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ABSTRACT: Microorganisms create various health issues; semiconduc-
tor nanostructures have raised interest because of antimicrobial properties
for suppressing microbial growth. Herein, we report the synthesis of ZnSe
nanostructures (NSs) using a green coprecipitation method, and the as-
synthesized samples were annealed at 100, 150, and 200 °C temperatures.
The synthesized samples were analyzed for structural, morphological,
optical, and antibacterial properties. The growth of nanorods was
confirmed by TEM micrographs and that of nanoparticles by FESEM and
TEM micrographs. The cubic zinc blender phase of samples was
confirmed by XRD. The high-intensity electron—phonon (e—ph)
interactions and LO modes were confirmed by the Raman spectra. The
UV—visible absorption spectra predicted the blue shift in optical band
gaps of ZnSe NSs from their bulk counterparts. The PL spectra and
associated CIE diagram indicated that the as-synthesized and annealed
NSs produce blue color. The investigated antimicrobial activity against Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus
aureus implies the superior biological activity of the as-synthesized and annealed samples at 200 °C. The annealing enhances
photoluminescence and antimicrobial activities of ZnSe NSs. The enhanced luminscence properties of ZnSe NSs make them suitable
for preparing more efficient blue LEDs and lasers for medical applications. The as-synthesized and annealed ZnSe NSs are found
effective against the growth of microorganisms, and sustaining this tendency for 1 week provides a strong basis for the development
of new drugs against bacterial infections for supporting the pharmaceutical industry.
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1. INTRODUCTION
Nanotechnology is the most advanced evolving field, with the

optical, and antimicrobial properties as compared to the bulk
of the same chemical composition.”'” It is widely applicable in

goal of developing new materials at the nanoscale level."”
Nanotechnology is a major and combined branch of biology,
chemistry, physics, medical, and materials science.’ Semi-
conductor nanomaterials are an important field of research for
not only increasing the efficiency of optoelectronic devices
with the synthesis of nanosized materials but also for
photocatalytic and antimicrobial applications.” The attractive
characteristic properties offered by NSs in comparison with
their bulk counterparts are as follows: (a) increased ratio of
surface to volume, (b) higher optical absorption, (c) low
melting point, and (d) quantum tunneling’ and quantum
confinement of charge carriers with confined dimensions as
nanoparticles (NPs)/quantum dots (QDs) confined in three
dimensions, nanorods (NRs) in two dimensions, and nano-
films (NFMs) in one dimension.® Zinc selenide (ZnSe) is a
polycrystalline material that occurs in cubic (fcc) and
hexagonal (hcp) structures.” It is an important semiconductor
material of groups II—VI and exhibits a 2.7 eV direct energy
band gap for bulk, and its Bohr excitation diameter is 9 nm.”
The NSs of ZnSe have received a lot of attention because of
their unique physical, electrical, chemical, mechanical, catalytic,
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optoelectronic devices,'" solar cells,"”” photocatalytic activa-
tion,"* and light-emitting diodes (LEDs),"" as photolumines-
cence (PL) material,"* and in antimicrobial activities.'®
Bacterial infectious diseases are a global health hazard that
affect the economic and societal development. The emergence
of stable antibiotic molecules will open new avenues for
managing the increased outbreaks of pathogenic and antibiotic-
718 Moreover, novel bacterial
mutations and hospital-acquired infections increase the burden
of treating such resistant pathogens in underdeveloped
countries.'” Thus, it is highly imperative to discover novel
and new antibacterial agents targeting the antibiotic-resistant
pathogens that create health havocs in critical obstinate

resistant bacterial strains.
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Figure 1. (a) XRD spectra of as-synthesized and annealed ZnSe NSs and (b) enlarged portion of panel (a) in the 26 range of 20° to 45°.

infections such as Staphylococcus aureus, Pseudomonas aerugi-
nosa, and Escherichia coli.'® The zinc chalcogenide NSs show
antimicrobial activities against the pathogenic agents.'”

