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General Synthesis and Characterization of Monocrystalline Lanthanide
Orthophosphate Nanowires
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Monocrystalline LnPO, (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb)
nanowires have been prepared in bulk quantities by a
simple, facile, and clean solution-based hydrothermal
method at 220-240 °C by finely tuning the acidity of the stock

solutions. The length and width of the nanowires were in the
range of 1-10 um and 10-200 nm, respectively.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

In recent years, one-dimensional (1D) nanomaterials
such as nanowires, nanobelts, nanotubes, and nanorods
have attracted growing interest not only because of their
unique properties with respect to their bulk materials, but
also because of their promising applications in mesoscopic
physics and fabrication of nanodevices of electronics, opto-
electronics, and biochemical sensing.l!”°1 Among the 1D
nanomaterials, nanowires have played key roles as both in-
terconnectors and active components in fabricating the
nanodevices.[!-3 Therefore, to synthesize diverse nanowires
with well-controlled shape, size, phase purity, crystallinity,
and chemical composition on a large scale has become one
of the most challenging issues faced by synthetic inorganic
chemists.['% So far, a rich variety of nanowires such as el-
emental semiconductors, II—VI and II1—V semiconductors,
metal oxides, and metals have been prepared by methods
including templating direction, catalytic growth, electro-
chemistry, chemical vapor deposition, and solution-based
solvothermal or hydrothermal treatment.!! 4

Based on the electronic, optical, and chemical character-
istics originating from their unique 4f electron configura-
tions, lanthanides have promised various applications in
magnets, phosphors, catalysts, biochemical probes, and
medical diagnostics, and thus are of rapidly growing im-
portance. In lanthanide chemistry, much of the recent atten-
tion has been focused on the fields of the coordination
chemistry of lanthanides, organic transformations mediated
or catalyzed by rare-earth compounds, and the preparation
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and properties of new lanthanide-related materials.''! More
recently, some lanthanide-related materials (oxides, borates,
and fluorides) were reported to show exceptional electrical
or luminescent behaviors when their grain sizes were re-
duced to the nanometer regime.!'>~ !4 Nevertheless, the ad-
vance in the studies of 1D-nanostructured rare earth related
compounds is still very limited, only nanowires/nanotubes
of rare earth hydroxides/oxides have been prepared and
characterized.'">~ 181 Amongst the large number of lantha-
nide inorganic salts, lanthanide phosphates are widely used
in the production of luminescent or laser materials, mois-
ture sensors, heat-resistant materials, and hosts for radioac-
tive nuclear waste.l'~23 In this paper, we will report the
general synthesis of monocrystalline lanthanide ortho-
phosphate nanowires by a solution-based hydrothermal
route by finely tuning the acidity of the stock solutions.

Lanthanide orthophosphates with the chemical formula
LnPO,nH,0 (n = 0—3) (Ln*" = lanthanide ion) have five
polymorphs: monazite (monoclinic), xenotime (tetragonal),
rhabdophane (hexagonal), weinschenkite (monoclinic), and
orthorhombic.?® In this research, LnPO,nH,O (n =
0—0.5) were hydrothermally prepared at 220—240 °C for
17-24h, using H;PO, NH,H,PO, (NH,),HPO,,
(NH4)3PO,, or their mixtures, as both the precipitators and
the mediators of acidity. Experimentally, monazite-type
LnPO, (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd) nanowires, rhab-
dophane-type TbPO40.5H,O nanowires/nanorods, and
xenotime-type LnPO,4 (Ln = Dy, Ho, Er, Tm, Yb, Lu, Y)
nanocrystals were obtained.

