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ABSTRACT

Available online 26 November 2012

PbE (E=S, Se and Te) nanoparticles stabilized by anacardic acid in the shape of spheres
and cubes have been synthesized employing a simple solution based thermolysis route at

Keywords: . -

PbE nanoparticles moderate reaction temperatures. The route adheres to some of the principles of ‘green’
Pb source chemistry since a naturally occurring capping ligand, anacardic acid, is employed at a
TEM relatively low temperature. The lead sources were varied to study their effect on the

Anacardic acid

morphology of the lead chalcogenide particles.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Lead chalcogenide nanoparticles have attracted inter-
est because of their use in applications such as lasers,
thermoelectric devices, light emitting diodes, biological
imaging and solar cells [1-6]. The large Bohr radii of PbE
(where E=S, Se, and Te) ensures that these materials
exhibit large strong quantum confinement. Synthesis
methodologies employing surface passivating agents such
as amines or thiols are commonly used to control the
particle sizes at the order of nanometers to achieve this
quantum confinement. Various routes have been devel-
oped for the synthesis of lead chalcogenide nanoparticles;
these include microwave irradiation [7], solvothermal
[8,9], chemical bath deposition [10] and hot injection
precursor route [11-17]. The latter route involves the
rapid injection of a lead salt and chalcogenide source into
co-ordinating solvents. Early work by the Scholes and the
Ozin groups demonstrated the use of capping groups such
as oleic acid and oleylamine, respectively [11,12] and
prepared PbS nanoparticles with diverse shapes by using
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a combination of surfactants. A related method employing
the use of single molecule precursors by the Cheon group
[18] and the O’Brien group [19-22] also showed that good
quality lead chalcogenide nanoparticles can be synthe-
sized by preparing precursors that incorporate all the
elemental constituents.

There have been recent reports of the use of green
solvents such as olive oil as a capping group for nanoma-
terials [22]. Ancardic acid is naturally occurring oil, which
can be extracted directly from crushed cashew nut shell.
The use of this acid as a solvent will lead to a more
environmentally benign method of synthesis. Our group
has recently developed a new hybrid solution based
thermolysis route to lead chalcogenide nanoparticles
[23-25]. The synthesis method involves the reduction of
sulfur, selenium or tellurium powder with sodium bor-
ohydride (NaBH,) to produce sulfide, selenide or telluride
ions, followed by the reaction with a lead salt. The as-
formed lead chalcogenide is then thermolysed in an
alkylamine to form the nanocrystalline material. Consid-
erable control of the reaction is possible when lead
carbonate is used as the salt and various shapes of
nanoparticles are obtained at different temperatures and
time. In this work, we have replaced the alkylamine with
anacardic acid, a major component of solvent extracted
from cashew nut shell liquid (CNSL). The thermolysis was
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carried out at 140-160 °C. To our knowledge this is the
first report of the use of anacardic acid as a capping group
for nanomaterials.

2. Experimental
2.1. Materials

All chemicals used were of analytical grade and of
highest purity available. Selenium powder, tellurium
powder, sulfur powder, sodium borohydride (NaBH,),
lead carbonate, lead chloride, deionized water, methanol,
toluene and tri-n-octylphosphine (TOP) were purchased
from Sigma-Aldrich. Cashew nut shells were collected
from Mtwara/Coastal region cashew nut processing fac-
tory, in Tanzania. The anacardic acid was isolated from
cashew nut shell liquid (CNSL) using the method
described by Paramashivappa et al. [26].

2.2. Solvent extraction of CNSL from cashew nut shells

Pre-treatment processes were carried out on the
cashew nut samples (Anacardium occidentale) prior to
extraction process to ensure a high degree of purity. The
processes include washing, drying and de-shelling as well
as pulverizing in order to create a better surface area for
the shell and solvent for easy removal of the CNSL. In this
method, solvents were used to extract the CNSL from the
shells of the cashew nuts [26]. The shells were soaked in
petroleum ether for 3 days. A brown oily product (CNSL)
was obtained when the solvent was removed from the
colored liquid under reduced pressure using a rotary
evaporator at about 40 °C,

