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ABSTRACT: Hierarchical eight-arm, star-shaped PbS single crystals have been successfully synthesized by the
controlled release of sulfide ions from thioacetamide (TAA) at 80 °C in aqueous solutions of lead acetate and acetic
acid. The unique star-shaped PbS crystals have eight symmetric arms along the 〈111〉 directions, each of which
shows a trident-like, dendritic structure and consists of parallel PbS nanoleaflets. It has been revealed that the
presence of acetate ions as well as appropriate pH and temperature are crucial for the formation of the unusual
star-shaped PbS crystals. Moreover, other morphologies of PbS nanocrystals, such as nanorods, nanostrips, and
nanosheets, have been obtained facilely at 40 °C by using similar synthetic procedures.
Introduction
The architectural control of nano- and microcrystals
with well-defined shapes is an important goal of modern
materials chemistry because of the importance of the
shape and texture of materials in determining their
widely varying properties.1-3 Specifically, many recent
efforts have been devoted to the morphological control
and spatial patterning of semiconductor nanocrystals
of metal sulfides. Multi-armed CdS nanorod architectures were synthesized by surfactant-assisted routes,4
whereas CdS nanohelices were fabricated by templating
supramolecular ribbons.5 ZnS nanosheets were synthesized from a layered molecular precursor,6 whereas ZnS
nanobelts, nanocombs, and nanowindmills were produced using a thermal evaporation technique.7 Moreover, a unique pattern of radially aligned Ag2S nanorods8 and a variety of assemblies of Cu2S nanoparticles9
have been created directly by solution routes. However,
the development of facile, mild, and effective methods
for creating novel architectures or hierarchical structures based on semiconductor nanocrystals remains a
key scientific challenge.
PbS is an attractive sulfide semiconductor with a
narrow band gap energy of 0.41 eV and potential
applications including near-IR communication and
switches. The synthesis of PbS particles with a variety
of morphologies has been achieved so far. For example,
cubic-shaped PbS microcrystals and nanocrystals have
been produced by decomposition of thioacetamide10 and
a single source precursor,11 respectively. Spherical PbS
nanocrystals12 have been obtained in random copolymer
ionomers, whereas rodlike PbS nanocrystals13 have been
produced using a combination of surfactant and polymer
matrix as the template. PbS nanowires as well as
nanosheets have been prepared by a polymer-assisted
solvothermal method.14,15 Notably, unique star-shaped
PbS nanocrystals with six symmetric horns along the
〈100〉 direction were recently synthesized from the
thermal decomposition of a molecular precursor.16 Recently, novel PbS dendrites consisting of nanorods have
* To whom correspondence should be addressed. E-mail: liminqi@
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also been synthesized via hydrothermal or solvothermal
process.17 Herein, we report a simple synthesis of welldefined, star-shaped PbS microcrystals with eight symmetric arms along the 〈111〉 directions, each of which
shows a trident-like, dendritic structure and consists
of parallel PbS nanoleaflets. To the best of our knowledge, the obtained hierarchical single-crystalline PbS
crystals are unprecedented. Furthermore, other morphologies of PbS nanocrystals, such as nanorods, nanostrips, and nanosheets, were easily obtained under
modified conditions by using similar synthetic procedures.
Experimental Section
The synthesis of PbS products was carried out by the
thermal decomposition of thioacetamide (TAA) in aqueous
solutions of lead acetate and acetic acid at suitable temperatures. In a typical synthesis of star-shaped PbS crystals, 0.2
mL of 0.5 M Pb(Ac)2 was mixed with 4 mL of 0.1 M HAc at
first. Then, 0.2 mL of 0.5 M TAA was added to the solution,
followed by 5 min of ultrasonic stirring. The concentrations
for HAc, Pb(Ac)2, and TAA in the mixture are 0.091, 0.027,
and 0.027 M, respectively. The mixture was kept at 80 °C for
5 h under static conditions, resulting in the precipitation of a
black solid, which was recovered by centrifugation, washed
with water, and dried in air. In the experiment, the reaction
temperature as well as the concentrations for HAc, Pb(Ac)2,
and TAA were varied. Scanning electron microscopy (SEM)
measurements were performed with an Amray 1910FE microscope. Transmission electron microscopy (TEM) investigations were conducted on a JEM-200CX microscope. Powder
X-ray diffraction (XRD) patterns were recorded on a Rigaku
Dmax-2000 diffractometer with Cu KR radiation.

