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We report the synthesis of lead(II) complexes of 2-(thiophen-2-ylmethylene) hydrazine-1-carbothioamide (1) and 2-(1-(thiophen-
2-yl) ethylene) hydrazine-1-carbothioamide (2), which were used as single source precursors in hexadecylamine (HDA) and
oleylamine (OLA) at 190, 230, and 270°C to synthesize lead(II) sulfide nanoparticles. Optical studies by UV-vis analysis showed
a general blue shift in the absorption band edge of the PbS nanoparticles (NPs) with energy bandgaps determined by Tauc’s plots
ranging from 2.15 to 3.11 eV. The development of NPs with a variety of morphologies that changed with temperature and precursor
type was demonstrated by morphological characterization using scanning electron microscopy and transmission electron micros-
copy. Cubic, rod-shaped, and nearly spherical-shaped PbS were formed. Powder X-ray diffraction (p-XRD) structural studies
revealed the face-centered cubic structure of PbS nanoparticles. The elements contained in the nanoparticles were identified by
energy dispersive X-ray spectroscopy (EDX). These results suggest that the size, shape, and optical properties of the synthesized PbS
NPs were affected by reaction temperature, capping group, and precursor type. Under UV irradiation, the photocatalytic activity of
HDA-capped PbS nanoparticles on the degradation of methylene blue dye ranged from 28.3% to 60.0%, with lead sulfide nanoparti-

cle obtained by thermolysis of complex (1) at 230°C showing the highest photocatalytic efficiency (60.0%).

1. Introduction

Recently, there has been a lot of interest in metal sulfide nano-
materials with various morphologies because of their special
optical, chemical, and physical properties [1-5], as well as their
potential uses as photocatalysts and in photovoltaic, optical,
and optoelectronic devices [6—9]. PbS is a significant IV-VI
semiconductor, having a relatively large exciton Bohr radius
(18-20nm) and a small bandgap (0.41 eV), which allows for
good hole and electron quantum confinement in nanometer-
sized structures [10]. The interest in lead sulfide nanoparticles
is due to their interesting optical properties. These properties
are strongly influenced by their morphology, phase, and sur-
face characteristics, and the ability to control these properties
by adjusting their size, shape, and phase will determine their

potential use in a variety of applications, including gas detec-
tion, optical devices, photovoltaic cells, light-emitting diodes,
and photocatalysis [5-17]. These interesting properties and
applications of PbS nanomaterials have encouraged researchers
to examine new synthetic methods and applications [11-17].
The morphologies of lead sulfide nanoparticles, including
nanotubes, nanorods, nanosheets, and flower-like structures,
can have a significant impact on their characteristics [18].
Many methods, including thermal decomposition of single
source precursors (SSPs) and hydrothermal and solvothermal
processes, used for the preparation of PbS nanoparticles of
different morphologies, have been reported in the literature
[12, 13-18]. One of the methods mentioned is the SSP route,
which not only avoids environmental pollution and complex
purification steps but also provides a straightforward, effective,
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economical, and scalable approach to producing high-quality,
monodispersed, crystalline semiconductor PbS nanomaterials
[15-18]. The selection of metal complexes as single source
precursors with preformed metal—chalcogenide bonds provides
an appropriate reactive intermediate that enables the high-
temperature synthesis of metal sulfide nanoparticles [18-20].
Thiosemicarbazone complexes have demonstrated their abil-
ity to yield high-quality metal sulfide nanomaterials among
the different metal complexes that have been used as SSPs
[21, 22]. The use of heterocyclic thiosemicarbazone com-
plexes as SSPs for PbS nanoparticle preparation has received
very little attention in the literature. In our previous study, we
used copper(II) thiosemicarbazone complexes as SSPs for the
preparation of CueSs NPs and examined their application as
effective photocatalysts for the degradation of methylene blue
dye [21, 22]. In the present study, we thought it appropriate
to study the effect of varying reaction parameters on the size,
shape, and optical properties of PbS NPs using the same
heterocyclic thiosemicarbazone ligands. As a result, high-
quality PbS nanoparticles with varied shapes and good crys-
tallinity were obtained. We therefore describe the synthesis of
PbS NPs using two homoleptic lead(II) heterocyclic thiose-
micarbazone complexes as SSPs. We have studied the size,
shape, and optical characteristics of PbS NPs, in relation to
the reaction temperature, solvent, and type of precursor. We
also report our investigation on the photocatalytic degrada-
tion of methylene blue dye under UV irradiation using HDA-
coated PbS nanoparticles.

