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Symmetric hierarchical PbTe superstructures, including hopper cubes, flower-like structures, and dendritic
structures, have been successfully fabricated by a facile alkaline hydrothermal method. Field emission scanning
electron microscopy and transmission electron microscopy observations show that the PbTe hierarchical
structures can be controlled by changing reaction temperature, reaction time, concentration of NaOH, and the
kind of surfactants. The formation mechanism was investigated on the basis of the time-dependent experiment
and the shape evolution. It is proposed that the formation of PbTe hopper cubic structures is due to the Berg
effect induced concentration fluctuation of reactant ions, and the instability of growing fronts of crystals
leads to the hierarchical dendritic morphologies. NaOH plays a crucial role in the formation stage. The Fourier
transform infrared spectrum analysis showed that the band gap value of the PbTe hierarchical microcrystals
was about 0.29 eV.

1. Introduction

Recently, materials with different sizes and morphologies
have attracted more and more interest for their novel optical,
electric, magnetic, and thermal properties and potential applica-
tions in nanoscale electronic and optoelectronic devices.1 During
the past few years, many efforts have been devoted to designing
and synthesizing microcrystals and nanocrystals with specific
sizes, shapes, and hierarchies using the so-called “bottom-up”
approach.2 Besides nanowires and nanotubes,3 various materials
with different morphologies have been reported, such as
nanoribbons,4 zigzag nanobelts,5 helixlike structures,6 and
hierarchical dendrite structures.7 Among them, the shape-
controlled synthesis of complex three-dimensional (3D) archi-
tectures has been difficult to achieve and is a great challenge in
the chemistry and materials area.8

Lead chalcogenides are very important narrow band gap
semiconductors showing great promise in the fields of thermo-
electric and infrared (IR) photoelectric devices.9 Many recent
studies on lead chalcogenides have been mainly focused on the
controlled synthesis of different 3D structures, including PbTe
dendritic structures,10 PbTe spongelike structures,11 PbSe oc-
topod-like architectures,12,13 PbS hierarchical structures,14-16 PbS
triangular nanopyramids,17 PbS hyperbranched nanowire net-
works, and pine tree nanowires.18-20 Various methods, such as
electrochemical deposition,10,21 sonochemistry,11 alkaline etching
method,13 solvothermal method,16,22 and chemical vapor
transport,18-20,23 have been used to produce them. These
materials exhibit unique physical properties and should be of
scientific and technological importance as building blocks for
fabricating functional microdevices. For example, Li et al.
studied the optical property of the PbTe dendritic structures and
PbTe nanoparticles and found that the band gap of the former
is higher.10 Kerner et al. examined the thermal stability of PbTe
spongelike structures and rectangular structures and observed

a particular exothermal peak in the spongelike PbTe structures
possibly due to a strain release process.11

Recently, Zhu et al. reported on complex PbTe hopper crystals
with high hierarchy via the hydrothermal method,24 which
greatly stimulated the study of PbTe hierarchical architectures.
However, to date, there are only limited reports on the
preparation of lead chalcogenide hierarchical structures and the
formation mechanism, which are relatively undeveloped and
show some contrary results. For example, Zhang et al. fabricated
PbTe hierarchical crystals using ethylene glycol as the solvent
and PVP as the surfactant, suggesting that the capping effect
of PVP is responsible for the formation of such structures.25

Zhao et al. synthesized hierarchical PbS crystals using ethyl-
enediamine as the solvent and concluded that ethylenediamine
can cap {110} planes of nuclei more tightly.26 Zhang et al.
recently reported on PbSe hierarchical superstructures via a “top-
down” etching route13 and suggested that NaOH prefers to attack
the {100} planes of PbSe cubes. More recently, Bierman et al.
synthesized hierarchical PbS nanostructures of pine tree mor-
phology by chemical vapor deposition, and a dislocation-driven
growth mechanism was proposed.20

In this work, PbTe hierarchical superstructures, including
hopper cubes, flower-like structures, and dendritic structures,
have been synthesized via a simple alkaline hydrothermal
process. Some factors affecting the morphologies of PbTe
crystals, such as reaction time, temperature, concentration of
NaOH, and surfactants, were systematically investigated. On
the basis of the obtained results, a formation mechanism,
different from those previously reported, of such hierarchical
architectures is suggested, which is related to the Berg effect.27

NaOH plays a crucial role in the formation of PbTe hierarchical
superstructures with or without surfactants. In addition, the
optical property of PbTe hierarchical structures was investigated
by Fourier transform IR spectroscopy.

