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ABSTRACT: A rapid, sustainable, and ecologically sound approach is urgently needed
for the production of semiconductor nanomaterials. CuSe nanoparticles (NPs) were
synthesized via a microwave-assisted technique using CuCl2·2H2O and Na2SeO3 as the
starting materials. The role of the irradiation time was considered as the primary
concern to regulate the size and possibly the shape of the synthesized nanoparticles. A
range of characterization techniques was used to elucidate the structural and optical
properties of the fabricated nanoparticles, which included X-ray diffraction, energy-
dispersive X-ray spectroscopy (EDX), atomic force microscopy, field emission scanning
electron microscopy, Raman spectroscopy (Raman), UV−Visible diffuse reflectance
spectroscopy (DRS), and photoluminescence spectroscopy (PL). The mean crystallite
size of the CuSe hexagonal (Klockmannite) crystal structure increased from 21.35 to
99.85 nm with the increase in irradiation time. At the same time, the microstrain and
dislocation density decreased from 7.90 × 10−4 to 1.560 × 10−4 and 4.68 × 10−2 to 1.00
× 10−2 nm−2, respectively. Three Raman vibrational bands attributed to CuSe NPs have
been identified in the Raman spectrum. Irradiation time was also seen to play a critical role in the NP optical band gap during the
synthesis. The decrease in the optical band gap from 1.85 to 1.60 eV is attributed to the increase in the crystallite size when the
irradiation time was increased. At 400 nm excitation wavelength, a strong orange emission centered at 610 nm was observed from
the PL measurement. The PL intensity is found to increase with an increase in irradiation time, which is attributed to the
improvement in crystallinity at higher irradiation time. Therefore, the results obtained in this study could be of great benefit in the
field of photonics, solar cells, and optoelectronic applications.

■ INTRODUCTION

Controlling the size of nanoparticles (NPs) is an essential
element to tailor the nanoparticles for specific properties
required in applications such as microelectronics, renewable
energy, or medicines. In order to realize this, significant steps
have been taken to monitor nanoparticle sizes, shapes, and
dimensions during fabrication.1 Recent work has focused on
semiconductor nanoparticles owing to their remarkable
electronic and optical properties and their wide range of
applications, including single-electron transistors,2 light-emit-
ting diodes,3 electrochemical nano-sensors,4 and field-effect
thin-film transistors.5 Various forms of nanoparticles of
different sizes and compositions have been used for fabricating
and constructing sensors and biosensors. Thus, the size of the
nanoparticles has a significant role to play in electrochemical
sensing systems.6 Recently, considerable attention has been
given to the preparation and characterization of copper
selenide nanoparticles due to their unique properties and

potential applications in many fields of science and engineer-
ing.7 Copper selenide has many favorable features when
compared with other promising metal selenide semiconduc-
tors. It can exist in stoichiometric compositions such as CuSe,8

Cu2Se,
9 Cu3Se2,

10 CuSe2,
11 and Cu7Se

12 and non-stoichio-
metric compositions such as Cu2−xSe.

13 More so, the
composition exists in diverse crystal structures, such as
monoclinic,14 cubic,15 tetragonal,16 and hexagonal.17 Several
approaches have already been used for the synthesis of copper
selenides such as mechanical alloy,18 gamma irradiation,19

microwave,20 ultra-sonic synthesis,21 hydrothermal,22 sol−
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gel,23 solid-state,24 and chemical reaction solution phase.25 At
the moment, the central focus has turned to the microwave
technique to provide the necessary reaction energy required for
the synthesis of nanomaterials. This move is in part due to the
effective implementation of microwave irradiation in the fields
of materials science, nanotechnology, biomedical applications,
and organic and inorganic chemistry. Synthesis using micro-
wave irradiation has shown a significant improvement in purity,
size, and other properties in the product as compared to
traditional heating. Microwave irradiation acts directly upon
the mixture content, converting the electromagnetic energy
into heat through molecular interactions and thereby
generating uniform heat during the synthesis process.26,27