2. Experimental Section

2.1. Chemicals. The following chemicals were purchased
from Sigma—Aldrich Chemie (Hamburg, Germany), Merck
(Darmstadt, Germany), and Codimed (Yaoundé, Cameroon)
and used without further purification: oleylamine (OLA, 70%),
hexadecylamine (HDA, 90%), lead acetate (99%), thiosemi-
carbazide (99%), 2-thiophenecarboxaldehyde (99%), 2-acet-
hylthiophene (99%), methylene blue (99%), acetone (99%),
methanol (99.5%), ethanol (99.5%), and toluene (99%).

2.2. Instrumentation. An automated Perkin-Elmer CHNS/O
analyzer, model 2400 series IT was used to perform elemental
analyses (C, H, N, and S) of ligands and the corresponding
lead(IT) complexes. An analogy-SMP11 melting point mea-
suring device of the Stuart Scientific type equipment was
used to determine the melting points. To identify functional
groups, ligand and complex IR spectra were recorded in the
4,000-450 cm™'wave number range using a Perkin-Elmer
Spectrum One FTIR spectrometer. For the thermal studies,
thermogravimetric analysis was performed using a Perkin
Elmer Pyris 6 Thermogravimetric Analysis device up to
600°C in a nitrogen atmosphere. An X’Pert MPD diffractom-
eter was used to perform X-ray diffraction (XRD) measure-
ments, and the radiation source used was Cu Ka radiation (4
=1.5406 A). A CM200-FEI was used to record images for
transmission electron microscopy (TEM) at 200KV, and a
Quanta 650 FEG-FEI was used to record scanning electron
micrographs. Using dither dispersive X-ray spectrometers
(EDX system coupled with SDS), the elemental composition
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of the nanoparticles was determined at room temperature, an
Ocean Optics FX-VIS-IRS-ES spectrophotometer was used
to record the absorption spectra of the precursors and nano-
particles as well as the photodegradation of the methy-
lene blue.

2.3. Preparation of the Ligands and Lead(II) Complexes. The
method previously reported was used to synthesize and char-
acterize the ligands, 2-thiophenecarboxaldehyde and 2-acet-
ylthiophene thiosemicarbazone [22, 23]. A hot solution of
ethanol (20 mL) containing Pb(CH;COQO"), (1.14 g, 3 mmol)
was added dropwise to another hot solution of ethanol (20 mL)
containing the corresponding ligand (1.10 g, 6 mmol) and the
mixture heated to 80°C under reflux for 2 hr while stirring
[22,24]. The resultant precipitate was allowed to cool to room
temperature before being filtered, cleaned in ethanol, and
allowed to dry at room temperature.

[Pb(CsHeN3S,),] (1). Yield: 55%, melting pt>300°C.
Analysis calculated for [Pb (CsHgN;S,),]: C, 25.03; H, 2.10;
N 14.60. Found: C, 24.69; H, 1.80; N, 14.25. Important infra-
red bands (cm™"): v(np2): 3,455, V(e =n: 1,562, Vn—n: 1,076,
V(c—s)- 882, V(M—N)- 494.

[Pb(C,HN;S,),].H,O (2). Yield: 54%, m.pt.>300°C.
Analysis calculated for [Pb (C;HgN3S,),].H,O: C, 27.04; H,
2.92; N 13.52. Found: C, 27.28; H, 2.62; N, 13.32. Important
infrared bands (cm™): vy 3,423, Ve =ny: 1,569, Vineny:
1,034, V(c—s)- 859, V(M—N)- 514.

2.4. Synthesis of PbS Nanoparticles. A previously reported
procedure was slightly modified to prepare lead sulfide nano-
particles [3, 22]. Three grams of the capping agent (OLA or
HDA) were added to a three-neck flask fitted with a reflux
condenser, thermometer, and rubber septum. The flask was
then heated to the appropriate temperature (190, 230, or
270°C). Using a glass syringe, a suspension of complex (1)
or complex (2) (0.20 g) dispersed in oleylamine (3.00 g) was
injected into the heated oleylamine. After 30 min of stirring,
the reaction mixture was allowed to cool to room tempera-
ture. A black precipitate of PbS NPs was obtained by adding
ethanol to the mixture, and this precipitate was separated by
centrifugation at 2,500 rpm for 10 min. Ethanol was used to
wash the black residue three times. To examine the effect of
the capping agent on the morphological and optical proper-
ties of the as-prepared PbS NPs, the same procedure was
carried out using hexadecylamine (HDA). For spectroscopic
analysis and isolation, the samples were dispersed in toluene.

2.5. Photocatalytic Activity. With minor modifications, a pre-
viously reported procedure [22, 25] was used to carry out the
photocatalytic degradation of methylene blue dye using the
as-synthesized HDA-capped PbS nanoparticles as photoca-
talysts. A 5mg (10 ppm) methylene blue solution was pre-
pared in a volumetric flask (500 mL) using distilled water.
The catalyst (5 mg) was dispersed in 50 mL of methylene blue
dye solution in a Pyrex beaker. The solution was stirred
magnetically in the dark for 15min before irradiation, to
achieve adsorption—desorption equilibrium. The resulting
solution was then exposed to ultraviolet (UV) light irradia-
tion (4>300nm) for 60 min. Aliquots were collected at a
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FIGUrE 1: Suggested chemical structures of complexes.

