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Castor oil contains a range of fatty acids of which a high proportion is ricinoleic acid. We report the syntheses of
CdS and PbS nanoparticles by the thermal decomposition of ethyl xanthate complexes of cadmium and lead in
castor oil using the heat-up synthesis technique. The castor-oil capped CdS nanoparticles showed cubic zinc
blende and wurtzite crystal structures and displayed band gap range of 2.63-2.84 eV. The CdS formed near-
spherical clusters of nanocrystals with average particle size of 6.78 (+1.89) nm. The castor-oil capped PbS

nanoparticles showed a rocksalt crystal structure and displayed an average band gap of 0.85 eV. The PbS showed
variety of morphologies of nanostructured particles ranging from rods to belts. The average width and length of
the PbS nanobelts observed were 22.2 (+2.3) nm and 225.9 (£+23.3) nm respectively.

1. Introduction

Vegetable oils (VOs) have attracted attention as alternative green
coordinating solvents for nanoparticle synthesis due to their abundance
and low-toxicity. They consist of triacylglycerides of long chain aliphatic
fatty acids which are effective for tuning the size and morphology of
nanoparticles. Notable examples of VOs used as solvents for syntheses of
metal chalcogenide nanoparticles are olive oil, sunflower oil and castor
oil [1-3]. Castor oil is inedible and a monohydroxy lipid which contains
a high amount (90%) of ricinoleic acid (12-hydroxy-9-cis-octadecenoic
acid) (Fig. 1). These properties make castor oil an effective green solvent
for applications requiring highly stable and polar organic
solvent-nanoparticles colloidal dispersions (e.g. lubricants) [4]. How-
ever, castor oil is highly viscous due to the formation of hydrogen
bonding between the hydroxylated triglyceride molecules. This in-
creases the steric hindrance of the oil leading to the formation of weakly
bound dimers and trimmers of the original triglycerides, resulting in a
very high viscosity of 260.4 cSt at 40 °C [5].

The underlying difficulty in using VOs as solvents is their high vis-
cosity which makes them unattractive to the traditional hot-injection
technique due to the poor solubility of the precursors in VOs at room
temperature. Co-solvents are usually used in addition to VOs to reduce
the viscosity, especially in the hot injection method. In this approach,
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the dual or single source precursors are injected into a coordinating
solvent. Akhtar et al. [6] synthesized PbS nanoparticles by injecting a
solution of trimethylsilyl sulfide dissolved in a mixture of olive oil and
octadecene (4:1 v/v) into a hot solution of PbO dissolved in a mixture of
olive oil, oleic acid and octadecene (12.5:1:1 v/v). The octadecene was
added to reduce the viscosity of the olive oil in order to induce uniform
nucleation of nanoparticles whilst the oleic acid was to dissolve the PbO.
Employing a similar procedure, Nyamen et al. [7] produced CdS and PbS
nanoparticles by injecting a solution of heterocyclic dithiocarbamate
complexes of Cd and Pb in trioctylphosphine (TOP) into hot olive oil.
However, the heat-up method requires no injection and viscous liquids
such as VOs could be used without co-solvents.

The heat-up method has been applied for the syntheses of metal
oxide nanoparticles [8]. In this method, the reagents, including the
precursors and solvents required for synthesis are loaded into a three
necked flask at room temperature. The system is then degassed and
purged with inert gas for a period to remove residual water and oxygen
and then heated to the required temperature at a constant heating and
stirring rates. At this point, the system is allowed to react for an
appropriate length of time and then cooled to room temperature for
purification. Kim et al. [8] used this route to synthesize uniform sized
quantum confined iron oxide nanoparticles with sizes less than 4 nm.
They thermally decomposed the iron oleate complex at 250 °C (with
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Fig. 1. Chemical structures of triricinolein and ricinoleic acid (major tri-
acylglyceride and fatty acid in castor oil).

heating rate of 10 °C per minute) in oleyl alcohol for 30 min to form the
iron oxide nanoparticles. Apart from metal oxides, the route has been
attractive for the syntheses of metal chalcogenides nanoparticles. CdS,
CuyS, ZnSe, ternary (CupSnS3) and quaternary nanomaterials
(CulnZn,Ss. ) have also been reported [9-13].