The basis for this study is that the conventional method for
the synthesis of nanomaterials is not sufficiently fast and
ecologically friendly to meet the growing needs for the
semiconductor nanomaterials.28 Scientists are under immense
pressure to develop novel methods that are both efficient and
do not generate large amounts of hazardous waste. The
utilization of water as the solvent in the chemical reaction
using microwave irradiation is an alternative. Microwave
irradiation has been effective in accelerating the reaction
time from days to minutes, which may be decisive to the rapid
fabrication of quality nanomaterials in the manufacturing
process. Besides, copper selenide preparation methods and size
or shape control are less versatile than those of other metal
selenides such as CdSe, ZnSe, and FeSe. Studies related to
their structural and optical properties are minimal, especially
using microwaves as the synthesis technique. Therefore, new
methods to prepare and monitor the size and shape of copper
selenide nanostructures that are fast and ecologically sound
need to be developed.29,30 To achieve this objective, the
chemical reaction to produce CuSe NPs is examined using the
microwave-assisted method. The amount of heat channeled to
the reaction is varied by changing the irradiation time of the
microwave to the solution. The size and shape of the NPs are
monitored in order to gather the information that could lead to
the design of manufacturing practices for CuSe NPs with
specific size and shape. An investigation into the relationship
between particle size and shape to the structural and optical
properties of the NP semiconductor is also undertaken.

■ RESULTS AND DISCUSSION
Reaction Mechanism. The mechanism for the reaction to

produce the CuSe NPs is described below31

→ ++ −Na SeO Na SeO2 3 3
2

(1)

· → + ++ −N H 2H O N H OH H O2 4 2 2 5 2 (2)

+ + → + +− + − −4SeO 5N H OH 4Se 13H O 5N3
2

2 5
2

2 2
(3)

→ ++ −CuCl Cu 2Cl2
2

(4)

+ →+ −Cu Se CuSe2 2 (5)

The SeO3− ion was obtained when sodium selenide was
added to deionized water and was reduced to the Se2− ion in
the presence of hydrazine hydrate. The Se2− ion will then react
with the Cu2+ ion to form the final product of CuSe NPs.
X-ray Diffraction. Figure 1 presents the X-ray diffraction

(XRD) patterns of copper selenide (CuSe) NPs synthesized at
different irradiation times. The phase purity and crystalline

structure are observed to be the same for all the synthesized
samples. All the XRD patterns show the formation of sharp
peaks of single-phase CuSe NPs with diffraction peaks at 2θ
values of 26.75, 28.20, 31.50, 45.47, 50.25, 56.85, and 71.20°
corresponding to the reflection planes of (011), (012), (006),
(110), (018), (116), and (028) respectively. These hkl
reflection planes are compatible with the CuSe hexagonal
(Klockmannite) structure, which corresponds to ICSD Data
File no: 98-004-5640.
It can be seen from the XRD patterns that the full width at

half maximum (fwhm) decreases with an increase in irradiation
time. The fwhm is closely related to the size of the crystallite of
the sample. The narrower the fwhm of the XRD peaks, the
larger the size of the crystallite, as illustrated by Sherrer’s
formula, as shown in eq 6

λ
β θ

=D
0.94

cos (6)

where λ is the wavelength of the X-ray used, β is the full width
at half maximum (fwhm) of a diffraction peak, and θ is Bragg’s
angle of reflection. Moreover, the microstrain (ε) and
dislocation density (δ) of all the samples were obtained
using eqs 7 and 8 given below

ε β θ= cos
4 (7)

and

δ =
D
1

2 (8)

The estimation of the mean crystallite size of nanostructured
materials is usually performed using the famous Debye Scherer
formula, which uses the fwhm of the XRD peaks. However, the
accuracy of this method is limited when dealing with
nanocrystalline materials owing to their considerable peak
broadening due to their nanometer size. In many instances, the
XRD peak broadening is not only influenced by the
nanocrystalline nature of the sample but also affected by the
intrinsic strain associated with the as-synthesized sample
induced by the crystal imperfections including the point