Results and Discussion
Well-defined, starlike PbS crystals (Figure 1a) were
synthesized by a controlled release of sulfide ions from
TAA at 80 °C in aqueous solutions of lead acetate and
acetic acid. The XRD pattern of the starlike crystals
(Figure 2a) shows sharp peaks corresponding to cubic
PbS with an fcc rock-salt structure (JCPDS 5-592),
suggesting that the “stars” are well-crystallized PbS
crystals. The star-shaped crystals were viewed from
different angles to show their hierarchical character
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Figure 3. SEM images of PbS products obtained at 80 °C in
0.01 M HAc solution (a) and in the absence of HAc (b). [Pb(Ac)2] ) [TAA] ) 0.027 M. Scale bars ) 1 µm.

Figure 1. SEM (a-d) and TEM (e) images of star-shaped PbS
crystals obtained at 80 °C in 0.1 M HAc solution. [Pb(Ac)2] )
[TAA] ) 0.027 M. Inset shows electron diffraction pattern
corresponding to the upper right corner. Scale bars ) 1 µm.

Figure 2. XRD patterns of PbS products obtained under
different conditions: (a) 80 °C, [HAc] ) 0.1 M, [Pb(Ac)2] )
[TAA] ) 0.027 M; (b) 40 °C, [HAc] ) 0.025 M, [Pb(Ac)2] ) 0.027
M, [TAA] ) 0.054 M; (c) 40 °C, [HAc] ) 0.025 M, [Pb(Ac)2] )
0.054 M, [TAA] ) 0.027 M.

(Figure 1b-d). It can be seen that the stars have eight
symmetric arms extending radially from the center with
a distance between two neighboring corners of about 2
µm. An arm shows a trident-like, dendritic structure
and consists of three groups of parallel PbS leaflets, each
group of which is perpendicular to one of the three
symmetric ridges constituting the trident-like arm. The
thickness of the leaflets is about 80-100 nm, and their
length (up to ∼400 nm) and width (up to ∼200 nm) vary

with changing position on the arm. Figure 1e presents
a typical TEM image of a star-shaped PbS crystal with
its four arms standing on the copper grid. The electron
diffraction pattern corresponding to the upper right
corner shows clearly the [100] zone of cubic PbS.
Moreover, the electron diffraction patterns corresponding to the other three corners as well as the central part
are observed to be exactly the same, suggesting that the
whole star is a PbS single crystal with its eight symmetric arms extending along the eight 〈111〉 directions
of cubic PbS. It indicates that the three ridges constituting the trident-like arm along a [111] direction are
parallel to the (11
h 0), (011
h ), and (101
h ) planes, respectively, whereas the three groups of nanoleaflets are
parallel to the {111} planes, respectively. This hierarchical eight-arm, star-shaped morphology of PbS crystals is obviously different from the novel six-arm, starshaped morphology of PbS crystals obtained from the
thermal decomposition of a molecular precursor.16
The acetic ions played a key role in the formation of
the unusual star-shaped PbS crystals. Cubic-shaped
PbS crystals showing well-defined {100} faces were the
predominant product when there were no acetic ions
present in the solution, i.e., Pb(NO3)2 was used instead
of Pb(Ac)2 as the lead source and HNO3 was used
instead of HAc, which is consistent with the result
obtained previously in the preparation of uniform cubicshaped PbS crystals.10 The concentration of HAc also
influences the morphology of the PbS crystals significantly. It was found that well-defined, star-shaped PbS
crystals were obtained at HAc concentrations between
0.05-0.1 M, and irregular stars were produced at higher
HAc concentration. When the HAc concentration was
decreased to 0.01 M, the product was a mixture of
irregular crystals and eight-arm, star-shaped crystals,
which did not show well-separated leaflets (Figure 3a).
It is noteworthy that the present star-shaped PbS
crystals were somewhat similar to the eight-arm, starshaped calcite crystals obtained in agarose gels where
ion transport was controlled by the gel media,18 indicating that the controlled release of reactant ions (both S2and Pb2+ ions) could largely contribute to the formation
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Figure 4. SEM images of PbS crystals obtained at 80 °C in 0.1 M HAc solution at adjusted pH values: (a) pH ) 4.5, (b) pH )
2.4, (c) pH ) 1.9, and (d) pH ) 1.7. Scale bars: (a) 2 µm, (b-d) 5 µm.