15 min interval and a UV-vis—NIR spectrophotometer was used
to read the UV—vis absorption of the clarified solutions after
the photocatalyst had been separated from the mixed solution
by centrifugation. The wavelength at which the maximum
absorption of the MB solution was measured is 664 nm [25].

3. Results and Discussion

3.1. Characterization of Precursors. The synthesized ligands
(LiH, L,H) and metal complexes ([Pb(CsHgN5S,),] (1) and
[Pb(C;HgNj5S,),]-H,0 (2)) were obtained in good yields with
the anticipated formulas. They are all colored and stable in
air, and their nonelectrolytic nature is indicated by their respec-
tive molar conductance values of 11.1 and 23.0 2™'cm” mol ™"
for complex (1) and complex (2) [17]. The proposed chemical
structures of complexes are shown in Figure 1. Analytical data
and physical properties of ligands and complexes are included in
Table 1.

3.1.1. Infrared Study. Figure 2 shows the FTIR spectra of the
ligands and the corresponding Pb(II) complexes. The FTIR
spectra of the ligands L;H and L,H revealed bands at 1,582
and 1,594 cm ™" that corresponded to the azomethine group
(C=N). This confirmed that the aldehyde or ketone fragment
and the NH, group of thiosemicarbazide underwent a con-
densation reaction that produced the desired 2-(thiophen-2-
ylmethylene) hydrazine-1-carbothioamide and 2-(1-(thiophen-2
yl) ethylidene) hydrazine-1-carbothioamide ligands [22, 26].
An analysis of the infrared spectrum of the ligand and those
of the corresponding Pb(II) complexes shows a shift in the
vibrational frequency of the —C=N— groups around 1,562
and 1,556 cm ™", indicating that the metal ion and the nitro-
gen of the azomethine group (—C=N—) are coordinated.
New bands at 494 and 514 cm™!, which correlate to the
nitrogen—metal (N—M) bond in lead complexes, also support
this [22, 27]. The FTIR spectra of complex (1) and complex
(2) do not contain the N—H bond vibration frequencies
that are present in the FTIR spectra of ligands at 3,133 and
3,161 cm™" [17]. The vibrations observed on the FTIR spectra
of the complexes around 837 and 882 cm™" show the presence
of a band corresponding to the v(C—S) vibration, which sug-
gests the formation of a metal—sulfur bond [17]. Furthermore,
the water of crystallization is responsible for the band that
appears in the complex (2) spectrum at about 3,304 cm™".
Table 2 shows the significant vibrations in the FTIR spectra
of ligands and complexes.

3.1.2. Electronic Spectra. The electronic spectra of the ligands
and the corresponding Pb(II) complexes are shown in
Figure 3. Three bands around 26,178 and 27,624 cm—" are
visible in the ligands electronic spectra (Figure 3(a)). These
bands result from the transitions # — 7 * (thiophene) and
n—n* (thiosemicarbazone), respectively [25]. The shoulder
around 24,390 cm™" in the visible could be due to the possi-
bility of thione—thiol tautomerism in the ligands. The elec-
tronic spectra (Figure 3(b)) of the complexes showed a band
around 25,773 and 26,385 cm ™', respectively. These absorp-
tion bands, which indicate the distinct colors (pale green and
yellow light) and the tetrahedral geometry of the complexes,
can be attributed to ligand—metal charge transfer (LMCT)
[26]. The electronic spectra of the complexes show the pres-
ence of a band, which confirms that the ligand binds (S— M)
to the Pb** ion via the sulfur atom.

3.1.3. Thermal Analysis of Precursors. The thermal stability of
the complexes was confirmed by thermogravimetric analysis.
Figure 4 shows the TGA curves for complexes (1) and (2)
between 0 and 600°C in a nitrogen atmosphere. The thermal
decomposition curve for complex (1) shows two decomposi-
tion steps. A loss of one ligand molecule (L1) is observed
during the first decomposition step between 190 and 390°C,
resulting in a weight loss of 31.9% (cal: 32.1%). The second
weight loss of 16.4% (cal: 14.1%) occurs in the temperature
range of 390-540°C and is caused by decomposition of the
organic fraction of the second ligand molecule.

