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Abstract
In this present work, improved photocatalytic activity and antibacterial properties of zinc sulfide (ZnS) nanoparticles using 
plant extract of Acalypha indica (A:ZnS) and Tridax procumbens (T:ZnS) via novel green synthesis route had been reported. 
X-ray diffraction (XRD), transmission electron microscopy (TEM), and Energy dispersive X-ray spectroscopy (EDX) were 
used to investigate the crystal structure, surface morphology, and elemental composition analysis, respectively. The opti-
cal properties and functional group analysis of the samples were done using UV–visible, photoluminescence, and Fourier 
transform infrared spectroscopy (FTIR). The influence of Acalypha indica (A:ZnS) and Tridax procumbens (T:ZnS) plant 
extract concentration on the structural, surface morphology, optical, antibacterial, and photocatalytic activity has been 
systematically investigated. XRD results are suggested that ZnS hexagonal wurtzite crystal structure formed during biosyn-
thesis process. TEM and SAED images show the hexagonal- and spherical-shaped structure in morphology with average 
diameter around 5–20 nm which is good agreement with the grain size calculated from XRD. Optical properties were found 
to have considerable red shift in the absorption edge and decreasing band gap was observed for A:ZnS/T:ZnS (2.96 eV) 
when compared to pure ZnS (3.36 eV). The antibacterial properties of ZnS/A:ZnS/T:ZnS nanoparticles were investigated 
using in vitro disk diffusion method against human pathogenic microorganisms. The inhibition zone of biosynthesized ZnS 
nanoparticles increased by increasing plant extracts concentration. This result conformed that A:ZnS/T:ZnS nanoparticles 
have more potential as antibiotic when compared with pure ZnS. Besides, Biosynthesized T:ZnS (40 ml) nanoparticles 
showed high surface area (131.84  m2/g) and larger pore size (12.15 nm) than pure ZnS sample; this high surface area may 
offer more active sites to enhance photocatalytic ability. The dye degradation properties of methylene blue dye (MBD) were 
investigated using the ZnS/A:ZnS/T:ZnS nanoparticles under visible light irradiation. The results show that T:ZnS (40 ml) 
has excellent photocatalytic performance towards MBD such as high degradation efficiency (98%) and more cyclic stability 
than other ZnS samples. The role of plant extract on dye degradation properties was discussed based on the possible inhibi-
tion of photogenerated electron–hole pair recombination during dye degradation under visible light irradiation. 

1 Introduction

The removal of organic pollutants in waste water using 
semiconductor nanomaterials has attracted a lot of atten-
tion as an important environmental protection procedure. 
Wide and direct band gap semiconductors are of great 
interest in photocatalysis with ZnS representing an impor-
tant role [1]. In recent years, biosynthesis of nanoparticles 

for removal of organic pollutants in waste water has gained 
much attention to develop clean and renewable materials. 
Among II-VI group semiconductors, ZnS is a promising 
semiconductor used for advanced electronics and optoelec-
tronics devices owing to its interesting physical, chemical, 
optical, and electrical properties [2, 3]. Many attempts 
have been made to study and compare the photocatalytic 
activity of different semiconductors and ZnS was found 
to be one of the most effective catalysts. Nanostructure of 
ZnS has attracted more interest because of its considerable 
photocatalytic efficiency and good stability and several 
works have reported the high photocatalytic efficiency of 
ZnS nanoparticles [4, 5]. ZnS is a promising catalysis sem-
iconductor material with wide band gap of 3.63 eV and 

 * S. Kannan 
 nasckannan.s@nehrucolleges.com

1 Department of Electronics, Nehru Arts and Science College, 
Coimbatore, Tamilnadu, India

http://orcid.org/0000-0003-3745-3620
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-020-03529-x&domain=pdf


