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Abstract We report the low temperature synthesis of
CdE (E =S, Se and Te) semiconductor nanoparticles
capped by anacardic acid, an environmentally benign nat-
urally occurring capping ligand. The cadmium chalcogen-
ide nanoparticles were synthesized by reacting the reduced
chalcogen powder with cadmium chloride to form the
corresponding bulk material which was then dispersed in
tri-n-octylphosphine (TOP) and thermolysed in anacardic
acid. The low temperature of the reaction and the use of a
naturally occurring oil solvent make this a relatively green
synthetic route. The optical properties of the anacardic-
acid-capped cadmium chalcogenide particles show evi-
dence of quantum confinement. The particles were char-
acterized by X-ray diffraction and electron microscopy
techniques.
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Background

The ability to fabricate structures at the nanoscale level has
advanced in the field of material science. Semiconducting
quantum dots have received much attention because of
their tunable properties [1-5]. There has been considerable
progress in the synthetic protocols, techniques and sample
analysis of these nanosized materials. Two broad approa-
ches have emerged to fabricate materials at this level: a
top-down approach which the size and dimensionality of
solid matter has gradually been reduced, and a bottom-up
approach in which quantum dots are viewed as enormously
large molecules [5, 6].

Cadmium chalcogenide (CdS, CdSe and CdTe)
nanomaterials present enormous industrial interest in
applications such as biomedical labeling reagents [7, 8],
photovoltaic and optoelectronic devices [9-12]. The unique
optical properties of these nanomaterials are dictated by
their structure, shape and size, and the possibilities for band
gap tailoring and tunable luminescence [2, 13, 14]. How-
ever, despite a remarkable amount of research, morpho-
logical control in semiconductor nanoparticle synthesis is
still quite difficult. For semiconductor nanoparticles, the
size- and shape-dependent optical properties of these
nanomaterials have been found to be directly reliant on the
resulting morphology [15].

To date many fabrication methods have been developed
to synthesize high quality cadmium chalcogenide nano-
particles [14, 16]. This has provided a great opportunity of
using these materials in ways that exploit their novel
properties in their various potential applications. The high
temperature thermolysis route is one of the pioneering
routes to cadmium chalcogenide nanoparticles. In this
method dimethyl cadmium was used as the cadmium
source [14] and tri-n-octylphosphine chalcogenide (TOPE)
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as the chalcogenide source at high reaction temperatures.
While much of the fundamental studies on these materials
was on materials synthesized using this route, it was
deemed not suitable for large scale production of nanom-
aterials due to the high reaction temperatures and the toxic
and pyrophoric nature of the metal alkyl. To avoid these
drawbacks, three alternative methods were developed.
Firstly, design of low temperature processing methods [17,
18], replacement of (CHj3),Cd as Cd-metal source by CdO
[16, 19] and other Cd metal salts [20, 21] and lastly, the use
of safe, cheaper, natural and more air stable coordinating
solvents [17, 22, 23] such as olive oil have produced stable
semiconductor nanoparticles.

Recently we reported the synthesis of lead chalcogenide
nanoparticles capped by anacardic acid, a naturally
occurring oil which is extracted from cashew nut shell
liquid (CNSL) [24]. We have used the same synthetic
procedure to synthesize cadmium chalcogenides (CdE)
capped by anacardic acid. The potential of the work lies in
using the greener solvent in the synthesis of cadmium
chalcogenide nanoparticles at a relatively low temperature.

Methods

All chemicals used were of analytical grade. Selenium
powder, tellurium powder, sulfur powder, sodium boro-
hydride (NaBH,), cadmium chloride, deionized water,
methanol, toluene and tri-n-octylphosphine (TOP) were
purchased from Sigma-Aldrich. The anacardic acid was
isolated from solvent extracted cashew nut shell liquid
(CNSL), using the method described by Paramashivappa
et al. [25] with slight modifications reported by Lucio et al.
[26].