From the past few decades, researchers have put a lot of
efforts for the synthesis of ZnSe NSs of desired shape and size.
Various physical and chemical methods have been reported for
the synthesis of ZnSe NSs such as hydrothermal,*’ sol—gel,21
reverse micelle,”” coprecipitation,” spray pyrolysis,”* and
chemical bath deposition techniques.”> The coprecipitation
method is one of these techniques that holds great interest
because of its simplicity and inexpensiveness.”®

The present work deals with the synthesis of ZnSe NSs by
the coprecipitation method with green growth conditions such
as follows: (1) comparative low gowth temperature, (2) DIW
used as a solvent, (3) least number of chemicals, (4) no use of
organic surfactants, (5) no wastage of chemicals, (6) no release
of harmful by-products, (7) low cost, (8) high yield, etc.
Hence, the used method is green coprecipitation because of
above merits.

Here, we include the synthesis of ZnSe NSs by the green
coprecipitation method and observe the infuence of annealing
temperature on strutural, morphological, and optical proper-
ties. We also observe the applicability of synthesized ZnSe NSs
for luminscence and antimicrobial applications. The annealing
enhanced the luminscence properties for making more efficient
blue LEDs and lasers for medical applications as well as
enhanced the suppressing capability against the growth of
microorganisms.

2. EXPERIMENTAL PROCEDURE

2.1. Materials. The chemicals used for the synthesis of
ZnSe NSs were zinc chloride (ZnCl,) with a minimum assay of
97.0% and hydrazine hydrate (N,H,-H,0) with a minimum
assay of 99.9%; both were purchased from Central Drug House
(CDH). Selenium metal powder (Se) with a minimum assay of
99.0% and hydrochloric acid (HCl) with 35% assay were
purchased from RANKEM. Ethanol (C,H;OH; 99.9%) was
purchased from CSS, and deionized water (DIW) was used. All
chemicals were utilized in their original and unaltered state
after purchase.

2.2. Synthesis of ZnSe NSs. The coprecipitation method
with green growth conditions was used for the synthesis of
ZnSe NSs. Initially, 2.201 g of zinc chloride (ZnCl,) powder
was dissolved in 150 mL of distilled water to obtain its clear
solution. In the next step, 3.789 g of selenium powder was
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dissolved in 20 mL of hydrazine hydrate for obtaining a black
solution. Both zinc and selenium solutions were stirred
together and heated at 60 °C, maintaining the pH at 10.
The stirring and refluxing continue for 8 h. The obtained
precipitate (PPT) was separated by centrifugation and washed
several times with distilled water and finally with ethanol. The
precipitate was dried at 60 °C for S h in an open atmosphere,
and then a brown-orange-colored powder sample was
obtained, which was annealed for S h in a vacuum oven at
various temperatures, including 100, 150, and 200 °C.

The used method for the synthesis of ZnSe NSs is modified
coprecipitation. The used method is ecofriendly in terms of its
simplicity, inexpensiveness, and green growth conditions such
as comparative low growth temperature, least number of
chemicals used, no wastage of chemicals, no use of organic
surfactants, DI water used as a solvent, and no release of
harmful by-products during synthesis; hence, the used method
is safe for the environment and is named as the green
coprecipitation method.

2.3. Reaction Mechanism. The reactions of the synthesis
process mainly depend on the solvent used and the reaction
conditions such as the volume of the solvent, reaction
temperature, pH, and surrounding environmental conditions.
The possible chemical reactions for the formation of ZnSe NSs
are as follows:

ZnCl, 4+ 2H,0 — Zn** 4+ HCI + 2(OH)~

2Se + N,H,-H,0 — (SeN,H,-H,0)

(intermediate complex and unstable state)

2(SeN,H,-H,0) — 2Se’” + 2 NH; 1 +20H"

(during synthesis)

Zn** + Se’” — ZnSe | +2H,0 + N, 1 +4H,0 1

(vapors)

2.4. Used Characterization Techniques. The samples
were analyzed using XRD, UV—visible, TEM/HRTEM, SEM,
EDX, Raman, and PL spectroscopic techniques. A Bruker D8
Advance diffractometer of Cu-Ka radiation (4 = 1.5406 A) in
the range of 10° to 70° with a step size of 0.02° was used to
characterize structural properties of the samples. Optical
characterization was performed using a Lab India Analytical
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Table 1. Structural Parameters of As-Synthesized and Annealed ZnSe NSs at 100, 150, and 200 °C: Peak Positions, Miller
Planes (hkl), Calculated Crystallite Size, Interplanar Spacing, Microstrain, Dislocation Density, Lattice Parameters, Volume of

