -doped ZnS
nanostructures

To synthesize ZnS nanostructures, 0.1 M zinc acetate dihy-
drate solution was prepared by dissolving appropriate amount
of precursor in 40 ml of deionized water—ethanol matrix
(equal volume) mixed with 15 ml of 2.5% PEG capping agent.
Then, followed by stirring, 0.1 M of sodium sulphide in 40 ml
of deionized water—ethanol matrix was added drop by drop
to the above prepared mixture. A precipitate was formed
immediately on mixing zinc and sulphide precursors. Finally,
the product was dried in a hot air oven at 120°C for 2 h.
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A similar method of preparation was used for the synthesis of
7Zn;_,Mn,S nanostructures [15,16].

2.3 Characterization

Powder X-ray diffraction (XRD) patterns were recorded for
the crystallographic analyses of the synthesized nanostruc-
tures. The diffraction patterns were recorded in the 26 range
of 20-65° using a Rigaku Miniflex-600 Powder X-ray Diffrac-
tometer by keeping scan speed and step size of 4° min~! and
0.02°, respectively. Transmission electron microscopy (TEM)
measurements for morphological analysis were carried out
by placing a drop of well dispersed ethanolic solution of
nanoparticles on a carbon-coated copper grid. The samples
were dried at room temperature and analysed on a Hitachi H-
7650 Electron Microscope at accelerating voltage of 100 kV.
The UV-Vis absorption spectra of synthesized ZnS nanostruc-
tures have been recorded in wavelength range of 280—400 nm,
using a Labtronics Spectrophotometer. The photolumines-
cence spectra of the synthesized samples were analysed on
a RF-5301PC Spectrofluorometer by placing the ethanolic
solution of nanoparticles in a quartz cuvette of 5 mm path
length. The energy dispersive X-ray (EDX) studies were
carried out on an Oxford INPA Energy Dispersive Spec-
trophotometer by mounting the sample on a brass stub for
elemental composition analyses. The photo-catalytic activ-
ity potential of the synthesized nanostructures was checked
under UV light irradiation using MB dye as a test contam-
inant in aqueous media. The stock solution of the dye was
prepared by dissolving 3 mg MB dye in 500 ml of water.
Before illumination, the suspension of ZnS nanostructures
(0.014 g ZnS in 100 ml dye solution) in the dye, was stirred
in the dark for 60 min to equilibrate the solution. After equi-
libration of solution, the suspension was illuminated in an
indigenous UV reactor for 90 min. During irradiation, the
aliquots were collected after regular time intervals (15 min) to
analyse the photo-degradation of MB dye by UV-Vis absorp-
tion spectrophotometer in the visible region (450-700 nm) of
electromagnetic spectrum.

3. Results and discussion

3.1 Crystallographic analyses

XRD is an important tool to carry out crystallographic
analysis. Figure la and b shows powder XRD patterns of
PEG-coated pure and Mn>*-doped ZnS nanostructures. A
comparison of recorded diffraction patterns with standard
JCPDS file no. 05-0566 confirms the formation of cubic (zinc
blende) structured ZnS nanocrystallites. It is clearly seen
in figure la that the peaks situated at 26 values 28.7966,
47.8897 and 56.6946° observed in the case of PEG-coated
pure ZnS nanocrystals correspond to crystallographic planes
(111), (220) and (311), respectively. On the other hand, it
can be clearly seen from recorded diffraction patterns of
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Mn-doped ZnS nanocrystals (figure 1b) that a slight shifting in
peak positions at 26 values: 28.7715, 47.7630 and 56.4268°,
corresponds to similar crystal planes. No diffraction peaks
other than ZnS nanocrystals were noted, indicating high purity
of the synthesized products. The shifting of XRD lines with
doping simply suggest that Mn>* was successfully substituted
into the ZnS host structure at the Zn>* site. Furthermore, the
ionic radius of Mn2* is 0.80 A as compared to 7Zn>T, whose
jonic radius is 0.74 A. Due to a slightly larger ionic radius of
Mn?* a lattice strain is built in the ZnS host matrix. Pure ZnS
nanocrystals possess high crystalline texture as compared to
Mn?*-doped ZnS nanocrystals. The average crystallite size
was calculated by Scherrer formula as given below:

_ 0892
~ BcosH

where 0.89 is the constant value for shape factor, X is the
X-ray wavelength of Cu radiation, 6 is the Bragg diffraction
angle and g is the full-width at half-maximum of the highest
diffraction peak. The average crystallite size values calcu-
lated using the Scherrer formula from recorded diffraction
pattern of PEG-coated pure and Mn?>*-doped ZnS nanostruc-
tures are 4.28 and 3.93 nm, respectively. Figure 2b shows
the broadening of diffraction peaks, which reveals the small
nanocrystallite size. The strain can be calculated from the
Williamson—Hall (W-H) method according to the following
equation:

Bcos® =LK/D + 4esin 6

where K ~ 1 is the crystallite shape constant, § is the full-
width at half-maximum, D is the average crystallite size and
¢ is the strain.