The chalcogen powder was reduced to the corresponding
ion by adding 0.32 mmol of chalcogen powder to 20.0 mL
of deionized water in a three neck flask at room tempera-
ture. A 0.79 mmol solution of sodium borohydride was
added to the flask contents and the flask was purged with
nitrogen flow to create an inert atmosphere. The reduction
reaction was carried out for 2 h with continuous stirring and
with the flow of N, gas. A 0.32 mmol solution of the cad-
mium salt was added to the reduced ion solution and stirred
for 5 min, followed by the addition of excess methanol to
form the bulk CdE (E = S, Se and Te) which was isolated
by centrifugation and dispersed in 6.0 mL of TOP. The
resultant CAE-TOP mixture was then injected into 6.0 g of
anacardic acid, pre-heated to 140 °C. The reaction tem-
perature was kept for 2 h. The reaction contents were
cooled to room temperature, followed by the addition of
excess methanol to flocculate the nanoparticles. The ana-
cardic-acid-capped CdE nanoparticles were isolated after
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centrifugation. The resultant nanoparticles were dissolved
in toluene solvent for further characterization.

A Varian Cary 50 Conc UV-Visible spectrophotometer
and Perkin-Elmer LS 55 Luminescence spectrometer were
used to measure the absorption and photoluminescence
properties of the particles, respectively. The crystalline
phase was identified by X-ray diffraction (XRD), at a
scanning rate of 0.05 min~' in a 20 range from 20° to 80°,
using a Bruker AXS D8 diffractometer equipped with
nickel filtered Co Ko radiation (4 = 1.5418 10\) at 40 kV.
A JEOL 1010 TEM with an accelerating voltage of
100 kV, Megaview III camera, and Soft Imaging Systems
iTEM software was used to determine the morphology.
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Fig. 1 UV-Visible absorption spectra of anacardic acid capped
a CdS, b CdSe and ¢ CdTe nanoparticles synthesized at 140 °C
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Fig. 2 UV-Visible absorption spectra of anacardic-acid-capped
CdSe nanoparticles synthesized at 140 °C at different time intervals
ofa30min,b 1 hand c 2 h
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Fig. 3 Photoluminescence spectra of anacardic acid capped a CdS,
b CdSe and ¢ CdTe nanoparticles synthesized at 140 °C

HRTEM was done with a JEOL 2010 transmission elec-
tron microscope operated at an accelerating voltage of
200 kV.

Results and discussion

Optical properties by UV—-Vis and photoluminescence
analysis

Quantum size effects have been observed experimentally
for many nanocrystalline semiconductor nanoparticles
[27]. The absorption spectrum of a semiconductor nano-
particle provides an accessible and straight forward method
for the evaluation of quantum size effects. Figure 1 shows
the room temperature UV-Vis absorption spectra of the
anacardic-acid-capped CdS, CdSe and CdTe nanoparticles
thermolysed at 140 °C. The absorption band edge for the
anacardic-acid-capped CdS is observed at 505 nm
(2.46 eV), without any distinct excitonic features. The
CdSe spectrum shows three distinct resolved electronic
transitions, which could be assigned to the excitonic
absorption features of nanosized CdSe [28] as predicted
theoretically [29]. These transitions between any two
electronic levels are seen as discrete peaks in the optical
spectra, evidence of a quantum confined system [30].
Previous studies have also showed the same trend for CdSe

0.395 nm (111

Fig. 4 TEM images of anacardic acid capped a CdS, b CdSe and ¢ CdTe, and d HRTEM image of CdTe nanoparticles synthesized at 140 °C
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Fig. 5 Powder X-ray diffraction spectra of anacardic acid capped
a CdS, b CdSe and ¢ CdTe nanoparticles

nanoparticles thermolysed via the organometallic route
[31]. There is an excitonic shoulder at 547 nm, a distinct
excitonic peak at 450 nm and a band edge at 620 nm
(2.0 eV). The anacardic-acid-capped CdTe shows a band
edge at 720 nm (1.72 eV). All three samples show blue
shifts in the absorption band edges in relation to their bulk
band gaps implying the quantum confinement effect of
these particles.