9847Journal of Materials Science: Materials in Electronics (2020) 31:9846–9859 

1 3

40 meV binding energy. Owing to these potential optical 
properties, ZnS has unique catalytic characteristics which 
result in rapid generation of electron–hole pairs by photo-
excitation and negative reduction of excited electrons 
[6]. ZnS has an excellent photoresponsivity and acts as 
photocatalyst to excite electrons from VB (valance band) 
to CB (conduction band) and to generate electron–hole 
pairs which can initiate redox reaction and migration with 
oxygen and water and then degrade organic molecules or 
reduce ions absorbed on the surface of ZnS owing to their 
large shape and surface-to-volume ratio [7]. Methylene 
Blue (MB) (CI 52,015) is a heterocyclic aromatic chemical 
compound with the molecular formula  C16H18N3SCl. It has 
many uses in a range of different fields, such as biology 
and chemistry. At room temperature, it appears as a solid, 
odorless, dark green powder, which yields a blue solution 
when dissolved in water. The hydrated form has 3 mole-
cules of water per molecule of MB [8]. MB is widely used 
as a redox indicator in analytical chemistry. Solutions of 
this substance are blue when in an oxidizing environment, 
but will turn colorless if exposed to a reducing agent. The 
redox properties can be seen in a classical demonstration 
of chemical kinetics in general chemistry, the "blue bot-
tle" experiment. Typically, a solution is made of glucose 
(dextrose), MB, and sodium hydroxide. Upon shaking 
the bottle, oxygen oxidizes methylene blue, and the solu-
tion turns blue [9]. In this work, a model textile reactive 
dye methelene blue is taken for the photocatalytic deg-
radation using prepared ZnS/A:ZnS/T:ZnS nanoparticles 
under visible light irradiation. However, many studies have 
reported the photocatalytic properties of semiconductor 
catalysts such as  SnO2 [10], Cr:WO3 [11], Cu:SnO2 [12] 
which absorb visible lights and capture the photo-induced 
electrons into the CB which can generate the formation of 
reactive radicals, hydroxyl radicals, and superoxide radical 
ions; these radicals are more crucial for the degradation of 
the MB dye solution. At the same time, doping or stabiliz-
ing materials play an important role to create a donor level 
below the CB of source material to increase absorption 
intensity of visible light. This intermediate energy level 
between the CB and VB may be attributed to high surface 
area of semiconductor catalyst leading to the formation 
of radical anions which produce reactive oxygen species 
(ROS) in dye degradation oxidation process under visible 
light illumination. Hence, in the present work, we have 
synthesized ZnS nanoparticles using different plant extract 
concentrations (20 ml and 40 ml) of Acalypha indica and 
Tridax procumbens and investigated their structural, opti-
cal, and antibacterial and dye degradation properties under 
visible light irradiation. To the best of our knowledge, this 
is the first preliminary report about the MB dye degrada-
tion properties of biosynthesized ZnS nanoparticles using 

Acalypha indica and Tridax procumbens plant extract with 
different optimum concentration.

2  Experimental procedure

2.1  Preparation of plant extracts

Entire fresh plants of Acalypha indica and Tridax procum-
bens were collected from Vellingiri Hills, Coimbatore, 
Tamilnadu and it was authenticated by Botanical Survey of 
India, Coimbatore. Collected plants were washed in run-
ning tap water followed by deionized water to remove dust 
and soil and shadow dried for 10 days at room temperature. 
Dried plant material were powdered by the using mixer and 
200 g of plant powder was subjected to extraction in 200 ml 
of methanol solvent by using Soxhelt apparatus [13] and 
prepared plant extracts were used for ZnS fabrication.

2.2  Synthesis of ZnS/A:ZnS/T:ZnS nanoparticles

The ZnS/A:ZnS/T:ZnS nanoparticles were prepared using 
plant extracts. In typical synthesis process of pure ZnS, 
100 ml of each homogeneous solution of 1 M (16.14 g) (Zinc 
sulfate—ZnSO4·7H2O) and 1 M (7.61 g) of  (NH2CS  NH2—
Thiourea) were prepared separately. Then, 1 molar ratio 
of thiourea solution was added drop by drop into 1 molar 
ratio of Zinc sulfate. While adding thiourea solution, white 
precipitate appeared and the mixture solution was stirred 
for 60 min at room temperature using a magnetic stirrer. 
A nanocolloid solution was formed which was centrifuged 
at 2000 rpm for 20 min. The precipitate was then dried at 
100 °C for 5 h using air furnace. The dried precipitate was 
allowed to cool down naturally at room temperature and 
ground into powder using a mortor and pestle to obtain ZnS 
nanoparticles. For biosynthesis of ZnS nanoparticles, the 
same procedure was followed, but two different concentra-
tion of methanol plant extracts (20 ml and 40 ml) were added 
to the final solution after adding  NH2CS  NH2 solution. The 
pH value of the final solution was found to be 7.7 and it was 
maintained for all the prepared samples. For better compara-
tive evaluation, Acalypha indica plant extract-synthesized 
ZnS is designated as A:ZnS and Tridax procumbens plant 
extract-synthesized ZnS is designated as T:ZnS.

2.3  Characterization

The crystal structure of the prepared ZnS nanoparticles 
were characterized by X’per PRO model with CuKα 
radiation (λ = 1.54056 Å) in the 2θ range from 20° to 80° 
with 0.1° step size. Morphology of the ZnS nanoparti-
cles were studied by using Transmission Electron Micros-
copy and Selected Area Electron Diffraction by Tecnai 
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G20 20 XTWIN with operating voltage range from 40 to 
200 kV with high magnification capacity and high reso-
lution mode. Chemical composition analysis was studied 
by SEM attached with energy dispersive analysis X-ray 
spectra CARL-ZESIS EVOMA 15. Optical absorbance 
properties of the prepared samples were recorded by Per-
kin Elmer UV/VI/NR spectrometer with wavelength range 
from 300 to 900 nm at room temperature and Photolumi-
nescence spectra of the samples were recorded by Perkin 
Elmer LS 55 spectrometer with 40 w Xenon lamp. Differ-
ent bimolecular bonding functional groups were analyzed 
by JASCO FT/IR-6600 with spectral range from 400 to 
4000 cm−1.

