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Abstract
Nanotechnology is a burgeoning modern technology due to the remarkable properties of nanoparticles. However, the esca-
lating use of toxic reagents during the chemical synthesis of nanoparticles has become a major concern for environmental 
safety and human and animal health. Regarding this problem, the notion of integrating nanotechnology with green synthesis 
is increasingly attracting the attention of researchers. This particular study aims at the green synthesis of copper sulphide 
(CuS) nanoparticles S1, S2, and S3 utilizing the leaf extracts of Azadirachta indica (neem), Syzygium cumini (jamun), and 
Cascabela thevetia (kaner), respectively. The prepared leaf extract of neem is rich in quercetin, whereas extracts of jamun 
and kaner leaves contain gallic acid, which serves as a reducing agent during the formation of nanoparticles. The prominent 
and sharp peaks of x-ray diffraction (XRD) patterns match well with ICDD card no. 06-0464, which confirms the hexagonal 
phase of covellite CuS. Scanning electron microscopy (SEM) images reveal the formation of spherical-shaped CuS nano-
particles with mild agglomeration. The presence of Cu and S as the only elements in the synthesized samples is confirmed 
by energy-dispersive x-ray analysis (EDX). The occurrence of various stretching and bending vibrational modes is observed 
via Fourier transform infrared (FTIR) spectroscopy. Furthermore, the obtained FTIR spectra of S1, S2, and S3 evince the 
formation of CuS nanoparticles and the presence of bioactive compounds. The UV-Vis absorption data of the prepared 
samples reveal that their band gap energies lie within the range of 1.5–1.7 eV. The photoluminescence (PL) spectra of S1, 
S2, and S3 display decreased intensity, which could be due to the reduced recombination rate of charge carriers. The CuS 
nanoparticles synthesized with neem leaf extract exhibit relatively smaller crystallite size, wider band gap of 1.7 eV, and a 
lower recombination rate of charge carriers.
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Introduction

Nanoparticles of the transition metal chalcogenides group 
have garnered enormous attention from researchers in recent 
years because of their astounding catalytic, optical, and 
optoelectronic properties.1,2 Copper sulphide  (CuxS, where 
x = 1–2) is a relatively non-toxic chalcogenide. It occurs in 
several crystalline phases with different stoichiometric com-
positions such as covellite (CuS), anilite  (Cu1.75S), digenite 
 (Cu1.8S), djurlite  (Cu1.95S), and chalcocite  (CuS2). It also 

exhibits various lattice structures from orthogonal to hex-
agonal.1,3–5 The optical, electrochemical, and electrical prop-
erties of CuS nanoparticles are governed by their stoichi-
ometry, size, morphology, and crystal structure.6 Bulk CuS 
shows a forbidden energy gap ranging between 1.2 eV and 
2.89 eV.1 It is a p-type metal chalcogenide semiconductor 
with a direct optical band gap, since Cu vacancies in it serve 
as electron acceptors. At nanoscale, the energy band gap of 
nanoparticles increases due to the effect of quantum con-
finement.7 CuS nanoparticles show a wide range of absorb-
ance in the ultraviolet (UV), visible, and near-infrared (NIR) 
regions depending on their broad optical band gap energy.8,9 
The energy band gap can be tuned by modifying the size 
and morphology of nanoparticles.6,8,10–13 The published 
research data reveal that synthesizing CuS nanoparticles is 
an intricate process, as Cu and S both exist in two different 
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oxidation states,  Cu+1,  Cu+2, (S)2
−2, and  S−2, respectively, 

and thus the growth of nanoparticles is difficult to control.8 
To overcome this issue, several preparatory methods have 
been proposed for the chemical synthesis of CuS nanoparti-
cles, including sol–gel, chemical co-precipitation, hydrother-
mal, solvothermal, microwave, hot injection, and sonochemi-
cal techniques. However, the need for toxic chemical-based 
reducing agents, stabilizing agents, and solvents limits the 
use of these techniques.14–19

There are potential benefits of synthesizing nanoparti-
cles via green synthesis rather than chemical routes. Green 
synthesis can be considered as a non-hazardous, sustain-
able, economical, easily controlled, scalable, biocompatible, 
and flexible alternative that promotes the synthesis of bio-
compatible nanoparticles.20 Plant extracts with medicinal 
properties contain several bioactive constituents including 
flavonoids, terpenoids, polyphenols, ascorbic acid, alkaloids, 
phenolic acids, sugar, and protein which reduce the size of 
nanoparticles.21–23

