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Rare-Earth-Compound Nanowires, Nanotubes, and Fullerene-Like
Nanoparticles: Synthesis, Characterization, and Properties

Xun Wang and Yadong Li*!!

Abstract:  Various low-dimensional
nanostructures, such as nanowires,
nanotubes, nanosheets, and fullerene-
like nanoparticles have been selectively
synthesized from rare-earth compounds
(hydroxides, fluorides) based on a
facile hydrothermal method. The sub-
sequent dehydration, sulfidation, and
fluoridation processes lead to the for-

fullerenes -

Introduction

Recent years have seen considerable interest in the fabrica-
tion of low-dimensional nanosized materials, such as nano-
wires, nanotubes, nanobelts, and inorganic fullerene-like
(IF) nanoparticles.'> These systems, with at least one re-
stricted dimension, may offer opportunities for investigating
the influence of shape and dimensionality on optical, mag-
netic, and electronic properties. They may furthermore be of
great application value for their novel properties induced by
such reduced dimensionalities. Up to now, many kinds of
novel nanostructures have been successfully synthesized,
such as III-V and 1I-VI semiconductors,'*'”! elemental
and oxide nanowires/nanorods,'*?*! MX, (M =Mo, W; X =S,
Se) nanotubes and IF nanoparticles,”” and semiconduct-
ing oxide nanobelts,*"! amongst others. However, owing to
the lack of understanding of the general principles of the
controlled synthetic processes, the synthesis of nanostruc-
tures with designated well-confined dimensionality and size
remains a challenge. Herein we will report on the controlled
synthesis of a new class of novel nanostructures: nanowires,
nanotubes and IF nanoparticles from rare-earth compounds
(hydroxides, oxides, oxysulfides, oxyhalides), based on a hy-
drothermal synthetic pathway; their thermal stability, fur-
ther functionalization, and other properties have also been
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mation of rare-earth oxide, oxysulfide,
and oxyhalide nanostructures, which
can be functionalized further by doping
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with other rare-earth ions or by coating
with metal nanoparticles. Owing to the
interesting combination of novel nano-
structures and functional compounds,
these nanostructures can be expected
to bring new opportunities in the vast
research areas of and application in bi-
ology, catalysts, and optoelectronic de-
vices.

inorganic
layered

investigated.Rare-earth compounds have drawn continuous
research attention for many years because of their unique
optical, catalytic, and magnetic properties. These compounds
have been widely used in various fields, such as high-quality
phosphors, up-conversion materials, catalysts, and so
forth.® Most of these useful functions originate from the
electron transitions within the 4f shell, and are highly sensi-
tive to the composition and structures of the rare-earth com-
pounds, especially to the complexation state and the crystal
field of the matrix in which rare-earth ions are trapped.
Of special interest is the technique whereby rare-earth ions
are introduced into well-defined porous nanostructures.**~l
Energy can be transferred to rare-earth ions more effective-
ly in this way, so that they will show enhanced optical and
magnetic properties. However, the relative poor thermal sta-
bility of the porous structures, induced by the utilization of
structure-directing reagents, still remains as a challenge in
the production of such materials.Recently, we have devel-
oped a facile hydrothermal synthetic pathway for the pro-
duction of lanthanide hydroxide nanowires.?* Further stud-
ies showed that, under lower temperature and appropriate
pH conditions, nanotubes and IF nanoparticles of rare-earth
hydroxides could also be obtained. A similar procedure has
been applied in the synthesis of rare-earth fluoride IF nano-
particles.” Due to their particularly interesting structures,
these materials should be of great research and application
interest. In this paper, a systematic study has been carried
out to investigate the controlled formation of nanowires,
nanosheets, nanotubes, and IF nanoparticles as well as their
thermal stability, further functionalization, and other proper-
ties.Our synthesis is based on the preparation of rare-earth
hydroxide (or fluoride) colloidal precipitates at room tem-
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perature, and the subsequent hydrothermal treatment at
designated temperature and pH conditions. By controlling
the temperature and pH in solution, hydroxide nanowires,
nanosheets, and nanotubes could be selectively synthesized.
With these hydroxides as precursors, the subsequent dehy-
dration, sulfuration, and fluoridation processes lead to the
formation of rare-earth oxide, oxysulfide, and oxyfluoride
nanowires, nanosheets, and nanotubes. Owing to the excel-
lent hydrophilicity, thermal stability, and novel properties of
the rare-earth compounds, these nanostructures may find
applications in, amongst others, biological and catalytic
fields