The difference between the hot-injection and heat-up methods lies in
the procedure used to control the size and size distribution of the
nanoparticles. The hot-injection route involves two major steps in con-
trolling the distribution of nanoparticles, namely nucleation and crystal
growth according to the LaMer model [14,15]. The sudden induction of
burst nucleation due to high supersaturation introduced by the swift
injection of precursors in hot solvent helps to initiate homogeneous
nucleation leading to fairly uniform nanoparticles growth, thereby
effectively controlling the size distribution. Similarly, the heat-up
method also follows in two major steps which are the decomposition
of the precursor and growth of the nanoparticles. The nanoparticles size
distribution is controlled by the high energy barrier required for the
induction of homogeneous nucleation. The nucleation is delayed until a
large amount of monomers are accumulated by the decomposition of the
precursor to reach a high supersaturation level where burst nucleation
eventually evolves to initiate the nanoparticle growth stage. Thus, fac-
tors associated with size focusing such as no subsequent nucleation and
high supersaturation level are fulfilled for narrowing of the nanoparticle
size distribution [15].

Complexes of xanthates, thiobiurets, carbamates, thio-
semicarbazides, dithiobiureas, thioureas, dithiophosphinates and N,N'-
bis(thiocarbamoylhydrazines have been used as single source pre-
cursors (SSPs) for the syntheses of metal chalcogenide nanoparticles
[16-22]. The advantages of SSPs over multiple source precursors are
their low level of toxicity, ease of control of reaction stoichiometry and
simplicity of handling because of their air-stability [23-27]. Amongst
the various precursors, the xanthate complexes were used because of
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their clean decomposition at lower temperatures, as the by-products are
highly volatile [28-30]. Infact, in the presence of amine ligands, they
decompose easily even at room temperature [17]. Both CdS and PbS are
important technological materials and their synthesis using low cost
capping agents is highly desirable for their scalability for industrial
applications. Herein, we have used the heat-up method as a facile
technique for the syntheses of high quality CdS and PbS nanoparticles
using ethyl xanthate complexes in castor oil. Phase pure nanoparticles
were successfully prepared using cost effective capping agent i.e. castor
oil, with tunable optical properties.

2. Experimental
2.1. Materials

Cadmium(II) acetate dihydrate (98%, Acros Organics), lead(Il) ace-
tate trihydrate (99.5-102.0%, Sigma-Aldrich), potassium ethyl xan-
thogenate (96%, Sigma-Aldrich), castor oil (Sigma-Aldrich), acetone
(99% (GC), Honeywell, Riedel-de Haen), toluene (99.7% (GC), ACS re-
agent, Sigma-Aldrich) and methanol (99.8% (GC), ACS reagent, Sigma-
Aldrich) were used as received.

2.2. Synthesis of cadmium(Il) ethyl xanthate (1)

Cadmium(II) ethyl xanthate, [Cd(SaCOEt)2], was synthesized by
reacting potassium ethyl xanthogenate (60 mmol, 9.62 g) and cadmium
acetate dihydrate (30 mmol, 8.00 g) in water at room temperature. In
the synthesis, 100 ml of aqueous solution of cadmium acetate dihydrate
was added dropwise to 100 ml aqueous solution of potassium ethyl
xanthogenate. See reaction scheme in Fig. 2. The resultant mixture was
stirred for an hour to form water-insoluble precipitates of cadmium(II)
ethyl xanthate. The precipitates were vacuum filtered and then dried in
the fumehood overnight. The precipitates were further recrystallized in
acetone and characterized. [Cd(SyCOEt)s]: m.pt.: 165 °C, micro-
elemental analysis calc. (found) (%): C 20.31 (20.38), H 2.84 (2.72),
Cd 31.68 (31.16), S, 36.14 (36.02), significant IR (em™): 2969 v(C-H
stretch), 1430-1360 v(CHy and CH3 deformation), 1180-571 v(C=S,
C-0 and CHj rocking).