Over the past few years, several approaches for synthe-
sizing metal chalcogenide nanoparticles via the green route 
have been reported by researchers. Slathia et al. synthesized 
Ag-ZnO nanocomposite using leaf extracts of Azadirachta 
indica via a facile hydrothermal approach. The extract was 
prepared using two different solutions such as double-dis-
tilled water and ethanol. They also studied the electrical and 
optical properties of the synthesized Ag-CuS samples. The 
green-synthesized Ag-CuS nanocomposite shows poten-
tial for effective use in fluorescence-based sensors.24 Ullah 
et al.25 examined the photocatalytic properties of cadmium 
sulfide (CdS) nanoparticles synthesized using plant extracts 
of Dicliptera roxburghiana via a green route for the deg-
radation of hazardous organic dyes. Rawat et al.26 studied 
the effect of heating on green-derived CuS nanoparticles by 
synthesizing CuS nanoparticles via leaf extracts of Urtica 
dioica and found that the crystallinity of samples increases 
with heat treatment. Bonigala et al.27 reported the green 
synthesis of Au nanoparticles using extracts of Cascabela 
thevetia (leaves), Stemona tuberosa (whole plant), Wrightia 
tomentosa (leaves), and Rauvolfia serpentina (roots) in sepa-
rate reactions. Riaz et al. provided a detailed research study 
on the synthesis of NiO nanoparticles using leaf extract 
of Syzygium cumini. They calculated a crystallite size for 
NiO nanoparticles of 10.4 nm. Antioxidant activity of CuS 
samples was analysed using 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) free radical scavenging activity.28 Savarimuthu 
et al.9 explored the fast degradation of dyes with or with-
out sulphite under dark conditions via CuS nanoparticles 
by green synthesis using rice starch water. Gupta et al.20 
synthesized covellite CuS nanoparticles via an integrated 
hydrothermal-green synthesis route using an aqueous extract 
of Ocimum tenuiflorum (tulsi) and studied its enhanced opti-
cal properties.

Apart from these plant-based extracts, some plants are 
still unexplored for the synthesis of CuS nanoparticles. 
Neem is a well-known medicinal tree with antiseptic, anti-
inflammatory, anti-allergic, immunomodulatory, antioxidant, 
antimalarial, and anti-carcinogenic properties.29 The major 
constituent of the neem leaf extract is quercetin, a bioactive 
flavonoid compound that reduces metal ions to nanoparti-
cles.30 The extract of jamun leaves contains gallic acid as the 
main reducing agent, while jamun leaves have anti-diabetic, 
anti-inflammatory, antioxidant, diuretic, digestive, and car-
minative properties.31 In addition, kaner leaf extract is rich 
in polyphenolic compounds or phenolic compounds with 
many hydroxyl groups including ellagic and gallic acid as 
prominent reducing agents. The presence of cardenolides in 
the extract highlights its potential application in the treat-
ment of cardiac failure.32

A facile hydrothermal approach for synthesizing CuS 
nanoparticles using leaf extracts of Azadirachta indica 
(neem), Syzygium cumini (jamun), and Cascabela thevetia 
(kaner) is explored for the first time to the best of our knowl-
edge. The leaf extracts of neem, jamun, and kaner plants 
were utilized as solvents to synthesize CuS nanoparticles. 
The structural and phase analysis, morphological study, ele-
mental identification, analysis of functional groups, and opti-
cal characterization of the green-synthesized samples were 
conducted via x-ray diffraction (XRD), scanning electron 
microscopy (SEM), energy-dispersive x-ray spectroscopy 
(EDX), Fourier transform infrared (FTIR) spectroscopy, 
ultraviolet–visible (UV-Vis) spectroscopy, and photolu-
minescence (PL) spectroscopy. A reduction in the average 
crystallite size and decreased particle size of the synthesized 
CuS nanoparticles were observed. The neem-based CuS 
sample exhibited relatively higher absorbance in the visible 
region, with an energy band gap of 1.7 eV, which occurs due 
to quantum confinement at the nanoscale.