However, three decomposition stages are visible in the
temperature range from 90 to 540°C on the TGA curve for
complex (2). The first stage occurs between 90 and 120°C
and corresponds to the loss of one molecule of water, i.e.,
2.9% (cal: 2.9%). The second stage, with a weight loss of
32.1% (cal: 31.4%), takes place in the temperature range
210-380°C and corresponds to the degradation of one ligand
molecule (L2). With a mass loss of 16.5% (cal: 15.8%), the
third step, which takes place in the temperature range from
390 to 540°C, corresponds to the decomposition of the
organic species of the second ligand molecule in the metal
complex. Complex (1) and complex (2) yield 51.7% (calc:
53.8%) and 49.9% (calc: 48.5%) of PbS and carbon residues,
respectively, as the final residues [28].

3.2. Structural and Morphological Studies of OLA-Capped
PbS NPs

3.2.1. Structural Characterization for OLA-Capped PbS NPs.
XRD was used to examine the phase composition and struc-
ture of OLA-capped PbS NPs using lead complexes (1) and
(2) as precursors, as shown in Figure 5. According to JCPDS
file number 01-071-4752, the results confirm the formation
of the cubic phase of PbS (galena) with diffraction peaks at 26
values of 27.37°, 30.09°, 34.90°, 50.30°, 59.81°, 62.78°, and
73.94° corresponding to the diffraction planes (111), (200),
(220), (311), (222), (400), and (420). The sharpness of all the
peaks suggests that the PbS NPs are crystalline. No extra
peak was observed in the diffractograms of the PbS NPs
suggesting that pure PbS materials were obtained by the
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TasLE 1: Analytical data and physical properties for ligands (L,H, L,H) and its complexes.

Molar conductivity Elemental analyses expt. (calc.)

Compound Color Melting point (°C) Yield (%) (@' cm? mol™) C H N
L,H = C.H,N,S, Yellow (182+2) 69 — 38.69 (38.90) 4.33 (3.81) 22.56 (22.68)
L,H = C,HyN;S, Light yellow (146 +2) 95 — 41.97 (40.82) 5.03 (4.79) 20.58 (20.17)
[Pb (C6HeN;S,),] Pale green >300 55 11.1 25.03 (24.69) 2.10 (1.80) 14.60 (14.25)
(PbL,(1))
[PH(C/HN:S,)o)-H,0 Light yellow >300 54 23.0 27.04 (27.28) 2.92 (2.68) 13.52 (13.32)
(PbL; (2))
] PbL,
- 1,569 cm™! (C=N) 837 em™ (C=5)
b -1
1 3306 em™ (NHy) — pyy, M514 cm™! (Pb—N)
: ] 2494 cm™! (Pb—N)
= A -1
8 - 1,562 cm™{(C=N) 882 cm™ (C=S
g ] 3,338 cm™' (NH,) L,H
£ ]
£ ]
& ]
] 1,594 cm™}(C=
] 3,260 cm™! (NH,) 594 em T (CENE 2 em1 (C=S)
1 L,H
] l 1,582 cm™! (C=N)
] 3,232 cm™ (NH,) 882 cm™! (C=S)
] T T T T T T T
4,000 3,000 2,000 1,000
Wavelength (cm™)
FIGURE 2: IR spectra of the L;H and L,H ligands and their corresponding PbL; and PbL, complexes.
TasLE 2: Infrared absorption bands for the ligands and the lead(II) complexes (cm™).
Compound vNH, Vc=N Vc=s vou (H,0) UN—N Vc—s UN—H Upb—N
LH 3,410-3,232 1,582 835 — 1,044 — 3,133 —
L,H 3,410-3,260 1,594 830 — 1,040 — 3,161 —
PbL, (1) 3,455-3,338 1,562 — — 1,076 882 — 494
PbL, (2) 3,423-3,306 1,594 — 3,304 1,034 837 — 514

thermolysis of lead(II) thiosemicarbazone complexes. The
results also show that increasing the thermolysis temperature
(from 190 to 270°C) increases the crystallinity of the PbS
nanoparticles, indicating that the reaction temperature has a
direct impact on the crystallinity of the PbS nanoparticles. A
similar result was reported for PbS NPs using the lead(II) ethyl
xanthogenate complex [29]. Furthermore, it was found that
changing the type of precursor had no effect on the crystalline

phase of PbS nanoparticles. The Debye—Scherrer equation [30]
was used to calculate the average crystallite size at 190, 230, and
270°C. The results show that the average crystallite size varies
between 41 and 61 nm using the (2 0 0) plane with complex (1)
(Figure 5(a)) and between 26 and 46 nm using the (2 0 0) plane
with complex (2) (Figures 5(a) and 5(b)).