2.3. Synthesis of lead(I) ethyl xanthate (2)

Similarly lead(II) ethyl xanthate, [Pb(SoCOEt),], was prepared by
reacting lead acetate trihydrate (30 mmol, 11.38 g) and potassium ethyl
xanthogenate (60 mmol, 9.62 g) in water at room temperature. The
precipitates were filtered, dried, recrystallized in acetone and charac-
terized. [Pb(S3COEt)2]: m.pt.: 132 °C, micro-elemental analysis, Calc.
(found) (%): C 16.03 (16.19), H 2.24 (1.96), S 28.53 (28.44), Pb 46.10
(45.90). Significant IR (em™): 2969 (C-H stretch), 1430-1360 v(CH,
and CH3 deformation), 1180-571 v(C=S, C-O and CHj rocking).
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Fig. 2. Reaction scheme showing the synthesis of xanthate complexes (1) and (2).
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Fig. 3. Schematic diagram showing the syntheses of metal sulfides nanoparticles from ethyl xanthate complexes in castor oil.

2.4. Syntheses of CdS and PbS nanoparticles

The CdS and PbS nanoparticles were synthesized by the heat-up
method employed by Shen et al. [31] with some modification. In a
typical synthesis, 0.1 g of the precursor (0.282 mmol of [Cd(S3COEt),]
or 0.222 mmol of [Pb(S2COEt)5]) and 5.0 ml castor oil were loaded into
a three-necked flask at room temperature (Fig. 3). The system was then
purged by degassing and bubbling with nitrogen for an hour at 100 °C
with constant stirring (using a standard Schlenkline apparatus). The
temperature was then increased at a rate of 15 °C min™' and maintained
at the target temperature for 15 min to allow decomposition and growth
of nanoparticles. The reaction was quenched rapidly by cooling of the
flask in a room temperature water bath followed by the addition of room
temperature acetone when the reaction mixture reached 70 °C. The
nanoparticles were purified by washing with methanol: toluene (7:1
v/v) solvent mixture three times, centrifuged and the final product
dispersed in toluene for analyses.

The growth temperatures considered for CdS were 180, 200, 220,
240 and 280 °C and that of PbS was 140, 160, 180 and 200 °C. These
temperatures were chosen based on the different decomposition pat-
terns of the [Cd(S2COEt),] and [Pb(S3COEt)2] precursors. The effect of
time on nanoparticle growth was investigated by withdrawing aliquots
of samples from the reaction mixture at 5, 10, 15, 30 and 60 min and
analyzing them.

2.5. Characterization of complexes and nanoparticles

2.5.1. Xanthate complexes (1) and (2)

The melting points of the complexes (1) and (2) were determined
with Barnstead Electrothermal melting point apparatus. The CHNS
elemental analyses were measured using a PerkinElmer automated
model 2400 series II CHNS/O analyzer. The metal analyses were done
using ThermoiCap 6300 Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES). Thermogravimetric analyses (TGA) of the
complexes were carried out with a PerkinElmer Pyris 6TGA at heating
rate of 10 °Cmin under nitrogen gas and temperature range of
30-600 °C. The IR spectra (400-4000 cm™) of the complexes were
measured with a Bruker FT-IR tensor 27 spectrophotometer.

2.5.2. Castor-oil capped CdS and PbS nanoparticles

The absorption spectra of the castor-oil capped CdS nanoparticles
were obtained with a Varian Cary 50 UV-Visible spectrophotometer
using a 1 cm path length quartz cuvette and toluene as a blank solvent.
The near-infra red spectra of the castor-oil capped PbS nanoparticles
were obtained with PerkinElmer UV/VIS/NIR spectrophotometer.
Powder X-ray diffraction patterns were obtained with a Bruker AXS D8
diffractometer with nickel filtered Cu-Ka radiation (A = 1.5418 .ﬁo\, 40 kV,
40 mA, 26 range (10-80°), with scan speed of 0.6. Micrographs were
obtained using a JEOL 1010 Transmission Electron Microscope (TEM)
with accelerating voltage of 100 kV and equipped with Megaview III
camera and Soft Imaging Systems iTEM software. The TEM nanoparticle
sizes and size distribution were analyzed with imageJ/Fiji software
package. Philips XL-30 FEG Scanning Electron Microscope and Energy
Dispersive X-ray Spectroscope (SEM/EDXS) equipped with DX4 detector
was used to obtain the elemental composition of the nanoparticles. Prior
to SEM/EDXS analyses, the nanoparticles were deposited on glass slides
and coated using Edwards E306A coating system.
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Fig. 4. TGA curves of cadmium(II) ethyl xanthate (1) and lead(II) ethyl
xanthate (2) (at 30-600 °C under nitrogen, at heating rate of 10 °C min™D).