Experimental

Chemicals and Materials

In this investigation, copper nitrate tr ihydrate 
[Cu(NO3)2.3H2O, ~ 95–103% purity (CAS no-C15029)] and 
sodium sulphide  [Na2S, ~ 60% purity (CAS no-27610-45-3)] 
were used as Cu and S precursors, respectively, to synthe-
size covellite CuS nanoparticles. The high-quality and high-
purity chemicals were procured from Nice Chemicals and 
Loba Chemie, respectively. Deionized (DI) water was used 
for preparing the leaf extracts and washing purposes. Etha-
nol was also used for the final washing of autoclaved sam-
ples. Leaves of neem (Azadirachta indica), kaner (Cascabela 
thevetia), and jamun (Syzygium cumini) were collected from 
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the campus square of the National Institute of Technology, 
Kurukshetra, Haryana, India.

Green Synthesis

Preparation of Leaf Extracts

The freshly collected leaves were cleaned by washing them 
several times with DI water to clear away the dirt particu-
lates and other impurities. The washed leaves were chopped 
into small pieces and placed in a hot air oven for drying at 
80°C for 6 h. Afterward, the dried leaves were pulverized 
into fine powder using an electrical grinder. Next, 3 g of 
finely powdered neem leaves was heated in 120 mL DI water 
in a beaker with continuous stirring for 2 h using a magnetic 
stirrer at a constant temperature of 60°C. After cooling to 
room temperature, the leaf extract was filtered out using a 
Buchner funnel equipped with Whatman no. 1 filter paper. 
The same procedure was used to prepare kaner and jamun 
leaf extracts.

Plant Metabolite‑Based CuS Synthesis

For the green synthesis of copper sulphide nanoparticles, 
the hydrothermal route was followed as displayed in Fig. 1. 
Initially, Cu(NO3)2.3H2O (0.5 M) was added to 30 mL neem 
leaf extract and was continuously stirred mechanically using 
a magnetic stirrer for 1 h. A similar process was followed 
simultaneously for preparing  Na2S (1 M) in 30 mL neem leaf 

extract which was added in drops to the previously prepared 
solution. Afterward, the mixture was stirred for 30 min to get 
a well-homogenized solution. Then the mixture was trans-
ferred to an autoclave which was positioned in a hot air oven 
at 125°C for 12 h to allow the chemical reactions to occur. 
The black precipitate was separated from the solution using 
double-filtration via Whatman filter no.1 and washed using 
DI water and ethanol to eliminate soluble contaminants. The 
filtered precipitate was dried in the oven. The dried sample 
was ground into a uniform powder using a mortar and pestle. 
Following an identical process, CuS nanoparticles were also 
prepared using kaner and jamun extracts.

Characterization

The diffraction planes and the crystallite phase identifica-
tion of the synthesized CuS samples were determined by 
XRD patterns, using a Bruker AXS D8 Advance diffrac-
tometer with Ni filtered Cu-Kα radiation (λ = 0.154 nm) 
within 2θ range of 25°–70° functioning at a scanning speed 
of 0.05◦/min. The green-synthesized samples were exam-
ined for surface morphology analysis by scanning electron 
microscopy (SEM) using a JEOL JSM-6390 JV instrument. 
EDX spectra were recorded to ascertain the elemental 
identification. UV–Vis spectroscopy was used to study the 
optical band gap energies of all samples via a Shimadzu 
UV-2600i UV–Vis spectrophotometer. PL analysis of CuS 
samples was conducted using a Shimadzu RF-5301PC 

Fig. 1  Synthesis route for synthesizing CuS nanoparticles using leaf extracts of neem, jamun, and kaner.
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spectrofluorophotometer to study the electronic transitions 
of photoinduced electrons between the highest occupied 
molecular orbital (HOMO) of the valence band and lowest 
unoccupied molecular orbital (LUMO) of the conduction 
band of CuS nanoparticles The functional groups present in 
the CuS samples were analysed by FTIR spectra recorded 
via an MBB-3000 ABB FTIR spectrophotometer.

