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Nanoparticles of lead sulfide, selenide and telluride have
been synthesized by the reduction of sulfur, selenium or tel-
lurium powder with sodium borohydride (NaBH4) to produce
sulfide, selenide or telluride ions, followed by their reaction
with a lead salt. In comparison to the chloride, nitrate or sul-
fate, considerable control of the product is possible when
lead carbonate is used as the salt; various shapes of nanopar-

Introduction

Lead chalcogenide materials with critical dimensions of
the order of nanometers have been of considerable interest
of late both because of their unique physical and chemical
properties and because of a perceived potential for use in a
diverse range of applications.[1–3] Such materials can be
used in photovoltaic cells,[4] infrared detectors,[5] and ther-
moelectric devices.[6] Lead chalcogenide nanocrystals exhi-
bit a strong quantum size effect because of the large Bohr
radii of both electron and holes [PbS (≈18 nm), PbSe and
PbTe (≈46 nm)], which leads to a large confinement energy.
Their critical dimensions, especially for selenide and tellu-
ride, are greater than in most II–VI and III–V semi-
conductors (ZnSe, CdSe, CdS, InAs).[7] The stable and tun-
able emission of NIR-emitting lead chalcogenide quantum
dots (QDs) make them suitable for applications in telecom-
munications (1300–1600 nm), bioimaging (near-IR tissue
window 800 and 1100 nm) and solar cells (800–2000 nm).[8]

Various morphologies of PbE (E = S/Se/Te) nanocrystals
have been reported, including spheres,[9] cubes,[10] rings,[11]

tubes,[12] wires,[13,14] dendrites,[15] and sponge-like struc-
tures.[16] Several groups have reported the shape evolution
of PbSe nanocrystals from cubes to truncated octahe-
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ticles are obtained on varying temperatures and/or times of
reaction. The nanoparticles were characterized by infrared
spectroscopy (IR), powder X-ray diffraction (PXRD), trans-
mission electron microscopy (TEM), high resolution trans-
mission electron microscopy (HRTEM) and X-ray photoelec-
tron spectroscopy (XPS).

dral,[17] spheres to cubes[18] and stars to cubes.[10] Shape
evolution for PbE can be affected by temperature, growth
time, solvent and precursor delivery. The systematic tuning
of the size and shape of nanocrystallites remains a key ob-
jective in realizing both functionality and assembly. The
synthesis of such nanocrystals has involved methods that
include sputtering,[19] ultrasonic synthesis,[20] injection of a
solution of a lead salt and trioctylphosphane chalcogenide
(TOP-E, E = S, Se, Te) into a hot solvent,[11,21] thermolysis
of single source precursors,[18,22–27] or hydrothermal synthe-
sis.[27,28] These methods generally involve high temperatures
and/or quite difficult conditions such as high vacuum or
high pressure or salt–solvent-mediated high temperature.

Rhodes et al. demonstrated the triggered aggregation of
PbS nanocrystals in a polymer matrix by changing the 1,2-
ethanedithiol concentration-triggered assembly of network-
like QD structures (low concentration) and self-assembled
more-ordered micrometer-sized crystals (high concentra-
tion).[29] The role of 1,2-ethanedithiol in decreasing the ag-
gregation as a result of decreasing inter-QD separation and
the self-assembly as result of a rapid ligand-exchange pro-
cess was suggested.[29] The 1D structures from such pro-
cesses are often polycrystalline and not well dispersed after
separating from the template. Limited success has been re-
ported in the growth of 1D PbTe by solution-based soft-
templating approaches. In a preliminary work, we demon-
strated a simple approach to controlled growth of low-di-
mension PbTe structures (spheres or rods).[30]

Herein we report further on this methodology and its
extension to PbS and PbSe. The method involves the reac-
tion of sulfur, selenium or tellurium powder with sodium
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borohydride (NaBH4) to produce sulfide, selenide or tellu-
ride ions, followed by reaction with a lead salt. Consider-
able control of the reaction is possible when lead carbonate
is used as the salt, and various shapes of nanoparticles are
obtained at different temperatures and time. We have re-
cently communicated the synthesis of 1D PbTe nanocrystals
by this method.[30]

