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Crystal Growth

Morphology Control of Stolzite Microcrystals with
High Hierarchy in Solution**

Biao Liu, Shu-Hong Yu,* Linjie Li, Qiao Zhang,
Fen Zhang, and Ke Jiang

The shape, phase, and size of inorganic nanocrystals are
important elements in varying their electrical, optical, and
other properties,!! so rational control over these elements has
become a hot research topic in recent years.” Much effort has
been made in the design of rational methods for synthesizing
one-dimensional nanostructures such as nanorods, nano-
wires,®! nanobelts,® and nanotubes.”! Self-assembled hier-
archical and repetitive superstructures are also fascinating
because of their promising complex functions.”! Chemical
vapor deposition (CVD),*” laser-assisted catalytic growth
(LCG),® the use of hard templates,” electrochemical depo-
sition, and controlled solution growth at elevated temper-
ature or pH value are general synthesis routes.” Application
of organic additives,'”! self-assembled organic superstruc-
tures, and templates with complex functionalization pat-
terns'!! to direct the growth of inorganic material is also
attractive, as controlled morphologies and architectures can
be obtained under near-natural conditions.'”

Lead tungstate (PbWQ,) has attracted intense interest for
its scintillator applications in high-energy physics."® This
crystal has a density of 8.2 gcm >, a short decay time (less than
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10ns for 85% of light output), and high resistance to
radiation damage (107 rad for undoped material and 10° rad
for La-doped PbWO,).'! Since 1994 it has been used as a
scintillating medium for a new-generation crystal calorimeter
in the Large Hadron Collider (LHC) project at CERN.™!
Moreover, Pb WO, is promising as an active medium in laser
and stimulated Raman scattering,!'"!

A lot of effort has been made to synthesize PbWO,
crystals. Single crystals are usually grown from the melt by
the Czochralski™ and Bridgeman'¥ methods, whereas a
hydrothermal route results in PbWO, crystals with poorly
defined shapes.'”! Recently, CAWO, and PbWO, nano- and
microcrystals with various morphologies such as rods, spin-
dles, and pagodas were synthesized by a wet chemical
route.''! Nitsch et al. synthesized PbWO, with a scheelite
structure from a gel at low temperature.”)

Herein, we introduce a facile and mild solution method
for preparing PbWO, crystals with controlled morphologies
and special optical properties. Tetragonal stolzite with
hierarchical microstructures can be easily synthesized on a
large scale by controlling the reaction conditions, such as
pH value, surfactant, and temperature.

Figure 1 shows the X-ray diffraction (XRD) patterns of
the as-prepared products at different temperatures and
pH values with the same initial concentrations (the concen-
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Figure 1. XRD patterns of the PbWO, obtained under different condi-
tions: a) aging at 60°C for 60 h, pH 4.0; b) aging at 60°C for 18 h,

pH 7.0; c) aging at 160°C for 12 h, pH 4.0; d) aging at 160°C for 12 h,
pH 7.0. The initial concentrations of CTAB, Pb*", and WO,%" were all
0.0333 molL ™.

trations of Pb*", WO,*", and cetyltrimethylammonium bro-
mide (CTAB) were all 0.0333 molL™"). The reflection peaks
of the different products can be indexed as a pure tetragonal
scheelite structure with cell parameters a=5.46 and c=
12.04 A, which is in good agreement with the literature
values (JCPDS Card Number 86-0843). However, on com-
paring the peak intensities we found that the relative intensity
of the peaks corresponding to the (004) and (200) planes
varied significantly from the literature value, which indicates
the different tropism of the crystals.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

Figure 2a is a typical SEM image of the sample (Fig-
ure 1a) obtained after aging at 60°C for 60 hours, which
shows that the product consists of homogeneous spindlelike

Figure 2. a)-c) SEM images of the PbWO, helixlike structures obtained
by aging at 60°C for 60 h; the concentrations of Pb**, WO,*", and
CTAB were all 0.0333 molL™", pH 4.0. The arrows show helixlike struc-
tures which are composed of arrayed ellipsoidal particles. d) A sche-
matic illustration of the helixlike structures.

microrods of diameter 0.8-1.5 um at the center and length
more than 10 um. High-magnification SEM images (Fig-
ure 2b—d) clearly reveal that the microrods are constructed
from ellipsoidal particles with a diameter of about 100 nm and
length of about 1 um. It is interesting that these ellipsoidal
nanoparticles are highly directed to form arrays in a some-
what helical manner (see the arrows in Figure 2b,c). Our
proposed schematic illustration for such complex structures is
depicted in Figure 2d.