Results and Discussion

Green Synthesis Growth Mechanism for CuS 
Nanoparticles

The leaf extracts were prepared by heating the powdered 
leaves in DI water with continuous magnetic stirring as 
represented in Eq. 1. DI water is an effective polar solvent 
which exhibits good affinity for polar compounds such as 
phenolic acids, esters, and glycosides present in the leaf 
extracts. The polar compounds exhibit good solubility in 
aqueous solvent and can be easily extracted using DI water 
under certain conditions.33 The temperature was maintained 
constant at 60°C for 2 h during the extraction of leaf extracts. 
At this temperature and within this time duration, phenolic 
compounds remain stable in the extraction solvent.34

The major reducing bioactive compound present in the 
leaf extract of neem is quercetin  (C15H10O7).35 Quercetin is 
a flavonoid with a three-ring structure having five hydroxyl 
groups. Interaction of quercetin with  Cu2+ and  S2− leads to 
the formation of CuS nanoparticles.24 The leaf extracts of 
jamun and kaner are rich in gallic acid  (C7H6O5),27,36 which 
is a phenolic compound with a single aromatic ring consist-
ing of three hydroxyl groups, which promotes reduction of 
metal ions to metal nanoparticles.22,37,38 The reaction occur-
ring during the synthesis process can be determined from 
Eq. 2. Variations in colour of the final samples are detected, 
ranging from dark brownish black to dark bluish black which 
evidences the formation of CuS nanoparticles.

Structural Analysis

The x-ray diffraction (XRD) pattern was recorded to evalu-
ate the crystallite size and the phase purity of all prepared 
samples as shown in Fig. 2. The recorded data match well 

(1)Pulverized leaves + DI
Δ

→Leaf extract

(2)

with ICDD card no. 06-0464 confirming the hexagonal 
covellite phase of CuS. The obtained diffraction peaks for 
green-synthesized samples corresponding to (100), (101), 
(102), (103), (006), (105), (106), (110), (108), (201), (202), 
and (116) Miller planes of CuS assured the polycrystalline 
nature of all three samples. The prominent sharp and strong 
diffraction peaks for S1 are positioned at 2θ values 27.14, 
27.70, 29.31, 31.83, 32.79, 38.88, 43.11, 48.00, 52.68,   
56.26, 57.26,  and 59.38  indexing to (100) (101), (102), 
(103), (006), (105), (106), (110), (108), (201), (202), and 
(116) planes of CuS, respectively. The obtained XRD profile 
of S2 indicates a slight right shift of 0.05  corresponding 
to S1. The XRD pattern of S1 depicts a slight widening of 
peaks which leads to an increase in the full width at half 
maximum (FWHM) of peaks. S1 displays comparatively 
reduced crystallite sizes of CuS nanoparticles as the FWHM 
of the XRD peaks and crystallite size are inversely corre-
lated as shown in Table I. The decrease in crystallite size 
results in decreased crystal alignment and thus a broadening 
of the XRD peaks.39 The standard values for lattice param-
eters of the hexagonal phase of covellite CuS nanoparticles 
are a = b = 0.379 nm and c = 1.634 nm. The calculated values 
of lattice parameters as mentioned in Table II are approxi-

mately close to the standard values of lattice parameters of 
covellite CuS.

The interplanar spacing (dhkl) and crystal lattice param-
eters a, b, and c for S1, S2, and S3 are evaluated by using 
Bragg's law in Eqs. 3 and 4.40

Fig. 2  The diffraction peaks of CuS samples using XRD patterns.
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where n represents the order of diffraction, θ is the angle 
of diffraction, λ is the x-ray wavelength with a value of 
0.154 nm, d represents the spacing between diffracting 
planes, (hkl) is the Miller planes, and the lattice constants 
between the adjacent unit cells of a crystal lattice are a, b, 
and c.

The crystallite size corresponding to each Miller plane 
is calculated using the Debye-Scherrer formula, i.e. 
Eq. 5.39

(3)d
hkl

=
n�

2sin�

(4)1

d2hkl
=

4

3

h2 + hk + k2

a2
+

l
2

c2

where D denotes average crystallite size, k indicates the 
shape factor (0.94 for spherical particles), the x-ray wave-
length is λ, � is the FWHM (the full width at half maxi-
mum of x-ray diffraction peaks), and θ is Bragg's angle of 
diffraction.