Unit Cell, etc.

lattice
standard peak (20) for  crystallite constant
sample code  JCPDS card 111) size (nm) a (A)
as- 27.47 27.57 3.80 6.758
synthesized

100 °C 27.47 27.54 3.63 6.766
150 °C 27.47 27.58 343 6.756
200 °C 27.47 27.73 2.68 6.721

dislocation density microstrain bond interplanar
(8) (nm™) (e X 107%)  length (A)  spacing (A)  vol. (A%)
68.92 38.18 2.926 3.231 308.737
75.78 40.08 2.929 3.235 309.80
84.65 42.30 2.925 3.231 308.490
138.28 53.78 2910 3.213 303.613

UV3092 UV-VIS spectrophotometer for synthesized ZnSe
NSs dispersed in distilled water. The morphological analysis
was carried out using a TEM-TECNAI G2 T30 (S-TWIN)
electron microscope and Quanta FEG 250 FESEM with an
EDX attachment. Micro-Raman spectroscopy was performed
with an excitation wavelength of 532 nm of the xenon laser to
obtain phonon vibrational modes of ZnSe NSs. PL measure-
ments were carried out at room temperature with an excitation
wavelength of 230 nm.

2.5. Application of ZnSe NSs for Antibacterial Assay.
The as-synthesized sample (P1) and sample annealed at 200
°C (P4) of ZnSe NSs were screened for antibacterial activity
against E. coli, P. aeruginosa, and S. aureus by the agar well
diffusion method described elsewhere®”*® with minor mod-
ifications. Briefly, each bacterial cell was separately cultured in
MHB (Mueller Hinton broth) medium overnight at 37 °C,
resulting in the primary culture. One hundred microliters of
0.05 OD (optical density) (abs., 600 nm) cells from secondary
culture was uniformly spread over the surface of the MHA
(Mueller Hinton agar) Petri plate. Three different concen-
trations (25, 50, and 100 uL) of nanoparticles (S0 mg) were
spotted in the MHA agar well. The MHA plates with spotted
samples were incubated at 37 °C. After 24 h of incubation, the
plates were observed for the formation of a zone of inhibition.
The observed zone of inhibition was recorded in the cm
(centimeter) scale. The retentivity of zones against bacterial
growth was also observed for 1 week.

3. RESULTS AND DISCUSSION

3.1. XRD Analysis. The XRD patterns of as-synthesized
samples and samples annealed at different temperatures, i.e.,
100, 150, and 200 °C, are shown in Figure 1. The XRD
patterns were matched and indexed with the standard JCPDS
card no. 80-0021 of space group F-43m of cubic ZnSe. The
XRD patterns were indexed on the basis of the intense and
prominent peaks corresponding to (111), (220), and (222)
reflection planes observed at 27.49°, 45.78°, and 54.04° 260
values. The XRD patterns show the formation of the pure
cubic phase of ZnSe NSs. The annealing process modifies the
orientation, shape, and size of crystallites; the resultant is the
minor shift observed in peak positions.*”

Debye Scherrer’s formula of eq 1 was used to calculate
crystallite size from the full width at half maximum (FWHM)
of the intense peak corresponding to (111) reflections of XRD

patterns.w’31
D= 0.94
P cos 8 (1)

where D is the crystallite size, 4 is the X-ray wavelength (1 =
1.5406 A), p is the FWHM, and 6 is Bragg's angle
corresponding to the reflections.

The dislocation density (5) is the dislocation lines per unit
volume of the crystal and is calculated using eq 2.%

n
0=—
D’ (2)
where n equals unity, giving minimum dislocation density.
The microstrain values for (111) reflection peaks are
calculated using eq 3 given below as:*’

_ b
8_4tan9 (3)

where ¢ is the strain present in the samples, and f is the
FWHM.