2. Experimental Section

Chemicals. All the chemicals used for the synthesis of PbTe
hierarchical structures in this work are analytical grade without
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further purification. Pb(NO3)2, Na2TeO3, and NaBH4 were
purchased from Shanghai Chemical Reagent Co. Ethanol,
acetone, cetyl trimethyl ammonium bromide (CTAB), polyvinyl
pyrrolidine (PVP), sodium dodecylbenzene sulfonate (SDBS),
and NaOH were purchased from a variety of sources. Distilled
water was obtained by a water-purification appliance.

Preparation of Hierarchical PbTe Structures. In a typical
procedure, 0.12 mol of NaOH and 30 mL of distilled water
were put into a beaker. The solution was stirred and heated to
100 °C, and NaOH was dissolved. Then, 3 mmol of Na2TeO3,
0.3 g of NaBH4, and 3 mmol of Pb(NO3)2 were added in turn.
After stirring for 5 min, the mixture was transferred into a 50
mL Teflon-lined stainless steel autoclave. The autoclave was
held at 160 °C for 24 h and then cooled in air to room
temperature. The gray powders were collected by filtering,
washed with distilled water and ethanol, and finally air-dried
for characterization. To study the growth mechanism and shape
evolution process of the synthesized PbTe products, the effects
of the synthesis conditions, such as reaction time, temperature,
the concentration of NaOH, and the kind of surfactants (PVP,
CTAB, and SDBS), were systematically investigated.

Characterization. The phase structure of the products was
investigated by X-ray diffraction (XRD) on a Rigaku-D/MAX-
2550PC diffractometer using Cu KR radiation. The morphology
and composition of the powders were analyzed by a Hitachi
S-4800 field emission scanning electron microscope (FESEM)
with energy-dispersive X-ray (EDX) spectrometer. Transmission
electron microscopy (TEM), high-resolution TEM (HRTEM),
and selected area electron diffraction (SAED) of the hierarchical
superstructures were performed on a JEOL JEM-2010 micro-
scope. The chemical states and the surface compositions of the
synthesized PbTe powders were analyzed by X-ray photoelec-
tron spectroscopy (XPS) on a RBD upgraded PHI-5000c ECSA
system (PerkinElmer) with Mg KR radiation (hυ ) 1253.6 eV)
at an operating pressure of 5 × 10-8 Pa. The total power applied
to the X-ray source was 250 W. Survey-scanning XPS spectra
(0-1100 eV) and high-resolution spectra of Pb 4f, Te 3d, O
1s, and C 1s were both recorded by using RBD 147 interface
(RBD Enterprises, USA) and the AugerScan 3.21 software.
Binding energies were calibrated by using the containment
carbon (C 1s ) 284.6 eV). The data analyses were carried out
by using the RBD AugerScan 3.21 software and XPSPeak4.1
software. The optical property of the products was performed
with a Fourier transform infrared spectrometer (FTIR, Nicolet
5700). For analyses, the samples were prepared in the form of
slices by mixing the product and KBr with a ratio of 1:20.

3. Results and Discussion

3.1. Structure and Morphology Characterization. Figure
1 shows the XRD pattern of the resulting powder obtained in 4
M NaOH at 160 °C for 24 h in the absence of any surfactant.
All the diffraction peaks can be indexed to face-centered cubic
(fcc) PbTe with space group Fm3m (225) (JCPDS: 38-1435),
indicating that pure PbTe compound has been synthesized. The
calculated lattice constant (a ) 6.464 ( 0.017 Å) is in good
agreement with the standard literature value of 6.459 Å. The
morphology of the PbTe powder was studied by FESEM. A
low-magnification image is shown in Figure 2a, which indicates
that the product mainly consists of 3D symmetric hierarchical
crystals, including hopper cubes and flower-like structures.
Figure 2b shows the high-magnification image of a hopper cube.
It clearly reveals that each face of the cube has an inverse
pyramid-shaped hole with {110} facets mostly exposed and the
point of intersection of four {110} facets located at the center
of the cube, whereas the {100} facets form the protruded terraces

on the side faces of the pyramid-shaped hole. Figure 2c shows
a flower-like crystal, which is composed of eight hierarchical
horns with high complexity. The star-shaped crystals with three
tower-like horns can also be occasionally observed (Supporting
Information, Figure S1). The composition of the product was
checked by EDX analysis, as shown in Figure 2d. From the
EDX spectrum, besides the Cu peak originating from the
substrate, only lead and tellurium are found with the atomic
ratio of about 1:1, agreeing well with the stoichiometric ratio
of PbTe.