of the highly symmetric star-shaped PbS crystals. Only
irregular PbS crystals about 100-200 nm were produced in the absence of HAc (Figure 3b). Hence, an
appropriate HAc or Ac- ions concentration is crucial for
the formation of the hierarchical star-shaped PbS
crystals. It is known that lead acetate is a rather weak
electrolyte with a low degree of dissociation and the Acions can coordinate with the Pb2+ ions to form various
complexes such as PbAc+, PbAc2, and PbAc3- in aqueous
solution. The formation of the complexes between the
Ac- ions and the Pb2+ ions may lead to controlled release
of the Pb2+ ions as well as controlled crystallization of
PbS at the elevated temperature (80 °C). Therefore, it
is supposed that the Ac- ions acted as a shape-controlling ligand in the formation of the unusual star-shaped
PbS crystals.
The pH values of the reaction solution also showed a
significant effect on the crystallization of PbS crystals
in the presence of acetate ions. Figure 4 shows the SEM
images of PbS obtained at different pH values adjusted
by using 2 M NaOH or HNO3. While well-defined starshaped PbS crystals as shown in Figure 1 were obtained
in the 0.1 M HAc solution without pH-adjusting (pH
∼3.8), lots of sheetlike crystals were produced in addition to the star-shaped crystals when the pH was
adjusted up to 4.5 (Figure 4a). In contrast, many cubic
crystals as well as some large star-shaped crystals
(about 5-8 µm) showing coalescent leaflets were produced when the pH of the solution was decreased to 2.4
(Figure 4b). If the pH was decreased to 1.9, cubic
crystals were the predominant product, but imperfect
stars with eight outspread arms were observed occasionally (Figure 4c). Only cubic PbS crystals were
obtained when the pH of the reaction solution was
further decreased to 1.7 (Figure 4d). It is noted that the

pH of the reaction solution exhibits considerable effects
on both acetate equilibriums and sulfide equilibriums,
thereby controlling both concentrations of Pb2+ ions and
S2- ions in the solution. Therefore, the pH exerted a
delicate control on the crystallization process of PbS in
the solution of acetic acid and TAA at the elevated
temperature; however, the inherent mechanism is still
unclear due to the presence of the complex equilibriums.
The reaction temperature is another important factor
that influences the PbS morphology. PbS crystals with
morphologies other than eight-arm stars appeared if the
temperature was lowered from 80 °C, and the proportion
of the star-shaped crystals in the product was decreased
with decreasing temperature generally. The product
obtained at 60 °C exhibited a mixture of irregular
crystals and star-shaped crystals containing nanoleaflets. When the temperature was decreased to 40 °C, the
PbS stars disappeared completely and PbS nanostrips
with a length about several micrometers and a breadth
60-150 nm were obtained. A lower temperature would
result in a slower release of the S2- ions from TAA;
furthermore, the temperature would also affect the
complexation between the Ac- ions and the Pb2+ ions,
which may show an effect on the release of the Pb2+
ions and the crystallization of PbS.
At 40 °C but a lower HAc concentration (0.025 M),
PbS nanorods as well as nanosheets can be easily
produced at suitable reactant concentrations. As shown
in Figure 5a, PbS nanorods about 60 nm in diameter
and several micrometers in length were obtained at a
[Pb(Ac)2]/[TAA] ratio of 1:2. The corresponding XRD
pattern (Figure 2b) shows that the products are wellcrystallized PbS with a cubic rock-salt structure. If the
[Pb(Ac)2]/[TAA] ratio was increased to 2:1, micrometersized PbS nanosheets were produced (Figure 5b). The
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In summary, hierarchical eight-arm, star-shaped PbS
single crystals have been successfully synthesized by a
simple and mild solution method. The unique starshaped PbS crystals have eight symmetric arms along
the 〈111〉 directions, each of which shows a trident-like,
dendritic structure and consists of parallel PbS nanoleaflets. It has been revealed that the presence of acetic ions
as well as appropriate pH and temperature are crucial
for the formation of the unusual star-shaped PbS
crystals. Full mechanistic studies for the shape-controlled formation of the star-shaped PbS crystals are in
progress. It is possible that this approach can be
extended as an effective synthetic method for hierarchical, single-crystalline nanostructures of other inorganic
semiconductors.
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diffraction pattern corresponding to the framed area. Scale
bars ) 1 µm.
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shows that the (200) peak is considerably broadened,
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