Results and Discussion

Nanoparticles of PbE were synthesized by the addition
of an aqueous suspension or solution of a lead salt (chlo-
ride, nitrate, sulfate or carbonate) to a freshly prepared
NaH(S/Se/Te) solution. The isolated solid product was dis-
persed into TOP and injected into hot HDA at tempera-
tures of 190, 230 or 270 °C and held at the same tempera-
ture for 2–4 h. After cooling to 50 °C, the nanoparticles
were isolated by the addition of methanol to the reaction
mixture. The sequence of reactions is shown in below equa-
tions.

PbS Nanoparticles

PbS nanoparticles were prepared by the reduction of sul-
fur by using the above method. The thermolysis reactions
were carried out at a reaction temperature of 230 °C. The
lead salts, PbCO3, PbNO3 and PbSO4, were used as the lead
sources. Figure 1 shows the TEM image of PbS nanopar-
ticles synthesized at 230 °C with PbCO3 as the lead source.
The close to cubic particles have an average length of
17�4.7 nm and breadth of 9�2 nm (Figure 1a). The
HRTEM image of a single particle shows lattice fringes
with a spacing of 3.2 Å, which corresponds to the (111)
plane of cubic PbS (Figure 2a). The PbNO3 source also
gave elongated particles (Figure 1b). The PbSO4 lead salt
gave monodispersed, self–assembled, cubic-shaped par-
ticles. The average edge by edge of each cube is 11 nm (Fig-
ure 1c). Regular cubes are observed in the HRTEM image
(Figure 2b and c). There is a uniform distance of 2.4 nm
between the particles. Previous reports suggest that primary
amines preferentially coordinate to the [111] facets of PbSe
and PbS, which prevents the formation of cubes.[31] In this
work, we did not find that the primary amine prevents cube
formation. The powder X-ray diffraction pattern (Fig-
ure 3a) f the PbS nanoparticles synthesized from the lead
carbonate source shows the presence of the (111), (200) and
(220) diffraction planes of the cubic rock-salt structure of
PbS.
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Figure 1. TEM images of PbS nanoparticles prepared at 230 °C
from (a) PbCO3, (b) PbNO3 and (c) PbSO4.

Figure 2. HRTEM images of PbS nanoparticles prepared at 230 °C
from (a) PbCO3, (b) and (c) PbSO4.
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Figure 3. Powder X-ray diffraction patterns of (a) PbS, (b) PbSe
and (c) PbTe prepared from PbCO3 at 230 °C.

PbSe Nanoparticles

Figure 4 shows the TEM images of the PbSe particles
prepared with PbCO3 at different temperatures. A remark-
able change in shape of nanoparticles with temperature was
observed. At 190 °C (Figure 4a), monodispersed rods of
PbSe nanoparticles were observed with an average width of
12� 2 nm and average length of 30� 2 nm. At 230 °C, close
to perfect cubes were observed with an average size (a) of
15�2 nm (Figure 4c). At the highest temperature of
270 °C, truncated octahedral structures, which tend towards
being oblate, are seen with an average size of 20� 2 nm
(Figure 4e). Factors that control the shapes of inorganic
nanocrystals involve competition between thermodynamic
and kinetic factors.[32] According to this model, after the
formation of a preferred crystalline-phase seed, the final
morphology of the nanocrystals is mainly determined by
the growth process through a balance between the kinetic
growth and thermodynamic preference. At high tempera-
ture, the reaction is under thermodynamic control, and the
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most stable form of the nanocrystal is generally preferred.
At lower temperature, the reaction may be under kinetic
control, and selective anisotropic growth may occur. In our
system for the nanoparticles at 190 °C, kinetically con-
trolled growth on the (100) face is favoured and leads to
formation of rods (Figure 4a). When the temperature is in-
creased to 230 °C, the product is controlled by thermody-
namics, and the nanoparticles are predominantly cubes
(Figure 4c). However, at the highest reaction temperature
of 270 °C, a burst of nucleation, which may result in the
system growing quickly in both the (111) and (100) planes,
leads to truncated octahedral shapes (Figure 4e). Murphy et
al.[33] reported that the presence of directing agents, which
function as hard or soft templates for the preferential ab-
sorption of molecules and ions, directs the growth of nano-
particles into various shapes with gold or silver nanopar-
ticles. We have recently predicted and studied the growth of
various shapes of metal–chalcogenide nanoparticles with-
out any template using simple numerical calculations.[34]