2.4  Antibacterial susceptibility test preparation

Human pathogenic microorganisms were obtained from 
Microbial Type Culture Collection (MTCC) Institute of 
Microbial Technology, Chandigarh, India. Antibacterial 
activity of prepared ZnS nanoparticles was determined 
by In  vitro disk diffusion method against S.aures and 
P.aerugoinosa. Microorganisms were maintained 4 °C on 
the slopes nutrient ager, and MHA plates were incubated 
for 24 h at 37 °C. 15 ml of molten sterile MHA media was 
poured onto the petriplates and allowed to solidify for 5 min. 
0.1% of the stock culture was swabbed on the MHA plates 
and 6 mm of sterile disks which have 60 µl concentration 
of plant extract were placed on the MHA plate surface and 
amoxicillin used as positive control. The prepared ZnS nan-
oparticles were loaded on the sterile disk surface and the 
loaded MHA plates were incubated at 37 °C overnight, and 
the inhibition zone formed around the disk was calculated 
by a transparent millimeter ruler [14].

2.5  Dye degradation experiment setup

Dye degradation activity was carried out in a specially 
designed reactor under 500 W halogen lamp irradiation 
which was used as visible light source. Distance between 
the lamp and liquid surface (methylene blue dye) was kept at 
5 cm. 1.0 mg of pure and biosynthesized ZnS was added as 
catalyst to 100 ml of methylene blue dye (1 × 10–5 M) aque-
ous solution and stirred in dark for 30 min to attain equilib-
rium condition. For comparative evaluation, ZnS catalyst-
added dye solution was kept under visible light irradiation 
for 180 min. At regular interval of 30 min, 3 ml of the dye 
sample was taken from mixture, mixed well, and the dye 
degradation absorption spectra was recorded using Perkin 
Elmer UV/VI/NR spectrometer and centered wavelength of 
methylene blue dye was found to be 631 nm. The dye deg-
radation efficiency was calculated by the expression [15, 29]

where At is absorbance at t minutes and A0 is absorbance 
at t = 0

3  Results and discussion

3.1  Structural analysis

Figure 1 shows XRD pattern and of ZnS/A:ZnS/T:ZnS nan-
oparticles prepared using different concentrations of plant 
extract. From this XRD pattern, all the ZnS/A:ZnS/T:ZnS 
nanoparticles exhibit sharp and high intense peaks which 
indicate that nanoparticles are highly crystalline. The dif-
fraction pattern of ZnS/A:ZnS/T:ZnS nanoparticles exhibit 
broad diffraction peak at 2θ position of 28.57° correspond-
ing to (016) plane reflections. This diffraction result shows 
that there is no other impurity detected. This peak has been 
well matched with the JCPDS card no. 83-2336, which con-
firms the formation of ZnS hexagonal wurtzite crystal struc-
ture. Moreover, strong diffraction peak (016) was observed 
for A:ZnS/T:ZnS nanoparticles and peak intensity increased 
with increasing plant extract concentration (see Fig. 1b–e).

Figure 1b and c shows XRD diffraction pattern of A:ZnS 
nanoparticles synthesized by using 20 ml and 40 ml con-
centration of plant extract. This diffraction result shows that 
some new diffraction peaks appear at 2θ position of 23.72°, 
28.57°, 47.52°, and 62.78° corresponding to (001), (016), 
(012), and (021) plane reflections, respectively. It indicates 
that the ZnS exhibits hexagonal wurtzite structure. From 
the XRD results, it can be seen that the intensity of the dif-
fraction peaks increases with the increasing plant extract 

Degradation efficiency =
A0 − A

t

A
t

× 100%

Fig. 1  [A] XRD pattern of ZnS/A:ZnS/T:ZnS nanoparticles
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concentration, which means the crystallinity of the nano-
particles gets increased as the plant extract solution gets 
increased. No characteristic peaks corresponding to impuri-
ties are detected which clearly suggests the formation of pure 
ZnS. It proves that crystalline growth of the ZnS is enhanced 
due to the presence of secondary metabolites like flavonoids, 
phenols, saponins, alkaloids, steroids [13, 15]. 

Figure 1d and e shows XRD pattern of T:ZnS nanoparti-
cles synthesized by 20 ml and 40 ml concentration of plant 
extract. This XRD result shows that the high-intensity dif-
fraction peaks appeared at 2θ position of 23.72°, 28.57°, 
50.37°, and 55.56° corresponding to (001), (016), (012), and 
(202) plane reflections, respectively. The data are in good 
agreement with the hexagonal wurtzite structure of ZnS. It 
can be seen from the diffraction pattern, as the concentration 
of the plant extract increases, the intensity of the diffrac-
tion peak also increases which indicates that the bioactive 
compounds in the plant extract play a major role to syn-
thesis of a shape- and size-controlled nanoparticles [16]. 
Besides, from the biosynthesized ZnS XRD pattern, small 
peak shift towards higher position was found and this shift 
was associated with the biomolecules presence in the plant 
extract substitution and/or interstitial in the ZnS crystal lat-
tice of A:ZnS/T:ZnS samples and the higher and lower shifts 
observed in the peak position were dependent on ionic radius 
effect of changes in plant extract concentration [35]. Further, 
the non-linear three exponential filter curves are shown in 
Fig. 2a. it was noticed that the major peak (016) plane inten-
sity was gradually increased when increasing plant extract 
concentration and it is shows that T:ZnS-40 ml sample inten-
sity was found to be two times higher than pure ZnS peak 
intensity and these results  suggest that biosynthesized ZnS 
was highly crystalline in nature. The lattice parameter of the 
prepared ZnS/A:ZnS/T:ZnS nanoparticles hexagonal struc-
ture were estimated by following equation

