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Facile Solvothermal Route to Nanorod-based PbS Dendritic Crystals
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Abstract: Using PbCl, and KSCN as raw materials, nanorod-based PbS dendritic crystals were prepared in

ethylene glycol (EG) under facile and mild solvothermal conditions. The as-prepared product was characterized by
XRD, XPS, FESEM, TEM and ED. The individual PbS dendrite has three-dimensional (3D) structure with one
trunk and four branches in a cross-like shape. The length of the trunk is in the range of 2~10 pwm, with diameter
of 150~300 nm. The branches have the length of 0.1~1.5 wm and the diameter of 80~180 nm, which grow in

parallel with each other along directions perpendicular to the trunk. The possible growth mechanism is also

discussed.
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In recent years, inorganic semiconductors with hi-
erarchical and complex dendritic superstructure at mi-
croscale have attracted a great deal of attention because
of their intrinsic electronic, magnetic, photonic, and
catalytic properties and potential applications in future
devices!"®. As a kind of fractal structure ,dendrites are
generally formed by hierarchical self-assembly under
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non-quilibrium conditions "%, so they can provide a
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natural framework for the study of disordered systems.
As one kind of the most important lead mineral in
the earths crust, lead sulfide (PbS) has attracted exten-
sive attention because it is a naturally occurring semi-
conductor with small band gap energy (0.41 eV) and
large exciton Bohr radius (18 nm)™"". Solid-solution lead
chalcogenide semiconductors are expected to be ap-

plied as tunable laser diodes that can operate in the
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mid-infrared wavelength region between 3x10™° and 4x
107 m. Blank and co-workers " have described the
growth of PbS single crystals using the gel growth tech-
nique. Garcfa-Ruiz'has studied the growth of PbS sin-
gle crystals in silica gels acidified with HCl and HCIO..
PbS with complex structures have attracted much atten-
tion because of their interesting morphologies and po-
tential applications, such as dendritic and flower-like
structures™ 7. Recently, multi-level assemblies of PbhS
nanorods have been synthesized by an amino acid-me-
diated approach!®,

Herein, we report the growth of nanorod-based PbS
dendritic crystals in the PbCL/KSCN/EG system under
mild solvothermal conditions. The method is favorable
to green environmental protection without use of any
toxic organic solvents and surfactants. A possible for-
mation mechanism of nanorod-based PbS dendritic ¢

rystals is suggested.
1 Experimental

All chemicals (A. R.) were purchased from Shang-
hai Chemical Reagents Co. and used without further
purification.

A typical preparation of nanorod-based PbS den-
drites was as follows: 0.1 mmol PbCl, and 0.2 mmol
KSCN were added into a 50 mL Telfon-lined stainless
steel autoclave, which was then filled with ethylene gly-
col up to 90% of the total volume. The obtained reaction
mixture was stirred for an additional 10 min. The auto-
clave was sealed and maintained at 200 °C for 12 h. Af-
ter the reaction was completed, the resulting black solid
products were filtered off, washed with absolute ethanol
and distilled water for several times, and then finally
dried in vacuum at 60 °C for 6 h.

The phase purity of the as-synthesized products
was examined by XRD using a Philips XPert PRO SU-
PER X-ray diffractometer (40 kV, 50 mA) equipped
with graphite monochromatized Cu-Ka radiation (A =
0.154 18 nm). The scan rate of 0.02° s™ was applied and
the patterns was recorded in the 26 range of 20~70°.
XPS spectra were recorded on a XRS5 Monochromated
X-ray Gun, using a non-monchromatized Al-Kaw X-ray

as the excitation source to investigate the surface con-

stituents. The morphology of the prepared products were
observed on a field emission scanning electron micro-
(JEOL-6300F, 15 kV). TEM image and SAED

were obtained on a Hitachi Model H-800 transmission

scope

electron microscope with an accelerating voltage of
200 kV. The samples for TEM observation were dis-
persed in anhydrous ethanol under ultrasonication, and
one drop of solution was deposited onto a carbon-coated

copper grid before evaporating naturally.
2 Results and discussion

2.1 Characterization of the as-prepared products
A typical XRD pattern of the sample is shown in
Fig.1. All the diffraction peaks can be indexed to face-
centered cubic phase PbS with calculated cell constant
a=0.594 0 nm, which is in agreement with the literature
datum @=(0.593 6 nm (PDF2 05-0592)). No other impu-
rities can be found in the pattern. The intense diffrac-

tion peaks suggest that the products are well crystal-
lized.
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Fig.1 XRD pattern of the as-prepared products

Fig.2 gives the XPS spectra of the sample. A typi-
cal survey spectrum of PbS is shown in Fig.2a. The
peaks of Pb and S can be clearly detected as well as
those of C and O, which are atiributed to the gaseous
molecules from the air absorbed on the surfaces of the
products. Fig.2b and 2c¢ reveal the XPS spectra of
Pb4f core level and S2p core level,respectively. The
corresponding binding energy of Pb4f,, and Pb4fs, is
137.55 €V and 142.45 eV, respectively. Meanwhile, the
peaks at 160.73 eV and 163.26 eV correspond to the
binding energy of S2p;», and the peaks at 161.92 eV
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(a) typical survey spectrum, (b) Pb4f core level, (c) S2p core level