Bragg’s diffraction condition, which is given in eq 4,>* is used
to determine the interplanar spacing “d” corresponding to the
(111) reflection plane for all samples as follows:

2d sin @ = nl 4)

where n represents the order of diffraction taken as unity.
The lattice parameter has been calculated for the intense
reflection peak for all samples using the formula of eq 5:*

L

iy R+ + P (s)

The V()61ume of unit cell is calculated using the formula given
in eq 6:°

V=ad (6)

The bond length of Zn—Se is calculated using the formula
for the face-centered cubic structure written in eq 7:*

\/3a

4 (7)

where “2r” is the interatomic separation which is also known as
the bond length of Zn—Se.

The calculated values of above parameters are shown in
Table 1. We found that the size of the crystallites
corresponding to the (111) reflection plane decreases as the
annealing temperature increases. Crystallite size changes from
3.8 to 2.7 nm when calculated by Scherrer’s formula for as-
synthesized samples and samples annealed at 100, 150, and
200 °C. The reason is that the annealing process changes the
orientation, shape, and size of crystallites; the resultant is the
peak broadening (FWHM) and minor shift in peak positions.
The factor peak position and FWHM are incorporated in
calculation of the crystallite size by Scherrer’s formula. The
calculated values of lattice parameters for all samples vary from
6.758 to 6.721 A. It indicates that with the increase in
annealing temperature, the lattice constant decreases. The
inverse relation of crystallite size with annealing temperature is

2r =

https://doi.org/10.1021/acsomega.2c07654
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Figure 2. (a) Variation of crystallite size and (b) variation of microstrain and dislocation density with annealing temperature.

also shown in Figure 2a, and the change in microstrain and
dislocation density with annealing temperature is shown in
Figure 2b.

3.2. TEM, HRTEM, and SAED Analysis. TEM micro-
graphs of as-synthesized and annealed ZnSe NSs are exhibited
in Figure 3a—d. The formation of fine and small nanoparticles

Figure 3. TEM micrographs of ZnSe NSs: (a) as-synthesized and
annealed samples (b) at 100 °C, (c) at 150 °C, and (d) at 200 °C.

with nanorods is clearly observed in the micrographs. The
nanorods become narrow and fine with an increase in
annealing temperature. The length of nanorods varies from
500 to 1050 nm, and the diameter of rods varies from 15 to 70
nm. The agglomeration of nanoparticles also appears in the
images, which enhances with the increase in annealing
temperature. The crystalline nature of the samples was
confirmed by selected area electron diffraction (SAED)
patterns, which are shown in Figure 4a—d.

The SAED patterns exhibit a quasi-ring-like diffraction
pattern, confirming the formation of the crystalline nature of
the ZnSe NSs. The indexation of the rings by (111), (220),
and (311) reflection planes is based on the calculated
interplanar spacing from the intense rings of SAED patterns
(using Image] software) and matched the values to the
calculated interplanar spacing from corresponding XRD
patterns. The dots with fine and intense rings confirm the

13673

Figure 4. SAED patterns of ZnSe NSs: (a) as-synthesized and
annealed samples (b) at 100 °C, (c) at 150 °C, and (d) at 200 °C.

crystallinity of the samples enhanced with annealing temper-
ature. The HRTEM images are shown in Figure Sa—d for as-
synthesized and annealed ZnSe NSs, which revealed well-
defined lattice planes showing the highly crystalline nature of
samples. The estimated interplanar spacing of ZnSe NSs shows
variation from d = 0.312 nm to d = 0.330 nm (calculated from
Image] software). The observed interplanar spacing from the

Figure 5. HRTEM micrographs of ZnSe NSs: (a) as-synthesized and
annealed samples (b) at 100 °C, (c) at 150 °C, and (d) at 200 °C.
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Figure 6. (a) SEM, (b) FESEM micrographs, (c) EDAX spectrum, and (d) compositional pie chart of as-synthesized ZnSe NSs.

HRTEM images is in correlation with the calculated values of
interplanar separation corresponding to the XRD diffraction
plane of (111) for all samples.

