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Effect of some nitrogen donor ligands on the optical
and structural properties of CdS nanoparticles

Damian C. Onwudiwe,*a Christien A. Strydoma and Oluwatobi Samuel Oluwafemib

The cadmium complex of N-ethyl-N-phenyl dithiocarbamate, 1, and its 2,20-bipyridine and

1,10-phenanthroline adducts, 2, and 3, respectively, have been used as single source precursors for the

synthesis of CdS nanoparticles. The formation of CdS nanoparticles was achieved by thermal

decomposition of the complexes (pyrolysis) and thermolysis in the presence of hexadecylamine – HDA

(solvothermal). Scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX) and high

resolution transmission electron microscopy (HRTEM) analyses were carried out to study the structural

properties of the nanoparticles. Complex 1 afforded rod-shaped nanoparticles while star-shaped

nanoparticles were obtained from complexes 2 and 3. The optical property of the CdS nanoparticles

was studied by UV–visible and fluorescence spectroscopy. The spectral features for the nanoparticles

prepared via the solvothermal route were significantly sharper and blue shifted to a greater extent

relative to the corresponding bulk semiconductor, compared to the observed shift in the nanoparticles

prepared via pyrolysis. All the as-synthesized material exhibited band edge luminescence.

Introduction

Nanoparticles with size less than the exciton radius are called
quantum dots, the value is usually less than 10–20 nm. They
form a link between molecular and bulk states of matter.1 As
the size of a colloidal material approaches that of the molecules
or atoms which form it, its physical and chemical properties are
no longer those of the ‘bulk’ material and are instead called
‘molecular’. These materials reveal new physical properties
which are strongly influenced by the high proportion of atoms
or molecules at their surface and form an intermediate level
between an atomic or molecular and a bulk environment.2 The
primary interest in quantum dots stems from their small
particle size and the impact this has on the bulk properties of
the material from which they are formed.3

Cadmium sulphide (CdS) is one of the most important
representatives of groups II–VI semiconductors, with a band
gap energy of 2.42 eV (512 nm) at room temperature.4 It
possesses many excellent physical and chemical properties
which have promising applications in multiple technical fields
including lasers, light-emitting diodes, sensors, solar cells and

in photochemical catalysis.5–10 Several approaches have been
explored towards the synthesis of nanocrystalline CdS nano-
particles, such as the microwave-solvothermal method,11 the
sonochemical route12 and the surfactant–ligand co-assisting
solvothermal method.13 The conventional method involves
the decomposition of two-component mixtures of volatile
organometallic precursors, typically cadmium alkyls, and H2S
or thiophene.14–16 Although this method leads to the formation
of the desired materials, the noxious and hazardous nature of
the reagents necessitates the need for a green and safer
synthetic route. In this regard, the use of a single source
precursor has attracted considerable attention in recent times
and a variety of organo-metallic complexes have been reported
for various semiconductor nanocrystals.17–21 Because of their
high surface energy, the development of a stable colloidal
suspension of semiconducting nanocrystals (NCs) is highly
challenging. Therefore, it is essential to use surfactants or
other capping materials during the chemical process to passi-
vate these NCs in order to prepare a well-dispersed and stable
colloidal suspension in a solvent medium.

Cadmium-N-ethyl-N-phenyl dithiocarbamate, which is the
precursor for the prepared adducts in this study, was observed
to be insoluble in typical organic solvents such as dichloro-
methane and chloroform, in its initially prepared form. Thus,
derivatization routes are required to make the compound
soluble in order to obtain a purer compound via recrystalliza-
tion. Although earlier reports have demonstrated that adducts
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of group 12 compounds can be employed in the preparation of
12–16 semiconductor nanoparticles,20–22 as far as the authors
know there has never been any report on the use of the present
Lewis base-derived cadmium compounds as precursors for
CdS nanoparticles. While the thermal decomposition of these
precursors does lead to formation of the metal sulphide
powders, it is important to investigate the effect of different
preparatory conditions on the structural and optical properties
of the as-synthesized nanomaterial. Thus, we herein report the
effect of an additional ligand molecule (2,20-bipyridine and
1,10-phenanthroline) on the optical and structural morphologies
of CdS nanoparticles. In addition, we also carried out a compara-
tive study on the properties of CdS nanoparticles prepared from
these compounds, in the presence and the absence of capping
agent (HDA).