Fig.2  XPS spectra of the as-prepared products

and 164.67 eV are due to the binding energy of S2p .
Surface topographies of the as-prepared products
are shown in Fig.3. FESEM images (Fig.3a-c) clearly
show that the prepared PbS crystals mainly consist of
nanorods arranged in dendritic structures. The individ-
ual PbS dendrite has three-dimensional (3D) structure
with one trunk (long axis) and four branches (short axes)
in a cross-like shape. On each dendritic structure, these
rod-like branches grow in parallel with each other along
directions perpendicular to the trunk (see magnified
image inset in Fig.3a). The trunk is with a length of 2~
10 pm and a diameter of 150~300 nm. The length of
the nanorods is in the range of 0.1~1.5 wm, with diam-
eter of 80~180 nm. A typical TEM image is shown in
Fig.3d, indicating that the nanoscale PbS dendrites are

indeed observed. The selected area electron diffraction

(SAED) patterns (see image inset in Fig.3d) recorded

from a nanorod in an individual PbS dendrite indicate
the single crystalline nature of the PbS dendrite. Two
typical diffraction spots can be indexed as the (200) and
(020) lattice planes, respectively. Extensive investiga-
tions were also performed on more individual PbS den-
drites with ED, the results of which demonstrate that as-
synthesized nanorod-based PbS dendrites are composed
of single crystals. In addition, the molar ratio of PbCl, to
KSCN does not influence the morphology of PbS prod-
ucts. We performed a series of experiments under the
same conditions except for molar ratio of Ph?* to SCN~
(1:1, 1:4, 2:1, 4:1). Based on the FESEM observation,
all these products are nanorod-based dendrite similar to
Fig.3a. Note that in the 4:1 (Pb*:SCN") system, a large
number of white unreacted PbCl, were existed in the
products, which should be washed with hot water before

characterization.

Fig.3 (a-c) FESEM images of the as-products prepared at 200 °C for 12 h; (d) TEM image of the as-products
prepared at 200 °C for 12 h; (e) FESEM image of PbS products prepared at 200 °C for 3 h

2.2 Reaction mechanism

It is well known that SCN™ anion is a good linker
ligand, which has been extensively studied in the field
of coordination chemistry and supramolecular chem-
istry"™®®l, In our experimental system, PbCl, could not be
dissolved in EG. When KSCN was added into the sys-
tem, PhCl, powders was gradually dissolved and finally

2m -n

disappeared, implying the formation of Pb, (SCN),

coordination polymer. So, the two reactions are based

on the formation of metal-thiocyanate polymer and then

thermal decomposition to give the PbS products. The

whole reaction process may be described as follows:
mPbh* + nSCN™ <> Ph,(SCN),>" 1)
4SCN™ + 9H,0 —
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COy> + S +3CO, + 3H,S + 4NH, (2) results reveal that the pre-obtained orthogonal shuttle-

Pbh* + 8> — PbS 3)

In addition, we have observed an interesting struc-
ture in the sample, i.e, orthogonal shuttle-like mi-
crostructure  (indicated by black arrows in Figs.3b and
¢). When the reaction time is decreased to 3 h and
keeping other conditions unchanged, much more devel-
oped or underdeveloped orthogonal shuttle-like struc-
tures are observed in the obtained sample (Fig.3e). It is
suggested that the formation of nanorod-based dendrites
may result from those orthogonal shuttle-like particles.

The experimental results imply that the formation
of orthogonal shuttle-like PbS particles has a close rela-
tionship with the growth of nanorod-based PbS den-
drites. We believe that the growth of nanorod-based PhS
dendritic erystal mainly includes two steps: First, an or-
thogonal shuttle-like PbS crystal seed is produced by
simultaneously growing out from the same nuclei along
(100) and (010) 2D lattice plane of the PbS cubic unit
cell (J0OO1] direction is assumed as longitudinal axis).
Second, the pre-obtained crystal seed serves as a good
morphology-director for the subsequent growth of
nanorod-based PbS dendrite. After a short period of
rapid growth, the concentration of reactants is de-
creased, which could not satisfy the continuing growth
of 2D fake-like nanostructure. It may lead to the further
nucleation and 1D epitaxial growth proceeding at the
growing fronts of the nanoflake. The marked white ar-
rows in Figs.2b and ¢ show that the bottoms of rod-
shaped secondary branches are connected with each
other on each dendritic structure, providing a support-

ing evidence for the proposed growth mechanism.
3 Conclusions

Nanorod-based PbS dendritic crystals have been
prepared under a simple solvothermal condition in the
absence of any surfactants or polymers. The characteri-
(XRD, ED) show that the prepared 3D

PbS dendrites crystallize very well. The experimental

zation results

like PbS particle can serve as a good morphology-direc-
tor for the subsequent growth of nanorod-based PbS
dendritic crystal. The novel micropatterns could serve
as building blocks to construct more complicated struc-

tures.
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