The lattice strain (ε) arises because of the crystal imper-
fections such as varying crystallite size and lattice disloca-
tion, which is calculated by applying Eq. 6.20

where ε is lattice strain and  � is the FWHM of XRD peaks. 
The dislocation density (δ) defines the number of disloca-
tions per unit volume of the crystal lattice which is deter-
mined by applying Eq. 7.41

All calculated values such as interplanar spacing, crys-
tallite size, lattice parameters, dislocation density, and 
lattice strain of the synthesized samples are presented in 
Tables I and II.21

Table I shows that different leaf extracts used in the 
synthesis of CuS nanoparticles affect the crystallite sizes 
of nanoparticles. In Table II, the monotonic decrease in 
the computed values of lattice strain for S1, S2, and S3 is 
due to an inverse relation between crystallite size and the 

(5)D =
k�

� ∗ cos�

(6)� =
�

4tan�

(7)� =
1

D2
nm−2

Table I  Parameters of the XRD, 
the peak position values (2θ), 
d-spacing, FWHM, Miller 
indices, and the corresponding 
crystallite size for the preferred 
peaks of as-synthesized samples 
S1, S2, and S3

Sample name 2θ, degrees FWHM, degrees d-spacing, nm Planes Crystallite 
size, nm

S1 27.634 1.054 0.322 (101) 7.752
29.322 0.529 0.304 (102) 15.506
31.816 0.887 0.281 (103) 9.308
32.788 0.854 0.273 (006) 9.691
47.986 0.471 0.189 (110) 18.450
59.160 1.074 0.157 (116) 8.495

S2 27.688 1.096 0.322 (101) 7.460
29.380 0.426 0.303 (102) 19.250
31.900 0.743 0.280 (103) 11.113
32.858 0.691 0.272 (006) 11.989
48.051 0.411 0.189 (110) 21.110
59.291 0.970 0.155 (116) 9.420

S3 27.560 0.944 0.323 (101) 8.662
29.278 0.411 0.304 (102) 19.952
31.789 0.692 0.281 (103) 11.939
32.749 0.683 0.271 (006) 12.112
47.954 0.407 0.189 (110) 21.314
59.202 1.018 0.155 (116) 8.969

Table II  Lattice strain and dislocation density computed from XRD 
data for all CuS samples

Sample name Lattice parameters 
(nm)

Dislocation den-
sity ( ×1015 ), nm

Lattice 
strain ( × 
10

−3)
(a = b) c

S1 0.378 1.638 9.963 11.112
S2 0.378 1.632 8.205 9.923
S3 0.378 1.626 7.384 9.372
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strain produced in the lattice.42 The dislocation density 
also decreases with an increase in the crystallite size of 
nanoparticles. Sample S1 exhibits the smallest crystallite 
size of 18.45 nm corresponding to the (110) plane. This 
may cause an increase in the energy band gap of sample 
S1, which reduces the rate of recombination of charge car-
riers and enhances its optical properties.43

Morphological Properties

SEM was used to analyse the surface morphology of the 
green-synthesized CuS samples. Figure 3a–c displays the 
SEM images of CuS nanoparticles synthesized using leaf 
extracts of neem, jamun, and kaner, respectively, at a mag-
nification of ×10,000 and a scale of 1 µm. SEM images 
show the formation of spherical-shaped CuS nanoparticles 
with slight agglomeration. The SEM image of S1 depicted 
in Fig. 3a confirm the synthesis of spherical-shaped nano-
particles with minimal agglomeration. Figure 3b exhibits 
the SEM image of S2, which shows the spherical morphol-
ogy of the sample with slightly agglomerated nanoparti-
cles. SEM analysis of S3 shows the synthesis of spherical-
shaped nanoparticles with mild agglomeration as shown in 
Fig. 3c. S3 displays a relatively better morphology, which 
may be attributed to its relatively small dislocation density 
and lattice strain values. SEM analysis of the synthesized 
samples shows a noticeable non-uniformity in the size of 

nanoparticles, which could be due to the presence of bioac-
tive compounds in the sample.