Experimental
Materials and methods

The following chemicals used in this study, N-ethyl aniline,
cadmium chloride, hexadecylamine (HDA), trioctylphosphine
(TOP), toluene and absolute methanol, were purchased from
Aldrich. Aqueous ammonia, chloroform, 2,20-bipyridine and
1,10-phenanthroline were obtained from Merck. All chemicals
were used as received without further purification.

Absorbance and fluorescence spectroscopy

Optical measurements of the obtained solutions were carried
out at room temperature on a Perkin Elmer Lambda 20 UV-Vis
Spectrophotometer using a quartz cell (10 mm path). A Jobin
Yvon-spex-Fluorolog-3-Spectrofluorometer with a xenon lamp
(150 W) was used to measure the photoluminescence of the
particles.

Electron microscopy

Samples for TEM measurements were prepared by redispersion
of the obtained powdered samples in toluene and then placing
a drop of the colloidal solution on a carbon coated copper TEM
grid. The film on the TEM grid was allowed to dry prior to
the measurement. TEM measurements were performed on a
TECNAI 20 (ACI) instrument operated at an accelerating voltage
of 200 kV. Scanning electron microscopy images were obtained
on a Quanta FEG 250 Environmental scanning electron micro-
scope (ESEM).

X-Ray diffraction analysis

XRD patterns of all the synthesized samples were recorded on a
Bruker D8 advanced, equipped with a proportional counter,
using Cu Ka radiation (l = 1.5405 A, nickel filter). Measure-
ments were taken at a high angle 2y range of 20–801 using a
scan speed of 0.011, with a filter time-constant of 2.5 s per step
and a slit width of 6.0 mm. EVA software was used for the
analysis and the phase identification was carried out with the
help of standard JCPDS.

Infra-red analysis

FT-IR spectra were recorded using the obtained solid amine
capped samples after centrifugation and washings so as to
remove the unassociated organic molecules. Spectra were
recorded on a Bruker alpha-P FT-IR spectrometer in the
500–4000 cm�1 range.

Synthesis of the precursors

The precursor complexes were prepared in open air and at
room temperature, and characterized as reported earlier.23,24

Preparation of nanoparticles

Preparation of CdS nanoparticles by pyrolysis in a furnace.
A weighed quantity of a sample, compounds 1, 2 and 3 (ca. 200 mg)
in a quartz boat, was pyrolyzed at 350 1C in a furnace under
nitrogen flow for 1–2 h. After cooling, the residue in the quartz boat
was reweighed and characterized by TEM, SEM-EDX and XRD.

Preparation of CdS nanoparticles in coordinating solvent
(HDA). In a three-necked flask fitted with a thermometer,
hexadecylamine (HDA) (7.5 g) was degassed at 120 1C under
nitrogen for 30 min with continuous stirring. The temperature
was slowly raised to 180 1C and stabilized at this temperature.
To this solution, 0.45 g of the precursor complex dispersed in
5 mL trioctylphosphine (TOP) was injected rapidly and the
temperature dropped to 165 1C. The solution was heated up
to 185 1C and maintained at this temperature for 1 h. The
solution was allowed to cool to 70 1C, and excess methanol was
introduced into it. The yellow precipitate that formed was
collected by centrifugation followed by decantation of the
supernatant liquid. The isolated solid was dispersed in toluene.
The above centrifugation and isolation procedure was repeated
several times for the purification of the prepared CdS nanocrystals.

Results and discussion
Synthesis

The dithiocarbamate and Lewis bases (such as 2,20-bipyridine
and 1,10-phenanthroline) are treated as an important class of
compounds due to their versatile ability to bond with transition
metal ions. Dithiocarbamate as the primary ligand for the
synthesis of the precursor molecules offers several advantages
which includes (i) the dithiocarbamate derived precursor is air-
stable and can easily be synthesized at room temperature, (ii)
the precursor has low decomposition temperature, (iii) its
adducts with Lewis bases have enhanced volatility and undergo
clean decomposition, resulting in the formation of CdS as the
final residue. Furthermore, one dithiocarbamate ligand can
form four S–Cd and one Lewis base can form two N–Cd
coordination bonds to complete the six coordination geometry.
The formation of stoichiometric CdS nanoparticles is expected
by the breaking of the corresponding coordination core.17