3.3. FESEM Analysis. The FESEM microscopy technique
was used to investigate the morphology of as-synthesized ZnSe
NSs, and the obtained micrographs are shown in Figure 6a,b.
The formation of nanoparticles with nanorods was observed in
the FESEM micrograph of the as-synthesized sample. The
EDX spectrum of ZnSe NSs is shown in Figure 6c. The EDX
spectrum and corresponding compositional results confirm the
presence of Zn and Se elements in as-synthesized ZnSe NSs.
Figure 6d is a pie chart of the compositional result of ZnSe,
which shows the amount of comprising elements in the as-
synthesized sample in atomic percentage. The average atomic
percentages of zinc and selenium elements are found as 43.8
and 56.2%, respectively. It shows that the as-synthesized
sample is little bit zinc-deficient and the zinc deficiency is
observed due to the volatile nature of Zn, which diffuses out
from the sample during drying. Figure 7a shows the selected
area for elemental mapping images of as-synthesized ZnSe
NSs. The elemental mapping images are shown in Figure 7b—
d. The images clearly show that the constituent elements Zn
and Se are homogeneously distributed throughout the sample
surface in as-synthesized ZnSe NSs.

3.4. UV—Visible Analysis. The optical properties of as-
synthesized and annealed ZnSe NSs were analyzed using UV—
visible spectroscopy. The absorption spectra of as-synthesized
and annealed ZnSe NSs were recorded in the wavelength range
of 350 to 600 nm, and they are shown in Figure 8a—d. The
absorption peak for as-synthesized ZnSe NSs is at 431 nm, and
those for samples annealed at 100, 150, and 200 °C are
obtained at 426, 435, and 438 nm, respectively. The band gap
is calculated from the equation E = hc/A, where “A” is the

pAT 3 2 pm

Figure 7. (a) Selected area for elemental mapping and corresponding
elemental mapping images of (b) both zinc and selenium, (c) zinc,
and (d) selenium.

wavelength of the absorption peak, “4” is Planck’s constant,
and “c” is the speed of light. The obtained band gaps range
from 2.87 to 2.74 eV calculated from the peak’s wavelength of
absorption spectra. It has been found that the band gap
decreases as the annealing temperature increases. This may be
caused by an increase in particle size. The larger particles are
formed by agglomeration of small crystallites as agglomeration
is clearly observed in TEM micrographs.

The particle size of samples was also estimated using the
Brus approximation (eq 8) given below as**~*

* mh* 477.'808rR2
(8)
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where E, (nano) is the band gap energy of nanoparticles, E,
(bulk) is the band gap energy of bulk ZnSe, R is the average
radius of particles, m.* and my* are the effective masses of
electrons and holes, respectively, and € stands for the relative
dielectric constant (& = 9.2). The effective masses of electrons
and holes are m.* = 0.17m, and m,* = 1.44, where m, is the
free electron mass (9.1 X 107! kg). The calculated particle size
from the Brus equation for all samples is shown in Table 2.

Table 2. Band Gap and Calculated Particle Size from Brus
Approximation and Average Crystallite Size Calculated from
XRD Data of All Intense Peaks Using Scherrer’s Formula®

crystallite size (nm)

band calculated from

ap Brus average crystallite size obtained
sample detail éV) approximation  from all intense peaks of XRD
as- 2.87 3.14 3.01

synthesized

100 °C 2.85 3.90 3.51
150 °C 2.83 4.70 4.51
200 °C 2.74 7.81 4.47

“Bohr exciton radius, 9 nm.

The particle size is small in comparison to the Bohr exciton
radius, showing the quantum confinement effect in as-
synthesized and annealed ZnSe NSs. The increase in Brus
particle size because of the increased agglomeration of small
crystallites via annealing, which is confirmed by the peak
broadening observed in XRD and agglomeration observed
from TEM micrographs.
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3.5. Raman Analysis. The Raman spectra of as-
synthesized and annealed ZnSe NSs recorded at room
temperature in the range of 100—400 cm™' are shown in
Figure 9. The Raman spectra show the two major peaks at 236

236 252

\ 200°C
= \ 150°C
s
z'o
£ .
g \ 100°C
=

&As-Synthesized

100 200 300 400
Raman Shift (cm™)