Panels a and b of Figure 3 are the TEM images of the hopper
cubic structure to further present the detail of the product.
The electron diffraction pattern in the low-magnification TEM
image (Figure 3a) shows that the hopper cube is a single crystal.
The high-resolution TEM image (Figure 3b) clearly shows that

Figure 1. XRD pattern of PbTe powder synthesized by a hydrothermal
method in 4 M NaOH at 160 °C for 24 h in the absence of any
surfactants.

Figure 2. (a) Typical FESEM image of PbTe microcrystals. Inset:
unit cell of PbTe (the smaller is Pb atoms). (b) Magnified image of a
hopper cubic crystal. (c) Magnified image of a flower-like crystal. (d)
EDX spectrum of PbTe microcrystals.

Figure 3. (a) TEM image of PbTe hopper cubic structure with the
SAED pattern. (b) HRTEM image of the portion marked by the circle
in (a). Inset: FFT of the lattice-resolved image.
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the 2D lattice fringes are structurally uniform with the spacing
of 0.32 nm, which is in good agreement with the d value of
(200) planes of the fcc PbTe. The fast Fourier transform (FFT)
of the lattice-resolved image (inset, Figure 3b) can be indexed
to the [011] zone of a face-centered cubic PbTe, the same as
that of the SAED in Figure 3a. From the HRTEM and FFT
analyses, it can be deduced that the six facets of the crystal are
along <100> directions and eight horns along <111> direc-
tions. Similar results have also been reported by other groups.25

In addition, it can be seen that the surface of the particles is
covered with a thin layer (2-3 nm) of amorphous material
(Figure 3b), which is due to the oxidation of PbTe in air.28,29

3.2. Investigation of Influencing Factors. The factors
affecting the morphology of PbTe crystals, including temper-
ature, the concentration of NaOH, and the kind of surfactants,
were systematically investigated. Temperature is one of the most
important factors during the synthesis process. Therefore, the
reactions were also carried out in 4 M NaOH while the
temperature was reduced to 100 °C or raised to 220 °C for 24 h
in the absence of any surfactant. Comparing the two FESEM
images shown in Figure 4, one can find that product synthesized
at the lower temperature (Figure 4a) has the smaller sizes (less
than 1 µm) and incomplete hierarchical structures. When the
reaction temperature was raised to 220 °C, the well-defined
flower-like and hopper cubic structures with larger sizes (about
3-5 µm) were obtained, as shown in Figure 4b.

The concentration of NaOH is another important influencing
factor. It was pointed out that there existed possibly a critical
concentration of OH-, and the quality of the target product was
poor if the concentration was higher or lower.24 Figure 5 shows
the FESEM images of the products prepared with different OH-

concentrations at 160 °C for 24 h in the absence of any
surfactant. When no NaOH was added, only PbTe particles were
obtained, which have an average size of dozens of nanometers
(Supporting Information, Figure S2). A trace of PbTe cubic
hopper crystals can be observed with plenty of tiny PbTe
nanoparticles when the concentration of NaOH is 1 M (Figure
5a). With increasing concentration of NaOH, more hopper cubes
with bigger sizes are formed (Figure 5b). The well-defined
hierarchical PbTe crystals can be obtained with the concentration
of NaOH up to 4 M (Figure 5c). When the 8 M NaOH is used,
the dendritic structures are well-developed (Figure 5d). The
above fact shows that high concentrations of NaOH are
favorable for the anisotropic growth of PbTe hierarchical
crystals. NaOH may prefer to attack the {100} crystal planes
and induce the surface energy rearrangement of PbTe nulei. It
is worth mentioning that, when the PbTe cubic nanoparticles
synthesized with no NaOH were again hydrothermally treated
in 4 M NaOH at 160 °C for 24 h, no noticeable microstructural
changes were observed (Supporting Information, Figure S3),
indicating that NaOH should play its role during the nucleation
and growth of PbTe crystals.

