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Abstract

Herein, we successfully carried out the of CdS nanowires
doped with CdSO4 nanoparticles by arc discharge method.
For this, two cadmium rods with high purity as anode and
cathode electrodes were submerged in a liquid nitrogen
medium. The cathode electrode was filled with micro-sized
sulfur powder to synthesize CdS nanowires. CdS nanowires
were obtained by oxidation using low temperature with
CdSO4 nanoparticles. After the arc discharge process, the
resultant product was characterized to reveal structural and
morphological properties. XRD and electron EDX analyses
exposed the coexistence of the CdS and CdSO, phases.
Scanning electron microscopy (SEM) investigations
revealed that the synthesized nanostructures formed ina 1D
wire nanostructure morphology with a diameter of less than
10 nm and several micrometers in length. Besides, the
transmission electron microscopy (TEM) analysis was
utilized to monitor the CdSO4 nanoparticles located on CdS
nanowires surface. It has been found that the absorption
band blue-shifted with 0.53 eV. This blue shift originated
from the quantum confinement in the nanoparticles.
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1 Introduction

Metal-based nanostructures such as CdO, CdS, ZnS, and
ZnO have become a crucial area of interest in
nanotechnology due to their vital role in developing smart
devices and functional materials in recent years. The most
important physical properties of these materials were the
carrier's spatial confinement and the discrete density of
energy. These attractive physical properties enable tailoring
their roles in engineering applications such as photocatalysis,
luminescent materials, and light-emitting diodes (LEDs),
and solar cells [1]. Among these nanostructures, cadmium
sulfide (CdS) is considered a vital semiconductor with a
bandgap in the visible range of 2.5 eV [2]. It has been
reported that CdS nanostructures were sensitized into various
nanocrystalline morphologies such as nanotubes [2],
nanoparticles [3], nano-cluster [4], nanorods, and nano-
spheres [5]. Due to advances in nanotechnology, the
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Bu calismada, CdSO4 nanopartikiilleri ile doplanmig CdS
nanotellerinin sentezini ark desarj yontemi ile basariyla
gergeklestirdik. Bunun i¢in anot ve katot elektrotlar olarak
yiiksek saflikta iki kadmiyum ¢ubuk sivi nitrojen ortamina
daldirildi. Katot elektrotu, CdS nanotellerini sentezlemek
icin mikro boyutlu kiikiirt tozu ile doldurulmustur. CdS
nanotelleri diisiik sicaklikta oksitleme islemi ile CdSO4
nanoparc¢aciklar1 da elde edildi. Ark desarj isleminden
sonra, elde edilen {iriin yapisal ve morfolojik ozellikleri
ortaya ¢ikarmak icin karakterize edildi. X-Isimni Kirinim
(XRD) ve elektron dagilimi spektroskopi (EDS) analizleri,
CdS ve CdSO;, fazlarinin bir arada varligini agik¢a ortaya
koymustur. Taramali elektron mikroskobu (SEM)
incelemeleri, sentezlenmis nanoyapilarin 10 nm'den kiigiik
bir ¢apa ve birkag mikrometre uzunluga sahip bir 1B tel
nanoyap1 morfolojisinde olustugunu ortaya ¢ikardi. Ayrica,
gecirimli  elektron mikroskobu (TEM) analizi, CdS
nanotellerinin ylizeyinde bulunan CdSOq
nanopartikiillerini izlemek i¢in kullanildi. Absorpsiyon
bandimin maviye kaydigr 0.53 eV ile bulunmustur. Bu
maviye kayma, nanopartikiillerdeki kuantum
siirlamasindan kaynaklandi.

Anahtar kelimeler: CdS, Nanotel, Ark desarj,
Fotoliiminesans

importance of one-dimensional nanoparticles, such as
nanotubes, nanowires, and nanobelts, has increased in recent
years. At most, the discovery of the room temperature
excitonic laser emission in CdS nanowires at room
temperature by Anlian et al. [5] and Agarwal et al. [6] paves
the way to the laser sources with a low threshold. On the
other hand, a promising way to efficient energy harvesting
from solar light is the combination of nanomaterials
properties to enhance the UV light absorption from solar
light due to its broad bandgap (5.2 eV) and its relative facile
ability to be obtained 1D nanostructure [7]. On the other
hand, based on the synthesis method and process parameters,
phase transition of CdS might occur, leading to the formation
of CdO, CdSOy4, or complex CdO composites (CdOSO- and
CdOs), which is notably affected by temperature and
environment [8]. The presence of two or more phases
enables CdS nanostructures to be tuned electrical properties,
and in particular, to change their band gap. Furthermore,
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CdSOq is a well-known ionic crystal that has been used in
thermoluminescent phosphors, gas sensors, electrolytes, and
optical applications. As a result, producing self-assembled
nanostructured semiconductors with different morphologies
and complicated phase elements for further exploitation of
their underlying photoelectric capabilities appears to be quite
promising. In this work, we developed a facile synthesis
method of CdS-CdSO4 nanocomposites by a modified arc-
discharge technique submerged in liquid nitrogen medium.