3. Results and discussion
3.1. Thermal analyses of complexes

The TGA curves of the ethyl xanthate complexes of cadmium (1) and
lead (2) from 30 to 600 °C at heating rate of 10 °Cmin’! under nitrogen
gas are shown in Fig. 4. The thermal analysis indicated a single step
decomposition with the loss of C3H50S® and S° moieties in both pre-
cursors. The expected residues from the decomposition process were
CdS and PbS. The found percentage residues at 317 °C and 170 °C were
40.70% and 53.22% of the respective precursors and confirmed the
formation of the desired products. Nair et al. [32] obtained similar TGA
curve for cadmium ethyl xanthate complex.

The inflection point indicating the temperature at which there was
intense decomposition of precursor was 171.45 °C for complex (1)
whereas the onset and endset temperatures were 165.33 °C and
174.33 °C respectively. Similarly, the inflection point, onset and endset
temperatures were 152.50 °C, 144.41 °C and 163.03 °C for complex (2)
respectively. From the TGA analyses, it can be implied that more energy
was required to increase the temperature of a unit mass of complex (1)
to 1 °C than for (2). Lead(I) ethyl xanthate easily gets heated, resulting
in a quick decomposition compared to cadmium(II) ethyl xanthate.

3.2. CdS nanoparticles

3.2.1. p-XRD analysis

The p-XRD patterns for CdS nanoparticles synthesized at 200 and
280 °C using castor oil as both solvent and capping agent are shown in
Fig. 5. The diffraction pattern of the CdS synthesized at 200 °C showed
three major distinct peaks at 20 values of 27.81°, 44.67° and 52.79°
corresponding to (101), (110) and (201) planes of cubic crystal system
(zinc blende structure) [32-34]. However, the p-XRD pattern also sug-
gests a zinc blende/wurtzite polytypism nature of the CdS nanoparticles.
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Fig. 5. p-XRD pattern of CdS nanocrystals synthesized by heating up cadmium ethyl xanthate in castor oil at 200 °C and 280 °C for 15 min (red lines: cubic (JCPDS
no. 10-454); black lines: hexagonal (JCPD no. 6-314)). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 6. (a) UV-Vis spectra and (b) Tauc plot of CdS nanocrystals synthesized at 180 °C by heating up of cadmium ethyl xanthate in castor oil for 15 min. (c) Plot of

band gap energy and particle size against reaction temperature.

The XRD patterns for the CdS synthesized at 180 °C, 220 °C and 240 °C
are shown in Figure S1.

The pattern for CdS synthesized at 280 °C had six diffraction peaks at
260 values of 25.51°, 26.57°, 28.13°, 43.89°, 47.64° and 51.85° corre-
sponding to the (100), (002), (101), (110), (103) and (112) planes
suggesting a hexagonal or wurtzite crystal structure. The broad peaks
suggest that the crystallite sizes were small demonstrating the effec-
tiveness of the capping activity of the castor oil. The Scherrer calculated
crystallite sizes (along the 101 plane) were 4.08 nm and 4.41 nm for CdS
at the two different temperatures respectively. Nair et al. [32] reported
Scherrer calculated crystallite size of CdS synthesized by thermolysis of
cadmium ethyl xanthate at 280 °C for 1 h in TOPO to be 3.9 nm. This
suggests that agglomeration of nanoparticles is quite faster in castor oil
than in TOP/TOPO.

3.2.2. Optical properties

The optical spectra of the CdS nanocrystals synthesized in castor oil
are shown in Fig. 6(a). As the temperature was increased from 180 to
280 °C, the absorption maximum shifted from 447.87 nm to 464.71 nm,

indicative of a redshift (Fig. 6(a)). The band gap energies were estimated
using the Tauc’s relation [35]. The estimated band gap energy for CdS
synthesized at 180 °C was 2.84 eV, higher than 2.42 eV for bulk CdS
showing some level of quantum confinement (Fig. 6(b)).