Thermogravimetry analysis was conducted to study the thermal
behavior and suitability of the precursor for the preparation of
CdS nanoparticles. The TGA and derivative of TGA (DTG)
curves of the precursors showed a sharp weight loss in the
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decomposition stage which resulted in CdS residue with
decomposition peak around 350 1C. Pyrolysis of the complexes
1, 2, and 3 was carried out at 350 1C under nitrogen flow for
1 and 2 h. In each case, the mass of the residue obtained
corresponded to the stoichiometric mass of the respective
metal sulfides. The compositions were further confirmed by
XRD and EDX analysis.

Characterization of nanoparticles

The surface morphologies of all the CdS nanoparticles prepared
by the solvothermal route were investigated using FT-IR
spectroscopy to confirm the capping of the particles by hexa-
decylamine (HDA). Fig. 1 shows a representative spectrum. It
shows the overlapped spectra of the pure HDA and the repre-
sentative of the dry HDA-capped CdS nanoparticles. The FTIR
spectrum of HDA shows two vibrational bands at around
2914 and 2847 cm�1 attributed to the CH2 asymmetric and
symmetric stretching, respectively. The band at 2954 cm�1 is
assigned to the stretching vibration of C–H. The CH2 rocking
vibration is identified by the sharp band at 719 cm�1. The gross
resemblance in both spectral features and peak positions for
N–H stretching vibrations in the range ca. 3358–3232 cm�1

guarantees a successful attachment of the solvent molecule
onto the CdS nanocrystals. A closer observation shows that the
N–H stretching peak which appeared at 3358 cm�1 for the pure
HDA shows a shift to 3232 cm�1, indicating the binding of the
amine group of HDA to the nanoparticles.25,26 Similarly, bands
which correspond to the C–H stretching vibration of terminal
CH3 and CH2 groups of the alkyl chain of the HDA molecule are
blue shifted by 1–4 cm�1. These relatively small shifts are due
to the constraint in the molecular motion of the capping
agent, which presumably resulted from its attachment on the
nanoparticle surface.27

Fig. 1 FT-IR spectra of HDA and HDA-capped CdS nanoparticles.

Fig. 2 (a) Absorption and (b) emission spectra of CdS nanoparticles obtained by
thermolysis of complex 1 in hexadecylamine at 185 1C.

Fig. 3 (a) Absorption and (b) emission spectra of CdS nanoparticles obtained by
thermolysis of complex 2 in hexadecylamine at 185 1C.
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The UV–Vis spectra shown in Fig. 2(a)–4(a) display the
typical shoulders of the nanometer-sized CdS at 492, 481 and
492 nm for the samples obtained from 1, 2, and 3 ,respectively,
which are absent in the samples obtained via pyrolysis in the
furnace (Fig. 5). This observation could be ascribed to the
surface passivations by the organic material which reduces
surface effects and enhances the exciton effects.28 The surface

states result from defects and dangling bonds. Thus, in the
absence of a capping group, there is no carrier confinement.
The as-synthesized materials, via the solvothermal route, show
absorption peaks which are blue shifted in relation to the bulk
CdS (512 nm, 2.42 eV), indicating the quantum confinement
effect.29 By using the method described by Fu et al., the band
gap energy corresponding to this absorption was obtained as
2.52, 2.58 and 2.52 eV for CdS nanoparticles prepared from
precursor complexes 1, 2, and 3, respectively.30 In fluorescence
spectroscopy, the absorption of light could either result in an
electron–hole (e�–h+) pair or an exciton that either undergoes
radiative band gap or near band gap recombination with a
characteristic intensity. The photoluminescence (PL) band of
the sample from complex 1 is composed of two peaks: one at
497 nm and a weak shoulder peak at around 437 nm. The
emission maxima peaks are at around 475 and 483 nm for
samples obtained from 2, and 3, respectively. For CdS nano-
particles, peaks below 500 nm are bound to be the exciton
emission.31 The effects of the absence of a capping group on

Fig. 4 (a) Absorption and (b) emission spectra of CdS nanoparticles obtained by
thermolysis of complex 3 in hexadecylamine at 185 1C.