Figure 1. XRD patterns of as-synthesized CuSe NPs at different
irradiation times: (a) 10, (b) 15, (c) 20, (d) 25, and (e) 30 min.
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defect, grain boundary, triple junction, and stacking faults in
the nanocrystals. For this reason, the Williamson−Hall method
was employed to estimate the average crystallite size of all the
samples.32,33 The Williamson−Hall method takes into
consideration the width of the diffraction peak as a function
of the diffraction angle 2θ. It assumes that the broadening of
XRD peaks originates from the small crystallite size and
microstrain.34 The Williamson−Hall equation is given as

β θ λ ε θ= +k
D

cos 4 sinhkl (9)

where λ is the wavelength of the X-ray used, k is a constant
referred to as a shape factor and usually taken as 0.94, βhkl is
the full width at half maximum of the diffraction peaks, θ is
Bragg’s angle of reflection, D is the average crystallite size, and
ε is the intrinsic strain due to crystal imperfection associated
with the as-synthesized nanoparticle.
Hence, by plotting a graph of βhklcos θ against 4 sin θ for all

diffraction planes of CuSe NPs, the crystallite size and the
intrinsic strain are obtained from the intercept and the slope of
the linearly fitted data, respectively. Figure 2 depicts the
Williamson−Hall plots of CuSe NPs synthesized at different

Figure 2. Williamson−Hall plots of CuSe NPs at different irradiation times: (a) 10, (b) 15, (c) 20, (d) 25, and (e) 30 min.
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irradiation times. As displayed in Table 1, the mean crystallite
size estimated using Scherer’s formula are found to increase
from 19.20 to 102.40 nm, whereas the microstrain and
dislocation density were found to decrease from 8.22 × 10−3 to
2.09 × 10−3 and 2.71 × 10−3 to 9.0 × 10−4, respectively.
However, using the Williamson−Hall method, the average
crystallite size is found to increase from 21.35 to 99.85 nm,
while the microstrain and dislocation density are found to
decrease from 7.90 × 10−4 to 1.56 × 10−4 and 2.20 × 10−3 to
1.00 × 10−4 nm−2, respectively. The mean crystallite sizes
estimated using both methods are more or less similar. This
implies that the technique used to synthesize the NPs produces
a small amount of strain in the product which influences the
crystallite size.
Field Emission Scanning Electron Microscopy. Figure

3a presents the field emission scanning electron microscopy
(FESEM) images of the as-prepared CuSe NPs synthesized at
different irradiation times. The morphology of the as-
synthesized CuSe NPs exhibits irregular-shaped particles,
which are not evenly distributed. The average particle size is
observed to increase with the increase in irradiation time. The
mean particle size (Figure 3b) at various irradiation times is
found to be 24.18 ± 0.85, 33.80 ± 0.52, 35.42 ± 0.95, 77.23 ±
0.33, and 110.05 ± 0.30 nm corresponding to 10, 15, 20, 25,
and 30 min irradiation time, respectively. This finding clearly
shows that longer irradiation time has an impact on Ostwald’s
ripening process due to its influence on interfacial energy,
growth rate coefficients, and solubility that can increase
particle size.35 The finding is in good agreement with XRD
and AFM results. This observation establishes the role of
irradiation time in the synthesis process of the particle size of
the CuSe NPs.
Atomic Force Microscopy. Figure 4a exhibits the atomic

force microscopy (AFM) images of CuSe NPs synthesized at
different irradiation times. Using the UTHSCA image tool, the
mean particle size and size distribution of the as-prepared
CuSe NPs were evaluated. The mean particle size is found to
increase with the increase in irradiation time, as evidently seen
from Figure 4b. The average particle size was found to be
21.15 ± 0.21, 30.71 ± 0.15, 32.67 ± 0.35, 74.16 ± 0.92, and
104.89 ± 0.66 nm corresponding to 10, 15, 20 25, and 30 min
irradiation time, respectively. The increase in particle size with
increasing irradiation time is due to the fact that smaller
particles fused into larger ones at higher irradiation times. The
formation of CuSe NPs at different microwave irradiation
times is owing to the following processes. When the mixture of
the precursor’s solution is exposed to microwave irradiation,
the nucleation processes and growth rate of smaller particles
are promoted. The particle size of CuSe NPs increases owing
to the Ostwald ripening process over a longer irradiation time.
Additionally, the interaction of an electromagnetic field with
smaller particles will dissolve and/or deposit smaller particles

over the larger ones, which eventually leads to the formation of
bigger particles at higher irradiation time.36 This observation
illustrates that varying the microwave irradiation time has an
important role in the nucleation process and crystal growth
rate, and thus, the average particle size of CuSe NPs was
synthesized via a microwave-assisted synthesis method.