Results and Discussion

The crystal structures of the products have been ident-
ified by X-ray diffraction analysis (XRD). In Figure 1(a),
we show the typical XRD pattern of the LaPO, nanowires.
All the reflections can be distinctly indexed to a pure mono-
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Figure 1. XRD patterns of LaPOy,: (a) nanowires; (b) colloidal pre-
cipitate

clinic phase (space group P2,/n) with lattice constants a =
6.868 A, b =7.104 A, c = 6.521 A, and B = 103.6° JC,PDS
No. 32-493). Such a monoclinic structure was also ident-
ified for the other LnPO,4 nanowires. From Figure 1(b), we
noted that the LaPO, colloid precipitate prior to hydrother-
mal treatment shows a hexagonal structure (JC,PDS No.
46-1439) and consists of nanoparticles as suggested by the
line broadening of the diffraction peaks. The XRD pattern
shown in Figure 2 informs us that the TbPO,4:0.5H,O prod-
uct is of hexagonal structure (space group P3;21) with lat-
tice constants ¢ = 6.799 A and ¢ = 6.332 A (JC,PDS No.
20-1244). XRD analysis also showed that the as-synthesized
LnPO, products of heavy lanthanides exhibit a zircon-type
structure with tetragonal symmetry (space group 14,/amd)
with grain sizes in the range of 20—150 nm, as estimated by
transmission electron microscopy (TEM).

Intensity / Arb. Units

267/°
Figure 2. XRD pattern of TbPO,4:0.5H,O nanowires/nanorods

By TEM and high resolution TEM (HRTEM), the mor-
phology, crystallinity, and growth directions of the
nanowires were carefully examined. From Figure 3, we can
see that the as-prepared monoclinic LnPO,4 nanowires have
a length of between 1 and 10 um and a width of between
10 and 200 nm, are pure without any appreciable amount
of particulate by-products, and are of a single-crystal nat-
ure. The surfaces of the nanowires are perfect without any
stacking faults, and clean without any sheathed amorphous
phase even at the edges. The preferred growth direction of
the monazite-type nanowires was determined along the ¢
axis [001]. Figure4 shows that the TbPO40.5H,O
nanowires/nanorods are perfect single crystals with a length
of between 0.5 and 2 um and a width of between 20 and

4100 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (a) TEM image of LaPO, nanowires; (b) HRTEM image
of a single 23 nm LaPO, nanowire; (c) TEM image of SmPO,
nanowires; (d) TEM image of a uniform 50 nm SmPO,4 nanowire;
(e) HRTEM image of a single SmPO, nanowire taken from the
highlighted section with inset showing the electron diffraction pat-
tern; (f) TEM image of EuPO,4 nanowires; (g) TEM image of a uni-
form 80 nm EuPO, nanowire; (h) HRTEM image of a single
EuPO, nanowire taken from the highlighted section with inset
showing the electron diffraction pattern; (i) TEM image of CePO,
nanowires; (j) TEM image of PrPO,4 nanowires; (k) TEM image of
N((11P04 nanowires; and (1) TEM image of GAPO,4 nanowires/nano-
rods

150 nm. The HRTEM image and selected area electron dif-
fraction (SAED) pattern shown in Figure 4(b) and (c),
respectively, suggest that the TbPO,4-0.5H,0 single crystals
also grow along the ¢ axis. From Figures 3 and 4, we can
see that the nanowires of light lanthanides are more uni-
form than those of middle lanthanides, possibly resulting
from the differences in their intrinsic properties such as
solubility, ionic mobility and growth rate in solution associ-
ated with the lanthanide contraction.?! In addition, the
smooth morphology and perfect monocrystalline nature of
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the as-synthesized nanowires indicate that a reversible path-
way between the solution phase and the solid phase, which
allows building blocks in LnPOy crystals to adopt the cor-
rect positions, was established during the hydrothermal
treatment employed. The optimal preparative conditions,
crystal structures, length, and width of the LnPO,
nanowires are summarized in Table 1.

Figure 4. (a) TEM image of TbPO40.5H,0O nanowires/nanorods;
(b) TEM image of a uniform 70 nm TbPO4:0.5H,0 nanorod with
inset showing the electron diffraction pattern; and (¢) HRTEM im-
age of a single 25 nm TbPO40.5H,0 nanowire