The growth process of these helical structures was care-
fully followed by time-dependent experiments. The TEM
image in Figure 3a shows that some spindles and chainlike
structures occur. These structures are composed of directly
arrayed nanopolyhedrons (Figure 3b,d) that are attached to
each other in an interesting parallel and scalariform way,
rather than in a simple parallel manner. Selected-area
electron diffraction (SAED) and high-resolution TEM
(HRTEM) were used to investigate how the nanopolyhedrons
are attached to each other. Figure 3c shows the electron
diffraction (ED) patterns recorded from the whole chainlike
structure (Figure 3b), which can be indexed to tetragonal-
phase PbWO, viewed along the [281] direction. Similarly, the
ED patterns (Figure 3d) recorded from the whole spindle
constructed from assembled nanopolyhedrons (Figure 3¢e)
can be indexed to tetragonal-phase PbWO, viewed along the
(110) direction. The ED patterns are similar from whichever
direction they are viewed or from whichever congeries in the
samples they are recorded, which underlines the fact that the
attached nanoparticles share the same crystal direction. This
observation was further confirmed by a careful HRTEM
study. Therefore, the early stage in the formation of such
helixlike structures still agrees well with that of the final stage
(Figure 2).

The two-dimensional crystal-lattice patterns are the same
even though they are obtained from the “subunits” of the
crystals, that is, different nanopolyhedrons (Figure 3 e-h). The
fringe spacing along the different directions was determined
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Figure 3. TEM images, ED patterns, and HRTEM images of the
sample obtained in the early stages of forming PbWO, helical struc-
tures by mixing Na,WO,-2H,0, PbAc,, and CTAB solution. The con-
centrations of Pb**, WO,?", and CTAB were all kept at 0.0333 molL™",
pH 4.0. a) The general morphology of the sample. b) The chainlike
structure formed by nanopolyhedrons assembled in a scalariform
manner, which is observed frequently in the sample. c) The ED pattern
recorded from the whole chainlike structure shown in (b). d) The ED
pattern recorded from the whole spindlelike particle shown in (e). €) A
typical spindlelike particle which is constructed from assembled nano-
polyhedrons, showing the scalariform ordered assembly. f) A HRTEM
image taken from the area marked by the pane in (e). g)-i) HRTEM
images magnified from (f); the areas are indicated by the panes
marked with (g), (h), and()).

as 3.25 and 6.00 A for the (112) and (002) planes, respectively.
It can be concluded that the elongated helical structures
evolved from such aggregates, which grew preferentially
along the c axis after aging for some time. The nanopolyhe-
drons were formed quickly after the reagents were mixed, and
the spindles with hierarchical structures evolved from the
nanopolyhedrons by the oriented attachment process accom-
panying Ostwald ripening. Such events are consistent with
previous reports®*! of a so-called “oriented attachment”
process that controls the initial stages in the formation of
these unusual structures. However, the Ostwald ripening
process also contributes to the formation of such structures,
by “shearing” the nanopolyhedrons into the blunt ellipsoidal
particles identified in their ripened final stage.

The morphology of the products varied greatly when the
pH value was increased to 7.0 and the other conditions were
kept the same. All the samples are homogeneous dendritic
structures (Figure 4a,b), which are quite similar to that
reported for cubic PbS microstructures.’**! However, the
individual PbWO, dendrite with three-dimensional structure
displays more complex features than that previously reported
for PbS.?*»! There are two shorter trunks and a longer one;
three crossed trunks construct the framework in a perfect
perpendicular manner. Four branches grow vertically on each
trunk in two perpendicular directions, which are similar to the
growth directions of the other two trunks, and ordered
microrods parallel to each other form the branches. The
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Figure 4. SEM images, TEM images, and ED patterns of the PbWO,
dendrites obtained after aging at 60°C for 18 h. The initial concentra-
tions of Pb?", WO,>", and CTAB were all 0.0333 molL™", pH 7.0. a) A
general view of the sample; b) a higher magnification SEM image; c) a
typical single dendrite; d) a magnified TEM image showing part of the
dendrite; ) ED pattern recorded from the branched part marked with
circles in (d); f) ED pattern recorded from the tip of the trunk circled
in (d); g) a typical HRTEM image taken from the tip of the branch.

length of the longer trunk is about 20 um and that of the two
branches is about 9 um. The ratio of the lengths of the three
main trunks is equal to the ratio of the cell parameters c/a =
¢/b=2.2:1; therefore, it is believed that the longer trunk grew
in the c direction and the two shorter ones, in the a or
b direction (Figure 4c). The dimensions of such high hier-
archical structures finely reflect the outside embodiment of
the intrinsic cell structure of stolzite quite well. Further
optimization of the growth conditions could make it possible
to obtain perfect hierarchical structures.