Energy-Dispersive X-ray Spectroscopy. Figure 5
presents the energy-dispersive X-ray spectroscopy (EDX)
spectrum of the as-synthesized CuSe NPs after being irradiated
for 20 min. This X-ray-based analysis yields an accurate
account of the elemental composition of the NPs and thus its
phase purity. Only peaks assigned to Cu and Se are observed in
the synthesized CuSe NPs. The absence of any other peak
belonging to other elements in the EDX spectrum indicates
that single-phase CuSe NPs have been obtained, which
reaffirms the finding of XRD results. Table 2 gives the
corresponding atomic weight percentage of the Cu/Se molar
ratio of CuSe NPs, which is equivalent to the stoichiometric
molar ratio of 1:1 Cu/Se.

Raman Spectroscopy. Raman spectroscopy (RS) inves-
tigates the chemical structure of a material by probing the light
scattered by the material using a laser.37 Figure 6 shows the
Raman spectrum at the wavelength range of 50−1000 nm of
as-synthesized CuSe NPs at 20 min irradiation time (20 min).
It is shown that the spectrum consisted of three peaks located
at 185.7, 260.2, and 510 cm−1. The most intense peak in the
spectrum situated at 260 cm−1 can be assigned to the first
longitudinal optic (LO) phonon mode of Cu−Se vibrations.
The two other much weaker peaks situated at 185.7 and 510
cm−1 are identified as the transverse optic (TO) and second
longitudinal optic (2LO) of the as-synthesized CuSe NPs,
respectively.38 Previous work has observed that the overtones
are typically located at frequencies that are double or triple the
frequency of the principal peak.9 Thus, the Raman spectros-
copy result is consistent with the previous finding as the first
longitudinal overtone (LO) peak for as-synthesized CuSe NPs
is detected at nearly two times the frequency of the principal
peak.

UV−Visible Diffuse Reflectance Spectroscopy. A room
temperature diffuse reflectance spectroscopy (DRS) measure-
ment was conducted on CuSe NPs prepared via a microwave-
assisted technique. As-synthesized CuSe NPs show a broad
absorption spectrum in the wavelength ranging from 400 to
1000 nm, as depicted in Figure 7. The reflectance values were
used to determine the absorption coefficient using the well-
known Kubelka−Munk formula as shown in eq 10.

α= =
−

∞
∞F R

s
R

R
( )

(1 )
2 (10)

where α is the absorption coefficient, s is the coefficient of
scattering, and F(R∞) is the Kubelka−Munk function.39 In
DRS, the Kubelka−Munk function can be used instead of

Table 1. Structural Properties of CuSe NPs at Different Irradiation Times

crystallite size (nm) micro-strain (ε) ×10−3 dislocation density (δ) ×10−3 (nm)−2

sample designation
(min)

Sherrer’s
method

Williamson−Hall
method

Sherrer’s
method

Williamson−Hall
method

Sherrer’s
method

Williamson−Hall
method

10 19.20 21.35 8.22 7.90 2.71 2.20
15 28.40 31.41 5.83 4.11 1.24 1.01
20 30.30 33.83 5.51 4.92 1.09 0.87
25 73.10 72.03 2.68 2.97 0.18 0.19
30 102.40 99.85 2.09 1.56 0.09 0.10
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absorbance A to determine the optical absorption edge
energy.40 It is shown that the plot of [F(R∞)E]

1/n versus E is
linear near the edge for a direct transition (n = 1/2). The

optical band gap for each sample at different irradiation times
is determined using the reflectance spectrum values and using
the Kubelka−Munk eq 11

Figure 3. (a) FESEM images and (b) size distribution histograms of CuSe NPs at different irradiation times.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00148
ACS Omega 2021, 6, 10698−10708

