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precursor produces the target compound with perfect
stoichiometry; (ii) the reaction process involving these
single-source precursors is cleaner, less toxic, and easily

INTRODUCTION

Metal-organic complexes have been used as single-source
precursors for synthesizing semiconducting nanomaterials
such as metal sulfides, selenides, and oxides. This is due to
their numerous advantages over dual and multi-source
synthetic precursors (Batool et al., 2022; Boadi et al., 2012,
2016, 2019; Boadi, Saah, Mensah, et al.,, 2020; Kotei et al.,,
2022; Kshirsagar and Khanna, 2022; Saah, Boadi, Awudza, et
al.,, 2022; Saah, Boadi and Awudza, 2022; Saah, Boadi and
Wilkins, 2019; Saah, Boadi, Adu-Poku, et al, 2019). These
advantages include the following: (i) the single-source
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handled; (iii) they produce pure crystalline materials, and
their decomposition pathways occur at low temperatures
(100-300 °C) (Batool et al., 2022; Malik et al., 2010; Saah,
Boadi and Wilkins, 2019).

Unlike CdS and ZnS, which have wide bandgaps of 2.4
and 3.6 eV, respectively (Thomas et al, 2015), lead
chalcogenides are narrow bandgap semiconducting materials
(PbSe = 0.27 eV and PbS = 0.41 eV) (Saah et al., 2018). They
are crystalline with cubic geometry and can form p-type or n-
type semiconductors (Afzaal and O’Brien, 2006; Rathore et
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al,, 2022; Yu et al, 2022). They absorb the electromagnetic
spectrum's infrared region in their bulk state, making them
useful in photoconductive infrared detectors (Saah et al,
2019, Miao et al, 2022). PbS and PbSe nanocrystals with
similar bandgaps generate large short-circuit current and
open-circuit voltage (Saha et al., 2015, Ahmad et al,, 2019).
However, forming a ternary alloy of PbS,Se;_, could lead to
engineered nanoparticles that optimize both voltage and
carrier transport (Cai et al.,, 2022; Nam et al,, 2012; Saah et
al, 2017). This study adds to the limited research using
single-source precursors for synthesizing ternary PbS,Se;_y
nanomaterials (Saah et al, 2017). This research aims to
synthesize and characterize lead chalcogenide nanoparticles
from [Pb((SePiPr;),N(S,CNEt;)] complex using the pyrolysis
method. Contrary to the expectation of forming a ternary
alloy, PbSe nanoparticles were produced and characterized
by various techniques.

MATERIAL AND METHODS
Chemicals and reagents

Chlorodiisopropyl phosphine, lead acetate, selenium powder
and sodium diethyldithiocarbamate were procured for
Sigma-Aldrich, UK and used as received to synthesize the
precursors. The dry toluene was obtained from the solvent
purification system at the School of Chemistry, University of
Manchester, UK. Standard reported procedures were
followed to synthesize [Pb((SeP'Pr;),N),] and [Pb(S;CNEt;),]
(Cupertino et al, 1999). The synthesis of the
[Pb((SeP'Pr;),N(S,CNEt;)] complex is described in our earlier
study and the same was adopted in the present investigation
(Saah and Awudza, 2020).

Instrumentation

The P-XRD analysis was conducted using a Bruker AXS D8
diffractometer equipped with a Cu-Ka radiation source (A
=1.5418 A at 40 kV and 40mA at room temperature). The
nanoparticles were scanned from 20 to 80° 2-theta with a
step size of 0.02° and a dwell time of 3 seconds. The
morphology of the nanoparticles and their elemental
composition were determined using a Philips (FEG) XL 30
scanning electron microscope (SEM) equipped with a DX4
energy-dispersive X-ray (EDX) detector. Before the SEM and
EDX analyses, the samples were carbon-coated using an
Edwards coating system E306A.

Pyrolysis of [Pb((SeP'Pr,),N(S,CNEt;)]

A mass of 64 mg (0.084 mmol) of the
[Pb((SePiPr;),N(S,CNEt;);)] complex was weighed into a
stainless-steel crucible and pyrolyzed in a carbolite furnace
at 600 °C for 1 hour under nitrogen gas. The black powdery
residue of 2.36 mg was dispersed in toluene and sonicated
for 1 hour in an ultrasonic bath.
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RESULTS AND DISCUSSION

The decomposition behavior of [Pb((SePPr;),N(S,CNEt;))]
was investigated using thermogravimetric analysis under a
nitrogen atmosphere with a heating rate of 10 °C/min. The
analysis revealed a two-step weight loss between 273.14
and 376 °C. The estimated residual weight loss for bulk
PbSxSel-x was 34.5%. However, based on the residual
material (33.2%) obtained from the TGA experiments, the
final product was within 4% of the expected residual
weight loss (Boadi, Saah, and Awudza, 2020). The complex
exhibited a distorted octahedral geometry with a
monoclinic crystal system and a P2 (1)/n space group
(Boadi, Saah, and Awudza, 2020).

Powder XRD of pyrolysed [Pb((SePiPr;),N(S;CNEt;))]
complex

Based on the powder XRD analysis (Figure 1), the
pyrolyzed sample formed a cubic PbSe phase instead of the
expected PbS,Se; . The d-spacing values obtained for PbSe
nanoparticles match the standard ICDD 04-004-4328, and
the intense (200) peak suggests a (200) oriented growth
with a crystallite size of 11.41 nm. Additionally, the
sharpening of the peaks confirms the high crystallinity of
the PbSe nanoparticles. The DFT calculations suggest that
the formation of PbSe might involve more than one
mechanism. However, the steps leading to the formation of
PbSe are more favorable on thermodynamic grounds than
those leading to PbS formation (Akhtar et al., 2011). These
findings are consistent with previous studies on
decomposing mixed ligand single-source lead complexes
(Boadi et al,, 2019; Boadi, Saah and Awudza, 2020; Boadi,
Saah, Mensah, et al., 2020). The calculated lattice constant
'a’ for the PbSe phase was 6.1324 A.