The lattice constant was calculated as a = b = 3. 823 (Å) 
and c = 56.6 (Å) for all the diffraction peaks corresponding 
to the reflection planes. The average crystalline size was 
calculated using Debye–Scherrer Eq. (2) [17].

where Dhkl is the crystalline particle size perpendicular to 
the plane (hkl), K is constant, and λ is X-ray wavelength, 
θhkl is the Braggs angle of the diffraction peak. Full width at 
half maximum of the diffraction peak is βhkl. Moreover, the 
unit cell volume of the ZnS/A:ZnS/T:ZnS nanoparticles was 
estimated by the V = a3 relationship and is listed in Table 1. 

(1)
1

d
2
hkl

=
4

3

h
2 + hk + k2

a2
+

l
2

c2

(2)D
hkl

=
K�

�
hkl
.Cos�

hkl

It shows that changes in unit cell parameter of the nanoparti-
cles of ZnS are different from bulk ZnS and at the same time, 
plant extract-mediated samples verify successful incorpora-
tion of crystal growth of ZnS lattice. The dislocation density 
(�) and lattice microstrain (�) were calculated by using fol-
lowing Williamson Smallman relations, respectively [18]:

Based on these relations, increase in crystalline size and 
crystalline quality decreases dislocation density that repre-
sents the amount of defect in the samples which is defined as 
the length of dislocation line per unit volume of the crystal. 
Table 1 shows that plant extract-capped samples resulted in 
an increase in dislocation density of ZnS. Besides, the cal-
culated lattice parameter and micro strains value decreased 
by increasing the plant extract concentration when compared 
with pure ZnS, this is due to mismatch in the radius of zinc 
ions. From this XRD pattern, the synthesized ZnS/A:ZnS/
T:ZnS nanoparticles crystallite size increases with increase 
in plant extract concentration. The calculated crystallite 
size of the (016) plane was found to be 9 nm and further 
it was increased to 23 nm for A:ZnS-40 ml and 30 nm for 
T:ZnS-40 ml. From these results, it is evident that the plant 
extracts influence to increase the structural properties of ZnS 
nanoparticles.

3.2  Morphological and elemental composition 
analysis

The surface morphology and elemental composition analysis 
of synthesized ZnS/A:ZnS/T:ZnS nanoparticles using plant 
extract were studied by Transmission electron microscopy 
(TEM) and energy dispersive X-ray (EDX). Figure 2b–f 
represent the TEM and selected area electron diffraction 
(SAED) images of ZnS/A:ZnS/T:ZnS nanoparticles. Pure 
ZnS nanoparticles are small and have almost hexagonal-like 
structure, A:ZnS/T:ZnS nanoparticles have spherical-like 
structure in morphology, particle size of pure ZnS was found 
to be 5 nm, and A:ZnS/T:ZnS nanoparticles was found to be 
10 nm for A:ZnS and 20 nm for T:ZnS and this estimated 
grain size values are in good agreement with those obtained 
from the XRD pattern. The SAED pattern of ZnS/A:ZnS/
T:ZnS nanoparticles showed concentric rings which indi-
cate nanoparticle nature of materials. These fringes are well 
matched with the (016) plane reflection of hexagonal ZnS 
phase; at the same time, some of the polycrystalline rings are 
observed for A:ZnS/T:ZnS nanoparticles which could imply 
some crystallinity and large grain of the samples.

(3)� =
1

D2

(4)� =
a − a0

a0

× 100
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Fig. 2  a Non-linear exponential filter curve. b ZnS, c A:ZnS-20 ml, d A:ZnS-40 ml, e T:ZnS-20 ml, and f T:ZnS-40 ml nanoparticles TEM and SAED images
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Figure 3a–c show the EDX analysis of prepared ZnS/
A:ZnS/T:ZnS nanoparticles; the resulting Fig. 3a shows 
pure ZnS EDX spectrum which contained only zinc and 
sulfur composition thus confirming the high purity of ZnS 
without presence of any other impurities. Figure 3b–c show 
A:ZnS/T:ZnS nanoparticles containing zinc and sulfur com-
position with some organic impurities presence i.e., carbon 
and oxygen; at the same time, its confirmed sulfur ratio was 
gradually decreased by increasing plant extract concentra-
tion, which confirms that the biomolecules of plant extract 
were substituted in ZnS host lattice and Table 2 shows the 
different atomic ratio of synthesized ZnS/A:ZnS/T:ZnS 
nanoparticles.