Results and Discussion

Nanowires, nanotubes and IF nanostructures of hexagonal
rare-earth hydroxides and fluorides obtained by a precipita-
tion-hydrothermal synthetic pathway

Rare-earth hydroxide nanowires and nanotubes: The synthe-
sis of hydroxide nanowires and nanotubes were based on
the preparation of colloidal hydroxide precipitates at room
temperature, and the subsequent hydrothermal treatment at
120-180°C for 12-24 hours (Scheme 1).

The hydrothermal method was shown to be effective in
the synthesis of one-dimensional nanostructures such as

hydrothermal 180°C

RE3* + 30H" RT_ RE(OH);3 (colloidal particles)

RE = (rare-earth ion)

Scheme 1.

MnO, nanowires,””?! and bismuth™®! and titanate nano-
tubes.”™. By the simply tuning of factors such as pH, tem-
perature, and concentration, the experimental conditions
could be chosen to favor the anisotropic growth of materials.
In our experiments, nanowires/nanorods of rare-earth hy-
droxides (Y(OH);, La(OH);, Pr(OH);, Nd(OH);, Sm(OH)s,
Eu(OH);, Gd(OH);, Tb(OH),;, Dy(OH),, Ho(OH);,
Er(OH);, Tm(OH),;, YbOOH) with different aspect ratios
were successfully obtained under the higher-temperature
conditions (180°C) through this precipitation-hydrothermal
synthetic method.Temperature, pH, and the crystal struc-
tures have been found to be responsible for the growth of
rare-earth hydroxide nanowires.By altering the pH in the
solution, nanowires of the hydroxides with different aspect
ratios were obtained. TEM images of La(OH); nanorods
(pH=~10) and nanowires (KOH concentration 5 moll™') are
shown in Figure 1a and 1b, respectively. Electron diffraction
(ED) and HRTEM analysis have shown that they are single
crystals, and in most cases the growth direction is along the
[001] axis.The crystal structures of the hydroxides may be
the inherent factor that will determine their growth behav-
ior. X-ray diffraction (XRD) characterization has shown
that most of the rare-earth hydroxides obtained under these
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Figure 1. a) TEM image of La(OH); nanorods (180°C, pH~10); b) TEM
image of La(OH); nanowires (180°C, KOH concentration 5 molL™"); c)
TEM image of Pr(OH); nanowires (180°C, KOH concentration 5
molL™"); d) TEM image of Y(OH); nanorods (180°C, pH~13).

experimental conditions have

RE(OH); (nanowires) hexagonal structures. As an ex-
ample, Figure2 shows the re-
RE(OH); (nanotubes) flection patterns of Dy(OH);

(Figure 2a) and  Eu(OH);
(Figure 2b), which could be
readily indexed to that of the
hexagonal phase of Dy(OH),
and Eu(OH);. With decreasing ion radius, the peaks in the
hexagonal phase gradually shift to smaller d values (Figure 2
inset). In the case of Yb, the monoclinic phase of YbOOH
(Figure 3b) is obtained instead of the hexagonal phase of
Yb(OH); (Figure 3a). Correspondingly, TEM characteriza-
tion shows that the nanowire products, produced under ex-
actly the same conditions, become less uniform in the series
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Figure 2. A) XRD patterns of Dy(OH); nanowires (180°C, pH~13); B)
XRD patterns of Eu(OH); nanowires (180°C, pH=~13).
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Figure 3. a) XRD patterns of hexagonal Yb(OH); nanotubes (140°C,
pH~13); b) XRD patterns of monoclinic YbOOH (180°C, KOH con-
centration 5 molL ™).

