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Abstract

Shape controlled synthesis of PbS nanoparticles, cubes, and nanowires has been realized by a so-called solvothermal-micro-
emulsion technique in a sodium dodecyl sulfate (SDS)/hexane/hexanol/water microemulsion system using different sulfur source.
The effect of different sulfur source and temperature on the shape of PbS nanocrystallites was investigated. The results demonstrated
that the combination of solvothermal process and microemulsion technique could provide a useful tool for the synthesis of other

nanocrysals with unusual shape and structures.
© 2004 Published by Elsevier B.V.
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Exploration of smart synthetic strategies for fabri-
cation of various forms of low dimensional nanostruc-
tures such as nanowires, nanorods, and nanotubes has
attracted a lot of attention [1,2]. Especially, shape con-
trol of semiconductor nanocrystallites has received a lot
of concerns because of their unique electronic, optical
properties, as well as important applications in single-
electron transistors, nonlinear optics [3]. PbS is an im-
portant semiconductor with a narrow band gap of 0.41
eV and has applications in near-IR detector and optical
switches [4].

Several kinds of solution methods have been explored
for shape control of PbS nanocrystals. Equilateral-tri-
angular, right-angle triangular and rectangularly shaped
PbS nanocrystallites have been synthesized under con-
trol of monolayers [5]. PbS needles were synthesized in
block copolymer polystyrene-b-polyvinylpyridine mi-
celles [6]. Cubic- and star-shaped PbS nanocrystals have
been synthesized by the thermolysis of single molecule
precursor [7].
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Recent advances in utilizing soft templates such as
micelles, emulsions to control the shape of the inorganic
nanocrystals have been reviewed by Pileni [§8]. It has been
demonstrated that reverse micelles and microemulsion
are ideal nanoreactors for the synthesis of anisotropic
nanoparticles, and even hollow tubes, which have been
widely used for the preparation of various inorganic
crystals. For example, nanotubes and nanowires of Cd,
Cu, and Zn chalcogenides have been obtained from so-
lutions containing a surfactant such as Triton 100-X
[2,9]. Using reverse micelle and microemulsion nanore-
actors for the preparation of PbS nanocrystals has also
been reported [10-12]. Uniform PbS nanocubes have
been synthesized by use of a surfactant [13]. Dendrite
PbS structures have been synthesized by a surfactant-
assisted hydrothermal growth method [14], or by use of
lead acetate and acetic acid as precursors [15]. Closed
PbS nanowires can be prepared by hydrothermal method
which uses organic molecules as additive [16].

In recent years, the combination of microemulsion
technique with hydrothermal process has been explored
for the preparation of nanocrystals such as impurities-
activated ZnS nanocrystallites [17], CdS nanoclusters
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and nanorods [18], Cu,S flakes and nanodisks [19], and
NiS nanosheets [20].

In this communication, we report the controlled
synthesis of PbS nanocrystals with different shapes by a
solvothermal-microemulsion technique. The effect of
different sulfur source and temperature on the shape of
PbS nanocrystallites was investigated.

Analytical grade hexane, hexanol, thiourea and
Pb(NO3), were purchased from Shanghai Chemical In-
dustrial Company. Sodium dodecyl sulfate (SDS) was
purchased from Guangfu Chemical Engineering Insti-
tute of Tianjin and Na,S-9H,O was purchased from
Dongda Chemical Plant of Tianjin. All materials were
used without further purification. The reaction was
carried out in a 57 ml capacity Teflon-lined stainless
steel autoclave, which was done in a digital type tem-
perature controlled oven.

In a typical experiment, 0.01 mol SDS was dissolved
in the mixed solution of 30 ml hexane and 9 ml hexanol
that was cosurfactant. Then 7.2 ml 0.1 M Pb(NOs3),
aqueous solution was added to the mixture under stir-
ring, which made the molar ratio of water and surfac-
tant (w) 40 and the concentration of SDS was about 0.21
M based on overall volume of the microemulsion. After
stirring for 5 min, a certain of amount Na,S - 9H,0 (or
thiourea) was added. The resulting microemulsion was
held at room temperature for three days or transferred
into a 57 ml capacity stainless Teflon-lined autoclave
after stirring for 30 min at room temperature. The au-
toclave was sealed and maintained at 120 °C for 12 h,
then allowed to cool to room temperature naturally. The
obtained precipitates were centrifuged, washed several
times using distilled water and absolute ethanol, and
dried in vacuum at 60 °C for 6 h.