3.3  Optical properties

The optical properties of ZnS/A:ZnS/T:ZnS nanoparticles 
were analyzed by UV absorbance and transmittance spec-
tra as shown in Figs. 4 and 5. The absorbance spectra of 
prepared ZnS were investigated in the wavelength range 
from 300 to 800 nm as shown in Fig. 3. Strong absorb-
ance peaks were found in the range of 300–450 nm. The 
strength of the absorbance peaks of ZnS, A:ZnS-20 ml, 
A:ZnS-40 ml, T:ZnS-20 ml, and T:ZnS-40 ml nanoparti-
cles were found to be 339 nm, 391 nm, 408 nm, 414 nm, 
and 422 nm, respectively. From this investigation, the 
absorption peaks were red shifted towards higher wave-
length by increasing plant extract concentration due to 
electron excitation from valance band to conduction band 
[19]. Optical transmittance of prepared ZnS nanoparticles 
were measured in the wavelength range of 300–1000 nm 

Table 1  Calculated structural parameters of ZnS/A:ZnS/T:ZnS nanoparticles

ZnS nanopar-
ticles

2θ (hkl) D spacing FWHM 
(Radian)

Lattice constants Average 
crystallite size 
(nm)

Dislocation 
density (δ)  1014 
lin/m2

Microstrain (ε) 
 (104/lin2/m4)

Lattice a (Å) Parameter c (Å)

ZnS 28.57 (016) 3.121 0.944 3.823 56.6 9 0.000353 0.004091
A:ZnS-20 ml 28.57 (016) 0.393 22 0.000062 0.001720
A:ZnS-40 ml 28.57 (016) 0.379 23 0.000057 0.001650
T:ZnS-20 ml 28.57 (016) 0.449 19 0.000081 0.001965
T:ZnS-40 ml 28.57 (016) 0.290 30 0.000034 0.001269

Fig. 3  EDAX spectra of ZnS/A:ZnS/T:ZnS nanoparticles

Table 2  EDX analysis of 
ZnS/A:ZnS/T:ZnS nanoparticles

ZnS nanoparticles Zn content % S content % Other content % Total % Band gab 
energy (eV)

ZnS 50.38 49.62 - 100 3.36
A:ZnS-20 ml 50.12 48.65 1.23 100 3.25
A:ZnS-40 ml 49.87 48.41 1.72 100 3.16
T:ZnS-20 ml 50.18 48.74 1.08 100 3.09
T:ZnS-40 ml 49.54 48.36 2.10 100 2.97
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as shown in Fig. 4. Optical transmittance of ZnS, A:ZnS-
20 ml, A:ZnS-40 ml, T:ZnS-20 ml, and T:ZnS-40 ml nan-
oparticles were 68%, 83%, 80%, 82%, and 85%, respec-
tively, in the visible range.

This transmittance was slightly increased for A:ZnS-
20 ml and A:ZnS-40 ml which showed that increase in plant 
extract concentration increases the transmittance. This due 
to free electron and holes absorption effect of ZnS [20]. The 
transmittance of ZnS/A:ZnS/T:ZnS nanoparticles increased 
around 18% with increase in the plant extract concentration. 
The optical band gap energy of the prepared nanoparticles 
was determined by absorbance (A) at different wavelength 
(λ) with absorption coefficient (α); Beer–Lamberts relation 
(Eq. 5) was used to calculate the absorption coefficient (α).

where K is the constant,  h� is incident photon energy Eg 
is band gap energy and n depends on the type of transition 
associated with indirect and direct electron band which equal 
to value of ½, 2, 3/2, and 3, respectively. The direct band gap 
value was determined by plotting a graph between  h� ver-
sus (�h�2) (see Fig. 6). Calculated band gap energy of ZnS, 
A:ZnS-20 ml, A:ZnS-40 ml, T:ZnS-20 ml, and T:ZnS-40 ml 
nanoparticles were found to be 3.36 eV, 3.25 eV, 3.16e V, 
3.09 eV, and 2.97 eV, respectively. From this result T:ZnS-
40 ml exhibit low band gap energy when compared with 
pure ZnS due to higher wavelength absorption. Moreover, 
pure ZnS band gap value increases with increasing plant 
extract concentration; this may be possibly due to change in 
phase morphology and increasing particle size and red shift 
of the band gap which probably occur due to the growth of 
grains and decrease in defect states of nearest band edge 
of (NBE) wavelength in visible region [21]. Based on the 
reduction in the band gap energy, the T:ZnS-40 ml catalyst 
is more appropriate in the efficiency of photocatalyst than 
other catalysts.

Photoluminescence spectroscopy is very vital to imple-
ment and explore the surface defects, impurities, energy 
bands of the samples. In addition, it can be a useful method 
to determine recombination process of the electron–hole 
pairs. The photoluminescence spectrum of obtained ZnS/
A:ZnS/T:ZnS nanoparticles were recorded at room tempera-
ture in the wavelength range of 300–700 nm with excitation 
wavelength of 338 nm. Figure 7 shows the photolumines-
cence spectrum which contains four emission peaks cen-
tered at 415 nm, 421 nm, 495 nm, and 576 nm, respectively. 
From this result, photoluminescence spectrum of pure ZnS 

