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CuS nanoparticles with engineered optical band gap that varies with substrate temperature were pre-
pared by spray-pyrolysis technique. Structural, morphological, and optical characterization of the as-
synthesized CuS nanoparticles was done through X-ray diffraction, field-emission scanning electron
microscopy, Raman spectroscopy, photoluminescence spectroscopy, and ultraviolet–visible spectroscopy.
This work provides a convenient method of tuning of the band gap for particular applications. We tuned
the band gap of the as-synthesized CuS nanoparticles to fall within the wavelength range of 325–350 nm.
We propose their use as light harvesting antenna in artificial photosynthesis.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Copper sulfide (CuS) is wide-band-gap p-type semiconductor
material with modern applications ranging from industrial to
biomedical [1]. CuS nanoparticles have attracted increasing at-
tention because of their various applications such those in as
photothermal therapy [2], sensors [3], solar cells [4], catalysts [5],
and hydrogel systems [6].

Artificial photosynthesis can provide a solution for reducing
carbon dioxide (CO2) into solar fuels. In the near future, this en-
deavor will be of great interest. Singh et al. reported the artificial
photosynthesis by a novel composite photocatalyst based on TiO2

and copper indium sulfide nanocrystals. These nanoparticles very
high efficiency in using ultraviolet radiation in concentrated sun-
light to convert fuels (4.3%) compared with that of platinum-
doped TiO2 nanoparticles (2.1%) [7]. Wendell et al. used a cell-free,
artificial photosynthetic platform, which couples the requisite
enzymes of the Calvin cycle with a nanoscale photopho-
sphorylation system. This work reported significant efficiencies for
chemical conversion, specifically, in carbon fixation and sugar
synthesis using chemical energy [8]. Motivated by this work, we
attempted to use CuS nanoparticles in light harvesting antenna in
artificial photosynthesis.

Bulk CuS with hexagonal wurtzite structure has a direct band
gap of �2.5 eV [9]. Many studies have shown that the optical
absorption CuS nanoparticles falls within a wide range (350–
800 nm). Saranya et al. synthesized CuS nanoparticles by the
de).
hydrothermal route and analyzed their optical properties. They
engineered the band gap of CuS to cover the range of 1.641–
1.653 eV [10].

The literature on materials science described many approach to
the synthesis of CuS nanostructures. Mathew et al. reported the
synthesis of CuS nanoparticles through the photochemical meth-
od. They established the correlation between the amount of par-
ticles and the time of irradiation [11]. Krishnamoorthy et al. de-
monstrated the synthesis of CuS nanoparticles for supercapacitor
applications through a one-pot hydrothermal approach [12]. Liu
et al. synthesized cysteine-coated CuS nanoparticles with high
photothermal conversion efficiency for cancer therapy. Their na-
noparticles have photothermal conversion efficiency of �38.0%,
which is much higher than that reported in the literature [13].
Raevskaya et al. synthesized nanosized colloidal CuS particles by
using indirect synthesis of CuS from CdS nanoparticles. The par-
ticles exhibit the quantum confinement effect, and their band gap
is dependent on particles size [14].

Drawing from the research of Raevskaya et al. on band-gap
reduction, we studied the band-gap engineering of CuS nano-
particles by using spray-pyrolysis technique at various tempera-
tures. Band-gap engineering of nanoparticles has wide-ranging
applications in fabrication of building blocks for various optoe-
lectronic devices [15,16]. In the present work, we uased CuS na-
noparticles in light-harvesting antenna in artificial photosynthesis.

Nanostructures in artificial photosynthesis enable fundamental
processes that occurs in natural photosynthesis, one of which is
light harvesting. Synthesis of such nanoparticles has only recently
been possible because breakthroughs in nanotechnology. There-
fore, we prepared nanoparticles that absorb in the ultraviolet-A
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region. The band gap of our nanoparticles could be tuned to within
the range of 325–350 nm.
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Fig. 1. XRD pattern of CuS nanoparticles deposited at various substrate
temperatures.
2. Experimental