The particle size of CuS nanoparticles was determined by 
histogram analysis obtained from SEM data using ImageJ 
software as illustrated in Fig. 3d–f. Figure 3d presents the 
histogram data for S1 which shows an average particle 
size of 112.57 nm for neem-mediated CuS nanoparticles. 
Figure 3e shows an average particle size of 168.94 nm for 
S2, while an average particle size of 184.22 nm for the S3 
sample is shown in Fig. 3f.32 The smallest average particle 
size is obtained for the synthesized sample with neem leaf 
extract and leads to the increased energy band gap of CuS 
nanoparticles.44

Energy‑Dispersive X‑ray (EDX) Analysis

The elemental configuration and % of all elements present in 
the synthesized CuS samples were analysed and determined 
using EDX spectra. The obtained EDX data represent the 
formation of CuS nanoparticles by confirming the presence 
of Cu and S as major elements, as shown in Fig. 4a–c. The 
% atomic compositions of Cu and S in all samples are pre-
sented in Table III. The elemental analysis of Cu and S in 
terms of at.% present in samples synthesized using different 
leaf extracts displays almost the same stoichiometric ratio of 
1:1, which confirms the formation of CuS nanoparticles.20 
The EDX data of S1 are comparatively more similar to the 

Fig. 3  SEM images of CuS nanoparticles synthesized utilizing leaf extracts of (a) neem (S1), (b) jamun (S2), and (c) kaner (S3) at 1 µm scale. 
The histogram data for each sample representing the average particle size of nanoparticles for (d) neem (S1), (e) jamun (S2), and (f) kaner (S3).
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required stoichiometric ratio of Cu and S than the other two 
samples, and the results are presented in Table III.

Optical Characteristics

Ultraviolet–Visible Spectral Analysis

UV–Vis spectroscopy was used to study the optical behav-
iour of the green-synthesized samples. The optical absorp-
tion for each CuS sample is recorded by analysing the light 
absorbance peaks at wavelengths ranging from 300 nm to 
900 nm as shown in Fig. 5. The optical absorbance edges of 

major intensities for S1, S2, and S3 are centered at 694 nm, 
687, and 690 nm, respectively, which lie in the red region of 
visible range of absorbance spectra. The absorption spectra 

Fig. 4  EDX spectral analysis of CuS nanoparticles: (a) neem (S1), (b) jamun (S2), and (c) kaner (S3).

Table III  Elemental identification and their atomic % in all CuS sam-
ples

Elemental composition Atomic %

S1 S2 S3

Cu 48.05 47.08 48.00
S 51.95 52.92 52.00

Fig. 5  UV-Vis absorbance spectra of the green-synthesized CuS.
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of each sample show another absorption peak with a wide 
band of absorption lying within the wavelength range of 
300–500 nm. This band may appear as a result of some sur-
face defects present in the samples and may introduce exci-
tonic electronic transitions as inter-band gap states between 
the occupied valance band and the unoccupied conduction 
band of CuS.20

The recorded wavelength values of optical absorptions for 
each sample are used to estimate the band gap energies (Eg) 
for S1, S2, and S3 by applying the Tauc equation (Eq. 8).45

where α represents the absorption coefficient, C is an 
energy-dependent constant, Eg is the optical band gap, h 
is the Planck constant, υ is photonic frequency, hυ denotes 
photon energy, and parameter n is a constant with a value of  
1∕2 for the direct band gap. Figure 6a–c depicts the values 
for the direct energy band gap that are determined by graphs 
plotted between (αhυ)2 and (hυ) by applying the baseline 
approach.46 The calculated values of band gap energies for 
S1, S2, and S3 are 1.7 eV, 1.6 eV, and 1.5 eV, respectively. 
S1 displays a comparatively higher optical absorbance in the 
visible region and a relatively larger energy band gap value 

(8)�hv = C(hv − Eg)
n

than S2 and S3. The reduced energy band gap for S2 and S3 
as compared to that of S1 is attributed to the larger particles 
size of these samples.47

Photoluminescence Spectral Analysis

Photoluminescence (PL) spectroscopy probes the optical 
properties of a material by exciting it with photons of suit-
able energy. The photoexcited electrons move to a higher 
excited state and then relax to a lower equilibrium energy 
state by emitting energy in the form of luminescence. This 
analysis allows us to understand the electronic transitions, 
recombination, and separation of photoinduced electron and 
hole pairs. The PL spectra of S1, S2, and S3 were recorded 
when they were exposed to an excitation wavelength of 
300 nm using the xenon lamp.21

Figure 7 shows a relative analysis of excitonic emission 
spectra of respective samples plotted between PL intensity 
and wavelength. The emission peaks for CuS samples are 
detected within the wavelength range of 300–600 nm. The 
notable, stable, and broad emission peaks for S1, S2, and 
S3 are observed at 387 nm which confirms their excitonic 
emissions in the visible region. The monotonic lowering of 
emission intensities indicates the decreased recombination 