The strain is —0.1181 and 0.00364 for PEG-coated pure
and Mn”*-doped ZnS nanocrystals, respectively. The lattice
parameters of cubic structure were calculated according to the
following formula:

1/dy, = h* +k* +1?/a*

where a is the lattice parameter and dj,; is the interplanar sep-
aration corresponding to hkl. The calculated average values of
lattice parameter for PEG-coated pure and Mn?*-doped ZnS
are 5.3654 and 5.3704 A (similar to standard JCPDS file no.
05-0566), respectively. The doping of Mn?* in ZnS nanocrys-
tals is further confirmed by EDX spectroscopy as well as
optical analyses.

3.2 EDX spectroscopic analyses

EDX spectroscopy is a useful analysis tool to check the
presence of constituent elements in the synthesized mate-
rial. Figure 3a and b shows the recorded EDX spectra, which
reveal the formation of ZnS by confirming the presence of Zn
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Figure 1. XRD pattern: (a) PEG-coated pure ZnS nanocrystals and (b) PEG-coated 10% Mn?*-doped ZnS nanocrystals.
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Figure 2. W-H plot for strain: (a) PEG-coated pure and (b) PEG-coated 10% Mn**-doped ZnS nanocrystals.

and S elements with weight percentage (atomic percentage)
of 59.62 (36.39) and 29.48% (36.59%), respectively. Along
with Zn and S, the presence of the other constituent element O
has been confirmed and its corresponding weight percentage
(atomic percentage) is 10.90% (27.11%).

Similarly, the presence of Zn, S, Mn, O and C ele-
ments in Mn?*-doped ZnS have been confirmed and checked
by their weight percentage (atomic percentage) as 46.17
(20.49),23.60 (21.36),2.42(1.28),17.11 (31.03) and 10.70%
(25.85%), respectively. The presence of O and C elements is
due to atmospheric oxygen and carbon tape, respectively.

3.3  Morphological analyses

TEM is an important tool for morphological analysis. The
recorded TEM micrographs (figure 4a and b) of PEG-
coated pure and Mn?*-doped ZnS nanostructures reveal the
formation of quasi-spherical morphology. It can be clearly
seen from the recorded micrographs that the synthesized

nanostructures have high surface energy, with the presence
of a small amount of capping agent layer in synthesized pure
ZnS nanoparticles as compared to Zn;_, Mn, S nanoparticles.
The particle size values vary between 4-10 nm and 2-5 nm
for PEG-coated pure and Mn?*-doped ZnS nanostructures,
respectively. A comparison of XRD and TEM results indicate
that the synthesized nanoparticles are single nanocrystals as
the average crystallite size values calculated from the recorded
diffraction patterns are almost close to the particle sizes mea-
sured from electron micrographs.

3.4 Optical analyses

UV-Vis absorption spectroscopy is a useful technique to mon-
itor the optical properties of nanomaterials. Recorded UV-Vis
absorption spectra of PEG-coated pure and Mn>*-doped ZnS
nanostructures are shown in figure 5. The absorption edge is
~340 nm which is almost similar to bulk material absorption
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Figure 3. EDX spectra: (a) PEG-coated pure and (b) PEG-coated 10% Mn”*-doped Zn$S nanostructures.

edge, whose band gap is 3.68 eV. PEG-coated pure and Mn>*-
doped ZnS nanostructures show a broad absorption profile in
the UV region due to broad size distribution of nanostruc-
tures which is also confirmed by TEM analysis. The broad
absorption profile in the UV region shows that the synthe-
sized materials can be used as a UV photo-catalyst. 10%
Mn?*-doped ZnS nanostructures have maximum absorption
intensity as compared to pure ZnS nanostructures which have
minimal absorption intensity. Hence it is concluded that on
increasing the concentration of Mn>* ions in the ZnS host
matrix, there is a gradual rise in absorption intensity i.e., a
hyperchromic shift is observed.