2.1. Sample preparation

The CuS nanoparticles were synthesized by flame-assisted
spray pyrolysis technique. Reagents used in this work, such as Cu
(NO3)2 �3H2O and Na2S, were of analytical grade. They were pur-
chased from the commercial market and used without further
purification. In the synthesis of CuS nanoparticles, 1 M solutions of
Cu(NO3)2 �3H2O and Na2S in distilled water of resistivity near to
20 MΩ cm were prepared separately. The prepared solutions were
mixed rapidly by magnetic stirring for 30 min at room tempera-
ture. Subsequently, the final solution was placed in an ultrasonic
homogenizer for 2 h. This solution was then loaded in a spray-
pyrolysis chamber. Specifications of the spray-pyrolysis setup are
described in a previous report [17]. In the present work, CuS na-
noparticles were collected on chemically cleaned SiO2 substrate. It
is well known that the band gap is directly related to the average
crystallite size and that the average crystallite size is temperature-
sensitive. With these considerations in mind, we prepared the
samples by varying the substrate temperature from 150–300 °C at
50 °C intervals. The heating platform in the spray-pyrolysis setup
was used to maintain the temperature during spray-coating of
substrates for 2 h.

2.2. Characterization

The structure and phase purity of CuS nanoparticles were ex-
amined by X-ray diffraction (XRD) analysis using Cu Kα radiation
(Rigaku Miniflex-II; λ¼1.5406 Ǻ). The surface morphology was
investigated by field-emission scanning electron microscopy (FE-
SEM) using JEOL JSM-7500F. The optical properties of the as-syn-
thesized nanoparticles at room temperature were ascertained by
using a Lambda 850 ultraviolet–visible spectrophotometer of
(Perkin Elmer). Raman spectra of CuS nanoparticles were recorded
on a Bruker spectrometer (2 mW laser power, 523 nm wave-
length), and fluorescence spectra of samples was acquired on a
fluorescence spectrophotometer (Hitachi F-7000).
3. Results and discussion

3.1. XRD experiments

XRD was used to characterize the phase purity and crystallinity
of CuS nanoparticles synthesized by spray pyrolysis (results are
shown in Fig. 1). Diffraction peaks at 2θ values could be perfectly
indexed to the hexagonal phase of CuS with the corresponding cell
parameters (a¼3.7920 Å, b¼3.7920 Å, c¼16.3440 Å; P63/mmc
space group) [18,19]. Diffraction peaks in the pattern could be
exactly indexed to JCPDS Card No. 06-0464. The strong and sharp
diffraction peaks show that the degree of crystallization increased
with the processing temperature. The hypothesis for the me-
chanism of CuO formation from CuS nanoparticles at elevated
temperature was proposed by Mu et al. [20]. According to this
hypothesis, CuO forms by CuS oxidation. Therefore, some weak
peaks in our case at around (101) and (006) may be ascribed to
CuO formation on the CuS surface. The average crystallite size of
the as-synthesized CuS nanoparticles was computed from the XRD
pattern through the Debye–Scherrer equation [21], D¼(Kλ/β cos
θ), where D is average crystallite size (nm), K is a shape factor
(K¼0.89), λ is the wavelength of the X-ray source (1.540 Å), β is
the full width at half maximum, and θ is the diffraction peak angle.
The width of the Bragg peak results from both instrument- and
sample-dependent effects. To cancel these unwanted effects, ob-
taining the XRD pattern from the line broadening of a reference
material (silicon) is essential to compute instrumental broadening.
In this manner, instrument-corrected broadening (β) correspond-
ing to CuS nanoparticles may by estimated by using Eq. (1),

1measured rumental
2 2

int
2β β β= ( ) − ( ) ( )

The average crystallite size, which was calculated by nullifying
line broadening due to the equipment was in the range of 21.3–
37.5 nm.

3.2. FE-SEM

The morphology of the products was examined by FE-SEM. FE-
SEMmicrographs of the samples at various substrate temperatures
are shown in Fig. 2. The FE-SEM image of the obtained samples
consisted of particles with various sizes. Careful inspection of the
SEM images at constant magnification shows that the average
crystallite size increases with the increase in substrate tempera-
ture. This insignificant variation in average crystallite size may be
due to the heating process, which causes collision of particle,
which then combine with to form larger particles. Particles com-
bination is highly sensitive to the process temperature during the
synthesis [22,23]. In our case, it was difficult to distinguish the
direct effect of temperature on the average crystallite size possibly
because of the small interval of temperature and heating period.

3.3. Raman spectroscopy

The effect of temperature on lattice vibrations of CuS was
studied by Raman spectroscopy. The Raman spectrum of CuS na-
noparticles at 150–300 °C were obtained. Raman spectra of CuS
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Fig. 2. FE-SEM images of CuS nanoparticles deposited at varous temperatures: (a) 150, (b) 200, (c) 250, and (d) 300 °C.
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Fig. 3. Raman spectrum of CuS nanoparticles deposited at various substrate tem-
peratures. The dashed arrow is used to depicts the variations of the peak position.
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Fig. 4. Photoluminescence spectra of the CuS nanoparticles deposited at various
temperature: (a) 150, (b) 200, (c) 250, and (d) 300 °C.