from La(OH); to YbOOH; this may mean that the aniso-
tropic growth tendency has been weakened to some extent.
As an analogy to the lanthanide hydroxides, Y(OH); has a
similar hexagonal crystal structure, and could be prepared
as uniform nanowires (Figure 1d, 180°C, pH~13). Based on
our experimental results, it seems reasonable to imagine
that the driving force for the growth of nanowires could be
attributed to their crystal structures.It is interesting to find
that at an optimal pH condition of ~13 (temperature =
180°C), Er(OH); and Y(OH); nanotubes have been found
to coexist with nanorods and nanosheets in the final prod-
ucts. Furthermore, in the optimization process to get rare-
earth hydroxide nanowires, the hydroxides could be pre-
pared as uniform nanosheets (Figure 4a) in a certain pH
range. All these clues indicate that nanotubes of rare-earth
hydroxides could be obtained under appropriate conditions.
This seems reasonable, since the rare-earth hydroxides have
hexagonal layered structures, just like those of most of the
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reported nanotubes.®™**! This hypothesis has been confirmed
by a series of experiments carried out at a lower tempera-
ture of 120-140°C and a controlled pH of ~13. Rare-earth
hydroxide (from Y, La to Yb) nanotubes were obtained.
Considering that the pathways to the formation of rare-
earth nanowires and nanotubes only differ in temperature,
nanowires can be the thermodynamically stable form of
nanotubes.Similar to the nanowire products, hexagonal
structures were found for all the obtained nanotube prod-
ucts (Y(OH);, La(OH);, Pr(OH);, Nd(OH);, Sm(OH),,
Eu(OH);, Gd(OH);, Tb(OH);, Dy(OH);, Ho(OH),,
Er(OH);, Tm(OH);, Yb(OH);). Dehydration of Yb(OH); to
yield YbOOH will occur when the temperature is increased
to around 180°C. As shown in Figure 3a, the reflection pat-
terns could be readily indexed to that of the hexagonal
phase of Yb(OH),.It is interesting to find that, under similar
experimental conditions, light lanthanide hydroxides could
be prepared as nanotubes with smaller diameters, while
those of heavy lanthanide hydroxides possessed larger diam-
eters (Figure 4d—g). This can be attributed to the gradual
changes of the ion radii of the rare-earth ions. Generally
speaking, nanotubes of Y(OH);, Yb(OH),, Tm(OH);,
Er(OH);, Ho(OH);, Dy(OH);, and Tb(OH); have diameters
from around tens of nanometers to more than one hundred
nanometers, while those of Gd(OH); (Gd(OH);, Eu(OH)s,
Sm(OH);, Nd(OH);, Pr(OH);, La(OH);) usually have diam-
eters less than twenty nanometers (Figure 4h). It is worth
noting that all these nanotubes have open ends; this may
provide the possibility for subsequent functionalization of
their inner surface. Figure 4f shows a typical image of a
Dy(OH); nanotube with an open end. HRTEM analysis in-
dicates the multiwalled structures of these nanotubes

Figure 4. a) Nanosheets of Sm(OH); (180°C, pH 6-7); b) nanosheets of Er(OH); (140°C, pH~10); c) individual nanobelts of Er(OH); (140°C, pH~7);
d) nanotubes of Yb(OH); (120°C, pH~13); e) nanotubes of Tm(OH); (140°C, pH=~13); f) individual nanotube of Dy(OH); (120°C, pH~13), inset
shows an air bubble trapped in the nanotube and the meniscus indicates excellent hydrophilicity; g) cross section of an individual Er(OH); nanotube; h)
HRTEM image of Eu(OH); nanotubes; i) HRTEM image of individual Dy(OH); nanotube.
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(Figure 4g—i). The interlayer spacing in Figure 4i has been
calculated to be about 0.35 nm, approximately the separa-
tion between (001) planes of Dy(OH);. A HRTEM image
of the cross section of an individual Er(OH); nanotube has
been provided in Figure 4g, from which the inner and outer
diameter can be calculated to be ~30 nm and ~100 nm, re-
spectively.Besides temperature, pH plays an important role
in the synthesis of rare-earth hydroxide nanotubes. This was
investigated during the synthesis of Er(OH); nanotubes.
Nanosheets (Figure 4b) were found to be the main products
in the lower pH range (7-10). This provided evidence of the
two-dimensional growth tendency of these hydroxides. Once
the nanosheets formed, they cannot be transformed into
nanotubes if treated at higher pH conditions. This is due to
the existence of an energy barrier going from rigid lamellar
structures to nanotubes. ED analysis showed their single
crystal nature, which was indexed to a hexagonal phase with
the [001] axis parallel to the electron beam. When the pH
was kept at =7, nanobelts of Er(OH); were obtained
(Figure 4c). These nanosheets and nanobelts usually are
electron sensitive, and will curl from the edge under elec-
tron bombardment, indicating a possible rolling process for
the formation of the nanotubes . At a pH range of 12-13,
nanotubes of Er(OH); were found in the final products.The
above experiments show that appropriate temperature and
pH conditions will favor the formation of hydroxide nano-
sheets, and the as-obtained nanosheets could serve as pre-
cursors for hydroxide nanotubes. As far as the colloidal pre-
cipitates are concerned, the optimal conditions for the for-
mation of nanotubes are a basic environment. However, if
these oxides were not dissolved in diluted acid, but dis-
persed into deionized water and directly treated at 120—
180°C, a small amount of nanotubes and fullerene-like
nanoparticles could be occasionally observed in the obtained
samples (Scheme 2).