The structural characteristics of the crystal were further
elucidated by TEM and ED techniques. The SAED patterns
taken from the branch and main trunk areas marked by the
circles in Figure 4d (Figure 4e.f, respectively) are identical,
which indicates that they share the same crystal direction
along the c axis. We also investigated some other crystals in
the sample and found that this observation is universal for all
dendritic crystals. A typical HRTEM image recorded from
the tip of a branch is shown in Figure 4 g. The fringe spacing
was about 6.00 A, which corresponds to the lattice spacing for
the (002) faces. This result confirmed the supposition of the
growth direction of the dendritic crystal.

The temperature was found to significantly affect the
shape of the particles. The shape when the temperature was
increased to 160°C and the other conditions were kept
constant was completely different from that observed at low
temperature. After hydrothermal treatment for 12 hours at
160°C (pH 4.0), the products are dendritic structures (Fig-
ure 5a,b), whose length ranges from several micrometers to
more than 10 um. Unlike the sample obtained at 60°C for
60 hours, the individual PbWO, dendrite has only one trunk
and four shrunken branches. The branches are perpendicular
to the trunk and they are built up of parallel-arrayed particles.
The sample was transformed into peanutlike microrods with
certain crystal faces exposed (Figure 5¢,d) after hydrothermal
treatment for 12 hours at pH 7.0.
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Figure 5. The influence of the pH value on the shape of PbWO, crys-
tals. SEM images of: a),b) dendrite structures obtained at pH 4.0;
c),d) rodlike and crosslike structures obtained at pH 7.0. Both of these
samples were hydrothermally treated at 160°C for 12 h, and the initial
concentrations of Pb?*, WO,2", and CTAB were all 0.0333 molL™".

Furthermore, the surfactant CTAB plays an important
role in controlling the morphology of PbWO,. If the other
conditions are kept the same but with no added CTAB, or the
concentration of CTAB is increased from 0.0333 to
0.2333 molL ™!, only irregular particles are obtained (see
Supporting Information). This observation can be explained if
CTAB is adsorbed on specific facets of the PbWO, crystal and
changes their surface energy if the amount of CTAB is
appropriate. In contrast, the nonadsorbed facets will grow
rapidly, as identified in the synthesis of TiO, nanocrystals
controlled by a surfactant.”! If the concentration of CTAB is
too high, all the facets will have adsorbed surfactant such that
it loses the ability to control the morphology of the growing
crystals (see Supporting Information). We assume that the
influence of the temperature and pH value on the growth of
the crystals may lie in three aspects: affecting the adsorption
of CTAB to different facets, changing the relative energy of
the different facets, and affecting the controlling growth
mechanism. More careful investigation is still needed.

The optical properties of these complex structures were
also studied. The Raman spectrum of the stolzite helical
structure (Figure 6a) shows six bands in the range 100-
1000 cm™". The peaks located at 905.8, 766.3, 752.2, 355, and
326.8 cm™' correspond to the vibration modes v,(A,), vs(B,),
v3(E,), vo(B,), and v,(A,), respectively, which are consistent
with those reported by Frost and co-workers.”*! However, a
peak at 176.1 cm™! was observed, which was not reported
previously.”! This peak is not assigned by Ross,”” but it could
be assigned as the translation mode analogous to that for
CdMo0O,.”! The two bands at 752.2 and 766.3 cm™' are of
almost identical intensity, which could be a consequence of
identical crystal growth along the a and b axes. The Raman
spectra of stolzite crystals with other shapes (Figure 5 and
Supporting Information) are similar to that of the stolzite with
hierarchical structures (Figure 2 and Figure 4).

Figure 6b shows the room-temperature photolumines-
cence spectra of the different microstructures. Curves 1-4
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Figure 6. Optical properties of PbWO, crystals. a) Raman spectrum of
the dendritic crystals with three trunks. b) Photoluminescence spectra.
Curve 1 corresponds to the helical-array structure (Figure 2). Curve 2
corresponds to the dendritic structure with three trunks (Figure 4) and
curve 3, to the dendritic crystals with only one trunk (Figure 5a,b).
Curve 4 corresponds to the peanutlike crystals (Figure 5¢,d) and is
decomposed into four Gaussian components with peaks located at
410, 431, 454, and 485 nm (dotted lines). The excitation wavelength
was 350 nm and all the spectra were recorded at room temperature.