EDX analysis was carried out to verify the composition of
the PbS NPs synthesized in the OLA, and the results are
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FIGURE 4: TGA analysis for (a) PbL; and (b) PbL, complexes under
nitrogen atmosphere. Roman numerals (i-v) indicate the various
decomposition stages.

shown in Figure 6. In addition to certain constituent elements
such as the C and O peaks, the EDX spectra reveal the pres-
ence of Pb and S. In the EDX spectrum, the observed carbon
peaks could be originate from the double-sided carbon ribbon
used to analyze the nanoparticles and from oleylamine used as
capping agent. PbS NPs were formed, as shown by the pres-
ence of Pb and S in the EDX spectrum. The oxygen observed
in the EDX spectrum of the PbS NPs may have been absorbed
by the ambient air during the preparation of the sample for
analysis. A similar pattern was observed in the EDX spectrum
(Figure 6(b)), when complex (2) was used as a precursor.
These results show that the elemental composition of PbS
nanoparticles was not affected by the change in precursor
type and the variation in thermolysis temperature.

3.2.2. Morphological Studies of OLA-Capped PbS NPs. TEM
and scanning electron microscopy (SEM) analyses were used

to investigate the effect of precursor type and reaction tem-
perature on the size and shape of PbS NPs, as illustrated in
Figures 7 and 8. The morphologies formed during the syn-
thesis of nanoparticles through the SSP route have been pri-
marily ascribed to the ligands size and functional groups in
the precursor [13]. With complex (1), the variation of the
reaction temperature did not alter the morphology of PbS
NPs. As shown in Figure 7(a)-7(c), cubic-shaped PbS NPs
were formed with average sizes of 55, 47, and 65 nm at 190,
230, and 270°C, respectively. This confirmed that the average
particle size of the as-prepared PbS NPs is influenced by the
thermolysis temperature. Due to the thermodynamic growth
regime, no perceptible change in shape was observed by
varying the temperature. A variation in particle size was
observed as the temperature increased with the smallest
size obtained at 230°C. Ostwald ripening process could be
responsible for the observed increase in particle size
observed between 230 and 270°C [20]. Nanoparticle size is
known to be influenced by temperature, with larger particles
favored by higher temperatures. The synthesis of cubic-
shaped PbS NPs by thermolysis of the lead(II) 2-benzimid-
azole dithiocarbamate complex has been reported by Thang-
wane et al. [31] with similar results. The PbS particles
obtained in this work are smaller than those reported in a
similar study [13], where halogenated and nonhalogenated
lead complexes of cinnamaldehyde thiosemicarbazone were
used as single source precursors. The formation of PbS NPs
in the crystalline cubic phase at different reaction tempera-
tures was confirmed by the diffraction rings in the selected
area electron diffraction (SAED) patterns of the synthesized PbS
NPs, as shown in Figure 7(g)-7(i) [31]. In addition, the diffrac-
tion rings in the SAED pattern of the synthesized PbS NPs, as
shown in Figure 7(g)-7(i), also confirm the formation of crys-
talline cubic phase PbS NPs at different reaction temperatures
[32]. With complex (2), where two methyl groups are added in
the structure, highly agglomerated and shapeless PbS NPs were
formed, regardless of the reaction temperature as shown in
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FiGure 5: p-XRD spectra of PbS NPs using (a) complex (1) and (b) complex (2) in OLA at different temperatures.

Figure 7(d)-7(f), indicating that the final morphology of the
synthesized PbS NPs is influenced by the precursor type. The
crystalline nature of the synthesized cubic phase of PbS nano-
particles was further confirmed by the appearance of diffrac-
tion rings in the SAED patterns (Figure S1) [32, 33].

Figure 8 shows SEM images of PbS NPs obtained from
complexes (1) and (2) as precursors. When complex (1) was
thermolyzed at 190 and 230°C, aggregates of PbS NPs were
formed (Figures 8(a) and 8(b)). Porous surfaces were observed
(Figures 8(a) and 8(b)) with less at 230°C (Figure 8(b)). At
higher temperature (270°C), flower like PbS were formed as
shown in Figure 8(c). When complex (2) was thermolyzed at
190°C, a mixture of irregular spherical, rod-shaped, and petal-
shaped PbS particles were formed, as shown in Figure 8(d).
Increasing the reaction temperature to 230 and 270°C gave
rise to the formation of agglomerated flower-like seeds with
porous surfaces, as shown in Figures 8(e) and 8(f)). The vari-
ation in the thermolysis temperature and the change in the
type of precursors could be the cause of the variations
observed in the surface morphology of PbS NPs. This shows
that reaction temperature affects the surface morphology of
PbS NPs.