10702

https://pubs.acs.org/doi/10.1021/acsomega.1c00148?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00148?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00148?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00148?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00148?rel=cite-as&ref=PDF&jav=VoR


[ ] = −∞F R hv A hv E( ) ) ( )2
g (11) where hv is the incident photon energy and A is the constant

based on the diffuse reflectance R∞ and transition probability.
The diffuse reflectance R∞ is obtained from R∞ = RSample/

Figure 4. (a) AFM images and (b) size distribution histograms of CuSe NPs at different irradiation times.
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RStandard.
41 The plot of [F(R∞)hv]

2 versus hv is shown in Figure
8. To determine the optical band gap of the as-prepared CuSe
NPs, straight lines are drawn and extended to intersect the hv
axis as shown in the plots.
It can be seen from Figure 8 that the optical band gap

decreases with the increase in irradiation time. The optical
band gap is found to decrease from 1.85 to 1.60 eV with the
increase in irradiation time, as shown in Table 3. The decrease
in the optical band gap with the increase in irradiation time is
related to the increase in the particle size of the as-prepared
CuSe NPs. The smaller the particle size, the larger the optical
band gap due to the quantum confinement effect. These results
show clearly that at longer irradiation time, more particles fuse
together and form larger particles due to the Ostwald ripening
process. The experimental values of the optical band gap are
consistent with those obtained from the previous studies.42

Photoluminescence Spectroscopy. Figure 9 shows the
room temperature photoluminescence spectroscopy (PL)
spectra excited at 400 nm wavelength of CuSe NPs synthesized
at different irradiation times via the microwave-assisted
method. All the CuSe NP samples have similar PL spectra
consisting of two peaks at 525 and 610 nm. The relatively weak
green emission observed at 525 nm indicates the existence of
intrinsic point defects such as copper vacancies, interstitials,
and antisites usually found at the surface of the CuSe NPs. A
sharp orange emission observed at 610 nm is attributed to the
relaxation of electrons from the conduction band to the
valence band of the as-synthesized CuSe NPs. In addition, it is
worthy to note that the PL intensity increases as the irradiation
time increases, which correlates to the results from the XRD
measurement on the enhancement of crystallinity. The optical
band gap obtained from the PL spectra is found to be 2.03 eV,
which is higher than the value determined from DRS. The
higher value of the band gap in the PL measurement could be
due to the anti-stoke shifting in CuSe NPs. When a suitable
excitation wavelength is used to illuminate a NP, its optical
properties can either be detected through elastic (Rayleigh)
scattering, where the photons have the energy same as that of
the light, or it can be characterized in an inelastic manner,
where the photons detected have gained or lost energy to the
NPs. If emitted photons are blue-shifted (higher energy), it is
typically referred to as anti-stoke shifting, whereas if the
photons are red-shifted (lower energy), it is normally referred
to as stoke shifting.43

■ CONCLUSIONS
CuSe NPs were successfully synthesized via the microwave-
assisted method at different irradiation times. Examination of
the XRD patterns shows that the CuSe NPs possess a
hexagonal (Klockmannite) crystal structure, while longer
irradiation times have led to bigger crystallite sizes. Results
from XRD also showed a decrease in the strain and dislocation
density in conjunction with the enhancement of the
crystallinity of CuSe NPs as the irradiation time increased.
This outcome was also corroborated by EDX. Analysis from
FESEM and AFM found that the particle grew when the
irradiation time was extended with the typical size increasing
from 21.15 to 104.89 nm. DRS investigation found that the
optical band gap declined from 1.85 to 1.60 eV with longer

Figure 5. EDX spectrum of as-synthesized CuSe NPs at 20 min
irradiation time.

Table 2. Atomic Weight Percentage of Cu/Se from EDX

element weight % atomic %

Cu 46.57 51.99
Se 51.58 48.42
total 100 100

Figure 6. Raman spectrum of as-synthesized CuSe NPs at 20 min
irradiation time.