The chemical states and the surface compositions of the as-
synthesized products were characterized by XPS. Figure 6 shows
the XPS spectra taken from the products prepared in the
solutions of 1 and 4 M NaOH, where the main products are
cubic PbTe nanoparticles and hierarchical PbTe microcrystals,
respectively. Figure 6a shows the XPS survey spectra of cubic
and hierarchical PbTe. Only Pb, Te, C, and O peaks were found.
The atomic ratios of Pb and Te are 12:11 for cubic and 4:3 for
hierarchical PbTe. The lack of Te atoms in the latter should be
due to the difference in shape of PbTe crystals. For the cubic
PbTe nanoparticles, the exposed (100) facets contain an equal
number of Pb and Te atoms, whereas the (110) facets of the
hierarchical PbTe structures have more Pb than Te atoms. The
high-resolution spectra of Pb 4f and Te 3d photoelectrons for
cubic and hierarchical PbTe are shown in Figure 6b,c. The peak
fitting of each high-resolution spectrum was achieved by the
subtraction of a Shirley background, followed by the decom-
position calculations using Lorentzian-Gaussian sum functions
with a mixed parameter of 0.2.30 As shown in Figure 5b, the
Te 3d5/2 peak of both cubic and hierarchical structures can be
decomposed into three peaks: 572.1(572.2), 574.6(574.7), and
576.1(576.3) eV, respectively, corresponding to the three
chemical binding states of PbTe,29 PbTeO3, and TeO2.31,32 The
chemical binding state at about 574.6 eV has rarely been found
in the previous reports on PbTe crystals, and we ascribed it to
the oxidized thin surface layer. As shown in Figure 5c, the Pb
4f7/2 peak of cubic PbTe is decomposed to two peaks at 137.1
and 138.2 eV, corresponding to the expected chemical shift for
PbTe and PbO, respectively.33 The Pb 4f7/2 peak of the
hierarchical PbTe can be fitted into 137.2 and 138.7 eV peaks,
respectively, which proves the existence of PbTe and Pb(OH)2

and is in good agreement with the previous report.34 Figure 6d
shows the high-resolution spectra of O 1s photoelectrons for
cubic PbTe nanoparticles and hierarchical PbTe superstructures.
The O 1s peaks of both structures can be decomposed to two
peaks: 530.7(530.3) and 528.8(528.3) eV, which correspond to
the chemical binding states of adsorption oxygen and oxides of
Pb and Te.35 To sum up, no elemental Pb and Te were detected
in the synthsized products. The surface chemical states and
compositions between cubic and hierarchical PbTe are different
due to the different shapes of the products. In high concentra-
tions of NaOH, Pb is more easily oxidized into Pb(OH)2.

Surfactants can also play an obvious role in the morphology
of the products. The preferential adsorption of surfactant

Figure 4. FESEM images of PbTe crystals synthesized in 4 M NaOH
at (a) 100 °C and (b) 220 °C for 24 h in the absence of any surfactants.

Figure 5. FESEM images of PbTe microcrystals synthesized with
different concentrations of NaOH: (a) 1 M, (b) 2 M, (c) 4 M, and (d)
8 M. Inset: TEM image of cubic PbTe nanoparticles.
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molecules on different crystal faces may direct the growth of
particles into various shapes by controlling the growth rates
along the different crystal axes. Figure 7a is the SEM image of
the as-synthesized product in 4 M NaOH at 160 °C for 24 h
in the presence of CTAB. It indicates that the product consists
of the flower-like structures and the hopper cubes with a round
hole at the center of each face. With increasing reaction time
to 48 h, the almost same products with the flower-like and
hopper cubic structures were obtained (Supporting Information,
Figure S4), indicating that CTAB may inhibit the growth of
hierarchical flower-like structures. One-dimensional PbTe nanow-
ires have been synthesized by a CTAB-assisted hydrothermally

driven rolling up process,36,37 where CTAB was considered to
act as an etchant beneficial for producing 1D structures.
However, in this work, CTAB should act as the stabilizing agent
and is favorable for the formation of cubic PbTe crystals. Figure
7b shows that dendritic structures with eight identical tower-

Figure 6. (a) XPS survey spectra of cubic PbTe nanoparticles and hierarchical PbTe microstructure products: a, Te MNN; b, Te 3d5; c, O 1s; d,
Pb 4d5; e, C 1s; f, Pb 4f7; g, Te 4d5; h, Pb 5d5. High-resolution spectra of (b) Te 3d, (c) Pb 4f, and (d) O 1s photoelectrons for cubic PbTe
nanoparticles and hierarchical PbTe superstructures.