The products were characterized by X-ray diffraction
pattern (XRD), recorded on a MAC Science Co. Ltd.
MXP 18 AHF X-ray diffractometer with monochro-
matized Cu Ka radiation (4 = 1.54056 A). Transmission
electron microscopy analysis was performed on a Hit-
achi (Tokyo, Japan) H-800 transmission electron mi-
croscope (TEM) at an accelerating voltage of 200 kV.

Pure PbS phase was obtained using Na,S-9H,0 as
sulfur source (Fig. 1). All reflection peaks of the product
can be indexed as a pure face-centered cubic structure
with cell parameter a = 5.936 A, which is in good
agreement with the previous literature (JCPDS Card
No. 05-0592). The broadened diffraction peaks in
Fig. 1(b) indicated that the particle sizes of the product
that was prepared at room temperature after ageing for
three days were very small. The calculated size based on
the Scherrer’s equation was 5-7 nm, which was consis-
tent with that evaluated by TEM (Fig. 2(a)).

When the temperature was increased to 120 °C and
the reaction time was 12 h, the fact that the diffraction
peaks (Fig. 1(b)) became sharper implied that the par-
ticles had grown up. TEM image in Figs. 2(b) and (d)

20004

200

—
-
—

1500+

1000

500 +

(a)

0 4
10 20 30 40 50 60 70 80 90
20

Fig. 1. XRD patterns of PbS nanocrystals prepared at room temper-
ature (a) and 120 °C (b) using Na,S as sulfur source.

showed that most of PbS nanoparticles grew into
nanowires with an average diameter of 20-40 nm and
length up to several micrometers. The electron diffrac-
tion pattern in Fig. 2(c) indicated that the product were
polycrystalline, which can be readily indexed as cubic
structure. An enlarged TEM image in Fig. 2(d) indi-
cated that the surface of the nanowires is rough and also
some aggregated nanoparticles were observed. It is ob-
vious that the formation of nanowires were not directly
due to the templating effects of the microemulsion, but
resulted from a cooperative effect of the soft template
effect and the anisotropic crystal growth at higher
temperature. The detailed formation process of the
nanowires is complicated and needs to be investigated
further.

Cubic-shaped PbS nanocrystal with side length of
300-500 nm was synthesized when thiourea was used as
sulfur source under identical conditions (Fig. 3(a)). A
typical growing cube is shown in Fig. 3(b). The electron
diffraction pattern (Fig. 3(c)) taken from (001) zone
indicated that the PbS cubes were single crystal. The
slow release S>~ anions due to the hydrolysis of thiourea
can significantly affect the kinetic growth of PbS nano-
crystals. In addition, the bonding of thiourea-to-Pb is
stronger than the weak binding between PbS crystals
and the SDS, resulting in the enhanced growth of PbS
crystals, which could be similar to that argued by Cheon
et al. [7a]. Since the formation of two dimensional nuclei
on {111} faces has a low activation energy in weakly
binding capping molecules [21], the growth on {111}
faces will be favored, leading to the observed cubic
shape (isotropic forms). This is consistent with that re-
ported previously where weakly binding ligand such as
dodecylamine for the synthesis of cubic PbS crystals
[7a]. The results demonstrated that the choice of differ-
ent sulfur sources will result in the PbS nanoparticles
with different shapes in the same microemulsion system.
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Fig. 2. TEM images of PbS nanocrystals synthesized using Na,S as sulfur source: (a) at room temperature, 3 days; (b), (d) at 120 °C, 12 h.
(c) Electron diffraction pattern of PbS nanowires shown in (b).
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Fig. 3. TEM images of PbS cubes prepared using thiourea as sulfur source, 120 °C, 12 h: (a), (b) TEM images. (c) Selected area electron diffraction
pattern of the cube shown in (b).
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In summary, a solvothermal-microemulsion tech-
nique was applied for the shape controlled synthesis of
PDbS crystals in a sodium dodecyl sulfate (SDS)/hexane/
hexanol/water microemulsion system. The results
showed that the shape of the PbS crystals could be
varied by using different sulfur source and controlling
the reaction temperature in the same microemulsion
system, underlying that the choice of suitable sulfur
source could add another parameter for adjusting the
shape of PbS nanocrystals. The further optimization of
this synthesis route is still needed to further improve the
quality of the PbS nanocrystals. The so-called solvo-
thermal-microemulsion technique could provide a use-
ful tool for the synthesis of other nanocrysals with
different shape, structures, and crystallinity.
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