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Abstract: PbSe dendritic structures have been synthesized by a facile hydrothermal route in glycerol solution without surfactant.
Temperature, time, and Pb%" source play a major role in controlling the morphology and shape evolution of the product. The ob-
tained products were characterized by X-ray power diffraction (XRD), scanning electron microcopy (SEM) and transmission elec-
tron microscopy (TEM). This simple synthesis technique for the growth of various nano- and microstructures opens a new route to
prepare hierarchical structures of a variety of semiconducting materials in a large quantity. The possible formation mechanism for
products with various structures are presented, which is mainly based on the variation of the ratio (R) of the growth rates along the

<100> direction and <111> direction.
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Materials with different sizes and morphologies give us
opportunities in exploring their physical and chemical prop-
erties in terms of their application. During the past few years
considerable interests have been focused on the design of
rational methods for synthesizing high-ordered inorganic
semiconductor crystals with specific sizes, shapes and hier-
archies because of their potential application in designing
novel materials and devices in various fields™. As an im-
portant narrow-band gap IV-VI group semiconductor, PbSe
is an attractive material characterized by a large bulk exciton
Bohr radius (46) nm, eight times larger than that of CdSe'?,
which results in a strong confinement of the electron-hole
pair and large optical nonlinearity™. PbSe can be potentially
applied in near-IR luminescence, infrared detector, Pb®" ion
selective sensors, optical switching device application and so
on 171,

Over the past few years, various methods, including radia-
tion™®, photochemical method™, sonochemical method %,
microwave assisted preparation™, solution-based method™?,
and so on, have been reported to synthesize PbSe nanostruc-
tures with different shapes, snowflakes™, hyperbranches™,
multipods™, dendrites™, and hierarchical superstructures™”.
In all of the morphologies, dendrities have attracted much
attention in recent years due to their intersection morphology
and potential applications. The dendrites of metals,
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chalcogenides, and macromolecules®™®?? have been success-
fully obtained by a variety of methods.

In this work, we reported the preparation and characteriza-
tion of novel PbSe dendritic structures through a facile hydro-
thermal process in the absence of surfactant. To the best of our
knowledge, this is the first time to synthesize a large amount
of PbSe dendrites. Keeping other conditions the same, only by
changing the concentration of NaOH from 1 mol/L to 8 mol/L,
the dendrites can be formed. The possible growth mechanisms
for the cubes and dendrites structures of PbSe were discussed
on the basis of transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) analysis from the tem-
perature-dependence.

1 Experiment

All the reagents used are of analytical grade and purchased
from Shanghai Chemical Reagent Co. In a typical experiment,
Pb(NO;), was dissolved into a certain amount of glycerol and
H,O (60 mL); then NaOH solution was put into the mixed
solution; at last, selenourea (CH4N,Se) was discharged into
the solution to form a homogeneous solution. After being vig-
orously stirred for 1 h, the mixed solution was put into a Tef-
lon lined autoclave of 100-mL capacity and maintained at
120 <C for 24 h and then allowed to cool to room temperature.
The resulting black product was collected by filtration,
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washed several times with water and ethanol, and then dried at
50 <C for 4 h. Summary of the experimental results indicating
the influences of the concentration of NaOH and reaction
temperature, time on the shape formation of PbSe crystals are
listed in Table 1.

The phase purity of the as-synthesized products were ex-
amined by XRD using Bruker X-ray diffractometer (Model
D/max-3A, Cu Ka, A= 0.154 18 nm, German). The scan rate
of 0.06°s™ was applied and the patterns was recorded in the
26 range of 10=-80< The surface morphology of the prepared
products was studied with a scanning electron microanalyzer
(SEM, JSM-5910, Japan). EDS was carried out on a Hitachi
S-4700 equipped with energy dispersive X-ray Spectrometer.
The TEM studies were carried out on transmission electron
microscopy (TEM, JEM-100 CXII, Japan) apparatus with
accelerating voltage of 200 kV.