hydrothermal 180°C

RE,O3 + H,O RE(OH); (nanotubes, IF nanoparticles)

Scheme 2.

The reactions between most of the rare-earth oxides and
water can occur spontaneously. However, this usually results
in irregular microparticles. Under controlled hydrothermal
conditions, they may be gradually exfoliated into hydroxide
nanosheets, and then grow into nanotubes.From our experi-
mental results, the oxides of La, Pr, Nd, Sm, Eu, Gd, and Tb
were completely transformed into hydroxides in the temper-
ature range 120-180°C. The oxides of Dy and Y were only
transformed into hydroxides in the range 160-180°C
(Figure 5). The mixed phase of oxides and hydroxides of
Ho, Er, Tm, and Yb were obtained in the adopted tempera-
ture range.Nanotubes of hydroxides were observed in the
products of Y(OH);, Sm(OH);, Eu(OH), (Figure 6a),
Gd(OH); (Figure 6b), Tb(OH);, and Dy(OH);. Nanotubes
also exist in the Ho, Er, Tm, and Yb products, although the
XRD characterization shows that the final products are not
pure hydroxides. Considering that the oxides do not have
layered structures and the experimental conditions are simi-
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Figure 5. a) XRD patterns of Dy,0; (140°C, 48 h); b) XRD patterns of
Dy(OH); (180°C, 48h); c) XRD patterns of Y,0; (140°C, 48 h); d)
XRD patterns of Y(OH); (180°C, 48 h).

w200 nm

Figure 6. a) TEM image of Eu(OH); nanotubes; b) TEM image of
Gd(OH); nanotubes.

lar to that of other hydroxides, it would be reasonable to
conclude that these nanotubes are hydroxide nanotubes. ED
analysis taken from a single nanotube of Er(OH); indicate
its hexagonal symmetry and the growth direction along the
[010] axis. A typical image of Eu(OH); nanotubes is shown
in Figure 6a, from which it can be seen that they stem from
aggregates of microparticles. Although nanotubes can be ob-
tained through this conversion method, thorough TEM in-
vestigations of the products showed most of the obtained
hydroxides remain as irregular microparticles (yield of nano-
tubes  <10%).Fullerene-like hydroxide nanoparticles
(Figure 7c, Eu(OH); IF nanoparticles) were found to coexist
with nanotubes. Different from nanotubes, the formation of
IF nanoparticles requires folding in all directions, and thus
involves a higher elastic strain. Generally, the synthesis of
IF nanoparticles does not need a catalyst, but usually re-
quires relatively high temperatures. However, in this oxide
conversion method, it seems that the forced hydration and
gradual exfoliation process provided the energy needed for
the formation of IF nanoparticles.Similar exfoliation process
exists in the titanate system, and the exfoliation of TiO,
powders into macromolecular-like nanosheets in solution
has been demonstrated by T. Sasaki et al.*’! Further studies
showed that nanotubes of titanate could be obtained
through hydrothermal treatment of TiO, in basic solution.!
Most of the rare-earth hydroxides have hexagonal layer
structures, which provided the possibility for their exfolia-
tion and further rolling into nanotubes or IF nanostructures.
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Figure 7. a) TEM image of PrF; (120°C, Pr’*:NH,F=1:3 (mole ratio),
pH 4-5); b) TEM image of PrF; IF nanoparticle with diameter ~100 nm
(180°C, Pr’**:NH,F=1:3 (mole ratio), pH 4-5); c) HRTEM image of an
individual Eu(OH); IF nanoparticle with diameter ~45 nm; d) HRTEM
image of an individual LaF; IF nanoparticle.