Solution-based hydrothermal/solvothermal methods have
already become a commonly used methodology for prepar-
ing shaped/sized/oriented nanomaterials, but a quantitative
thermodynamic prediction of the crystallization in the nan-
ometer regime for growing 1D nanomaterials by this
method is still very difficult and requires extensive re-
search.?l Herein, the preferred growth direction of the
LnPO, nanowires was understood from the viewpoint of
energy by simulating the coordination fashion of the rare
earth ions in the monazite structure based on the Kossel
model of crystal growth on completely smooth surfaces.[*’]
As is well-known, the lanthanide atoms in the monazite
structure are coordinated to nine oxygen atoms forming a
polyhedron of pentagonal interpenetrating tetrahedra, and
the nine-coordinate lanthanide atoms are apically combined
by the distorted tetrahedral PO, groups forming
chains.”®l Figure 5 shows the growth models of LaPO,
nanowires along the [001] (¢ axis) and [100] (a axis) direc-
tions, which were constructed using the CERTUS?2 software
package.?”! From Figure 5(a), we can see that two La—O
bonds form as a PO,3~ tetrahedron is attached along the
[001] direction. However, only one La—O bond forms when

Figure 5. Growth models for LaPO, along different directions built
up by CERIUS2 software: (a) [001] and (b) [100]

the growth is along the [100] direction (Figure 5, b). The
growth along the [001] direction can release more energy,
and the La—O bond lengths in the two cases show slight
differences.?! Thus, the [001] direction should be preferably
taken when LnPO,4 nanowires are growing. Moreover, it is
inferred that the anisotropic nature of the building blocks
in the monazite structure should be one source of the driv-
ing forces for the growth of the LnPO, nanowires.

Control experiments were carried out to screen the opti-
mal conditions for preparing phase-pure monocrystalline
LnPO4 nanowires. It was shown that the temperature and
the starting acidity in the mother liquors are the major fac-
tors governing the crystallinity and the phase purity of the
products. Temperature-dependent experiments showed that
pure dehydrated monocrystalline nanowires could only be
prepared at temperatures above 200 °C, and the dehy-
dration temperature for middle lanthanides is higher than
that for light lanthanides. When heat-treated at 220—240

Table 1. Optimal preparative conditions, crystal structures and morphologies of the LnPO, nanowires

Sample Preparative conditions Structure Morphology
pH Temperature [°C] Length [um] Width [nm]

LaPO, 0.8 220 monoclinic 1-3 20—-50
CePO, 0.8 220 monoclinic 2-5 20—100
PrPO, 0.8 220 monoclinic 1-4 10—60
NdPO, 0.8 220 monoclinic 1-3 20—-60
SmPO, 0.8 220 monoclinic 2—6 50—150
EuPO, 1 240 monoclinic 3-10 50—200
GdPO, 2 240 monoclinic 1-3 20—-200
TbPO,40.5H,O 1.6 240 hexagonal 0.5-2 20—-150
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°C, LnPO,4 (Ln = La, Pr, Nd, Sm, Eu) products exhibit the
monazite structure under the acidities investigated. How-
ever, at the same temperatures, pure monazite CePO,4 could
only be synthesized at pHs less than 1. When the pH is
greater than 1, cubic CeO, will coexist with monazite-type
CePO, due to the partial oxidization of Ce* at the reduced
acidity in solution. Pure monazite-type GdPO, instead of
mixed phases of rhabdophane and monazite could only be
prepared at pHs between 1.5 and 6 at 240 °C. In the case
of TbPOy4, no monazite phase was obtained under the acidi-
ties used at 240 °C; instead, pure rhabdophane and xeno-
time phase were obtained at pHs greater than 1.5 and lower
than 1.5, respectively.

At a given heat-treatment temperature, it was observed
that the morphologies of the products depend strongly
upon the starting acidity and the formation of colloidal pre-
cipitates in the mother liquors. As an example, the effects
of the preparative conditions on the morphologies of the
LaPO, products are given in Table 2. It can be seen that
LaPO, nanowires could only be obtained in a fairly narrow
pH range (between 0.5 and 1.5) in the presence of the col-
loidal precipitate. In fact, the acidity of the stock solutions
was finely tuned according to the following equation:

Ln?*" + (NH4)”1H37,,,PO4 e LnPO4 l/ + (3 - I’Vl)l‘l+ + I’l’l'l\ll_l4+
(m = 0-3)

The hexagonal LaPO, colloidal precipitate was con-
firmed to be an aggregate of nearly spherical nanoparticles
with sizes around 80 nm (Figure 6). Those nanoparticles
could serve as anisotropic seeds for the growth of highly
anisotropic nanostructures in the solution solid process by