K.R. Nemade, S.A. Waghuley / Materials Science in Semiconductor Processing 39 (2015) 781–785 783
nanoparticles deposited at various temperatures are depicted in
Fig. 3. A strong band at 472 cm�1 apparently originates from the
lattice vibration of CuS [24]. The phonon frequency linearly de-
creased with increasing temperature, which could be directly ob-
served by the shifting of characteristic peak of CuS toward lower
wavenumbers. This decrease may be attributed to the vibration
anharmonicity due to the effects of thermal expansion [25,26].
3.4. Photoluminescence (PL) measurement

The PL spectrum of CuS nanoparticles deposited at various
substrate temperatures under excitation at 380 nm is shown in
Fig. 4. The PL spectrum of nanoparticles exhibits strong emission
at �522 nm. This result differs from that of other studies on CuS
nanoparticle, which report that PL is sensitive to particle shape
[27]. In our case, CuS nanorystals acquired a nearly cubic shape.
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Fig. 5. UV–visible absorption spectra of CuS nanoparticles synthesized at substrate
temperatures pf (a) 150, (b) 200, (c) 250, and (d) 300 °C. Inset shows the variation
of band gap with substrate temperature.
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Fig. 6. Plausible application of the as-synthesized CuS nanoparticles as a light
harvesting antenna in a leaf for artificial photosynthesis.
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When the temperature increased from 150 to 300 °C, the full
width of the peak at half maximum increased slightly. This is at-
tributed to thermally active, phonon-assisted tunneling [28,29].

3.5. Optical band-gap measurement

Light harvesting requires absorption of ultraviolet A (UV-A)
(3.10–3.94 eV) wavelength in the range of 325–350 nm. To analyze
the optical properties of the as-synthesized CuS nanoparticles, the
optical absorption of the samples were in the wavelength range of
300–450 nm, as shown in Fig. 5. The absorption wavelength was
determined by extrapolating the line to the linear region of the
absorbance spectrum. The optical band gap of the sample was
estimated by using the energy–wavelength relation, Eg ¼ hc/λ,
where h is the Plank’s constant, c is the velocity of light and λ is
the wavelength determined from absorption tail.

Close observation of absorption spectra of the CuS nano-
particles directly shows that with increasing substrate tempera-
ture, absorption tail shifts toward longer wavelength (red shift).
The optical band gap of the as-synthesized materials redshifted,
whereas PL measurements blueshifted. This may be due to quan-
tum trapping and electron–phonon coupling in the atomic layers
of the surface. In this process, materials in the interior retain their
bulk nature. The extent of blue- and redshifting in the sample
depends on the tunable fraction of undercoordinated atoms on the
surface skin. Thus, the quantum confinement effect is present on
the surface that is superficial in nature[30].

The inset of Fig. 5 shows that the band gap of the samples in-
creased with the increase in substrate temperature. According to
the hyperbolic band model [31] and effective mass approximation
[32], the optical band gap and particles size are inversely related.
SEM results related to the average crystallite size are in good
agreement with those from UV–visible absorption spectroscopy.

In the present work, the absorption wavelength of as-synthe-
sized samples were found to be in the range of 325–350 nm,
which corresponds to the UV-A range (3.10–3.94 eV). This region
plays an important role in photosynthesis in plants. A possible
application of the as-synthesized CuS nanoparticles is described in
Fig. 6. The nanoparticles may be used as light-harvesting antenna
for energy transfer toward the photosensitizer [33].
4. Conclusions

In summary, we synthesized CuS nanoparticles by spray-pyr-
olysis technique. XRD analysis showed the phase and structural
purity of CuS nanoparticles. SEM indicated that the average crys-
tallite size is affected by substrate temperature. Similarly, PL and
Raman analysis showed that substrate temperature affects average
crystallite size and lattice vibration. The band gap of prepared
nanoparticles was found to be a function of substrate temperature.
CuS nanoparticles deposited at various substrate temperatures
exhibited absorption tail in the wavelength range of 325–350 nm.
Therefore, we propose the use of the prepared nanoparticles in the
light-harvesting antenna in artificial photosynthesis.
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