Figure 7. Optical absorption spectra of CuSe NPs at different
irradiation times.
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irradiation time. The PL maximum emission of CuSe NPs is
centered at 610 nm at 400 nm excitation wavelength, giving an
optical band gap value of 2.03 eV. Raman vibrational modes of
CuSe NPs were detected at 185.7, 260.2, and 510.0 cm−1

corresponding to the transverse optic (TO), first longitudinal
overtone (LO), and second longitudinal overtone (2LO),

respectively, of the CuSe NPs. Therefore, the present study
illustrates that the irradiation time plays a critical role in
shaping the structural and optical characteristics of CuSe NPs
synthesized via the microwave-assisted method.

■ MATERIALS AND METHODS
Materials. The raw materials used in this work are sodium

selenide (Na2SeO3, purity ≥99% Sigma-Aldrich), hydrazine
hydrate (N2H4·H2O, purity ≥80% Sigma-Aldrich), and copper
(II) chloride 2-hydrate (CuCl2·2H2O, purity ≥99% HmBG
chemicals). All chemicals were of analytical grade and used
without any purification or treatment. Deionized water was
used as a solvent.

Experimental Method. The microwave-assisted fabrica-
tion of copper selenide nanoparticles (NPs) proceeded as
follows: first, a solution of 1.8 mmol (0.3069 ± 0.0002 g)
CuCl2·2H2O dissolved in 50 mL of deionized water was mixed

Figure 8. Energy band gap of CuSe NPs at different irradiation times: (a) 10, (b) 15, (c) 20, (d) 25, and (e) 30 min.

Table 3. Particle Size and Their Respective Optical Band
Gap of CuSe NPs at Different Irradiation Times

sample designation
(min)

particle size (AFM)
(nm) optical band gap (eV)

10 21.15 1.85
15 30.71 1.80
20 32.67 1.75
25 74.16 1.66
30 104.89 1.60
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with a solution containing 2 mmol Na2SeO3 (0.3457 ± 0.0002
g) and 3 mL of hydrazine hydrate that were dissolved in 50 mL
of deionized water. This resulted in a brown mixture, which
was stirred for 5 min at 500 rpm to obtain a homogenous
solution. The mixture was then transferred to a microwave
oven (Electrolux Microwave Oven ELE-EMM 2001S, 700W)
and was irradiated for a specific irradiation time at 380 W
microwave power. After the mixture has cooled down to room
temperature, it was sonicated for 5 min and centrifuged at 300
rpm several times, first with deionized water and followed with
ethanol. The product of the reaction was dried in an oven for
24 h at 60 °C. To determine the role of the irradiation time in
the attributes of the synthesized CuSe NPs, the experiment was
repeated for the following irradiation times: 10, 15, 20, 25, and
30 min. Figure 10 shows the synthesis process of the CuSe
NPs schematically.
Sample Characterization. Study on the phase formation

and crystal structure was done by examining the powder X-ray
diffraction (PXRD) patterns obtained via an X-ray diffrac-
tometer (X’pert Pro, Panalytical) with CuKα radiation (λ =
0.154187 nm). The XRD patterns were measured in the 2θ
range of 20−80° and analyzed using X’pert HighScore Plus
software. Images of the surfaces of the as-prepared samples
were acquired using AFM (Bruker Dimension Edge) with the
ScanAsyst peak force tapping mode. The morphology of the
as-prepared samples was characterized using a field emission
scanning electron microscope (FEI Nova SEM 230) at an
accelerating voltage of 10.0 kV and a working distance of 5.2

nm. Elemental analysis of the semiconductor NPs was
determined using an EDX spectrometer (7353, Oxford
Instruments), while the chemical structure was characterized
using Raman spectroscopy (Alpha 300R laser Raman
spectrophotometer) measured at 50−1000 cm−1. The optical
absorption spectra of the NPs were measured between 400 and
800 nm using a Shimadzu UV−Vis−NIR diffuse reflectance
spectrophotometer (Shimadzu-UV3600). The photolumines-
cence of the NPs was recorded at wavelengths ranging from
500 to 700 nm on a fluoromax3 spectrophotometer (Perkin
Elmer LS55) using an excitation wavelength of 400 nm.
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Figure 10. Schematic illustration of the synthesis procedure.
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