Figure 4. TEM images of PbSe prepared from PbCO3 at (a) 190 °C
(rods), (c) 230 °C (cubes) and (e) 270 °C (cuboctahedrons).
HRTEM images of PbSe prepared at (b) 190 °C , (d) 230 °C and
(f) 270 °C.

The PbSe prepared with PbCO3 nanoparticles were fur-
ther studied by using HRTEM. The HRTEM images (Fig-
ure 4b) of rods obtained at 190 °C show lattice fringes with
a d spacing of 3.05 Å, which corresponds to the (100) reflec-
tion of cubic PbSe. The HRTEM image of the cubes at
230 °C (Figure 4d) shows lattice fringes with a d spacing of
3.52 Å, which corresponds to the (111) reflection. Lattice
fringes of particles prepared at 270 °C have a distance of
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3.05 Å, which corresponds to the (100) reflection (Fig-
ure 4f).

To fully understand the effect of the lead source on the
shape of the synthesized nanoparticles, the reaction was
carried out with PbCl2 and Pb(NO3)2 instead of PbCO3.
Figure 5 shows the TEM images of the PbSe nanoparticles
obtained with Pb(NO3)2 as a lead source. At 190 °C, mostly
close to perfect cubes with an average size of 15� 2 nm
(Figure 5a) were obtained; when the reaction temperature
was increased to 230 °C, cubes with an average size of
19 �1.5 nm (Figure 5b) were obtained. The reaction at
270 °C also gave cubes with a slight increase in the size
(21 �1 nm) (Figure 5c). Similar cubes of PbSe nanopar-
ticles were obtained in the reaction with PbCl2. The most
logical explanation for these observations is that with the
soluble salts (chloride and nitrate), the reactions with sele-
nide are essentially complete before injection. The result is
fully formed particles, which only yield fairly well-defined
cubes. In the case of lead carbonate (probably a suspension
of it is formed), only shells are formed on the precursor
PbSe surface. On injection, decomposition of the carbonate,
with subsequent kinetically controlled growth with different
shapes, occurs. The PbCO3 shell on PbSe is confirmed by
the FTIR measurement on the intermediate, which shows a
common broad peak at 1374 cm–1 for lead carbonate and
the intermediate, and the disappearance of this broad peak
in the spectrum of the final product (Supporting Infor-

Figure 5. TEM images of PbSe nanoparticles prepared from
Pb(NO3)2 (a) 190 °C, (b) 230 °C and (c) 270 °C.
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mation). The PbSe nanoparticles were synthesized by using
lead chloride, -nitrate and -carbonate as the metal salts. The
as-prepared samples of the PbSe nanoparticles with PbCO3

were examined by X-ray powder diffraction to analyze the
crystal structures and phase compositions. The XRD pat-
terns (Figure 3b) can be assigned to the face-centred cubic
phase of PbSe with a lattice constant of a = 6.124 Å. The
major diffraction peaks can be indexed as the (111), (200),
(220) and (311) planes of cubic PbSe, which is consistent
with values in the standard card (ICDD-78-1903).