(5)� =
2303A

d

(6)�h� = K(h� − Eg)
n

Fig. 4  Optical absorbance of ZnS/A:ZnS/T:ZnS nanoparticles

Fig. 5  Optical Transmissions of ZnS/A:ZnS/T:ZnS nanoparticles

Fig. 6  Tauc plots for ZnS/A:ZnS/T:ZnS nanoparticles
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nanoparticles shows weak intensity compared with plant 
extract-capped ZnS. From this, we can conclude that plant 
extract influences the surface properties of the ZnS crystals. 
The high-intensity emission peak seen at 415 nm was due 
to intrinsic emission of (pure ZnS) crystals. Interestingly, 
there were no broad peaks in green emission region which 
may be attributed to the defect in ZnS crystal due to reun-
ion of sulfur sources [22]. Broad and strong green emission 
peaks for A:ZnS/T:ZnS nanoparticles show dominant green 
emission peak located at 576 nm which was corresponding 
to recombination of electron from sulfur vacancies energy 
level with holes from zinc vacancies. High emission peak 
was located for T:ZnS nanoparticles which may be due 
to the surrounding ligand field which strongly influenced 
energy level splitting of plant extract in the ZnS host lattice 
[23]. However, in the case of A:ZnS/T:ZnS nanoparticles, 
high surface-to-volume ratio was found which grades in the 
development of the crystal growth.

3.4  FTIR analysis

Figure 8 shows Fourier transform infrared spectrum (FTIR) 
of ZnS/A:ZnS/T:ZnS nanoparticles. Prepared ZnS/A:ZnS/
T:ZnS nanoparticles showed several peaks at 499, 615, 
895, 1140, 1475, 1510, 2243, and 3035 cm−1. The peaks 
appeared at 499 cm−1 and 615 cm−1 due to stretching vibra-
tion of zinc and sulfur bond and with increasing Acalypha 
indica plant extract concentration the intensity of the peak 
also increased which confirmed high growth of zinc crys-
tal; at the same time, when increasing Tridax procumbens 
plant extract, sulfur bond was increased which matched with 
XRD and TEM investigation. The sharp and broad peaks at 
895 and 1140 cm−1 observed were due to the stretching of 
(C–C) and (C–O) bond owing to alkenes, epoxy, and amino 

acids [24, 25]. It was observed that with increasing Acalypha 
indica plant extract concentration, the intensity of the peak 
was increased; at the same time, when increasing Tridax 
procumbens plant extract concentration, intensity of the peak 
was decreased. From pure ZnS result, the peak at 1510 cm−1 
corresponded to (O–H) bending vibration, and this peak was 
shifted towards lower wavelength of 1475 cm−1 for A:ZnS/
T:ZnS nanoparticles due to the presence of hydroxyl group 
[26]. The bending vibration of  CO2 stretching and broad 
(O–H) bonding were observed at 2243 cm−1 and 3035 cm−1 
which were ascribed to superposition of the hydroxyl group 
and the stretching vibration of the adsorbed water molecule 
in the ZnS/A:ZnS/T:ZnS nanoparticles, respectively [27].

3.5  Antibacterial activity

The antibacterial activity of ZnS/A:ZnS/T:ZnS nanoparticles 
was investigated by In vitro disk diffusion method against 
Staphylococcus aureus (S. aureus) and Pseudomonas aerug-
inosa (P. aeruginosa) microorganisms. Figure 9 and Table 3 
show diameter of inhibition zone against both Gram-positive 
(S. aureus) and Gram-negative (P. aeruginosa) microorgan-
isms. The maximum inhibition zone of ZnS, A:ZnS-20 ml, 
A:ZnS-40 ml, T:ZnS-20 ml, and T:ZnS-40 ml nanoparti-
cles were observed to 16 mm, 17 mm, 17 mm, 19 mm, and 
20 mm against P. aeruginosa (16 mm) at concentration of 
60 mg/ml, respectively. Minimum zone of ZnS, A:ZnS-
20 ml, A:ZnS-40 ml, T:ZnS-20 ml, and T:ZnS-40 ml nano-
particles were observed at 14 mm, 15 mm, 16 mm, 18 mm, 
and 19 mm against S. aureus at concentration of 60 mg/
ml, respectively. From this investigation, it is clearly seen 
that, the concentration of the plant extract increased once 
diameter of inhibition zone also increased; at the same 

Fig. 7  PL spectra of ZnS/A:ZnS/T:ZnS nanoparticles Fig. 8  FTIR spectra of ZnS/A:ZnS/T:ZnS nanoparticles
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time, increase in concentration of antibiotic increased inhi-
bition zone in the control plates. From the comparison, we 
conclude that excellent inhibition zone was observed for 
T:ZnS-40 ml nanoparticles against Gram-negative bacte-
ria than Gram-positive bacteria which may be due to the 
cell structure of bacteria. Here, A:ZnS/T:ZnS nanoparticles 
have excellent antibacterial activity than pure ZnS due to the 
presence of secondary metabolites such as flavonoids, phe-
nols, saponins, alkaloids, and steroids in the plant extract; 

these react with amide phosphate and carboxyl groups in the 
protein of cell membrane which disrupts the bacterial cell 
wall [28, 29]. Mailander et al. reported an effective rate of 
photoinactivation the microorganisms must have for surface 
interactions with the photocatalyst. The reactive oxygen spe-
cies (ROS) generated during photocatalysis will first damage 
the cell wall of the microorganisms present in the pollut-
ants and the ROS first breaks down the lipopolysaccharide 
layer of the cell wall; this then leads to the attack of the 