Figure 9. Raman spectra of as-synthesized and annealed samples.

and 252 em™.*" The peak located at 236 cm™" corresponds to
the electron—phonon interaction (e—ph),”” and the peak
located at 252 cm™" is the characteristic peak of longitudinal
optical (LO) phonon vibrational mode of cubic ZnSe."’ The
as-synthesized sample shows the intense peak at 236 cm™
because of electron—phonon (e—ph) interaction and the peak
at 252 cm™' corresponding to the characteristic LO phonon
modes of cubic ZnSe. The intensity of electron—phonon
interaction mode decreases with the increase in temperature
for samples annealed at 100 and 150 °C, and the sample
annealed at 200 °C shows an increase in intensity in the similar
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Figure 10. (a) PL spectra, (b) 3D image of PL spectra, (c) enlarged portion of the PL spectra from 450 to 500 nm, and (d) corresponding CIE

plots of as-synthesized and annealed samples.

manner to the as-synthesized sample. The e—ph interaction
may be less effective for samples annealed at temperatures of
100 and 150 °C, which reduce the intensity and broaden the
peak.*"** These two samples show that both e—ph modes and
LO modes are of equal intensity, while the sample annealed at
200 °C restored the Raman vibrational modes similar to the as-
synthesized sample of ZnSe NSs. The Raman modes of
phonon vibrations confirmed the formation of the cubic phase
of ZnSe, which is in accordance with XRD, HRTEM, and
SAED results.

3.6. Photoluminescence Analysis. The photolumines-
cence spectra are recorded to analyze characteristic emission
peaks of the material when excited with high energy than the
band gap of the material. The photoluminescence spectra are
recorded in the range of 300 to 600 nm. The spectra of the as-
prepared and annealed ZnSe NSs are shown in Figure 10a. The
samples are excited with 230 nm excitation wavelength. The
samples show three emission peaks centered at 381, 468, and
544 nm, and their corresponding energies are 3.25, 2.64, and
2.27 eV, respectively. The PL spectra show the increase in the
intensity of emission peaks with the increase in annealing
temperature. The strong emission peak centered at around 381
nm (3.25 eV) may be because of the emission of the electron
from the band of large energy compared to the band gap of
ZnSe NSs, which recombines with the hole of the valence
band, ie., e—hole recombination. The peak observed at 468
nm in the PL spectra of ZnSe NSs is because of the emission
that takes place from the bands lying near-band gap edges, i.e.,
just below the conduction band and just above the valence
band, as the band gaps range from 2.74 to 2.87 eV.** The peak
at 544 nm is because of the transition between impurity bands
in ZnSe NSs as the samples are zinc-deficient. The donor
bands of selenium and acceptor bands of zinc give impurity
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transitions (observed in the EDAX spectra).46 Figure 10b,c
shows the 3D surface plot of the PL spectra and the enlarged
portion of Figure 10a in the wavelength range of 450 to 500
nm. Both figures clearly indicate the enhanced emission peak
intensity. The CIE plot of as-synthesized and annealed ZnSe
NSs is shown in Figure 10d. For further investigation of the
luminescence properties of as-synthesized and annealed
samples, the color coordinates are obtained from the CIE
plots. The color coordinates (CCs) and correlated color
temperature (CCT) from the emission spectra using CIE
diagrams are shown in Table 3. The annealing shifted the color

Table 3. CIE Coordinates and CCT of As-Synthesized and
Annealed Samples

sample detail CIE coordinates (X, Y) CCT (K)
as-synthesized X=024,Y=026 20,393
100 °C X=022,Y=022 81,953
150 °C X=022,Y=022 81,953
200 °C X =021,7=022 95,653

coordinates toward the pure blue region of the CIE diagram
and increased the value of CCT, which shows that the
annealing increases the tendency of blue emission. Hence, we
can say that ZnSe NSs produced a blue color and was found
suitable for making blue LEDs and lasers, especially for medical
applications.