3.2.3. Optical Studies of OLA-Capped PbS Nanoparticles.
UV-visible spectroscopy was used to examine the effect of
the reaction temperature and the nature of the precursors
(complexes) on the optical properties of nanoparticles, as
shown in Figure 9. Bandgap energies were estimated using
Tauc plots [13, 20]. As shown in Figures 9(b) and 9(d)), the
bandgap energies vary from 2.45 to 2.96 eV for complex (1)
and from 2.40 to 2.96 eV for complex (2) at different tem-
peratures (190, 230, and 270°C). As PbS NPs are nanometric
in size, these energies correspond to a blue shift compared
with bulk PbS (0.41 eV). The bandgap energies observed are
within the range reported by Masikane et al. [4] and Mubiayi
etal. [17]. On the basis of the UV—vis absorption spectra and
Tauc plots, as illustrated in Figure 9, these bandgap energies
of the as-prepared PbS nanoparticles show that the exciton

absorption peaks varied as a function of reaction tempera-
ture, with smaller bandgaps being associated with larger par-
ticle sizes and vice versa. Similar results on the variation of
the energy bandgap of PbS NPs with increasing reaction
temperature were observed by Mubiayi et al. [17]. The results
indicate that the OLA-coated PbS NPs obtained using com-
plex (1) at 230 and 270°C have similar bandgap energies to
those obtained using complex (2). This shows that the optical
properties of the synthesized PbS NPs were not affected by
the variation in precursor type but influenced by variation in
reaction temperature. This could be explained by changes in
the size of the lead(II) sulfide nanoparticles as temperature
changes. It has been shown that the optical properties of
nanoparticles are influenced by their size [17].

3.3. Characterization of HDA-Capped PbS Nanoparticles

3.3.1. Structural Characterization of HDA-Capped PbS
Nanoparticles. The carbon chain of the primary amine was
reduced from C,g to Cy¢ by replacing OLA with HDA in order
to examine the effect of the capping agent on the structure of
PbS NPs. The phase composition and structure of HDA-capped
PbS NPs using complexes (1) and (2) were investigated using
XRD, as shown in Figure 10. When OLA was by HDA under
similar reaction conditions, the cubic phase of PbS (galena)
characterized by the diffraction planes (111), (200), (220),
(311), (222), (400), and (420) was obtained, which is granted
JCPDS file number 01-071-4752. The results indicate that
the crystallographic phase of the resulting PbS NPs was not
affected by the replacement of OLA by HDA. The results also
show that increasing the reaction temperature from 190 to
270°C increases the crystallinity of the PbS nanoparticles.
Furthermore, the results show that the crystallographic phase
of the resulting PbS NPs was not affected by the replacement of
oleylamine by hexadecylamine. The average size calculated
from the Debye—Scherrer equation [30] varies between 40.64
and 63.48 nm using complex (1) and 31.00-52.90 nm using
complex (2), as shown in Figures 10(a) and 10(b). These
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FiGure 6: EDX spectra of PbS nanoparticles from (a) complex (1) and (b) complex (2) at 190°C.

results are comparable with those obtained for OLA-capped
PbS NPs.

EDX analysis, as shown in Figure S2, was also used to
determine the composition of PbS NPs when hexadecyla-
mine was used as the capping agent. When hexadecylamine
was used as capping agent, similar results to those previously
reported for OLA-capped PbS NPs were obtained, confirm-
ing that thermolysis temperature and a reduction in the

length of the carbon chain of the capping agent have no effect
on the elemental composition of the lead sulfide nanoparti-
cles contained.

3.3.2. Morphological Studies of HDA-Capped PbS Nanoparticles.
It has been reported that hexadecylamine adsorbs dynamically
on the growing crystal’s surface [34]. The variation of the cap-
ping agent from OLA (C;g branched primary amine) to HDA



Journal of Nanomaterials

Figure 7: TEM images of PbS NPs obtained from complexes (1) and (2) in OLA at 190°C (a, d), 230°C (b, e), and 270°C (c, f); SAED patterns
of nanoparticles prepared at 190, 230, and 270°C from complex (1) (g—i).

(Cyg linear primary amine) did not influence the final morphol-
ogy of the synthesized PbS NPs when complex (1) was used. A
general variation in the particle size was also observed upon
increase of the reaction temperature, suggesting that the varia-
tion in thermolysis temperature affects the size of the PbS NPs.
As shown in Figure 11(a)-11(c), cubic-shaped PbS NPs with
average sizes of around 56, 44, and 68 nm were obtained at 190,
230, and 270°C, respectively. However, when complex (2) was
thermolyzed, different morphologies were formed. As shown in
Figure 11(d), a mixture of agglomerated cubic and nearly spher-
ical particles with an average size of 26 nm was produced at
190°C. Increasing the reaction temperature to 230°C, cubic-
shaped agglomerated PbS NPs with average size of 34nm
were formed, as shown in Figure 11(e). PbS nanorods with
an average width of 41 nm were formed when the temperature
was raised to 270°C, as shown in Figure 11(f). This result shows
that the type of precursor and the increase in temperature
influence the final morphology of the PbS NPs. OLA-capped
PbS NPs produced at 190 and 230°C were larger than the
corresponding HDA-capped PbS NPs and the results are

included in Table 3. This observation can be explained by the
length of the capping agent alkyl chain, which plays a role in
controlling size and shape. It has been reported that crystal
morphology can be strongly influenced by the surface energy
of nanocrystals by adding a capping agent that adsorbs onto the
surfaces of growing particles [4]. At the different reaction tem-
peratures, the PbS NPs are crystalline in nature, as shown by the
continuous light spots that produce concentric rings in the
electron diffraction patterns of the selective zone (Figure 11(g)—
11(i) and Figure S3) [35, 36].