Fig. 6  Tauc’s plot for all three green-synthesized samples (a) neem (S1), (b) jamun (S2), and (c) kaner (S3).
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rate of electron–hole pairs. The S1 sample exhibits the low-
est recombination rate of charge carriers among the three 
samples as the emission peak for S1 has the lowest intensity. 
The possible electronic transitions between the highest occu-
pied molecular orbital (HOMO) of equilibrium state and the 
lowest unoccupied orbital (LUMO) of excited state are rep-
resented by an energy level diagram in Fig. 8, which displays 
the direct band gap transitions of photoexcited electrons on 
the excitation of the green-synthesized samples with a wave-
length of 300 nm. Notable band edge emission for all three 
samples as estimated from absorbance spectra was ~350 nm. 
This value validates the emission wavelength in PL spectra 
centered at 387 nm with the band gap value of 3.2 eV.

The CIE 1931 colour space is a chromatic representation 
of CuS nanoparticles as depicted in Fig. 9. The chromatic 
coordinates for S1 are (x, y) = (0.33, 0.23). For S2, the cal-
culated coordinates are (0.34, 0.23). The colour coordinates 

for S3 are computed as (0.34, 0.24). The coordinates (x, y) 
for each sample fall in the blue-violet region of the spec-
trum, which is close to the white region. This shows that 
they have potential applications in the fabrication of light-
emitting diodes (LEDs).

Vibrational Studies

FTIR Spectral Analysis

The surface chemical composition of the green-synthesized 
CuS samples was investigated by FTIR spectroscopy over 
a scan range of 4000–500  cm−1 as shown in Fig. 10. The 
spectra of samples confirm the presence of CuS by detect-
ing a band at 648  cm−1 corresponding to Cu–S vibrational 
stretching mode.20 A broad band at 3546  cm−1 indicates the 
O–H stretching mode of vibrations which could be the result 

Fig. 7  PL (emission) spectra of the green-derived samples.

Fig. 8  A plausible representation of the luminescence process for the 
direct energy band gap of CuS nanoparticles using an energy level 
diagram.

Fig. 9  The CIE 1931 chromaticity diagram for CuS nanoparticles.

Fig. 10  FTIR spectra of neem (S1), jamun (S2), and kaner (S3) pre-
pared via leaf extracts.
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of flavonoids present in the synthesized CuS samples.48 A 
broad band is observed at 3241  cm−1 corresponding to O–H 
stretching of water molecules. An additional weak and broad 
band was present at 2996  cm−1, attributed to intermolecular 
O–H stretching. A weak band that occurred at 2338  cm−1 
could be the result of absorption of environmental  CO2. A 
sharp and strong band was obtained at 1014  cm−1, attrib-
uted to the C–F stretching mode, which could be from fluoro 
components of leaf extracts. Other weak and medium bands 
were detected at 1707  cm−1, 1361  cm−1, and 1150  cm−1 
corresponding to C–H bending (aromatic compound), O–H 
bending (phenolic group), and C–N stretching, respectively, 
in the synthesized samples. The medium band observed at 
1150  cm−1 corresponding to O–H bending mode confirms 
the presence of gallic acid in jamun and kaner leaf extracts.6

Conclusion

The green synthesis of CuS nanoparticles was successfully 
carried out by a hydrothermal route employing leaf extracts 
of neem, jamun, and kaner as solvents. The distinct XRD 
patterns of the green-synthesized samples match well with 
ICDD card no. 06-0464, confirming the covellite hexagonal 
phase of CuS nanoparticles. The XRD analysis indicates the 
formation of CuS nanoparticles with no impurity peaks. The 
morphological and elemental analyses confirm the formation 
of spherical-shaped nanoparticles with slight agglomeration 
and with only Cu and S. The optical analysis of the neem 
leaf-based CuS sample (S1), jamun leaf-based CuS sample 
(S2), and kaner leaf-based sample (S3) shows a consistent 
decrease in the band gap energies of CuS. S1 exhibits a rela-
tively higher absorbance in the visible region, with a band gap 
value of 1.7 eV. The CIE plot of the synthesized samples can 
be used to fabricate LEDs in the blue region. The S1 sample, 
synthesized with neem leaf extracts, exhibited relatively better 
structural, morphological, and optical properties and was also 
shown to be a promising candidate for optical applications.
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