The nanocrystal size was estimated using the Brus equation (1) [36]:

1.8¢2

Amee,r 0.248E @

nano ik W1 1
EM —EM =AE=25 {m—nﬂ
where E;™ is band gap of the nanoparticle, E** is band gap of bulk
material, AE is the difference between the band gap of the bulk and
nanomaterial, h is Plank’s constant, r is radius of nanoparticle, m; and
my, are effective masses of excited electron and hole, &is relative
permittivity, ,is permittivity of vacuum and Eyis the Rydberg Energy.

The calculated energy band gaps and nanocrystal sizes of the CdS
samples against reaction temperature are shown in Fig. 6(c). From Fig. 6
(a), the absorption maximum shifted from lower wavelength to higher
wavelength as the temperature was increased. This observation
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Fig. 7. TEM images and particle size distribution histograms of CdS nanoparticles synthesized at ((a) and (b)) 200 °C and ((c) and (d)) 280 °C via heating up

cadmium ethyl xanthate in castor oil for 15 min, respectively.

confirmed the fact that increasing temperature usually leads to
increasing particle size and decreasing band gap energy (Fig. 6(c)). The
Scherrer calculated nanocrystallite sizes obtained from the XRD patterns
were about 24% lower than those obtained from the Brus equation
which suggests that the particle sizes could be made up of a number of
crystallites. Increasing the time of reaction from 5 to 60 min and con-
centration of precursor from 0.02 to 0.08 g/ml (at 200 °C) did not show
significant effect on the absorption maxima.

3.2.3. Morphology

The TEM micrographs and particle size distribution histogram of CdS
nanoparticles synthesized at 200 °C showed interesting morphology
(Fig. 7(a) and (b), Figure S2). The average particle size was found to be
6.78 (+1.89) nm which is about 22% higher than the 5.37 nm found
using the Brus equation (1). The particles are near-spherical in shape in
the form of nanoclusters. The polydispersity was calculated to be
27.88% which indicated that the particles sizes were uniform with the
majority in the range of 6-8 nm (Fig. 7(c)). Increasing the temperature
to 280 °C, an average particle size of 19.85 nm was obtained, with some
formation of nanorods ranging 44.73-115.44 nm in length (Fig. 7(c) and
(d), Figure S2). Shombe et al. [37] thermolyzedpiperidine and tetrahy-
droquinolinedithiocarbamate complexes of Cd in castor oil and

ricinoleic acid at 190-300 °C for 30-120 min using the hot-injection
method. They similarly obtained spherical to oval shaped CdS nano-
particles with particle sizes within 10-22 nm. The nanocluster and rod
morphologies were not observed in their work. The elemental analyses
by SEM/EDXS showed that the CdS nanoparticles synthesized was made
up of approximately 49.51% of Cd and 50.49% of S (Figure S3).

3.3. PbS nanoparticles

3.3.1. p-XRD analysis

The p-XRD patterns of PbS synthesized at 140 °C, 160 °C and 180 °C
in castor oil are shown in Fig. 8. The p-XRD patterns were clean without
any impurity peaks implying that there was complete decomposition of
the lead(Il) ethyl xanthate precursor to pure crystalline PbS nano-
particles. The diffraction pattern at each temperature showed nine
distinct peaks at 20 values of 25.63°, 29.73°, 42.84°, 50.8°, 53.26°,
62.4°, 68.72°, 70.82° and 78.79° assigned to the (111), (200), (220),
(311), (222), (400), (331), (420) and (422) planes for cubic (halite) PbS.
The average Scherrer calculated crystallite sizes using the full width at
half maximum (FWHM) values of peaks at (111), (200) and (220) planes
were within 19.74-26.19 nm. The d-spacing was found to 3.00 A at all
the temperatures along the (200) plane.
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3.3.2. Morphology

The morphologies of castor oil capped PbS synthesized at 140 °C and
200 °C are shown in Fig. 9. The morphology is a mixture of cubic, rod,
belt and star shaped PbS nanoparticles.

