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X Synthesis and Characterization of Lanthanide
Hydroxide Single-Crystal Nanowires**

Xun Wang and Yadong Li*

Nanowires represent a class of quasi-one-dimensional
materials, in which carrier motion is restricted in two
directions so that they usually exhibit significant photochem-
ical, photophysical, and electron-transport properties which
differ from that of bulk or nanoparticle materials.'""I In the
last decade, many important materials have been prepared in
the form of nanorods or nanowires to generate some
unexpected properties?>! based on which, many new poten-
tial applications have been explored. For example, well-
controlled and monodisperse CdSe nanorods can be used in
solar cells,” and can form liquid-crystal phases with orienta-
tional order and positional disorder in organic solvents;!
single-crystalline, well-defined ZnO nanowires can serve as
natural resonance cavities, and well-aligned ZnO nanowire
arrays may serve as room-temperature ultraviolet nanolas-
ers.!! Along with chemical composition and crystal structure,
shape and dimensionality are now regarded as particularly
important factors that influence the chemical and/or physical
properties of materials.

As a consequence of their unique electronic structures and
the numerous transition modes involving the 4f shell of their
ions, lanthanide compounds usually have outstanding optical,
electrical, and magnetic properties,['>??l and have been widely
used as high-quality phosphors,['” up-conversion materials,"*!
catalysts,'¥ and time-resolved fluorescence (TRF) labels for
biological detection.™ There have been extensive studies
regarding lanthanide chemistry at bulk or atomic levels, ']
and the synthesis of lanthanide monothiooxides,?” lantha-
nide-doped oxides or sulfides, organolanthanide compounds,
the complexation behavior of lanthanide ions or atoms,!%!7]
and the emission phenomena from lanthanides when bound to
biomolecules (including calcium-binding proteins and nucleic
acids).l'1%1 Very recently, the synthesis of lanthanide oxide?!l
and fluoride nanoparticles with enhanced luminescence
and photomagnetic properties has also been reported. How-
ever, to the best of our knowledge, few studies have focused
on the synthesis of nanowires or nanorods of lanthanide-
related compounds. Such materials would be of great
significance because of the possible novel properties induced
by their reduced dimensionality. Herein, we report the
synthesis of lanthanide hydroxide nanowires (La(OH)s,
Pr(OH);, Nd(OH);, Sm(OH);, Eu(OH);, Gd(OH)s,
Dy(OH);, Tb(OH);, Ho(OH);, Tm(OH),;, and YbOOH)
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through a facile solution-based hydrothermal synthetic path-
way.

The synthesis of Ln(OH); nanowires was based on the
preparation of colloidal Ln(OH); at room temperature, with
subsequent hydrothermal treatment at 180°C for about 12 h.

Figure 1 A shows typical XRD patterns for La(OH); nano-
wires. All of the reflections could be readily indexed to the
hexagonal phase (space group P63/m (no. 176)) of La(OH),
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Figure 1. XRD patterns of La(OH);. A) La(OH); nanowires; B) colloidal
La(OH);.

with lattice constants a = 6.5470 and ¢ =3.8540 A (JCPDS 83-
2034). Colloidal La(OH); nanoparticles have also been
characterized as the corresponding hexagonal phase of
La(OH); with broadened peaks that indicate reduced particle
sizes (Figure 1B). Similar XRD patterns to those obtained for
La(OH); nanowires and colloidal nanoparticles have also
been obtained from their Pr(OH);, Nd(OH);, Sm(OH),,
Eu(OH);, Gd(OH);, Dy(OH);, Tb(OH);, Ho(OH),, and
Tm(OH); counterparts, all of which exhibited hexagonal
crystal structures. However, under the same conditions, the
hexagonal phase of Yb(OH); could not been obtained. The
final product was found to be the monoclinic phase (space
group P21/m (no. 11)) of YbOOH, with lattice constants a =
5.8700, b=3.5800, and ¢ =4.2700 A (Figure 2).