Figure 7. FESEM images of PbTe products in the presence of different
surfactants: (a) CTAB, (b) PVP, and (c) SDBS at 160 °C for 24 h. (d)
FESEM image of PbTe products synthesized with SDBS at 160 °C for
48 h. Inset: the magnification of the area marked by the square.

Figure 8. FESEM images of the PbTe crystals synthesized in 4 M
NaOH at 160 °C for different time intervals: (a) 3, (b) 6, (c) 9, (d) 12,
(e) 18, and (f) 24 h.
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like horns were synthesized using PVP as the surfactant. Zhang
et al.25 also reported such an architecture using ethylene glycol
as the solvent and PVP as the surfactant, which actually acted
as the capping agent. The role of PVP in our experiment is
considered to be same. The adsorption and desorption of PVP
molecules on different faces of PbTe nuclei may kinetically
control the growth rates along different crystal directions. Figure
7c is the SEM image of PbTe crystals using SDBS as the
surfactant, showing that the product consists of submicron
particles, hopper cubes, and flower-like structures. Prolonging
the reaction time to 48 h, a large amount of nanosheets was
observed, as shown in Figure 7d. The nanosheets have a
thickness of 20-50 nm. Zhu et al.24 suggested that the addition
of SDBS to the solution resulted in the formation of more
dendritic structures and pointed out that SDBS acted as a
capping agent. In this work, however, different results were
obtained. SDBS molecules seem to absorb onto some surfaces
of PbTe crystals, leading to highly anisotropic growth of PbTe
crystals. All in all, surfactants do play an important role in
influencing the morphology of the synthesized PbTe products.
However, the flower-like hierarchical structure can be found in
all the products even when using different kinds of surfactants,
which indicates that surfactants may not be the crucial factor
for the formation of such a flower-like superstructure in the
solution with high concentrations of NaOH. The interaction
between surfactant molecules and PbTe nuclei can be weakened
due to the role of OH-.

3.3. Time-Dependent Experiment and the Growth Mech-
anism. To obtain a better understanding of the growth mech-
anism of hierarchical PbTe crystals, a time-dependent experi-
ment was carried out at 160 °C for 3, 6, 9, 12, and 18 h with
4 M NaOH in the absence of any surfactant. The shape evolution
of the synthesized PbTe crystals is shown in Figure 8. When
the reaction time is 3 h, the main product is PbTe nanoparticles
and a few hopper cubic structures are occasionally found (Figure

8a). Both the hopper structures and the nanoparticles are
produced after 6 h (Figure 8b). Prolonging the reaction time to
9 h, more nanoparticles transform to hopper cubes (Figure 8c).
As the reaction time further increases, the cubes grow bigger
and the number of nanoparticles decreases gradually (Figure
8d,e). For a reaction time of 24 h, 3D well-defined symmetric
hierarchical PbTe dendritic architectures were obtained (Figure
8f).

The formation of PbTe hierarchical structures should be
determined by the nucleation and the subsequent growth stage.
The growth process proceeds according to the crystal habit and
to the branching process, which are associated with the energy
of the exposed facets (kinetics) and the diffusion effect,
respectively. During the nucleation, PbTe seeds crystallize as
polyhedrons, which expose six {100} planes and eight {111}
planes due to their highly symmetric cubic rocksalt crystal
structures.38 Then at the growth stage, the shape evaluation of
crystals is determined by the ratio of the growth rate in the [100]
to that in the [111].39 As an fcc crystal, {111} planes have higher
energy than {100} ones and, hence, a faster growth rate along
[111] direction than along [100] direction. Thus, an fcc crystal
can naturally grow into a cubic structure with {100} facets
exposed, as shown in Figure 5a. Interestingly, the hierarchical
PbTe superstructures were obtained only in the presence of
NaOH, regardless of the presence of any surfactants. We propose
that, therefore, NaOH plays a crucial role in the formation of
PbTe hierarchical superstructures. Similar hierarchical archi-
tectures have also been found in various compounds, such as
CaCO3,40 Cu2O,41 MoS2,42 and Ba(NO3)2.43 They were obtained
by changing certain experimental conditions, such as solvents
(gel media40 and alkaline microemulsion41), concentration of
precursors,42,43 and voltage,44 which can obviously affect the
diffusion process. As to the formation of PbX (X ) S, Se, Te)
hierarchical structures by wet chemical methods, there are two
main mechanisms previously reported: capping effect of sol-
vent26 or surfactant25 and etching effect of OH-.13 However,
these two mechanisms cannot explain why the hopper holes
initially occur at the center of each facet. It is known that the
morphology of crystals strongly depends on the deviation of
the formation conditions from the thermodynamic equilibrium.43,44