2 Results and Discussion

X-ray diffraction (XRD) analysis was used to examine the
crystal structure of the products. The XRD pattern of the
as-synthesized PbSe dendrites (S3) is shown in Fig.1. All the
diffraction peaks can be indexed to the cubic rock salt struc-
ture of PbSe with lattice constant a=0.613505 nm, which is in
good agreement with the literature value (JCPDS No 78-1903),

and no impurity phase can be detected. The strong and sharp
peaks indicate that PbSe dendrites are highly crystalline. A
strong 200 peak indicates that the products on a Si substrate
have a preferential orientation in the <100> direction. The
product morphology was determined by scanning electron
microscopy (SEM). Fig.1b is a typical SEM image of the
products, clearly showing that PbSe possesses a dendritic
structure. Examining numerous SEM images of the samples
prepared at 120 <C for 24 h, we found almost all the particles
are dendrites. It indicates that well-defined PbSe through
careful examination of the structure of a single particle (Fig.
1c) with dendritic structures can be obtained under the present
experimental conditions. The growth of the dendrites is rather
unique. The individual PbSe dendrites have three-dimensional
(3D) structures with one trunk (long axis). The nanorods of
branch are parallel to each other and in the same plane. A
higher magnification of SEM image can clearly show their 3D
structures, as demonstrated in Fig.1c. The length of the trunk
and the diameter of the branches of the PbSe dendrites are
5~10 pum, and 500 nm~1 pum, respectively.
2.1 Influence of the concentration of NaOH

In the present system, as soon as the concentration of OH
was increased to above 1, XRD shows that the patterns of PbSe
began to appear, indicating the formation of PbSe. Therefore, to

Table 1 Summary of the experimental results indicating the influences of the concentration of NaOH and reaction temperature,

time on the shape formation of PbSe crystals

Sample Pb** source Concentration of NaOH/mol 1.* Temperature/ T Time/h
S1 Pb(NO3), 1 120 24
S2 Pb(NO3)? 2 120 24
S3 Pb(NO3). 3 120 24
S4 Pb(NO3), 6 120 24
S5 Pb(NO3), 8 120 24
S6 Pb(NO3). 3 100 24
S7 Pb(NOs), 3 160 24
S8 PbCl; 3 120 24
S9 Pb(Ac). 3H:0 3 120 24
S10 Pb(NO3), 8 200 24
S11 Pb(NOs), 8 200 48
S12 Pb(NO3), 8 120 48
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Fig.1 XRD pattern of the as-prepared samples of the PbSe dendrites hierarchitectures (a), low-magnification SEM image showing PbSe
dendritic structures (b), higher magnification SEM image showing their 3D dendritic structure (c)
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investigate the morphological evolution process of the PbSe
crystals, the concentration of OH" was changed from 1 to 2, 3, 6,
8 mol/L under otherwise the same experimental conditions; a
serial of PbSe morphologies including cubes, dendrites came
out. The morphologies of the corresponding products are shown
in Fig.2. When the concentration was 1 mol/L, the morphology
was irregular (S1). As the ratios increase to 2 mol/L, the den-
dritic structures began to appear, with a few sheets structure
(S2). While the concentration reached 3 mol/L, a large amount
of dendritic structures were found (S3). However, when the
concentration was 6 mol/L, the cubic structure bean to appear
(S4); when the concentration continued to increase into 8
mol/L, the morphology changed completely into cubes (S5).
When the concentration further increased, the XRD shows that
the major diffraction peaks of PbSe disappear, which is not
shown in the Figla. The above result shows that the concen-
tration of OH- varies, the morphology will change greatly. It is
the most influential factor in our experiment. And we can con-
trol the major morphology through controlling the concentra-
tion of OH-. It is worth noting that the as-obtained dendrites
will not disband under irradiation of strong ultrasonic wave,
indicating that this morphology is very stable. From the above
results, we reasonably believe that shape-controlled synthesis
of PbSe crystals can be readily achieved through the delicate
control of the reaction concentration of OH- in our case.

2.2 Effects of temperature

Comparative experiments were carried out, in which other
parameters were kept constant, to investigate the influence of
temperature on the formation of PbSe crystals. As shown in
Fig.3, the concentration of OH- was chosen to be 3 mol/L.
The major morphologies were dendrites. However, different
temperature has different morphologies. Fig.3 clearly shows
the shape evolution process of the products by varying the
reaction temperature. Fig.3a shows the SEM image of PbSe
prepared at 100 <C, indicating the formation of PbSe dendrites,
but it goes with impurities, which is shown in XRD. When the
temperature was elevated to 120 <C, perfect dendrites began to
appear, with an average edge length of 5 um as shown in Fig.
3c. Increasing the temperature to 160 <C, the obtained prod-
ucts (Fig. 3d) are dendrites with side branch broken off.
Through the magnified SEM image of an individual PbSe
(inset), we can see that the branches have been broken off.
The shape was not changed greatly when the reaction temper-
ature was elevated to 200 <C. From the aspect of the tempera-
ture, we can see that the dendrites can be formed perfectly
when the temperature was 120 <C. And when the temperature
didn’t attain that, there were some impurities in the product.
On the other hand, when the temperature exceeded 120 <C, the
morphology would be destroyed by the superfluous energy.
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Fig.3 SEM image (a) and XRD pattern (b) of S6; SEM images of S3 (c) and S7 (d)
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2.3 Effects of Pb* ion source