Fig. 9  Zone of Inhibitions against (G) Staphylococcus aureus (H) and Pseudomonas aeruginosa microorganisms of ZnS/A:ZnS/T:ZnS nanopar-
ticles

Table 3  The diameter of 
inhibition zone of ZnS/A:ZnS/
T:ZnS nanoparticles

ZnS concentrations 
(µg/ml)

S. aureus (Gram positive) inhibition zone 
in mm

P. aeruginosa (Gram negative) inhi-
bition zone in mm

30 40 50 60 30 40 50 60

ZnS 01 03 07 14 02 05 10 16
A:ZnS-20 ml 03 05 08 15 02 06 11 17
A:ZnS-40 ml 03 06 11 16 04 07 13 17
T:ZnS-20 ml 03 06 18 18 04 08 12 19
T:ZnS-40 ml 04 08 15 19 04 10 15 20
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peptidoglycan layer, peroxidation of the lipid membrane, 
and oxidation on the proteins membrane [30].

3.6  BET surface analysis

A standard approach for the specific surface area measure-
ment is the Brunauer Emmett Teller (BET).The large surface 
area and smaller particle size are  the main parameters in 
photodegradation. Figure 10a and b show the  N2 absorp-
tion–desorption tests and pore size distribution of pure and 
biosynthesized ZnS nanoparticles. It depicts that prepared 
samples showed H1 hysteresis loop isotherms of type IV 
which indicate that prepared samples are of mesoporous 
nature [31]. The BET specific surface area of prepared 
samples was found to be 38  m2/g, 58  m2/g, 91  m2/g, 121 
 m2/g, and 131.84  m2/g for ZnS, A:ZnS-20 ml, A:ZnS-40 ml, 
T:ZnS-20 ml and T:ZnS-40 ml samples, respectively. The 
prepared samples pore size distribution was determined 
using Barrett Joyner Halenda approach from the desorp-
tion branch of isotherm and pore diameter was found to be 
12.15 nm, 18.15 nm, 20.79 nm, 24.03 nm, and 29.74 nm for 
ZnS, A:ZnS-20 ml, A:ZnS-40 ml, T:ZnS-20 ml, and T:ZnS-
40 ml samples, respectively. This BET analysis concluded 
that T:ZnS-40 ml nanocomposites with large surface area 
could effectively increase transportation of electron and ions 
at the interface to improve dye degradation performance 
[32].

3.7  Methylene blue dye degradation properties

The methylene blue dye degradation properties of ZnS/
A:ZnS/T:ZnS nanoparticles were evaluated under vis-
ible light. Without adding catalyst, methylene blue dye 

degradation process was observed under visible light to 
check the concentration efficiency. From this result, meth-
ylene blue dye got degraded by only 2% after 180 min 
irradiation under visible light. On the other side, the same 
experimental degradation process was repeated with 1.0 mg 
of ZnS/A:ZnS/T:ZnS nanoparticles as photocatalyst. During 
the irradiation, diffusion of charge carrier to the surface of 
the particle was observed which interact with water mol-
ecules to produce high reactive species of  (O2

−) peroxide 
and ( OH. ) hydroxyl radical that are responsible for dye deg-
radation. This degradation performance is dependent on the 
high surface area of the crystal and morphology which might 
enhance the properties of photo-generated electron–hole 
pairs. ZnS as a catalyst was involved in adsorption of the 
dye onto surface of ZnS nanoparticles when irradiated with 
visible light. This exposure led to the generation of electron 
hole pairs in ZnS. These photo-generated electrons in the 
conduction band of ZnS interacted with oxygen molecules 
forming superoxide anions radicals which were adsorbed on 
the surface of ZnS. The holes generated in the valance band 
of ZnS react with surface hydroxyl groups to produce highly 
reactive hydroxyl radicals. These highly reactive hydroxyl 
radicals and superoxide radicals can react with methylene 
blue dye adsorbed on ZnS leading to its degradation [33].

Figure  11 shows the time-dependent visible light 
absorption spectra of methylene blue dye using ZnS/
A:ZnS/T:ZnS nanoparticles catalyst as a function of wave-
length from 400 to 800 nm during various time intervals 
(0 to180 min). The rate of degradation was recorded with 
respect to the change in the absorbance intensity peak; 
the prominent peak at 631 nm decreases gradually with 
increase in irradiation time which indicates that methylene 
blue dye had been degraded. The degradation efficiency 