Near the equilibrium conditions, specific polyhedral forms are
created through a kinetic-controlled reaction and the surface
energy will take a minimum value. With increasing the driving
force of crystallization, skeletal crystals are produced. Under
far-equilibrium conditions, the instability of the growing fronts
of crystals leads to the formation of dendritic morphology due
to the increased contribution of mass or heat diffusion. On the
basis of our experimental results and the above discussion, we

Figure 9. Formation process of PbTe hierarchical microstructures.

Figure 10. Plot of (Rhυ)2 vs hυ for determination of the band gap of (a) PbTe hierarchical structures synthesized in 4 M NaOH at 160 °C for 24 h
in the absence of any surfactant and (b) PbTe nanoparticles synthesized without NaOH.
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consider that the morphological evolution process of PbTe
hierarchical structures can be illustrated in Figure 9. First, PbTe
nuclei form, which is controlled by kinetics. The cubes are
formed due to the high energy of the {111} facets. It is well-
known that, when a crystal is polyhedral with smooth interfaces,
the concentration of reaction ions over a face is not uniform: it
is higher near the edges and corners than at the center of a face,
which is named the Berg effect.27,45 Therefore, when the growth
of PbTe cubes proceeds, the process will be controlled by the
Berg effect. The concentration of Pb and Te ions is higher at
the edges and corners, which is favorable for the formation of
new layers at the edges of the {100} faces. Thus, the hopper
cubic structure is formed, and these structures grow along the
<111> direction. NaOH is necessary in synthesizing PbTe
hierarchical superstructures, which may greatly strengthen
the Berg effect. With increasing reaction time, the new layers
are formed at the eight corners and caused a gap in the middle
of each edge. The instability of the growing fronts finally leads
to the formation of the dendritic structures.

3.4. Optical Property of PbTe Hierarchical Structures.
The optical property of PbTe hierarchical crystals synthesized
in 4 M NaOH at 160 °C for 24 h was studied by an FTIR
spectrometer in the spectral range of 2.5-25 µm at room
temperature. The FTIR spectrum for the PbTe nanoparticles of
∼40 nm synthesized at 160 °C for 24 h without NaOH
(Supporting Information, Figure S2) was also carried out for
comparison. Figure 10 shows the plot of (Rhυ)2 versus photon
energy (hυ) for the PbTe hierarchical structures and the PbTe
nanoparticles. The band gap value (Eg) can be calculated by
extending the linear part of the curve to zero absorption. The
band gap value of the PbTe hierarchical structure was estimated
to be about 0.29 eV, which is in good agreement with literature
values.10,46,47 For the PbTe nanoparticles, the band gap values
shifted to 0.31 eV, which is higher than that of the PbTe
hierarchical microcrystals due to the strong quantum confine-
ment effect.48

4. Conclusion

Hierarchical PbTe structures, such as hopper cubic, flower-
like, and dendritic structures, have been successfully synthesized
by a facile alkaline hydrothermal method. The influencing
factors, including reaction temperature and time, concentration
of NaOH, and the kind of surfactants, were systematically
investigated. It is suggested that the formation of hierarchical
PbTe structures is due to the deviation of the formation
conditions from the thermodynamic equilibrium, and hopper
cubic structures are formed due to the nonuniformity of the
solute distribution (Berg effect) over the crystal faces. NaOH
plays a crucial role in the formation process. The band gap value
of hierarchical PbTe structures was calculated to be about 0.29
eV from the FTIR absorption spectrum.
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