2.3. Isolation of anacardic acid from CNSL

The isolation of anacardic acid from CNSL was carried
out using a procedure reported by Paramashivappa et al.
[26] with slight modifications reported by Lucio et al.
[27]. Anacardic acid was selectively isolated as calcium
anacardate. The isolation was carried out by dissolving
the extracted CNSL (50g) in 5% aqueous methanol
(300 mL) followed by addition of calcium hydroxide
(25 g) with stirring. Then the reaction was left at room
temperature for 24 h. Thereafter, the calcium anacardate
precipitates were vacuum-filtered and washed thor-
oughly with 5% aqueous methanol (200 mL). The calcium
anacardate cake was carefully transferred into a flask
containing a stirred mixture of 6.0 M HCl (200 mL) and
300 mL of ethyl acetate. The mixture was stirred for 1 h.
The organic layer was washed twice with distilled water

Se/Te /S powder o 9 Q
. PbCl,/PbCO; OOOO o
NaBH, ° o
PbE particles

E=SeorTeorS

(100 mL), dried over anhydrous sodium sulfate and con-
centrated under reduced pressure using a rotary evapora-
tor to yield anacardic acid (heterogeneous mixture of
monoene, diene, and triene).

2.4. Synthesis of PbE nanoparticles

In a typical room temperature reaction, selenium/tell-
urium/sulfur powder was reduced to selenide/telluride/
sulfide ion by adding 0.32 mmol of selenium/tellurium/
sulfur powder to 20.0 mL of HPLC grade water in a three
neck flask. A 0.79 mmol solution of sodium borohydride
(NaBH,4) 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 2h with
continuous stirring and with the flow of N, gas.
A 0.32 mmol solution of the lead salt was added to the
reduced selenide/telluride/sulfide ion solution and stirred
for 5 min, followed by the addition of excess methanol to
form the bulk PbE (E=Se, Te and S). The preformed bulk
PbE was isolated by centrifugation and dispersed in
6.0 mL of TOP. The resultant PbE-TOP mixture was then
injected into 6.0 g of anacardic acid pre-heated to 140 °C
or 160 °C. After injection a drop (20-30 °C) in the tem-
perature was observed. The temperature was then stabi-
lized at the injection temperature and the reaction was
allowed to proceed for 2 h. After cooling, excess methanol
was added to flocculate the nanoparticles. The flocculate
was separated from the supernatant by centrifugation and
the excess methanol was removed under vacuum to give
anacardic acid capped PbE nanoparticles. The resultant
particles were dissolved in toluene for further character-
ization. The reaction scheme is shown in Fig. 1. The as-
synthesized particles were characterized by X-ray diffraction,
TEM and HRTEM techniques.

2.5. Characterization

The crystalline phase was identified by X-ray diffrac-
tion (XRD), employing 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 Ka radia-
tion (1=1.5418 A) at 40 kV, 40 mA and room tempera-
ture. The morphologies and particle sizes of the samples
were characterized by a JEOL 1010 TEM with an accel-
erating voltage of 100 kV, Megaview IIl camera, and Soft
Imaging Systems iTEM software. The detail morphological
and structural features were investigated using HRTEM
images with a JEOL 2010 transmission electron micro-
scope operated at an accelerating voltage of 200 kV.

TOP-PbE particles

Anacardic acid
140 or 160°C

Anacardic acid capped-PbE

Fig. 1. Reaction scheme for the synthesis of anacardic acid capped PbE (E=S, Se or Te) nanoparticles.
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3. Results and discussion

Cashew nut shell liquid (CNSL),is an amber-colored
viscous oil obtained from the by-product of the cashew
nut shells by extraction process [26]. It is often considered
as a good, cheaper source of unsaturated phenols. The
anacardic acid has Cys side chain (R), which can be either
a saturated or unsaturated (monoene, diene or triene)
alkyl group (Fig. 2) [28]. The sodium salts of CNSL and
anacardic acid have been reported to possess anti vector-
ial activity [29]. Anacardic acids are also efficient enzyme
inhibitors [30]. Anacardic acid is cheap, relatively abun-
dant and chemically reactive, making it useful in many
industrial applications, and also acts as a good passivating
agent.

Anacardic acid capped PbS nanoparticles were synthe-
sized by reacting reduced sulfur with lead chloride to
form the bulk PbS. The isolated product was then dis-
persed in tri-octyphosphine and thermolysed in anarcar-
dic acid at 140°C. After cooling the particles were
precipitated by the addition of methanol, isolated and
redispersed in toluene. Fig. 3 shows the TEM image of
anarcardic acid capped PbS synthesized at 140 °C. The
particles are evenly distributed on the grid and have a
faceted shape with an average size of 9.85+2.70 nm.
The shape of the particles is very similar to the olive oil
capped PbS nanoparticles reported by O’Brien’s group [22].