Arc-discharge (AD) in the liquid environment has been
known as one of several methods to synthesize
nanomaterials such as WO3[9], CuO [10] and CdO [11]. AD
process submerged in a liquid medium has shifted an
efficient nanostructures production technique with various
vital benefits such as large-scale production, high efficiency,
and cost-effectiveness. This technique particularly needs a
dc power supply and an open vessel filled with a liquid
medium. Like all other well-known techniques, it requires no
vacuum environment, a high-temperature furnace, and
reacting gases [11]. In this process, an electrical arc-
discharge is formed between two highly pure crystalline
metallic electrodes. The formed arc plasma evaporates the
metal wires, and the evaporated matter is cooled in the liquid
medium to produce nanomaterials through a self-assembling
process.

In this study, we present the synthesis of CdS nanowires
doped with CdSO4 phase embedded on the nanowire surface
by AD process submerged in liquid nitrogen environment.
The resulting nanostructures were physically characterized
to reveal their structural, morphological and optical
properties.

2 Materials and methods

2.1 Synthesis of cadmium sulfide nanowires

Cd rods with diameters of 6 and 10 mm (99.99%) were
employed and purchased from Alfa Aesar as anode and
cathode electrodes. The chemical reactants have been of
analytical grade and utilized as received.

Lab-made arc-discharge equipment was employed, as
introduced in our previous works [12]. It consists of two
cadmium electrodes with high purity. A cadmium rod with a
10 mm diameter and 20 mm length was used as the cathode.
It was manufactured to have a smooth surface, wanted to
retain uniform arc-discharge throughout the process. Anode
electrode was machined from another cadmium rod with a 6
mm diameter and 60 mm in length. A 4 mm hole was
machined in the anode and loaded with high purity sulfur
powder. The arc current was provided (50 A, 20-30 V) by a
direct current power supply. The arc discharge was started
with the contact of electrodes. For a stable arc-discharge, the
gap was controlled by measuring the voltage during the
experiment. The products were transferred into de-ionized
water. Following the settling process, the particles separated
into two phases, one floating at the water's surface, the
second precipitate at the bottom. The floating product was
gathered on a silicon substrate and dried at 80 °C in the air,
subsequently [13].

2.2 Growth mechanism

The coalescence of nanostructures is the most critical
factor in the production of the CdS nanowires. During the arc
discharge, pulverization of the Cd anode and sulfur powder
occurred in the arc region, leading to the growth of nanoscale
CdS according to the following Equation 1;

Heat and current

Cd > Cd*? +2¢
S +2e Heat and current > g2 (1)
cd?+s? cds

The sharp temperature gradient from the arc zone to the
liquid nitrogen medium plays a vital role in producing
different nanoparticles with various morphologies [13]. In
the hot plasma region, the formation of the molecular CdS
may be more probable. These molecules are ejected from the
hot plasma zone to the liquid nitrogen medium. At this time,
these CdS molecules transfer their energy to the medium and
condensed to form CdS nanoparticles, which is the critical
process step for forming the nanowires. A similar
phenomenon has been observed by [10] for Cd(OH).
nanowires addressing the oriented attachment of
nanoparticles in nanowire morphology to reduced their total
surface energy [14]. The coalescence may start with one
particle acting as a seed for the nanowire's growth, as shown
in Figure 2c. This growth phenomenon suggests the
irreversible and perfectly aligned nanoparticles to form 1D
nanostructures [15]. The complete oxidation of bulk CdS
may have been achieved by according to following Equation
2;

CdS +20, _Q:flow*80°C _ cq4so, @)

As can be seen from Equation (2), the complete oxidizing
of the bulk CdS only occurs under O, flow at high
temperatures. However, the oxidation occurs even at low
temperature (80 °C) and inadequate oxygen amount due to
the comparatively smaller particle size and high mismatch
between the assembled particles in our case (Figure 2d). As
a result, these conditions may become favorable to the
CdSO. phase formation as the XRD pattern, and EDS
analysis confirms it. Also, the different contrasted regions in
Figure 2b may be attributed to the CdSO4 nanoparticles
embedded in the CdS nanowire.