Although the exact formation mechanism for the conversion
of rare-earth oxide particles into hydroxide nanotubes re-
mains unknown, it seems an effective way to get IF and
nanotubes structures.

Formation of rare-earth fluoride IF nanoparticle: Similar
precipitation-hydrothermal methods have been applied in
the synthesis of rare-earth fluoride IF nanoparticles. In a
typical synthesis, the fluoride colloidal nanoparticles were
hydrothermally treated at a temperature range of 80-180°C
(Scheme 3).

adjust pH hydrothermal 180°C

RE3* + F colloidal particles IF nanoparticles

Scheme 3.

The formation of IF nanoparticles seems to be related to
the hexagonal structures, since IF nanoparticles were only
found in the samples of lanthanide fluorides that possessed
hexagonal crystal structures: LaF;, PrF;, NdF;, and SmF;. In
the orthorhombic YF;, less IF nanoparticles were observed.-
Due to the difference in Ky, the final products were charac-
terized to be rare-earth fluorides until the pH of the system
was adjusted to about 10. When the pH was kept above 12,
pure-phase hydroxide nanowires were obtained.The sizes of
these nanoparticles have shown a fairly large distribution.
Figure 7 shows a series of fullerene-like nanoparticles with
sizes ranging from 10 nm to more than 100 nm, which were
obtained from a temperature of 120 and 180°C, respective-
lyHRTEM analysis (Figure 7d) shows that the obtained
LaF; nanoparticles have close-caged structures. The interlay-
er spacing can be calculated to be ~0.36 nm (the approxi-
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mate separation between (002) planes of LaF;), and electron
diffraction patterns, taken from a single nanoparticle, re-
vealed its single-crystal nature.For the first time, fullerene-
like nanoparticles were successfully prepared from fluorides
and hydroxides; this has greatly extended the scope of IF
nanostructures.Although nanotubes were not obtained
under current experimental conditions, we believe that the
nanotubes also exist for these fluorides.

Our study shows, based on this facile hydrothermal syn-
thetic pathway, that all kinds of nanostructures of rare-earth
compounds could be prepared. We believe that the exact
formation mechanism for the controlled growth of nano-
wires, nanotubes, and IF nanoparticles in solution deserves
further study, and that this hydrothermal solution route may
be developed to be a general, controllable synthetic method.

Conversion of hydroxides into oxides, oxyfluorides, and oxy-
sulfides: With the above hydroxides as possible precursors,
oxide, oxyfluoride, and oxysulfide nanowires, nanotubes, or
nanosheets were easily obtained by the following dehydra-
tion, fluoridation and/or sulfidation processes (Scheme 4).

dehydration 500°C oxides

hydroxides sulfur, 700°C, 2h

oxysulfides

F°, hydrothermal, 120°C

oxyfluorides

Scheme 4.

Although the crystal structures changed after these treat-
ments, the morphologies were maintained, perhaps due to
the higher activation energies needed for the collapse of
these nanostructures. The hydroxides can be converted into
oxides after thermal treatment at 500°C for two hours.Fig-
ure 8 shows the TGA-DTA curve of the Sm(OH); nano-
wires. The DTA curve shows two peaks at ~300 and 420°C,
indicating a two step dehydration process, which corre-
sponds to the transformation process of Sm(OH);—
SmOOH —Sm,0;. A similar dehydration process exists in
the transformation from the rare-earth hydroxide to oxide
nanostructures. TEM characterization shows that the nano-
wire morphologies of La,O; were mantained, even after
thermal treatment at 600°C for two hours (Figure 9a).A
process for the sulfidation of rare-earth hydroxides into oxy-
sulfides was developed by mixing the sulfur and hydroxide
nanostructures together, followed by the subsequent thermal
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Figure 8. TGA-DTA curve of the Sm(OH); nanowires.
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50 nm