The size and morphology of the products were further
examined by transmission electron microscopy (TEM). As
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Figure 2. XRD patterns of monoclinic YbOOH.
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shown in Figure 3 A, typical TEM images of La(OH); nano-
wires display uniform morphologies with diameters of 15—
20 nm and lengths up to 5 um. Electron diffraction patterns
(Figure 3B) taken form a single La(OH); nanorod reveal the
single-crystalline nature of the sample, and can be indexed as
the [010] zone axis of hexagonal La(OH)s, which is consistent
with the XRD results presented above. High-resolution
(HR)TEM images (Figure 3C) show that the nanorod is
structurally uniform with an interplanar spacing is about
0.316 nm, which corresponds to the (101) plane of hexagonal

La(OH);. It is interesting to observe that under controlled
experimental conditions, the lighter Ln(OH); (La(OH)s,
Pr(OH);, Nd(OH);, Sm(OH);, Eu(OH);, and Gd(OH),)
nanowires could be prepared with high aspect ratios and
uniform morphologies, whereas heavier lanthanide hydrox-
ides (Dy(OH);, Tb(OH);, Ho(OH);, Tm(OH); and YbOOH)
usually have lower aspect ratios or less uniform morphologies
when prepared under the same conditions (Table 1). Figure
3H shows a typical TEM image of Ho(OH); nanorods with
diameters of approximately 10 nm and lengths of 100-500 nm.
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Figure 3. a) TEM image of La(OH); nanowires (KOH, 5molL-!, bar=1 um); b) Electron diffraction pattern of a single La(OH); nanowire; ¢) HRTEM
image of a single La(OH); nanowire (spacing =0.316 nm; d) TEM image of Pr(OH); nanowires (KOH, 5mol L~!, bar =500 nm); ¢) TEM image of a uniform
20 nm diameter Pr(OH); nanowire (bar =10 nm); f) HRTEM image of a Pr(OH); nanowire taken from the highlighted section of (e), (spacing =0.310 nm
(101)); g) TEM image of Eu(OH); nanowires (KOH, SmolL"!, bar=250 nm); h) TEM image of Ho(OH); nanorods (at approximately pH 14, bar=
100 nm).

Table 1. Optimal experimental conditions and morphologies of lanthanide hydroxide nanowires.

Products pH XRD Morphology

Diameter [nm] Length [um]
La(OH); KOH 5 molL! hexagonal 15-20 2-5
Pr(OH); KOH 5 molL! hexagonal 20-30 2-5
Nd(OH), KOH 5 molL! hexagonal 20-30 2-5
Sm(OH), pHO hexagonal 20-30 2-5
Eu(OH); KOH 5 molL! hexagonal 20-30 2-5
Gd(OH);, pH7 hexagonal 20-50 2-
Dy(OH), pH 14 hexagonal 40-60 0.5-1
Tb(OH); pH 14 hexagonal 40-60 1-5
Ho(OH), pH 14 hexagonal ~10 0.1-0.5
Tm(OH), pH 14 hexagonal 10-20 0.5-1
YbOOH pH 14 monoclinic nanorods, microrods, and irregular particles coexist
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Hydrothermal methods have been shown to be effective in
the synthesis of nanowires, nanorods, and nanotubes.!'>!!l In
contrast to synthetic strategies, such as the vapor-liquid-solid
(VLS) or template-confined methods, the adopted synthetic
method has no catalyst to serve as the energetically favorable
site for the absorption of reactant molecules (VLS), and has
no template to guide the directional growth of nanowires
(template-confined). Thus, it is reasonable to imagine that the
driving force for the anisotropic growth of Ln(OH); nano-
wires derives from the inherent crystal structure of Ln(OH);
materials and their chemical potential in solution.

The majority of the lanthanide hydroxide nanowires that
were prepared possessed a hexagonal crystal structure, similar
to that of ZnO, which is well-known to exhibit anisotropic
growth.! However, under the adopted experimental condi-
tions, those hydroxides with the smallest metal-ion centers,
that is, YbOOH (which is formed here instead of the
hexagonal Yb(OH);) and Lu(OH); (which does not form
nanowires) are obtained with monoclinic crystal structures. In
addition to this change, the tendency to grow along a certain
direction has been weakened to some extent, so that the
heavier lanthanide hydroxides usually have lower aspect
ratios and less uniform morphologies (Table 1).

The influence of chemical potential on the shape evolution
of nanocrystals have been elucidated by Peng et al., and in the
case of one-dimensional nanostructure growth it would be
advantageous to have a higher chemical potential > which is
mainly determined by the pH value and monomer concen-
tration of the solutions in our adopted reaction system.
Meanwhile, faster ionic motion
usually ensures a reversible )]
pathway between the fluid
phase (solution, melt, or vapor)
and the solid phase, which
allows atoms, ions, or mole-
cules to adopt correct positions
in developing crystal lattices.*’]
Control experiments have been
carried out to investigate the
influence of monomer concen-
tration and pH value on the
growth of Ln(OH); nanowires.