(0}
OH =0 NN
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n=2
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n=6
R=C5H31.n

Fig. 2. Structure of anacardic acids [29].

Fig. 3. TEM image of anacardic acid capped PbS nanoparticles synthe-
sized at 140 °C.

The X-ray diffraction pattern shows broad peaks that can be
assigned to the (111), (200) and (220) planes of cubic PbS
(Fig. 6a). The estimated particle size using the Scherrer

Fig. 4. (a, b) TEM and (c) HRTEM images of anacardic acid capped PbSe
nanoparticles synthesized at 140 °C.
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equation is 11.67 nm [31]. This is in good agreement with
the TEM size measurements.

Anacardic acid capped PbSe nanoparticles were
synthesized by a similar method to that used for PbS
nanoparticles. An aqueous suspension of the lead salt was
added to the reduced selenide ion. The resultant bulk
PbSe was then thermolysed in anacardic acid at 140 °C.
The anacardic acid capped PbSe nanoparticles formed
were regular in shape. Predominantly spherical shaped
particles were formed and some of the particles were
joined together to form chain-like aggregate particles
which are visible in the TEM images (Fig. 4a and b). The
average particle size of the spheres was 13.25 + 3.35 nm.
The corresponding HRTEM image shows that the particles
are single crystals with observable distinct lattice fringes
(Fig. 4c). The lattice spacing of 3.22 A was estimated from
the HRTEM image which is assigned to the [200] plane of
PbSe. The HRTEM images also provide further evidence for
the fusion of particles. There are discontinuities in the
lattice fringes as shown by the arrows which suggest that
growth occurs via an oriented attachment mechanism.
There have been previous reports of PbSe nanowires
formed through the oriented attachment of nanocrystal
building blocks [32]. The X-ray diffraction pattern shows
peaks corresponding to the (111), (200) and (220) reflec-
tions of cubic PbSe (Fig. 6b). The estimated particle size
from the XRD analysis is 12.49 nm.

The reaction conditions for the synthesis of the ana-
cardic acid capped PbTe nanoparticles were similar to that
for PbSe, with selenium being replaced by tellurium. The
anacardic acid capped PbTe nanoparticles are regular
cubes shaped with an average size of 24.4 £ 4.10 nm as
shown in Fig. 5a-c. It has been previously reported that
lead chalcogenide nanoparticles undergo a shape evolu-
tion from spherical to cubic with increasing particle size
[18]. Our previous work on hexadecylamine (HDA)
capped PbTe yielded close to spherical and rod shaped
particles at reaction temperatures between 190 and
270 °C [23]. The growth rate on different facets of the
particles is dominated by the surface energy. The cubic
rock salt structure of PbTe possesses different surface
energies, allowing for particle growth to occur along
different facets. In this work the anacardic acid capping
group allows the [111] facet to grow faster than the lower
surface energy [100] face, favouring the formation of
cubes [33]. The cubic morphology is confirmed by the
HRTEM image (Fig. 5d) which shows a cube shaped
particle with distinct lattice fringes. The lattice spacing
of 3.23 A is assigned to the (200) cubic PbTe. The (111),
(200), (220) and (222) planes of cubic PbTe are visible in
the X-ray diffraction pattern (Fig. 6¢). There additional
peaks could be due to the unreacted lead carbonate. The
estimated particle size from the XRD analysis using the
Scherrer equation is 23.24 nm.

Fig. 5. (a-b—c) TEM and (d) HRTEM images of anacardic acid capped PbTe nanoparticles synthesized at 160 °C.
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Fig. 6. Powder X-ray diffraction spectra of anacardic acid capped (a) PbS, (b) PbSe and (c) PbTe nanoparticles.

4. Conclusions simple route at a moderate temperature. The PbS and
PbSe particles are close to spherical whereas the PbTe
We have synthesized anacardic acid capped lead particles are cubes. The X-ray diffraction and high resolu-

chalcogenide (PbS, PbSe and PbTe) nanoparticles using a tion studies of the materials show them to be crystalline.