Figure 9. a) HRTEM image of La,0; nanowires; b) TEM image of Y,0,S
nanotubes; ¢) TEM image of individual Y,0,S nanotube with an open
end; d) TEM image of Y(OH); nanotubes coated with Au nanoparticles.

treatment at 700°C under a protective Ar (or N,) atmos-
phere for approximately two hours. As an example, the re-
flection patterns in Figure 10c could be readily indexed to
the hexagonal phase of Y,0,S. Even after thermal treat-
ment, the morphologies of these nanostructures could be
maintained (Figure 9b,c). HRTEM analysis shows that the
hydroxide single-crystal nanotubes were transformed into
crystalline nanotubes. The broadening of the peaks in
Figure 10c indicates smaller crystal sizes than in the hydrox-
ide precursors, as was also observed in the oxide transforma-
tion process (Figure 10b). Based on the above studies it was
evident that these nanostructures are stable under thermal
treatment, which may be rather useful for their applications
in catalyst fields.The hydroxides could also be converted
into oxyhalides if the hydroxides were re-dispersed into sol-
utions that contained halide ions, and re-treated at approxi-
mately 120°C for about 12 hours. Oxyfluoride nanorods and
nanotubes were easily obtained by following this process,
and ED analysis proved that the single-crystal nature of the
as-obtained nanostructures was maintained. From the XRD
patterns in Figure 10d, we noted that the hexagonal crystal
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Figure 10. XRD patterns of a) Y(OH);; b) Y,0;; ¢) Y,0.S; d)
Y(OH),14Fos6-
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structures did not change with respect to the hydroxide pre-
cursors. However, the main peaks shifted to smaller d values
(Figure 10a,d).Many other transformation modes exist to
obtain rare-earth compound 1D nanostructures. Since the
novel properties of the rare-earth compounds depend great-
ly on the crystal field in which the rare-earth ions are trap-
ped, these conversions will greatly enrich the accessible
classes of materials.

Functionalization of the as-obtained rare-earth nanostruc-
tures: By simply co-dissolving the target ions with the
oxides, and followed by the routine procedures, the above
nanostructures could be easily functionalized. Since the
rare-earth hydroxides have similar crystal structures, lattice
mismatch was no serious concern, and homogenously doped
nanostructures could be easily obtained.The unique inner
and outer surface of the nanotubes make them possible can-
didates for many potential applications, for example, as ef-
fective templates for the growth of new types of 1D nano-
structures and/or nanocomposites, or as support for catalyst-
s.Au-Y(OH); nanotube composites were synthesized by the
following procedure. Y(OH); nanotubes were dispersed into
aqueous hydrazine solution through ultrasonic treatment.
As a result, aqueous hydrazine was absorbed onto the outer
and/or inner surface of the tubes. After filtration the nano-
tubes were dispersed into solutions of Au** (or Ag™*, etc.).
The Au’* ions would be reduced in situ by the aqueous hy-
drazine, leading to nanotubes coated with Au (or Ag, etc.)
nanoparticles (Figure 9d).Functionalized nanostructures of
oxides, oxysulfides, and oxyhalides could also be prepared
with the functionalized hydroxides as precursors. As an ex-
ample, Eu-doped and Yb-Er co-doped Y,O,S nanotubes
have been synthesized. Y(OH); nanotubes were first dis-
persed into aqueous solutions (0.04 molL™") of Eu’* or
Yb**/Er’t (Er:Yb = 1:6), then stirred for two hours, fil-
tered, and dried at 80°C. After a sulfidation process, the
doped Y(OH); nanotubes could be converted into doped
oxysulfide nanotubes. Yb and Er-codoped Y,0,S is an effi-
cient near-IR-to-visible up-conversion material, in which Yb
acts as an absorber and Er as an emitter in the crystal lat-
tice. When excited by a 980 nm IR light, the absorber in the
phosphor absorbs the light and transfers the energy to the
emitter, which emits visible light. In a typical Yb/Er up-con-
version system, Yb absorb energy and forms a transition
state, which then transfers its energy to Er (Figure 11a). A
strong up-conversion emission under illumination by ordina-
ry Xe sources (excitation wavelength: 980 nm) was observed
(Figure 11c) in the Yb’* and Er’* co-doped Y,0,S nano-
tubes. Emission bands centered at 650 nm (due to the elec-
tron transition from *Fy, to “I;5, levels) and 730 nm (due to
the electron transition from “Iy, to “I;5, levels) coincide well
with the down-conversion emission (two bands, 500 nm and
730 nm) of these nanotubes when excited with 300, 310, or
320 nm Xe sources (Figure 11b). It is also interesting to find
that the intensity of the up-conversion luminescence is line-
arly proportional to the excitation intensity (Figure 11c,
inset). Although the exact reasons for this remain unknown,
it may be due to the particular nanotube morphology of the
samples.Up-conversion phenomena have also been observed
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Figure 11. a) Electronic energy-level diagram for Yb and Er ions and a
schematic illustration of two excitation process. b) Down-conversion
spectrum of Yb**/Er’™ co-doped Y,O,S nanotubes (Xe sources, 300 nm
(a), 310 nm (b), 320 nm (c)). c) Up-conversion spectrum of Yb**/Er’**
co-doped Y,0,S nanotubes (Xe sources, 980 nm); inset: curve of excita-
tion intensity versus emission intensity.