Fig. 5 Absorption spectra of CdS nanoparticles obtained by the pyrolysis of (a)
complex 1, (b) 2, and (c) 3, respectively, in a furnace at 350 1C under nitrogen
flow for (A) 1 h, and (B) 2 h.

Fig. 6 Emission spectra of CdS nanoparticles obtained by the pyrolysis of
(a) complex 1, (b) 2, and (c) 3, respectively, in a furnace at 350 1C under nitrogen
flow for (A) 1 h and (B) 2 h.
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the optical behavior of the CdS nanoparticles are evident in the
absorption and emission spectra of the samples obtained via
pyrolysis in a furnace (Fig. 5 and 6). The fluorescence spectra of
the grown CdS samples [Fig. 2(b)–4(b)] demonstrate that the
hexadecylamine modifies the shape and size of the nano-
particles, and also enhances the photoluminescence peak
intensity. Singh et al. demonstrated that in the synthesis of
nanocrystalline CdS, increasing the capping agent concen-
tration enhances the photoluminescence peak intensity while
the peak intensity decreases with increasing annealing tem-
perature.32 In group II–VI capped nanoparticles, an optically
excited charge carrier emits light by band-to-band and band-to-
defect recombination processes.33 Comparing the PL spectra of
the uncapped nanoparticles (Fig. 6A and B) pyrolysed for 1 and
2 h, respectively, it was found that an increase in the pyrolysis
time led to a relatively narrower band and a slight blue shift
(5–10 nm) in the emission maxima, which may be due to
reduced particle size and particle size distribution. Several
reports on the PL of CdS nanocrystallites show that the photo-
luminescence depends on the particle size and also on the
method of preparation.34–37 A shift in the absorption edge is
also noticed in the UV-Vis spectra after 2 h (Fig. 5B). Thus, in
the absence of a solvent and a capping group, the complexes

decomposed with non-uniform morphology, whereas in the
presence of a coordinating solvent, the coordinating ligand
helped in passivating the surface of the particles and improved
its uniformity.

TEM and HRTEM images of CdS nanoparticles obtained by
thermolysis of complexes 1 and 2 in HDA at 185 1C are shown in
Fig. 7A and B. The images reveal that the particles from
complex 1 are nanorods with an average length of 15 nm and
a diameter of 4 nm, while particles from complex 2 are tripods.
Each arm of the tripods ranged in length from 20–30 nm with
diameters of 5–6.5 nm. Similar tripods were observed in
the nanoparticles from complex 3, with shorter length and
diameter. Although the synthesis of the CdS nanocrystals was
carried out under the same synthetic conditions of temperature
and the ratio of capping groups to precursor molecules,
exclusive formation of one dimensional CdS rods was observed
from complex 1 while the introduction of 2,2-bipyridine (2) and
1,10-phenanthroline (3) into the precursor molecule facilitated
the formation of tripods. Similar observations were made in the
thermolysis of cadmium complexes of alkyl-substituted thioureas,
where temperature was used as the major thermodynamic para-
meter to influence the morphology of CdS nanoparticles from
spherical shape (at lower temperature, 100–150 1C) to rods and

Fig. 7 (a) TEM and (b) HRTEM (inset) of nanoparticles synthesized from the thermolysis of (A) complex 1 and (B) 2 in hexadecylamine at 185 1C for 45 min.

Fig. 8 TEM images of nanoparticles synthesized from pyrolysis of (a) complex 1 and (b) 2 at 350 1C for 1 h under nitrogen flow.
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tripods (at increased temperature).38 Star-shaped nanocrystals are
seen as the transient species between isotropic zero-dimensional
and anisotropic one-dimensional shapes and are usually obtained
at an intermediate growth temperature.39 Nanoparticles prepared
under different conditions are known to show different phases
and sizes as a result of the differences in their nucleation
mechanisms.40 TEM and HRTEM images of the nanoparticles
synthesized from pyrolysis of complexes 1 and 2 at 350 1C for 1 h
are shown in Fig. 8A and B. The nanoparticles formed a set of
agglomerates with no definite crystalline edges. Synthesis in a
surfactant medium offers several synthetic advantages such as
facial separation between nucleation and growth stages, the
control of growth parameters and protection of the nanoparticles
from agglomeration, because the surfactant molecule dynamically
binds to the crystal surface during the nucleation and growth. It is
likely that in the present circumstances, agglomerates were
obtained owing to high surface reactivity of the different nano-
particles. However, different mechanisms of decomposition of
the precursor molecules under the furnace heat resulted in the
variation of the morphology. It was difficult to determine the sizes
of the nanoparticles from HRTEM images as the particles tend to
agglomerate rapidly.