SEM images of PbS NPs from complexes (1) and (2) are
shown in Figure S4. Immature dendrite and foil PbS NPs
were obtained at 190°C (Figure S4), agglomerated micro-
structures at 230°C (Figure $4), and nearly spherical agglom-
erated particles with pores on the surface at 270°C (Figure S4)
when complex (1) was used. With complex (2), SEM images
showed a less porous surface covered with clusters at 190°C
(Figure $4), agglomerated seeds at 230°C (Figure S4) and agglom-
erated seeds with a porous surface at 270°C (Figure S4). These
results show that the surface morphology of the PbS NPs is
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FIGURE 8: SEM images of PbS NPs obtained from complexes (1) and (2) in OLA at 190°C (a, d), 230°C (b, e), and 270°C (q, f).

affected by an increase in the reaction temperature and a
decrease in the length of the carbon chain of the capping
agent.

3.3.3. Optical Studies of HDA-Capped PbS NPs. Figure 12
shows the absorption spectra and Tauc plots of HDA-coated
PbS NPs obtained at 190, 230, and 270°C. The results show
that each PbS nanoparticle obtained exhibited a blue shiftre-
lative to the bulk PbS material, indicating the formation of
nanosized particles [4, 17]. As shown in Figure 12(a)-12(d),
the bandgap energies for complex (1) and complex (2) varied
between 2.15-2.92 eV and 2.46-3.11 eV at various tempera-
tures. The variation in reaction temperature, the type of
precursor, and the carbon chain length of the capping agent
affect the optical propertiesof the PbS NPs, as shown by the
difference in bandgap energy observed. The bandgaps of
OLA-capped PbS NPs are larger than those of HDA-capped
PbS NPs with complex (1), while thebandgaps of HDA-
capped PbS NPs are larger than those of OLA-capped PbS
NPs with complex (2). Reduced nanoparticle size is the rea-
son for the increase in the bandgap. Thangwane et al. [31]
obtained similar results to those reported in this work when
lead(II) complexes of 2-benzimidazoledithiocarbamate were
thermolyzed in HDA and TOPO [36]. Table 3 summarizes
the reaction conditions, sizes, shapes, and optical properties
of the lead sulfide nanoparticles.

3.4. Photodegradation of Methylene Blue Using HDA-Capped
PbS NPs. The photocatalytic activity PbS NPs was examined,
based on the photocatalytic degradation of methylene blue
dye (MB) under UV irradiation using HDA-capped PbS NPs

due to the well-defined shape of HDA-capped PbS NPs com-
pared to those of OLA-capped PbS NPs obtained under sim-
ilar reaction conditions. Absorption spectra of the MB dye
solution containing HDA-capped PbS nanoparticles after
exposure to UV irradiation light at 15, 30, 45, and 60 min
are shown in Figure S5. As the exposure time increased from
0 to 60 min, absorption intensity peak decreased due to the
degradation of MB dye. The PbS NPs elaborated at 190 (PbS-
HDA;) and 230°C (PbS-HDA,) using complex (1) showed
degradation efficiencies of 28.3% and 60%, respectively, after
60 min exposure to UV irradiation. Table 4 shows the maxi-
mum degradation efficiency of 48% for PbS NPs obtained at
270°C (PbS-HDA3) after 45min. The percentage degrada-
tion efficiency of PbS nanoparticles obtained at 230°C is
higher than those of PbS nanoparticles at 190 and 270°C
after 60 min of UV irradiation (Figure 13(a)). When complex
(2) was used, degradation efficiencies of 54.4%, 58%, and
50% were obtained for HDA;-PbS (230°C), HDA4-PbS
(270°C) after 60 min exposure, and PbS-HDA 4 nanoparticles
(190°C) after 45min (Table 4). However, a decrease was
observed after 45 min of irradiation with the PbS-HDAj;
and PbS-HDA, nanoparticles. This could be explained by
the fact that when anionic radicals decrease over time, the
rate of degradation also decreases, leading to a drop in the
percentage of degradation. When Ali et al. [37] reported on
the synthesis of cobalt ferrite nanomaterials for the photo-
catalytic degradation of Congo red dye, they also noted simi-
lar observations. After 60 min of UV irradiation, the PbS
nanoparticles obtained at 270°C (PbS-HDA) showed a higher
degradation rate than the PbS nanoparticles obtained at
230 (PbS-HDAs) and 190°C (PbS-HDA,) (Figure 13(b)).
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FiGure 11: TEM images of PbS NPs obtained from complexes (1) and (2) in HDA at 190°C (a, d), 230°C (b, e), and 270°C (c, f); showing the
SAED patterns at 190, 230, and 270°C from complex (1) (g—i).