in the Yb**-Er’* co-doped fluoride IF nanoparticles
(Figure 12). However, due to the changes of host materials
and the subsequent changes of the crystal field, the up-con-
version and the down-conversion bands shifted to about
520-540 nm (corresponding to electron transition from *H,;,
and “S;, to ‘I;5,, respectively).Since rare-earth compounds
have wide applications in catalysis, Brunauer-Emmet-Teller
(BET) analysis was used to characterize these nanostructur-
es.Nitrogen adsorption—desorption isotherms of PrF; IF
nanoparticles, Y(OH),; nanotubes, and La(OH); nanowires
are shown in Figure 13. These isotherms can be categorized
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Figure 12. a) Down-conversion spectrum of Yb**/Er** co-doped LaF; IF
nanoparticles (Xe sources, 310 nm). b) Up-conversion spectrum of Yb**/
Er’" co-doped LaF; IF nanoparticles (Xe sources, 900 nm).
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nm, lengths 50 ~100 nm).
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as type IV with a distinct hysteresis loop. The BET surface-
area data, 58.03 m*g~! (Figure 13a) for PrF; IF nanoparticles
(120°C, average diameter: about 10 nm) and 19.78 m?g~!
(Figure 13b) for Y(OH); nanotubes (average diameter =
100 nm and length 2-4 pm), are much larger than the calcu-
lated value for the monodispersed PrF; nanoparticles (43.92
m?g~! for 10 nm particles, density of a single crystal of PrF;:
6.83 gcm ™) and Y(OH); nanorods (less than 10 m*g™), in-
dicating their hollow and tubular characteristics. The BET
surface data for La(OH); nanorods (diameter 5-10 nm,
length 50-100 nm) was calculated to be 84.95 m?g~! (Figure
13c), satisfactory for potential applications in surface cataly-
sis fields.Further studies are being performed concerning the
novel properties and exploration for application of these
nanostructures, such as catalytic, optoelectronic, magnetic,
biological, and luminescence properties. It is foreseeable
that these novel low-dimensional functional nanostructures
with different shapes and sizes will provide further research
opportunities in chemistry, physics, and other interdisciplina-
ry fields of science and technology.

Conclusion

Based on a facile hydrothermal method, various nanostruc-
tures such as nanowires, nanotubes, nanosheets, and fuller-
ene-like nanoparticles were successfully obtained from rare-
earth hydroxides. Their conversions into nanostructures of
other rare-earth compounds, functionalization, and optical
properties have been demonstrated. The conversion be-
tween nanotubes, nanosheets, and nanowires are indicative
of the possibilities for the synthesis of nanostructures from
other compounds. These synthetic strategies can further-
more be easily adjusted to prepare 1D nanostructures of
rare-earth compounds on a large scale. The chemistry and
physics in these nanostructures would be interesting, and de-
serve further and systematical study.