PbTe Nanoparticles

The PbTe nanoparticles were prepared by the same
method, but with tellurium instead of selenium. The PbTe
nanocrystals obtained with lead carbonate at different tem-
peratures and reaction times are illustrated in Figure 6. At
190 °C, spherical particles with a diameter of 10.8�1 nm
were obtained after 2 h; 4 h gave rods of PbTe with a length
of 15�2 nm, width of 5� 1 nm (Figure 6a and b). At
230 °C, close to spherical particles with a diameter of
15.2 �1 nm were seen at 2 h; rods with a length and width
of 35� 3 and 8�1 nm respectively, were seen after 4 h (Fig-
ure 6c and d). Only rods were obtained at 270 °C with a
length of 45 �5 nm and width of 7.3 �1 nm after 2 h and
a length of 51.7� 10 nm and a width of 9.1 �1.5 nm after
4 h (Figure 6e and f). The PbTe nanoparticles were also pre-
pared with Pb(NO3)2 and PbCl2. The shape and size of the
PbTe nanoparticles obtained by varying the lead salts is

Figure 6. TEM images of PbTe nanocrystals prepared at (a) and
(b) 190 °C, (c) and (d) 230 °C, (e) and (f) 270 °C after 2 and 4 h,
respectively.
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given in Table 1. When Pb(NO3)2 and PbCl2 were used,
mostly spherical particles with an increased size at different
temperatures and times were obtained. There was no evi-
dence of anisotropic particle growth with the lead nitrate
and -chloride sources (Figure 7). However, lead carbonate
gave a distinctly different morphology.

Table 1. Shapes and sizes of PbTe nanocrystals prepared with vari-
ous lead salts at various temperatures and times.

Lead salt T PbTe particles
[°C] After 2 h (av. size, nm) After 4 h (av. size, nm)

Carbonate 190 spheres (10.8�1)[a] rods (15�2,[b] 5�1[c])
230 spheres (15.2�1)[a] rods (35�3,[b] 8�1[c])
270 rods (45�5,[b] 7.3�1[c]) rods (51.7�10,[b] 9.1�1[c])

Nitrate 190 spheres (7�1)[a] spheres (9.2�2)[a]

230 spheres (8�0.5)[a] spheres (12.8�1.5)[a]

270 spheres (11.2�1)[a] spheres (13.4�2) [a]

Chloride 190 spheres (8�1)[a] spheres (8.8�1.5)[a]

230 spheres (10.7�5)[a] spheres (12.8�2)[a]

270 spheres (13.8�1)[a] spheres (15.2�1.5)[a]

[a] Diameter. [b] Length. [c] Width.

Figure 7. TEM images of PbTe dots prepared at 230 °C after 2 h
with (a) PbCO3, (b) Pb(NO3)2 and (c) PbCl2 as the lead source.

The difference in morphology of the PbTe nanoparticles
obtained from the carbonate source relative to those ob-
tained from the chloride and nitrate sources can be attrib-
uted to the lower solubility of lead carbonate. This results
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in a suspension of the lead carbonate, which thereby forms
a shell on the PbTe surface. The surface energy of the crys-
tallographic faces of the initially formed seeds has a domi-
nant effect on the anisotropic growth pattern of the nano-
particles. The surfactant, in this case hexadecylamine, can
selectively be adsorbed onto the surface, and, thus, the sur-
face energy is modulated. The undissolved lead carbonate
also selectively adheres to the surface of the PbTe nanopar-
ticles, and this accentuates the difference in the growth rate
between the crystallographic phases. Therefore, anisotropic
growth in the form of nanorods occurs. This idea is con-
firmed by FTIR measurements on the intermediate. We
have observed a similar trend for CdTe nanoparticles.[35]

The HRTEM images of the PbTe nanorods clearly show
visible lattice fringes with a lattice spacing of 3.23 Å, as-
signed to the (200) reflection of cubic PbTe (Figure 8). Se-
lected area electron diffraction patterns (SAED) show the
single crystalline nature of both the dots and rods of PbTe.
The crystallinity of the PbTe nanoparticles prepared with
PbCO3 has been confirmed by powder XRD, which indi-
cates all are halite (fcc, space group Fm3m) with a lattice
constant of a = 6.449 Å. This is consistent with the stan-
dard value (a = 6.454 Å) for the bulk face-centred cubic
phase of PbTe (ICDD No: 08-0028). The major diffraction
peaks are indexed as the (200), (220), (222), (420) and (422)
planes of cubic PbTe (Figure 3c). No peaks characteristic
of impurities were observed.