The cubic morphology is common to PbS nanoparticles, however,
rods made of plates, belts and stars are not usually observed. At 140 °C,
the cubes were observed alongside packing of the square plates to form a
rod (Fig. 9(a)). The nano-plates have average dimensions of 44.30
(+£4.18) x 48.83(+2.33) nm whereas the rods had a length of 715 nm. At
200 °C, nanobelts and some cubes of PbS were obtained (Fig. 9(b)). The
belts had an average width of 22.19(£+2.33) nm and average length of
225.94(+23.32) nm. Star shaped morphology of PbS has been observed
by Wang et al. [38], when they refluxed lead acetate trihydrate and
thiourea in ethylene glycol at 197 °C for 3 h. They observed a cross
shaped PbS consisting of six pods. Similarly, Phuruangrat and
co-workers [39] also observed cubic and star-shaped dentritic PbS
structures by a solvothermal reaction (using an autoclave) between lead
nitrate and thiosemicarbazide in propylene glycol at 120 °C for 10 h. Sun
et al. [40] also used a microwave-assisted method and obtained a
flower-like PbS crystals by thermolyzing lead diethyldithiocarbamate in
ethylenediamine. Jin et al. [41] prepared PbS of different morphologies
including flowerlike, microsphere, multipod, six-armed star and trun-
cated octahedron via citric acid assisted hydrothermal synthesis. It is
worth mentioning that these different morphologies of PbS are common
to growing PbS nanocrystals using the heat-up, refluxing and hydro-
thermal processes [42]. SEM-EDX elemental analysis showed that the
PbS synthesized at 200 °C had a composition of 49.42% Pb and 50.58% S
which indicates a very good stoichiometric proportions of the two ele-
ments (Figure S4).

3.3.3. Optical properties

The NIR spectra of PbS nanocrystals synthesized at 140 °C, 180 °C
and 200 °C in castor oil are shown in Fig. 10(a). The narrow absorption
peaks of PbS synthesized at 180 °C and 200 °C imply that the particle
sizes may be uniformly distributed. The absorption maximum appeared
at 1414 nm and by plotting the Tauc’s plot (Fig. 10(b)) the band gaps
were found to be 0.84, 0.85 and 0.86 eV at 140 °C, 180 °C and 200 °C
respectively, which compare closely with 0.93 and 0.95 eV reported by
Saah et al. [43,44] for nanostructured thin film and nanoparticles of
PbS. There was little variation in the band gaps at the different tem-
peratures which suggested that the lead(Il) ethyl xanthate decomposed
far too quickly before reaching the target temperatures. The average
band gap (i.e. 0.85 eV) obtained for the PbS nanoparticles was about
107% higher than that of bulk PbS (i.e. 0.41 eV) implying that the castor
oil was effective in tuning the band gap energy.

(b)

(ahv)*(a.u.)

Photon Energy (eV)

Fig. 10. NIR spectra (a) and Tauc’s plot (b) of PbS nanocrystals synthesized at 140 °C, 180 °C and 200 °C via heating up in castor oil for 15 min.
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4. Conclusions

The syntheses of CdS and PbS nanoparticles by the thermal decom-
position of ethyl xanthate complexes in castor oil via the heat-up tech-
nique have been shown in this study. The complexes showed a single
step decomposition pattern. A cubic zinc blende CdS was obtained at
lower temperature (200 °C) and a hexagonal/wurtzite at higher tem-
perature (280 °C). The band gap energies of the CdS nanoparticles were
within 2.63-2.84 eV. The TEM images of the CdS showed average par-
ticle size of 6.78(4+1.89) nm and clusters of spherical and rodlike par-
ticles. Rocksalt PbS nanoparticles was obtained in the form of nanobelts,
rods, plates and star morphology. SEM/EDXS elemental analyses
showed that the CdS and PbS nanoparticles had compositions of 49.74%
Cd and 50.49% S and 49.42% Pb and 50.58% S respectively. The use of
green solvents has the potential for large-scale synthesis of good quality
semiconductor metal chalcogenide nanoparticles.
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