correspond to the helical-array structures (Figure 2), the
dendritic structures with three trunks (Figure 4), the dendritic
structures with one trunk (Figure 5a,b), and the peanutlike
structures (Figure 5c¢,d), respectively. All the curves have two
main peaks: one is located at about 435 nm, which is similar to
the reported value for the blue emission component;'>%! the
other is at about 585nm and has never been observed
previously in the bulk stolzite by other authors. The existence
of the orange emission peak (at about 585 nm) may be related
to the surface defects of the stolzite crystals, since it was
observed in all the crystals with different structures as their
size decreased to the micrometer scale but not in bulk crystals.
Meanwhile, the relative intensities of the two broadening
emission peaks seem closely related to the surface/volume
ratio. The dendritic structures with three trunks have the
biggest surface/volume ratio, and the relative intensity of the
peak at 585 nm is highest. In contrast, the relative intensity of
the emission peak at 585 nm for peanutlike structures, which
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have the smallest surface/volume ratio, is the lowest. As
described previously,?’! the peaks at about 435 nm can be
decomposed into several Gaussian components with peaks at
410, 431, 454, and 500 nm. The relative intensity of these
decomposed peaks differed according to the particular crystal
structure. For example, only the dendritic structures with one
trunk give a strong peak at about 500 nm, and the helical-
array structures give a stronger peak than the other structures
at 435 nm. These results could indicate that the special
structures might have some significant influence on the
optical properties of tetragonal PbWO, crystals, which could
be adopted in fine-tuning the surface-defect-related optical
properties of this material.

In summary, we have successfully synthesized tetragonal
PbWO, microcrystals with special hierarchical structures by
controlling the solution reaction conditions, such as the
amount of cationic surfactant CTAB, pH value, and temper-
ature. The formation of helixlike structures has been inves-
tigated, and the oriented attachment process clearly contrib-
utes to the creation of such structures. Novel dendrites with
hierarchical structures and exhibiting high crystal symmetry
can be synthesized by further varying the pH value of the
solution. Each dendritic crystal is composed of three main
trunks on which four branches of arrayed nanorods start to
grow. The CTAB and the temperature play important roles in
controlling the morphology.

The optical properties of these hierarchical tetragonal
PbWO, microcrystals differ from those of the bulk crystals,
which could be related to their structural complexity and
specialty. Further detailed characterization of this relation-
ship is needed. Lead tungstate has an important role as a
functional material, and thus the rational design of its
complex structures could be of significance in scintillator
applications. This synthesis method has demonstrated that it
is possible to design complex and hierarchical structures by a
facile, mild solution approach, which could be extended to the
morphogenesis of other inorganic crystals with complex
forms.

Experimental Section
Analytical grade Na,WO,-2H,0, Pb(CH;COO), (PbAc,), and cetyl-
trimethylammonium bromide (CTAB) were purchased from Shang-
hai Chemical Industrial Company and were used without further
purification. The reaction was carried out in a 60-mL teflon-lined
stainless-steel autoclave or a 100-mL glass jar, and the temperature
was regulated by a digital-type temperature-controlled oven.
Typical procedure: Na,WO,-2H,O (2 mmol) and PbAc, (2 mmol)
were placed in separate beakers, distilled water (25 mL) was added,
and the contents were magnetically stirred to form homogeneous
solutions at room temperature. The PbAc, solution was added slowly
to the Na,WO, solution under strong magnetic stirring to form a
mixture containing amorphous particulates. The pH was adjusted to a
specific value using NaOH or acetic acid solution (1 molL™"). The
resulting precursor suspension was transferred to a teflon-lined
stainless-steel autoclave (reaction temperature higher than 100°C) or
glass jar (reaction temperature lower than 100°C). The container was
sealed and maintained at a certain temperature for the desired
reaction time, then allowed to cool slowly to room temperature. The
products were collected by filtration, washed several times with
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distilled water and absolute ethanol, and finally dried in a vacuum at
60°C for 4 h.

The products were characterized by X-ray diffraction (XRD),
recorded on a MAC Science Co. Ltd. MXP 18 AHF X-ray
diffractometer with monochromatized CuK, radiation (1=
1.54056 A). Microscopy was performed with a Hitachi (Tokyo,
Japan) H-800 transmission electron microscope (TEM) at an accel-
erating voltage of 200 kV, and a JEOL-2010 high-resolution TEM,
also at 200 kV. Raman spectra were recorded on a Jobin Yvon
(France) LABRAM-HR confocal laser micro-Raman spectrometer
at room temperature and an excitation wavelength of 514.5 nm. The
photoluminescence spectra were recorded on a Fluorolog3-TAU-P
instrument at room temperature.
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