To explore the influence of Pb®* sources on the morpholo-
gies of final PbSe products under otherwise same reaction
conditions, PbCl, and Pb(Ac),3H,O were used as Pbh*
sources instead of Pb(NOs),. When PbCl, was adopted, a
large amount of dendrites are presented in Fig.4a, which is
almost similar to the products when the Pb®* ion source was
Pb(NO3),. On the other hand, when Pb(Ac), 3H,0 was used
as the Pb?* source, the branches begin to form another den-
drites, which is shown in Fig.4b. Above results demonstrate
the morphology of product depends on the types of Pb?
source to a certain extent. Therefore, we can control the sub-
tle feature of dendrites, for example, the feature size or shape
of the branches.
2.4 Effects of solvent glycerol

The solvent glycerol played a key role in the formation of
the unusual leaflet PbSe crystals, according to Fig.5. We can
see that dendrite can form well when glycerol exists. If glyc-
erol weren’t added into the solvent, the viscosity of the whole
system was very low, and the product reunited quickly, and it
wasn’t favorable to form structures with uniform shape On the
other hand, glycerol was beneficial for forming crystal, which
needs further research.
2.5 Formation mechanism

In the approach to construct dendritic structure, the formation
of PbSe is based on the combination of Pb*" and Se*. While in
the case of NO5, only Se* coordinates with Pb**, which might
favor the quicker growth of the (111) faces. This phenomenon
can be attributed to the different interactions between anions
and Pb?". During the growth process, the adsorption rate of Se*

on different planes of PbSe nuclei may be affected by the anions.

The formation of PbSe crystals involves formation and growth

Fig.4 SEM images of different Pb* sources S8 (a) and S9 (b)

Fig.5 SEM images of glycerol of different amounts: (a) 0 mL and
(b) 25 mL

processes of PbSe nuclei. It is well known that selenourea can
decompose at certain temperature to produce H,Se. And the
reaction of H,Se and Pb** occurs to produce PbSe nuclei. The
possible chemical process for the formation of PbSe can be
summarized as follows:
NH,CSeNH,+2H,0—~2NH;+H,Se+CO, Q)
Pb**+H,Se—PhSe+2H" %)
In the alkaline glycerol/water solution system, glycerol acts
as a complexing reagent to form the complex, Pb(CsHgO53);
NaOH provides an alkaline environment for the Pb(C;H¢O3),
which sharply decreases the free Pb?" concentration in the
solution and slows down the speed of the following reaction
for the formation of PbSe crystals. The whole reaction process
can be summarized as follows:
CH;0H CH,OH

CHOH  + Pb(NO3), —> CHO ~_
CH,OH CH,0~

+ 2NaNO; +2H,0 (3)

Slow reaction rate is favorable for crystallization as well as
for the separation of the growth step and the nucleation step.

NH,CSeNH,+H,0—2NH;+H,Se+CO, 4
H,Se—Se*+2H" (5)
CH,OH
CHO ~ o Se”” — > PbSe + C3HgO3 (6)
CH,0 -~

3 Conclusions

In summary, we have presented a simple hydrothermal pro-
cess for preparing unusual 3D PbSe dendritic microstructures. It
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has been found that the concentration of NaOH plays important
roles in the formation of well-defined PbSe dendritic micro-
structure; at the same time, we investigate influence of the reac-
tion parameters on the shape of PbSe dendrites. A possible
mechanism for the formation of PbSe dendrites has been pro-
posed. However, the exact mechanism for the formation of
PbSe dendrites is still not fully understood and further studies
are needed to explain the observed phenomena. The experi-
mental results clearly show that the PhSe microstructures pre-
pared in the present study are good crystal and have some spe-
cific optical properties. Our study may provide a new method for
direct growth of dendritic microstructures and related materials.
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