3.5 Photoluminescence (PL) studies

PL provides valuable information about the optical behaviour
especially luminescent centres in nanomaterials. The room
temperature PL spectra of PEG-coated pure and Mn?*-
doped ZnS nanostructures were recorded by excitation at 335

and 290 nm, respectively. Figure 6a illustrates the emission
spectra of PEG-coated pure ZnS nanostructures having emis-
sion peaks at 410, 433 and 465 nm. The emission at 410
and 433 nm corresponds to interstitial sulphur (Is) lattice
defect and interstitial zinc (Iz,) lattice defect. A weak shoul-
der at 465nm is assigned to dangling sulphur bonds at
interface of ZnS grains [17]. On substitution of cations of
host matrix with Mn2t ions, the amalgamation between the
s—p electrons of the host material with 3d electrons of Mn**
and makes the Laporte forbidden transition of *T; — %A,
partially allowed, resulting in the orange emission of Mn>*
along with UV emission [18]. The weak shoulder at 416
and 418 nm is again due to interstitial sulphur in PEG-
coated Mn?*-doped ZnS nanostructures. A very weak band
at 454 and 464 nm arise due to sulphur vacancies. If Mn>*
ions are adsorbed on the ZnS surface rather than substitu-
tion then ZnS nanoparticles result in ultraviolet emission
only. Hence, in the present case, it is confirmed that Mn%t+
is being substituted in the host lattice. The substitution
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Figure 6. PL spectra of synthesized nanostructures: (a) PEG-coated pure; (b) PEG-coated 0.1% Mn2+-d0ped; (¢) PEG-coated 1%
Mn2*-doped and (d) PEG-coated 10% Mn?*-doped Zn$S nanostructures.

and this probably increases the photo-catalytic potential of the
synthesized materials. On the other hand, recombination of
trapped carriers leads to PL, which decreases the photo-
catalytic activity.

3.6 Photo-catalytic degradation of dye solution

The photo-catalytic degradation of MB dye in aqueous media
by synthesized ZnS nanostructures was carried out under
UV irradiation. When a UV photon (hv) interacts with ZnS
nanostructures dispersed in MB dye contaminated aqueous
solution, electrons (e~) from the valence band move to the
conduction band, leaving behind a hole (h™) in the valence
band. Actually, the synthesized Zn;_,Mn,S nanostructures
are efficient photo-catalysts in the UV region rather than
visible light. Since the band gap of synthesized materi-
als lie in the UV region, UV radiation is appropriate for
the generation of e~ and h' pair. There are two major

possibilities: either photo-generated e~ and h™ can recombine
through radiative/non-radiative processes to undergo a
vibrational cascade-like process or these can be trapped in
defect states created by impurity followed by recombination
or transferred to the nanostructure surface to undergo surface
reactions like photo-catalytic activity, where these may inter-
act with species adsorbed (covalently bonded) on or close to
the surface (physically adsorbed) of the nanostructure. Here,
the valence band holes react with the chemisorbed (covalently
absorbed) H,O molecules to form reactive free radicals such
as OH®, whereas conduction band electrons interact with dis-
solved O, to form OH® radicals, which subsequently react
with dye molecules to cause their complete degradation.
Photo-catalytic efficiency of ZnS nanostructures mainly
depends upon amount of OH® radicals generated. Therefore,
any factor that supports the generation of OH® radicals will
enhance the rate of photo-catalytic degradation of MB dye
[20]. The mechanism of the photo-catalytic reaction can be
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Figure 7. Degradation pathways of MB dye.

described as follows:
ZnS + hv (UV) — ZnS*(h" +e7)
The oxidation of water by holes [H,O <> H + OH™]
h* + H,0 — OH*
O;4+¢ — 0;°
2H,0 +e™ + 0,° — 20H®* +20H™
OH*®*/03%* + C;6H3N3SCl — CO, + H,0 4 SO;~
+NH;Cl™.

The conversion of MB dye into simpler molecules like CO,,
SO, NHJ, etc. occurs after heterocyclic and homocyclic
ring cleavages as shown in figure 7. After ring cleavages of
MB dye, the complete mineralization of MB dye is done
via various reactive intermediates like OH-/O3 °® to easily
remove the nontoxic gases and ions. The schematic photo-
catalytic degradation pathways of MB dye by reactive free
radicals has been described in figure 7 [17,21]. Ahmad et al
[22] reported the mass spectrum of fully degraded MB dye.
The dye concentration as the function of UV irradiation time
was analysed using a UV-Vis absorption spectrophotometer.
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The degradation % of dye could be calculated using the
following formula:

C (%) = [(Ag — A)/Ao] x 100

where C is the degradation percentage, Ag and A are the
absorption of dye solution before and after photo-catalysis,
respectively. Figure 8 shows the absorbance profile of MB dye
with respect to wavelength, degraded by Zn;_,Mn,S (0 <
x < 0.1) nanoparticles. The photo-catalytic efficiency basi-
cally depends upon the generation of photo-excited carri-
ers followed by their surface transfer dominance over the
radiative recombination. The photo-catalytic activity is a phe-
nomenon which takes place by absorption of photons from
suitable source of light. The absorbance of synthesized nano-
materials in UV radiation lies in the order: 10% Mn>*-doped
ZnS > 1% Mn?*-doped ZnS > 0.1% Mn>*-doped ZnS > pure
ZnS. It is obvious that the greater the absorption of photons
greater will be the generation of reactive free radicals. A
similar trend is observed with photo-catalytic behaviour of
synthesized materials. The greater the absorption of photons
by the catalyst, higher will be its potential to degrade the
adsorbed pollutants or lesser will be the residual dye % in
aliquots. Furthermore, photo-catalytic activity is favourable
with participation of e~ and h™ pairs (charge carriers) with
surface phenomena (photoredox chemistry) rather than radia-
tive recombination with bulk atoms. In short, there are two
primary phenomenon associated with photo-catalytic activ-
ity: absorption of photons followed by participation in surface
reactions. Also, the lesser the area of cross-section in PL study,
greater would be the participation of e~ and h™ pairs (charge
carriers) with surface reactions such as photo-catalytic activ-
ity as in present research work. In other words, the higher
the number of charge carriers on surface or lengthening of
excited state life time of charge carriers, much lesser are the
chances of radiative/non-radiative recombination (vibrational
cascade, fluorescence, etc.) associated to e~ and h' pairsi.e.,
there is competition between charge carrier recombination
with charge carrier trapping. Hence, the higher the interfa-
cial charge transfer/charge carrier trapping the higher would
be the photo-catalytic activity. The residual dye % is higher
in the case of pure ZnS nanoparticles, whereas residual dye
% is less in Mn?>*-doped Zn$S nano-photo-catalysts. Further-
more, ZngooMng 1S and Zng g9Mng ;S nano-photo-catalysts
degrade 94.80 and 90.20% dye in 90 min, respectively. Also,
degraded dye % is 88.20 by Zngg99Mng go;S nano-photo-
catalysts, respectively as compared to pure ZnS nanoparticles,
which degrades 80% dye. Mn-doped ZnS nanoparticles are
efficient photo-catalysts as compared to pure ZnS nanopar-
ticles. Hence, more the absorption of UV light greater will
be the discoloration ability. Pristine dye solution was also
irradiated for 90 min in a UV reactor to check the photo-
bleaching of MB dye, but no photo-bleaching of MB dye
was observed. Hence, the synthesized nanostructures are
efficient photo-catalysts to degrade the MB dye. Figure 9
shows degradation profile of MB dye with respect to time
by Zn;_,Mn,S (0 < x < 0.1) nano-photo-catalysts.
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Figure 8. Degradation profile of MB dye: (a) by PEG-coated pure; (b) by PEG-coated 0.1% Mn?*-doped; (¢) by PEG-coated 1%
Mn2*-doped and (d) by PEG-coated 10% Mn>*-doped ZnS nanostructures.
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Figure 9. Degradeddye % vs. time: (a) PEG-coated pure; (b) PEG-
coated 0.1% Mn2+-d0ped; (¢) PEG-coated 1% Mn*t -doped and (d)
PEG-coated 10% Mn?*-doped ZnS nanostructures.

4. Conclusions

The chemical co-precipitation route of synthesis is an
eco-friendly method which yields highly pure nanoparticles.
Cost effectiveness and less time consumption are the two
major merits of the selected route of synthesis. Cubic phase
with well crystalline textures, along with average crystallite
size values ~4.28 and 3.93 nm for pure and Mn?*-doped ZnS
nanostructures, are observed from XRD studies. The success-
ful incorporation of impurity (Mn>* ion) in the Zn$S lattice
was examined by EDX spectroscopy. TEM micrographs
depict quasi-spherical morphology with particle size range
4-10nm and 2-5nm for pure and Mn?**-doped ZnS nanos-
tructures, respectively. Optical analyses tools like UV-Vis
spectroscopy and PL study have concluded about the absorp-
tion profiles and luminescent centres, respectively in syn-
thesized nanoparticles. The synthesized nanoparticles exhibit
a broad absorption profile in UV region of electromagnetic
spectrum, which makes these materials reliable for photo-
catalytic activity in UV region of electromagnetic spectrum.
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Multichromatic emission in both UV and visible regions
are observed by PL study. Hence, broad absorption profiles
and small radiative recombination cross-sections make these
materials suitable for photo-catalytic applications. As syn-
thesized Zng goMng ;S nanoparticles degrade up to 94.80%
of dye in water. Hence, Mn?*-doped ZnS nanoparticles are
proven to be efficient nano-photo-catalysts.
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