Figure 6. SEM images at different magnifications of the LaPOy,
colloidal precipitate prepared at pH 0.8 (inset was taken from the
highlighted section)

a dissolution and crystallization mechanism during the
hydrothermal treatment employed.['3-2%:2%1 At pH values be-
tween 0.8 and 6, the colloidal precipitate formed instantly
in the stock solution. After hydrothermal treatment, the
morphologies of the LaPO,4 products changed from nano-
particles/nanorods (at pH 6, Figure 7, a) to nanowires/
nanorods (at pH 1.6, Figure 7, b), then to nanowires (at pH
0.8—1.3, Figures 3 and 7, a and c, respectively), along with
the increasing aspect ratio (also see Table 2). When the
starting acidity of the stock solution was further enhanced
by the addition of H3PO,, the colloidal precipitate formed
gradually over a few minutes or even disappeared. After
hydrothermal treatment, the morphologies of the LaPO,
products changed from nanowires (at pH 0.8—1.3, Fig-
ures 3 and 7, a and c, respectively) to nanowires/nanorods
(at 1 mol-L~'"H;3PO,, Figure 7, d), then to nanorods (at 2
mol-L~! H3PO,, Figure 7, e), along with the decreasing as-
pect ratio (see also Table 2).

Previously, Peng et al. have investigated the effects of
chemical potential on the shape evolution of CdSe nanocry-
stals with the wurtzite structure, and observed that the high
chemical potential generated by a high monomer concen-
tration in the growth solution favors the growth of elon-
gated nanocrystals.?” Very recently, Li et al. found that a
higher chemical potential was a dominant driving force for
the growth of hexagonal lanthanide hydroxide nanowires
during hydrothermal treatment.['>] In the present case, the
concept of chemical potential was also used to explain the
above experimental phenomenon related to the formation
of LnPO,4 nanowires. We think that the chemical potential
of the monoclinic LnPOy crystals is mainly determined by
the apparent concentration of LnPO, in the solutions,
which depends thermodynamically upon the acidity of the
reaction system. Previously, the apparent solubility of
LnPO, in aqueous solution was found to decrease upon
increasing the precipitation temperature.*!l Under mild to
strongly acidic conditions, the apparent concentration of
LnPOy in boiling H3PO, solution decreases gradually upon
increasing the concentration of H;PO, from 0.5 to 2 M, and
decreases drastically when it is higher than 2 M. Under
weakly acidic conditions, Ln** ions are known to hydrolyze
slightly in solution with the formation of both mononuclear
and polynuclear species in small amounts before the pre-
cipitation of the hydroxide occurs above pH 6.132 In ad-

Table 2. Effect of the preparative conditions on the morphologies of the LaPO, products prepared at 220 °C for 17 h

Acidity Precipitatingl®l Morphology
Length [um] Width [nm]
pH =6 instantly 0.05-0.2 10—20 nanoparticles/nanorods
pH = 1.6 instantly 0.2-0.7 10—60 nanowires/nanorods
pH =13 instantly 0.5-3 30—-70 nanowires
pH =1 instantly 1-3 20—-90 nanowires
pH =0.8 instantly 1-3 20—-50 nanowires
1 mol-L~! H3PO, gradually 0.1-0.3 20—200 nanowires/nanorods
2 mol-L~! H3PO, - 0.08—0.3 40—-100 nanorods
4 mol-L~" H3PO, - 0.04—0.12 50—300 nanorods

fal Formation of colloidal precipitates before hydrothermal treatment.
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Figure 7. TEM images of the hydrothermal products of LaPO, prepared at 220 °C for 17 h: (a) pH 6 (inset was taken from the highlighted
section); (b) pH 1.6; (¢) pH 1.3; (d) I mol-L™" H;POy; (¢) 2 mol-L™! H;PO,

dition, the hydrolysis rate increases with pH value. In the
present experiments, both the increasing hydrolysis of La3™"
ions at pH values greater than 1.5 and the increasing acidity
by addition of H3PO4 (= 0.5 m) are thought to reduce the
apparent concentration of LaPO,4 and thus its chemical po-
tential in solution. As a result, the LaPO, nanowires could
only be prepared in a fairly narrow pH range (0.5—1.5)
where the chemical potential of LaPO, crystals is higher.
Interestingly, the coexistence of the LaPO4 nanorods/nano-
particles (at pH 6, Figure 7, a) or nanowires/nanorods (at
pH 1.6 or at 1 m H3PO,, Figure 7, b and d) might indicate
the mixed-shape evolution of 1D/2D ripening.?” Conclus-
ively, a high chemical potential of LnPO, crystals in solu-
tion should be another major driving force for the growth
of the LnPO,4 nanowires.