TasLe 3: Overview of the size, shape, and optical properties of lead sulfide NPs, as well as the reaction parameters.

Complexes  Dispersion medium  Capping agent ~ Temperature (°C) Morphology Eg (eV)  Average size (nm)
190 Cubic 2.75 55
OLA 230 Cubic 2.96 47
270 Cubic 2.45 65
M OLA 190 Cubic 2.15 56
HDA 230 Cubic 2.92 44
270 Cubic 2.42 68
190 — 2.40 —
OLA 230 — 2.96 —
@) OLA 270 — . 2.45 —
190 Nearly spherical to cubic 3.11 26
HDA 230 Cubic 2.46 34

270 Nanorods 2.97 41
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TasLE 4: Efficiency of HDA-capped PbS NPs degradation using complexes (1) and (2).

Complex (1) as single source precursor

Times (min) 15 30 45 60
PbS-HDA, n (%) 14.0 23.5 24.1 28.3
PbS-HDA, n (%) 46.4 49.0 55.0 60.0
PbS-HDA, n (%) 40.0 47.0 48.0 452

Complex (2) as single source precursor

PbS-HDA, n (%) 420 452 50.0 420
PbS-HDA, n (%) 404 422 53.0 54.4
PbS-HDAg n (%) 41.0 45.2 50.0 58.0

The reaction temperature and precursor type could have influ-
enced the photocatalytic properties of PbS NPs [36]. One pos-
sible explanation for the high degradation efficiency of PbS-
HDAg (58%) and PbS-HDA, (60%) nanoparticles is that their
surfaces are porous, as it has been reported that a porous
surface favors an increase in the photocatalytic activity of

NPs due to the active sites available [36]. The degradation
efficiencies values obtained here are relatively close to those
reported by Mishra and Saha [38]. The number of electron—
hole pairs generated that can react on the surface of PbS NPs
determines the efficiency of MB degradation. Thus, under
irradiation conditions, the material should facilitate electron—hole
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TasLE 5: Methylene blue dye degradation using metal sulfide photocatalyst.

Metal sulfide catalysts Ligth source Irradiation time Degradation rate (%) Reference
PbS 70 W, mercury lamp 3hr 72.6, 75.9, and 47.4 [32]
7ZnS 8 W, ultraviolet lamp 6hr 27 [39]
PbS 3kW/m? direct light 1hr 50, 56, and 60 [38]
Cu; ¢S 70 W, mercury 3hr 42.52 [40]
FeS, 400 W, halogen 3 hr 30 min 13.2 [41]
Ag,S 70 W, mercury 3hr 48.39 [40]
PbS 15 W, UV-vis radiation 3hr 25 [42]
Ag-PbS 15 W, UV-vis radiation 3hr 68 [42]
CuS 125 W, mercury 1hr 33 [43]
CuySs 60 W/m?, UV light 1 hr 30 min 80 [22]
CdS High-pressure sodium lamp 3hr 54-76 11-47 40-61 [44] [44]
PbS 60 W/m?, UV light 1hr 60 This work

separation and inhibit charge carrier recombination, allowing the
production of additional oxidizing species, such as oxygen and
hydroxyl radicals, which then function as active centers to react
with the organic dye to oxidize it. Table 5 summarizes the results
of degradation efficiencies of MB, reported using other metal
sulfide NPs. This table shows that in most of the cases, the light
intensity and time required for MB degradation is greater than in
the present results. Based on the high degradation efficiency of
HDA-coated PbS NPs, lead sulfide nanoparticles can be used as
effective photocatalysts for removing organic pollutants from
water effluents.

4. Conclusion

The thermolysis of two lead(II) thiosemicarbazone com-
plexes in two primary amine capping molecules at 190,
230, and 270°C yielded lead sulfide NPs. PbS nanoparticles

in their prepared form have a cubic crystalline phase of rock
salt and a cubic, rod-shaped, almost spherical morphology.
Compared with the bandgap energy of bulk PbS, the optical
properties of PbS nanoparticles show a blue shift. While the
optical properties depend on the solvent and the type of
precursor, the shape and size of the PbS NPs depend on
the temperature and the solvent. After 60 min of irradiation
with UV light, the results showed that the HDA-coated PbS
nanoparticles obtained at 230°C using complex (1) were
effective photocatalysts for the degradation of methylene
blue dye at a rate of 60%.

Data Availability
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sented in the paper. The corresponding author can provide
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