Figure 2 shows the combined absorption spectra of the
30, 60 and 120 min samples of the anacardic-acid-capped
CdSe nanoparticles. There is no pronounced shift in the
band gap as the reaction time increases from 30 to 120 min
other than evolution of pronounced excitonic features
observed for the sample collected after 120 min. This result
revealed that the size of CdSe nanocrystals gradually
increased as reaction time prolonged, probably because of
the low temperature of reaction. The photoluminescence
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spectra of anacardic-acid-capped CdS, CdSe and CdTe
nanoparticles synthesized at 140 °C is shown in Fig. 3. For
CdSe, the emission peak (637 nm) is red shifted to that of
absorption maximum (620 nm) which can be attributed to a
combination of relaxation into shallow trap states and the
size distribution [32]. All three PL spectra justify highly
monodispersed samples and narrow emission line widths
indicating growth of nanoparticles with few electronic
defect sites as a result of the efficiency of anacardic acid to
electronically passivate the nanoparticles.

TEM and HRTEM analysis

The morphology of the cadmium chalcogenide nanoparti-
cles was studied by transmission electron microscopy
(TEM) and high resolution TEM. Figure 4a shows the
TEM image of the anacardic-acid-capped CdS nanoparti-
cles synthesized at 140 °C. The particles are anisotropic
ranging from oblate to elongated shaped particles with an
average size of 14.02 + 2.4 nm. The CdSe nanoparticles
and CdTe nanoparticles show similar morphology to that of
CdS. The CdSe particles are slightly more elongated than
the CdS particles, with an average length of
28.26 + 3.8 nm and width of 8.3 £ 1.3 nm (Fig. 4b). The
CdTe particles (Fig. 4c) were more oblate in shape with an
average size of 14.90 & 2.23 nm. The HRTEM image
(Fig. 4d) of a single particle shows distinct lattice fringes
with the interplanar distance of 3.83 A, corresponding to
the (111) plane of cubic CdTe. The assembly of all the
anacardic-acid-capped CdS, CdSe and CdTe nanoparticles
is in a well ordered, mosaic-type arrangement of particles
(Fig. 4). There is almost an equal inter-particle distance of
approximately 3 nm for the CdS, CdSe and CdTe particles
as observed from the TEM images.

XRD analysis

Figure 5a shows the powder X-ray diffraction pattern of
the anacardic-acid-capped CdS nanoparticles. The XRD
pattern shows the presence of (100), (002), (101), (102),
(110) and (103) reflection planes of the hexagonal phase of
CdS. The average crystallite size was calculated to be
14.37 nm, using the Scherrer formula [33, 34] corroborat-
ing the size determined by TEM.

The X-ray diffraction peaks (Fig. 5b) of the as-synthe-
sized anacardic-acid-capped CdSe nanoparticles show
three distinct peaks at 20 values of 25.48°, 42.34° and
50.10° corresponding to the (111), (220) and (311) planes
of cubic CdSe, respectively. The high intensity of (111)
peak indicates that the elongated particles have a large
number of (111) planes thus making that peak the dominant
reflection in the first diffraction feature [35]. The anacar-
dic-acid-capped CdTe (Fig. 5c) also has a dominant cubic
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structure, which is also the dominant crystal phase of bulk
CdTe. The reflections are indexed to the (111), (220), and
(311) planes of the cubic CdTe [36]. The presence of the
(222), (400) and (311) planes further supports the existence
of cubic structure of CdTe.

Conclusions

Cadmium chalcogenide (CdE) nanoparticles have been
successfully synthesized using anacardic acid as a coordi-
nating solvent. The UV-Vis and PL studies confirmed that
the CdE nanoparticles undergo quantum confinement
effects. The TEM studies reveal a mosaic-like pattern for all
three samples. The results reveal that anacardic acid could
be an effective and potential capping agent in the synthesis
of metal chalcogenide nanoparticles. The method used an
inexpensive and non-toxic naturally occurring acid as a
capping agent which proved to be a good choice for high
quality, monodispersed nanoparticles.
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