SEM analysis of pyrolyzed [Pb((SePiPr;),N)(S.CNEt;))]
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Fig. 1: P-XRD of PbSe nanoparticles from

[Pb((SeP'Pr;),N)(S,CNEt;))] complex
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Fig. 2: SEM images of PbSe nanoparticles from [Pb((SeP'Pr;);N(S;CNEt;))] complex at (A) 5000x and (B) 2000x

magnification

The obtained SEM images (Figure 2) provided a
comprehensive visual representation, revealing intriguing
insights into the structural characteristics of the
nanoparticles under investigation. The analysis of these
images unveiled clusters of cubic PbSe crystals, which
exhibited a notable absence of any discernible regular
arrangement or specific order. This observation suggests
that the nanoparticles possess a highly disordered internal
structure, indicating the absence of a well-defined crystal
lattice arrangement (Song and Colfen, 2010).

As revealed by the SEM analysis, the particle size
distribution exhibited a considerable range, spanning from
38.8 to 727.4 nm with an average particle size of 119.7 nm.
These results highlight the significant heterogeneity within
the sample, indicating the presence of particles of varying
sizes (Rabanel et al., 2019).

The structural characteristics and particle size
distribution of the PbSe nanoparticles obtained from this
study are consistent with prior research conducted in this
field (Begum et al., 2012; Cui et al., 2005; Malik et al., 2014).
These studies have consistently demonstrated that PbSe
nanoparticles tend to undergo rapid agglomeration, leading
to polycrystalline materials characterized by larger particle
sizes. The wide particle size distribution observed in this
study further underscores the complex nature of the
agglomeration process and highlights the need for careful
control and characterization of nanoparticle systems in
future applications (Bavykina et al., 2020).

The energy-dispersive X-ray spectroscopy (EDX)
analysis of the thin film in Figure 3 revealed the absence of
sulfur, which cannot be detected in PbSxSel-x due to the
overlapping of the selenium K line and the lead M5
absorption edge (Akhtar et al, 2011). The composition of
the film was 72.03% Pb and 27.82% Se, with a slight trace
of phosphorus (0.15%). The high lead content (>50%)
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contributes to the high crystallinity of the PbSe
nanoparticles (Thanikaikarasan et al., 2012).

The detection of phosphorus is not surprising, as its
contamination during the decomposition of phosphorus-
containing complexes is expected at higher temperatures
(6-9%) and lower temperatures (1-2%) (Akhtar et al,
2011). The higher thermodynamic stability of selenium
over sulfur could be a reason why PbSe formed instead of
PbSxSel-x, as the high pyrolysis temperature of 600 °C
provides enough energy for selenium to form a stable
compound with lead (Akhtar et al., 2011; Saah et al., 2017).

A novel precursor, Pb((SePPr;);N(S,CNEt,) was
introduced  for  synthesizing lead  chalcogenide
nanoparticles. This expands the range of available
precursors for nanoparticle synthesis, potentially offering
advantages such as improved control over nanoparticle
properties or simplification of the synthesis process.

The utilization of the Pb((SeP'Pr;);N(S;CNEt,)
complex as a precursor for synthesizing lead chalcogenide
nanoparticles via pyrolysis. The resulting nanoparticles
exhibit a cubic PbSe crystal structure instead of the
expected ternary alloy of PbS,Se;,. SEM analysis reveals
clustered cubic nanoparticles with an average size of 119
nm. EDX confirms the formation of binary PbSe
nanoparticles instead of a ternary PbS,Se;, alloy. Lead
chalcogenide nanoparticles have various applications in
fields such as optoelectronics, photovoltaics, and
thermoelectric due to their unique electronic and optical
properties (Ashraf et al, 2016; Esakkiraj et al, 2015;
Priyadharsini et al, 2016). Understanding alternative
synthesis routes and the resulting nanoparticle properties
could lead to the development of new or improved devices.
Hence, this study contributes to the advancement of
nanoparticle synthesis methodologies, provides insights
into crystal structure formation, and holds potential
implications for various technological applications.
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Fig. 3: EDX spectrum of PbSe nanoparticles from [Pb((SePiPr;),N(S,CNEt;),)] complex

CONCLUSIONS

In this study, lead chalcogenide nanoparticles were
synthesized using a pyrolysis method employing the
precursor [Pb((SeP'Pr;),N(S;CNEt;)]. The synthesized
nanoparticles were subjected to characterization through
various techniques, namely powder X-ray diffraction (P-
XRD), scanning electron microscopy (SEM), and energy-
dispersive X-ray spectroscopy (EDX). The P-XRD analysis
provided valuable insights into the crystal structure of the
synthesized nanoparticles. The results revealed the
formation of cubic PbSe nanoparticles, as evidenced by
characteristic diffraction peaks corresponding to the ICDD
No. 04-004-4328 pattern. To further investigate the
elemental composition of the synthesized nanoparticles, EDX
analysis was performed. The EDX analysis demonstrated the
absence of sulfur within the nanoparticles, confirming the
pure formation of PbSe. However, during the EDX analysis, a
small amount of phosphorus was detected. This phosphorus
signal likely originated from the decomposition of the
precursor complex [Pb((SePiPr;),N(S,CNEt;)].
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