Fig. 10  BET surface analysis of ZnS/A:ZnS/T:ZnS nanoparticles. a Nitrogen absorption–desorption isotherms curve. b Pore size distribution 
curve
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Fig. 11  UV–Visible spectra for photocatalytic degradation of methylene blue dye using ZnS/A:ZnS/T:ZnS nanoparticles
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of ZnS, A:ZnS-20 ml, A:ZnS-40 ml, T:ZnS-20 ml, and 
T:ZnS-40  ml nanoparticles were observed to be 93%, 
94%, 95%, 95%, and 98% after 180 min of irradiation 
time, respectively (see Fig. 12). It was observed that the 
T:ZnS-40 ml have maximum degradation efficiency than 
other nanoparticles. It was also observed that plant extract-
capped ZnS nanoparticles have higher degradation effi-
ciency than pure ZnS nanoparticles due to the presence 
of secondary metabolites which may be attributed to the 
reduction in electron–hole recombination [34]. Hence 
when the concentration of plant extract is increased, the 
degradation efficiency also increases. Here, we assume 
that plant extract may influence ZnS crystal growth with 
high surface-to-volume ratio which highly generate elec-
tron–hole pair at the tail states of conduction band and val-
ance band under visible light irradiation. From this investi-
gation, methylene blue dye degradation efficiency depends 
on the irradiation time, quantity, and quality of the pho-
tocatalyst [35]. Kikuchi et al. evaluated the role of the 
ROS in the reaction process, by the addition of hydroxyl 
radical scavenger. It was observed that the bactericidal 
activity was reduced by the addition of the scavenger, but 
the activity did not cease. The authors proposed that the 
presence of the more reactive hydrogen peroxide as the 
reason of continued bactericidal activity. Hence the anti-
bacterial activity is a cooperative effect of all the ROS 
intermediates formed in the reaction process [36].

Further, the kinetic rate in the degradation of MB dye 
solution using ZnS/A:ZnS/T:ZnS catalyst was investi-
gated according to the following pseudo-first order kinetics 
model. Fig. 13 depicts the plot of ln  (C0/C) versus Irradia-
tion time for ZnS/A:ZnS/T:ZnS catalyst. This linear rela-
tionship of the plot indicates that degradation of MB dye 

using ZnS/A:ZnS/T:ZnS catalyst obeys pseudo-first order 
kinetics and rate of expression is given by the following 
equations [37]

where k is constant of phtodegradation rate  (min−1), C0 is 
concentration of dye after self photocatalysis (mg/l), Ct is 
irradiation time. The kinetic rate constant of MB dye for 
ZnS, A:ZnS-20 ml, A:ZnS-40 ml, T:ZnS-20 ml, and T:ZnS-
40 ml catalyst was estimated to be 0.071, 0.080, 0.091, 
0.097, and 0.147 min−1, respectively. These results suggest 
that T:ZnS-40 ml catalyst is 2 times better than pure ZnS 
catalyst.

Hence the stability and recyclability of the catalyst is 
crucial for dye degradation applications; herein, the stabil-
ity and recycling test were carried out for MB dyes using 
A:ZnS-40 ml and T:ZnS-40 ml sample as catalysts and the 
resultant graph is shown in Fig. 14. After 6 consecutive 
cycle experiments, the T:ZnS-40 ml catalyst did not exhibit 
any major loss to activity, the catalysts lost only 1.85% of 
removal efficiency from their initial degradation efficiency. 
These results clearly indicated that the prepared T:ZnS-
40 ml show evidence of high stability than A:ZnS-40 ml 
sample and it can be useful for potential application for envi-
ronmental remediation under visible light.

4  Conclusion

In summary, the ZnS nanoparticles were successfully syn-
thesized using different concentration of Acalypha indica 
(A:ZnS) and Tridax procumbens (T:ZnS) plant extracts. 

(7)ln(C
t
∕C

o
) = kt

Fig. 12  Methylene blue dye degradation efficiency of ZnS/A:ZnS/
T:ZnS nanoparticles

Fig. 13  Kinetic studies for the degradation of Methylene blue dye 
using ZnS/A:ZnS/T:ZnS nanoparticles
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XRD study revealed the formation of hexagonal phase of 
ZnS and average particle size was found to be 5–20 nm in 
diameter and this estimated grain size values are in agree-
ment with the values obtained from the XRD and TEM 
images. The optical properties indicated that absorption 
edge shifted towards the higher (red shift) wavelength and 
band gap values of A:ZnS/T:ZnS nanoparticles prepared 
by using different plant extract concentration were found 
to decrease when compared with pure ZnS. FTIR spectra 
confirmed the presence of different biomolecules bonding 
from plant extracts which influence the growth of ZnS nan-
oparticles. The antibacterial activity of ZnS/A:ZnS/T:ZnS 
nanoparticles was investigated again with Gram-positive 
and Gram-negative bacteria and excellent inhibition zone 
was formed against S.aureus (Gram-negative) bacteria for 
T:ZnS-40 ml nanoparticles and plant extract-capped ZnS 
was found to give high inhibition zone when compared 
with pure ZnS. When the concentration of ZnS nanopar-
ticles increased, inhibition zone also increased due to the 
presence of biomolecules and high surface area of ZnS 
crystal. Moreover, the effect of plant extract concentration 
positively influence on the structural, optical, and anti-
bacterial behavior, and these results support the enhanced 
photocatalytic efficiency under visible light. The ZnS/
A:ZnS/T:ZnS nanoparticles were found to have excellent 
photodegradation efficiency for methylene blue dye. From 
this investigation, 1.0 mg of T:ZnS-40 ml nanoparticles 
exhibited excellent methylene blue dye degradation effi-
ciency (98%) under 180 min of the visible light irradiation 
which was two times better than pure ZnS. Hence, this 
novel green synthesis process might endow with consider-
able information to establish efficient photocatalysts and 

innovative approach to eliminate natural refractory pollut-
ants for waste water treatment.
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