The synthesis of colloidal
solutions of Ln(OH); should
be critical in the synthesis of
lanthanide hydroxide nano-
wires. A rapid adjustment of
the pH value of the solution
leads to the formation of a
white precipitate (shown to be
aggregates of nanoparticles)
which immediately appears in
solution. This feeding mode
can be regarded as a similar
process to the “injection” tech-
nique adopted by Peng et al.,
which will ensure a higher
monomer concentration so that
the obtained precipitates will

E 250 nm
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have many anisotropic seeds!” for the following hydrothermal
process.

Control experiments have been carried out to investigate
the influence of pH value on the morphology of the final
products. In the synthesis of Sm(OH); nanomaterials, nano-
sheets are obtained when the pH value of the solution is
maintained between 6 and 7 (Figure 4 A). These nanosheets
are apparently the product of a mixed-shape evolution of 1D
and 2D ripening.’! When the pH value is increased to 9, the
obtained Sm(OH); material is found to be in the form of
uniform nanowires with an aspect ratio of 200-300 (Figure
4B). When the pH value is further increased to 14, or a higher
concentration of KOH is employed (to 5 mol L"), the aspect
ratio decreases dramatically to be about 10 (Figure 4 C). From
the experimental results, it seems that there exists an optimal
pH value for the growth of high-aspect-ratio nanowires. This
phenomenon can be explained by the complex interaction and
balance between the chemical potential and the rate of ionic
motion. A higher pH value implies a higher OH™ ion con-
centration and a higher chemical potential in solution. A high
chemical potential is preferable for the growth of nanowires,
however, higher OH™ ion concentrations may greatly reduce
the Sm** ion concentration in solution, which is restricted by
the value of K, for Sm(OH);, and thus reduce the rate of ionic
motion. Thus, as the pH value is gradually changed, there
must exist a value which is optimal for the preparation of
nanowires. The growth behavior must also be closely related
to the intrinsic properties of corresponding samples; for
example, in the case of Gd(OH);, nanosheets have not been

Figure 4. TEM images of: a) Sm(OH); nanosheets (pH 6-7); b) Sm(OH); nanowires (pH 9-10); c) Sm(OH);
nanorods (KOH, 5 molL'); d) Gd(OH); nanowrires, (pH 7); ¢) Gd(OH); nanorods (KOH, 5 molL™1).

Angew. Chem. Int. Ed. 2002, 41, No. 24



COMMUNICATIONS

obtained at lower pH values, although the aspect ratio of the
products has been reduced, while at higher pH values, the
Gd(OH); nanocrystals have a much lower aspect ratio
(Figure 4F) than that of the Sm(OH); nanorods.

Further investigations can be carried out on the growth
dynamics of the family of Ln(OH); nanowires, which might
serve as a perfect model to study crystallization on the
nanoscale, as a trend in their crystal structures can be
determined.

As a new material for the synthesis of nanowires, lanthanide
hydroxides have many potential applications. The surface
hydroxyl groups of Ln(OH); may act as active sites for
possible surface modification treatment through condensation
reactions with amino acids or biologically active molecules,
and thus, Ln(OH); nanowires may have potential in the field
of biological labeling. In addition, the similarity of their
crystal structures and lattice constants? suggests that doped
Ln(OH); nanowires could be prepared by a similar growth
process, as lattice mismatching would not be a serious
concern. Meanwhile, since Ln(OH); can be used to prepare
oxides or sulfides through dehydration or sulfuration,?¥ the
Ln(OH); or co-doped Ln(OH); nanowires may act as
important precursors to lanthanide oxide or sulfide nano-
wires.

In summary, we have developed a facile hydrothermal
synthetic method to prepare Ln(OH); nanowires that are
expected to exhibit some novel properties, and we have
displayed the successful synthesis of 1D lanthanide nano-
structures, which may lead to new and important opportuni-
ties in lanthanide chemistry.

Experimental Section

To prepare lanthanide nanowires, Ln,O; (0.4 g) was dissolved in concen-
trated nitric acid, and then the solution was rapidly adjusted to a designated
pH value using 10% KOH solution. A white precipitate of amorphous
Ln(OH); appeared immediately. After stirring for about 10 min, the
precipitate was then transferred into a 50-ml autoclave, which was filled
with deionized water up to 80 % of the total volume, sealed, and heated at
180°C for about 12 h. The system was then allowed to cool to room
temperature. The final product was collected by filtration, and washed with
deionized water to remove any possible ionic remnants, and then dried at
60°C.

The obtained sample was characterized on a Bruker D8-advance X-ray
powder diffractometer with Cug, radiation (1=1.5418 A). The size and
morphology of the Ln(OH); nanowires was determined at 200 kV by a
Hitachi H-800 transmission electron microscope (TEM) and a JEOL JEM-
2010F high-resolution transmission electron microscope.
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