Heating duration may affect the structure of the nano-
crystallites. The effect of the heating duration is expected to

reflect on the surface morphology of the particles. To study
the dependence of the surface morphology of the CdS upon
duration of heating, the SEM images were taken for the CdS
nanoparticles heated for different durations. Fig. 9 and 10 show
the SEM images of the pyrolysed complexes 1 and 2 obtained at
350 1C, after 1 h and 2 h, respectively. A modification of the
surface morphology of the CdS nanoparticles is evident from
the SEM images. Fig. 9(a) and (b) show that the particles are
spherical and possess a smooth surface with an average size of
460 and 270 nm, respectively. An increase in the duration of
pyrolysis (keeping temperature fixed, 350 1C) resulted in a
decrease in size with less distinct edges due to agglomeration
of the particles (Fig. 10). Size determination becomes less
possible. The observed changes in the profiles of fluorescence
spectra at different durations of heating can be attributed to
the changes in the morphology (size and surface structure) of
the nanoparticles. It seems that change in the pyrolysis
time induced a change in the morphology of the CdS nano-
particulates as well as a significant decrease in the particle size.
Hence particle size could be controlled by varying the duration
of pyrolysis.

The X-ray powder diffraction data for samples obtained by
pyrolysis of the complexes were compared with those for
samples prepared by the wet synthetic method. The two powder

Fig. 9 SEM images of CdS nanoparticles obtained by the pyrolysis of (a) complex 1 and (b) 2 ,respectively, in a furnace at 350 1C under nitrogen flow for 1 h.

Fig. 10 SEM images of CdS nanoparticles obtained by the pyrolysis of (a) complex 1 and (b) 2 ,respectively, in a furnace at 350 1C under nitrogen flow for 2 h.
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Fig. 11 X-ray powder diffraction patterns of CdS nanoparticles grown in HDA ligand solution at 185 1C, 1 h; complex (a) 1 (b) 2 and (c) 3, respectively.

Fig. 12 Powder X-ray diffraction patterns of CdS nanoparticles obtained by the pyrolysis of complex (a) 1 (b) 2 and (c) 3, respectively, in a furnace at 350 1C under
nitrogen flow for 1 h.
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patterns were identical. XRD patterns of the three HDA-capped
CdS are shown in Fig. 11. All the patterns show well defined
broad peaks, which confirm the high nanocrystalline nature of
the samples. Moreover, these patterns confirm that the synthe-
sized CdS nanoparticles are of hexagonal greenockite type
(JCPDS Powder Diffraction File no. 041-1049). The pyrolysis of
complexes 1, 2 and 3, carried out at 350 1C, for 1 and 2 h
showed similar phases as represented in Fig. 12 and 13. The
residues were also identified as crystalline hexagonal-phased
cadmium sulphide with the strong characteristic (110), (103),
(112) peaks. The XRD patterns show obviously broadened
diffraction peaks in the nanoparticles prepared by a wet process
compared to those by pyrolysis, signifying the more finite size
of these crystallites. The stronger and narrower (002) peak of
the solvothermally prepared particles (Fig. 11) indicates that
the nanocrystals were elongated along the c-axis.40,41

Conclusion

Three new single source precursors have been used for a
controlled synthesis of cadmium sulphide nanoparticles. The
preparation of the nanoparticles was achieved via pyrolysis and
solvolysis in the presence of hexadecylamine. Surface passiva-
tion of the CdS nanoparticles resulted in carrier confinement
and improved optical properties. The results show that the
method used for the nanoparticles synthesis has a significant
effect on the morphology and the optical properties of the final

materials. The presence of 2,20-bipyridine and 1,10-phenan-
throline in the precursor affects the axial growth of CdS
nanoparticles.
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