Experimental Section

Chemicals: All the chemicals were of analytical grade and used as re-
ceived without further purification. Deionized water was used through-
out. RE,0; (Y,0;, La,0s, Pr,0;, Nd,0s3, Sm,05, Eu,0;, Gd,0;, Th,0;,
Dy,0;, Ho,0;, Er,0;, Tm,0;, Yb,0;, purity, >99.99%), NH,F, HF,
NaOH, and HCI (A.R.) were all supplied by Beijing Chemical Reagent
Company.

Synthesis of rare-earth hydroxide nanowires and nanotubes: RE,O; (0.4
¢) was dissolved in 10 % nitric acid, and the pH was then rapidly adjusted
to a designated value by using 10% KOH (or NaOH) solution. A white
precipitate of amorphous RE(OH), appeared immediately. After stirring
for about 10 min, the precipitate was then transferred into a 50 mL auto-
clave, which was filled with deionized water up to 80% of the total
volume, sealed, and heated at 120-180°C for approximately 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.

Synthesis of hydroxide nanotubes and IF nanoparticles based on a direct
oxide conversion method: In a typical synthesis, Ln,O; (La,Os, Pr,Oy;,
Nd,0;, Sm,0;, Eu,0;, Gd,0;, Tb,0;, Dy,0;, Ho,0;, Er,05, Y,0; 0.4 g)
powder was dispersed into distilled water (30 mL), then sealed into a 40
mL autoclave, and treated at 140-180°C for 24 hours under hydrother-
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mal conditions. Following this process, hydroxide nanotubes and IF nano-
particles were obtained.

Synthesis of rare-earth fluoride IF nanoparticles: The synthesis of fluo-
ride IF nanoparticles was based on the preparation of a rare-earth fluo-
ride colloidal precipitate and the subsequent hydrothermal treatment at a
designated temperature. In a typical synthesis, rare earth oxide (0.4 g,
Y,0;, La,0;, Pr,0;, Nd,0;, Sm,0;) was dissolved in 10% diluted nitric
acid and then mixed with another solution containing NH,F (mole ratio,
Ln**:F =1:3) to form colloidal precipitates. 10% KOH (or NaOH) was
then added to adjust the pH to a designated value of 4-5. The as-ob-
tained colloidal precipitate was transferred into a 40 mL autoclave,
sealed, and kept at 80-180°C for 12-24 h. By following the above proce-
dure, IF nanoparticles of LaF;, PrF;, NdF;, SmF;, and YF; were easily be
obtained. To obtain IF nanostructures with different sizes, several factors
(such as mole ratio and temperature) were varied in the experimental
procedure. The functionalization process was easily be carried out by dis-
solving the corresponding rare-earth oxides with target ions or atoms.

Powder X-ray diffraction (XRD): The phase purity of the products was
examined by XRD by using a Brucker D8-Advance X-ray diffractometer
with Cuy, radiation (1=1.5418 A), and with the operation voltage and
current at 40 kV and 40 mA, respectively. The 260 range used was from 10
to 70° in steps of 0.02° with a count time of 2 s.

Transmission electron microscopy (TEM): The size and morphology of
the products were observed by using a Hitachi Model H-800 transmission
electron microscope, with a tungsten filament at an accelerating voltage
of 200 kV. Electron diffraction and energy dispersive X-ray analysis were
also performed to study the single-crystal nature or elemental composi-
tion of the samples. Structural information of the nanocrystals was ob-
tained by high-resolution transmission electron microscopy (HRTEM) on
a JEOL JEM-2010F transmission electron microscope operated at 200
kV.

Thermogravimetric analysis (TGA): TGA of the samples were conducted
on a TGA-2050 (TA Corp.).

Optical and lumi ence ts: The optical properties and
photoluminescence of samples were characterized with a Perkin Elmer
LS50B Luminescence Spectrometer operated at room temperature.
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