3.7. Antibacterial Activity. The antibacterial activities of
P1 (as-synthesized) and P4 (annealed at 200 °C) ZnSe NSs
were investigated against E. coli, P. aeruginosa, and S. aureus
bacterial species. The formation of the zones of inhibition
against these bacterial species shows significant antibacterial
activity, thereby restricting the growth. The antibacterial
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Figure 11. Antibacterial activity of ZnSe NSs (P1 and P4) against (a) E. coli, (b) P. aeruginosa, and (c) S. aureus.

activity of P1 and P4 ZnSe NSs is depicted in Figure 11. In
Figure 11a, the antibacterial activity of sample P1 was recorded
for 50 uL and higher concentrations against E. coli bacteria,
while sample P4 shows similar activity at a comparatively low
concentration of 25 yL. The antibacterial activity of P1 and P4
against P. aeruginosa was observed (Figure 11b) at 25 uL. The
same activity was determined against S. aureus for P1 and P4
ZnSe NSs; P1 responded at 25 uL and P4 at 50 uL
concentration (Figure 11c). Further, the zone of inhibition for
these ZnSe NSs has been measured in the cm (centimeter)
scale, as represented in Table 4.

Table 4. Measured Zone of Inhibition in the cm
(Centimeter) Scale

zone of inhibition (in cm) against

E. coli P. aeruginosa S. aureus

volume of sample P1 P4 P1 P4 P1 P4
25 uL 0 0.9 1.3 1.1 0.8 0

SO uL 0.9 12 1.9 1.9 1.4 1.2

100 uL 1.6 1.6 22 2.3 1.9 2.0

In addition to this, the zone of inhibition was persistent for a
period of 1 week. The bar diagram-based representation of
antimicrobial activities of samples P1 and P4 against E. coli, P.
aeruginosa, and S. aureus bacterial species is shown in Figure
12. P1 (as-synthesized ZnSe NSs) is more effective against the
growth of S. aureus, and its zone of inhibition increases with
the increase in concentration. P4 is effective against all three
bacteria, and the zone of inhibition increases with the increase

in concentration. Comparative evaluation shows that the zone
of inhibition against P. aeruginosa is larger than those against E.
coli and S. aureus. On comparison of the behavior of as-
synthesized and annealed samples against bacterial growth, we
can say that annealing enhances the antimicrobial activity.

4. CONCLUSIONS

ZnSe NSs have been successfully synthesized by a green
coprecipitation method and annealed at different temperatures
of 100, 150, and 200 °C. XRD results show the formation of a
pure cubic zinc blende structure. The crystallite size decreases
with the increase in annnealing temperature. TEM micro-
graphs confirmed the formation of concurrent growth of
nanoparticles with nanorods, and annealing at different
temperatures refined the rod dimensions.The uniform
presence of zinc and selenium elements throughout the sample
surface was confirmed by the EDX spectra and elemental
mapping images. The optical band gap of as-synthesized and
annealed samples decreases with the increase in annealing
temperature. The as-synthesized and annealed ZnSe NSs show
a quantum confinement effect because the average particle size
is smaller than the Bohr exciton diameter. The PL spectra and
corresponding CIE plot show that all samples are blue color
emitters. The sample annealed at 200 °C shows strong blue
emission in comparison to other samples, which indicates that
annealing enhances the tendency of blue emission. Thus, it can
be concluded that the synthesized ZnSe NSs are found suitable
for making blue lasers and LEDs, which have applications in
the medical field for disease diagnosis and treatment. The
sample annealed at 200 °C (P4) is found more effective against

As-synthesized ZnSe NSs(P1)

n

>

Zone of inhibition (in cm)

=
n

=
>

25

50
Concentration (uL)

100

2.5
. coli Annealed at 200°C ZnSe NSs(P4)
. aeruginosa|
20 . aureus
E
v
£
T 154
£
2
£ 104
el
°
o
S
Q051
0.0+
25 50 100
Concentration (uL)

Figure 12. Bar diagram of antibacterial activities for the representing zone of inhibition against E. coli (red), P. aeruginosa (green), and S. aureus

(blue).
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bacterial growth because of the comparative high tendency of
emission of blue color. The antimicrobial activity of ZnSe NSs
persisted for 1 week against pathogenic bacteria, providing a
strong basis for the development of new drugs against the
bacterial infections for supporting the pharmaceutical industry.
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