2.3 Characterization

The obtained products were dispersed in alcohol
ultrasonically ~ for ~ morphological and  structural
examinations. X-ray diffraction (XRD) spectrum was
obtained on Shimadzu XRD-6000. The diffractometer was
performed at 0.15405 nm CuKa radiation. Scanning electron
microscopy (SEM) and  energy-dispersive  X-ray
spectrometry (EDS) analyses were carried out by
JEOL/JSM6335F-EDS  SEM.  Transmission electron
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microscopy (TEM) and selected area electron diffraction
(SAED) patterns were taken by a JEOL 2100 HRTEM at 300
kV. The optical properties were examined using an Ocean
Optics HR4000 UV-VIS-NIR spectrophotometer equipped
with xenon and deuterium lamps. The fluorescence
emissions were obtained with a Perkin Elmer LS 50 B
spectrometer with an optical way of 1 cm, at room
temperature, and 0.2 g/L concentration in ethanol solution.

3 Result and discussion

3.1 Morphology

Figure 1a shows a typical SEM image of CdS nanowires.
As seen, the obtained nanostructures are in the nanowire
form while they are in entangled form in bundles. The
nanowires have a regular diameter of 10 nm, and their length
is up to several micrometers. It is seen in Figure 1b that there
is no other morphology rather than the nanowire form, which
shows the effectiveness of the production technique to
synthesize uniform nanostructures [12].

; : 2

SEl  200kV X50,000 100nm WD 15.0mm SEl  200kV X50,000 100nm WD 150mm

Figure 1. SEM images of the as prepared nanocomposites
showing mean diameter around 10 nm of the obtained
nanowire with several micrometer in length (a)
Homogenous field and (b) Nanowire form in entangled
form in bundles.

S af ¥
Figure 2. TEM images of the nanocomposite (a) nanowire structures (b) high magnification of the corresponding
nanowire structures with embedded Q dots (diameter about 5 nm) (c) monitoring a nanowire with nanoparticles at
the tip, which may act as a seed (d) high resolution TEM image of a polycrystalline nanowire showing the well-
crystallized nanoparticles. The scale bars are 0.5 um, 20 nm, 20 nm and 5 nm for (a), (b), (c) and (d) respectively (e)
energy dispersive spectra of nanocomposite showing only the presence of oxygen, Cd and S with the atomic ratios
of elements.
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The TEM images of the nanocomposite are presented in
Figure 2. Figure 2a presents the nanowire morphology of the
resultant nanocomposite with a mean diameter of around 10
nm and several micrometers in length. This observation is in
good agreement with FE-SEM results. In Figure 2b, the high-
resolution TEM (HRTEM) image is presented. The image
exhibits the presence of small nanoparticles, with different
contrast embedded on the nanowire. This figure also reveals
a hexagonal-shaped nanostructure at the tip of the nanowire
with the same contrast. In particular, HRTEM image of the
tip of one nanowire presented in Figure 2c exhibits a nearly
hexagonal-shaped nanoparticle with the same diameter as the
nanowire. Similarly, the HRTEM image of a portion of the
nanowire (Figure 2d) shows the nanowire's polycrystalline
nature, with well-crystallized nanoparticles assembled with
different crystalline orientations. Similar observations have
been reported elsewhere [11] for the Cd(OH), nanowires,
where most of the nanoparticles coalesced and formed the
CdS nanowire. We confidently believe that the nanowire
morphology is not smooth due to this formation mechanism.
This observation may be useful in increasing the specific
surface of the obtained nanocomposite. Moreover, EDS
shows only the presence of oxygen, sulfur, and cadmium in
our samples in excellent agreement with XRD results, as
shown in Figure 2e. The carbon and copper peaks in the EDS
spectrum arise from the carbon coating and copper grid used
for TEM sample preparation.

3.2 Structural properties

The XRD pattern of the as-synthesized nanostructures is
illustrated in Figure 3. The XRD pattern reveals the presence
of CdS as a major phase due to the sharp peaks of hexagonal
wurtzite CdS (JCPDS 41-1049) structure with lattice
parameters as a=b=4.12 A and ¢=6.68 A. The diffraction
peaks at 26=24.95, 26.62, 28.36, 36.78, 43.85, 48.03, and
52.06 are attributed to (100), (002), (101), (102), (110), (103)
and (112) planes of hexagonal CdS nanostructures. In
addition, CdSO,4 (JCPDS 85-0673) nanostructures as a minor
phase are also identified with cell parameters as a= 4.71 A
and b = 6.55 A addressing the orthorhombic space group
Pn21m.

mCdS
J xCdsO,

Intensity (a.u.)
>

l,|,|. " |‘xT_
bl N,

Figure 3. XRD pattern of the prepared nanocomposite
presenting the coexistence of two phases; hexagonal CdS
and orthorhombic CdSO4

The diffraction peaks at 20=23.51, 30.38, 38.2 and 49.83 can
be indexed to (101), (111), (112) and (002) planes of CdSO4
nanostructures. However, it is apparent from figure that
CdSO. phase represents peak broadening compared to CdS
phase. This peak broadening indicates the nanometer scaled
grain size of the CdSO, phase, which indicates that the mean
grain size of the CdSO. phase is comparatively small.
According to the Scherer formula, the calculated mean
crystalline size is 2-10 nm. A probable formation of this
phase can be due to the diffusion of oxygen in the sulfur
vacancies sites of CdS matrix. The surface of CdS nanowires
possess rich vacancies due to the rapid synthesis process,
which causes a high internal stress in the lattice. Therefore,
after the CdS nanowire formation, CdSO. nanoparticles are
formed with the oxygen diffusion in the sulfur vacancies on
the surface of nanowires. At the same time, the relaxation of
the lattice is achieved.