Figure 8. (a) and (b) HRTEM images of PbTe nanorods prepared
from lead carbonate at 270 °C after 4 h.

Conclusions
High-quality nanocrystals of PbS, PbSe and PbTe have

been prepared by a simple route by using sulfide/selenide/
telluride produced from sulfur/selenium/tellurium powder
reduced with NaBH4 and lead as the carbonate, nitrate, sul-
fate and chloride. All the materials prepared have the halite
structure as confirmed by powder XRD. The shape of the
as-prepared nanoparticles at different temperatures was
studied by TEM and HRTEM. The shape of the final prod-
uct is relatively easy to control and provides a more reliable
route to such rods than some earlier approaches.

Experimental Section
All reagents were purchased from Sigma–Aldrich chemical com-
pany and used as received. Solvents were distilled prior to use.
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Synthesis of PbS Nanoparticles: In a typical procedure, sulfur
(0.62 mmol) was mixed with deionized water (20.0 mL) in a three-
neck flask. NaBH4 (1.60 mmol) dissolved in deionized water
(20.0 mL) was added to this mixture and was left to stir for 12 h
under a nitrogen atmosphere at room temperature. The lead salt
(0.64 mmol of PbCO3, (PbNO3)2 or PbSO4) dissolved in deionized
water (20.0 mL) was added. The solution was stirred for 30 min,
followed by the addition of excess methanol. The resultant solution
was then centrifuged and decanted to isolate the solid products,
which were dispersed into TOP (6.0 mL) and injected into hot
hexadecylamine (HDA) at 230 °C. The reaction was allowed to
continue for 2 h. The black solution was cooled to 50 °C. Addition
of excess methanol to the solution resulted in the reversible floccu-
lation of the nanoparticles. The flocculate was separated from the
supernatant by centrifugation. The resultant particles were dis-
solved in toluene for characterization.

Synthesis of PbSe and PbTe Nanoparticles: The synthesis of PbSe
and PbTe nanoparticles is slightly different from that of PbS; e.g.
selenium powder (0.31 mmol) was mixed with deionized water
(20.0 mL) in a three-neck flask. NaBH4 (0.80 mmol) was then care-
fully added, and the flask was immediately purged with nitrogen to
facilitate an inert atmosphere. After 1.5 h, lead carbonate
(0.31 mmol) was added to the reaction mixture. The suspension
was stirred for 30 min, followed by the addition of excess methanol.
The resultant suspension was then centrifuged. The precipitate was
dispersed in TOP and injected into hot hexadecylamine at 190 °C,
and the reaction was allowed to continue for 4 h. The black solu-
tion was cooled to 50 °C. Addition of excess methanol resulted in
HDA-capped PbSe particles.

The process was repeated by varying the injection temperatures and
lead sources (lead chloride and lead nitrate). A similar procedure
was followed to prepare the PbTe nanoparticles with tellurium.[31]

Characterization of Nanoparticles: X-ray diffraction studies were
performed on a Bruker AXS D8 diffractometer by using Cu-Kα

radiation. The samples were mounted flat and scanned between 20
to 80° with a step size of 0.05 and a count rate of 9 s. Transmission
electron microscopy analysis was performed by using a JEOL 1010
TEM instrument. High-resolution transmission electron micro-
scopy (HRTEM) was performed with a JEOL 2100 TEM instru-
ment, which operated at 200 kV. Infrared spectra were recorded on
a Perkin–Elmer Spectrum BX FTIR spectrometer.
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