3.3 Optical properties

Figure 4 presents the optical absorption spectra of CdS-
CdSO4 nanowires. Two characteristics are apparent from
this spectrum: discrete excitonic absorption broadband and a
shift of the excitonic absorption band towards a lower
wavelength than bulk CdS. The increase in absorption at
lower wavelengths is attributed to the electron-hole
photogeneration. Furthermore, the excitonic absorption is
evident, revealing a visible increase in bandgap energy. The
increment in the bandgap energy (~0.53 eV) can be related
to the reduction in nanowires' average diameter and CdSO,
nanoparticles existence as the second phase on the nanowire.
The theoretical explanation addressing the bandgap increase
based on quantum confinement is given by [16];

Eg~ Eqo + (W22/2d?) — (1.86%/cd) 3)

Ego is the energy gap for bulk material, i.e., 2.45eV, d is
the mean grain size, p is the exciton effective mass, and ¢ is
the dielectric constant. For CdS, p=0.18 m0, and & = 8.58.
This formulation can be employed to estimate the increase in
the bandgap energy when the grain size reaches the
nanowire's diameter. The estimation yields a value of 0.04
eV, notably different from the obtained value of 0.53 eV. The
estimated mean grain size giving the exact shift value was 6-
7 nm, which was closed to the measured value of the
nanoparticles' mean diameter. Based on these results, the
bandgap shift is governed by the absorption of the CdSO4
phase. However, substantial quantum confinement is
presumed to occur in CdSO4 nanoparticles with a grain size
of around 2.4 nm in the order of the exciton Bohr radius [16].
Additional impacts responsible for bandgap shift are strain,
crystallinity [17], and exciton longitudinal optical phonon
interaction [5].

The photoluminescence spectrum of the CdS-CdSO.
nanocomposite is given in Figure 5. As seen in the figure,
there is a robust and broad luminescence band around 2.2 eV,
which may be related to the defect emission in CdS. The
other band located 2.8 eV is assigned to the band-to-band
emission of CdS. The change in PL emissions can be
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explained with the crystal defects triggered by the CdSO4
nanoparticles existence as the second phase on the nanowire.

2

293eV

Absorption Intensity (a.u.)

Intensity (a.w.)

2 3 4
05 Photon Energy (eV)

200 300 400 500 600 700 800

Wavelength (nm)

Figure 4. UV-Visible absorption spectra of CdS-CdSQO4
nanocomposite presenting a broad band

The CdSO4 phase In comparison to the CdS sample, the
absorption edge of the CdSO4 phase shifts to a higher
wavelength [18]. Banerjee et al. [19] reported the size
induced phase transformation of CdS nanoparticles,
indicating that the deformation fault configuration is
responsible for the structural transition. This phenomenon
occurs by slipping one part of the crystal past another,
parallel to the close-packed basal planes of the hexagonal
unit cell of CdS.

Intensity (arb. units)

T T T T

30 28 26 24 22 20 18 16
Energy (eV)

Figure 5. Photoluminescence spectrum of the prepared
nanocomposite showing a broad luminescence band
around 2.2 eV related to defect emissions and band around
2.8 eV that is attributed to the band-to-band emission of
CdSs

4 Conclusions

In summary, CdS-CdSO, nanomaterials have been
synthesized by the arc discharge process followed by heating
at 80 °C in air. The bulk CdS nanowires transform to CdSO4
by oxidation under the suitable temperature and atmosphere.
The XRD pattern of CdS-CdSO4 nanomaterials confirm to
CdSO4 nanoparticles embedded in the CdS nanowire. CdS
nanowire shows the hexagonal crystal structure while CdSO4
nanoparticles present an orthorhombic crystal structure.
Also, the high magnification TEM revealed the embedded

CdSO. nanoparticles at the CdS nanowires surface. These
nanocomposites exhibit a substantial blue shift ~0.5 eV due
to nanoparticle absorption. This optical behavior may be due
to the UV absorption of nanoparticles and the nanowires
visible absorption. The synthesized nanocomposite is
suitable for optoelectronic device, sensors and photocatalysis
applications.
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