As demonstrated above by XRD analysis, there is a struc-
tural transition from monazite to rhabdophane, then to
xenotime with the ionic radius of Ln3" decreasing from La
to Lu, and rhabdophane-type TbPOy, sits on the borderline
for this transition. Under the synthetic conditions investi-

Eur. J. Inorg. Chem. 2003, 4099—4104 www.eurjic.org

gated, we found that LnPO, with larger Ln** ions could be
synthesized in the form of nanowires at suitable pH values,
whereas LnPO, with the heavier and smaller Ln3" ions
could only be prepared in the form of nanocrystals. This
result might hint that xenotime-type LnPOj, crystals have
lower structural anisotropy and lower chemical potential in
solution than monazite-type LnPO, crystals, probably as a
result of their lower coordination number and increasing
solubility induced by the lanthanide contraction.’:33 In
the xenotime-type structure, Ln ions are eight-coordinate
to oxygen atoms from the somewhat-distorted tetrahedral
PO,’~ groups to form a polyhedron of bis-bisphenoid.[*3

Conclusion

We have demonstrated the general synthesis of LnPO,
monocrystalline nanowires in bulk quantities and high pu-
rity by a simple, facile, and clean solution-based hydrother-
mal method by finely tuning the acidity of the stock solu-
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tions. This successful demonstration can assist us to under-
stand the fundamentals of the reaction and nanowire
growth mechanisms under hydrothermal conditions. Our
recent experiments also showed that monocrystalline rhab-
dophane and orthorhombic hydrated LnPO, 1D nanomat-
erials and luminescent-active LaPO4:Eu and LaPO,:CeTb
nanowires can be also prepared by the same synthetic ap-
proach. It is expected that the hydrothermal route employed
in this work can be extended to the preparation of other
pure and doped 1D nanomaterials with highly anisotropic
structures. Moreover, the as-synthesized monocrystalline
lanthanide orthophosphate nanowires may promote both
academic interest in lanthanide chemistry and novel appli-
cations in nanotechnology. Further research on the lumi-
nescent behavior of doped LnPO,4nH,O 1D nanomaterials
associated with the reduced dimensionality are in progress.

Experimental Section

Synthesis of the LnPQO, Nanowires: Quantitative solutions of
Ln(NO3); (AR, >99.9%) and H;PO, [NH,H,PO,/(NH,4),HPO,/
(NH4)3PO, or their mixtures] of analytical grade in a given molar
ratio (usually 1:1.1) were employed to prepare a stock solution
(40 mL) with a cation concentration of 0.05 m in a Teflon cup
(50 mL). After 15 min of stirring, the cup was transferred into a
stainless steel autoclave, and subjected to hydrothermal treatment
at 220—240 °C for 17—24 h under autogenous pressure in an elec-
tric oven. As the autoclave cooled to room temperature, precipitates
with the color of lanthanide ions were formed and collected. The
precipitates were washed with deionized water, centrifugally filtered
off, and dried at 60 °C for 24 h. The yields of the products were
about 80—90%.

The water content in the products was determined with a thermog-
ravimetry and differential thermal analyzer (Du Pont 2100) in air
at a heating rate of 10 °C/min, using 0-Al,O; as a reference. The
crystal structures of the products were obtained on a powder X-
ray diffractometer (Rigaku D/max-2000, Japan), employing Cu-K,,
radiation (A = 1.5418 A). The sizes and morphologies of the prod-
ucts were characterized by scanning electron microscopy (AMARY
1910FE, USA) at 15kV, transmission electronic spectroscopy
(200CX, JEOL, Japan) at 160 kV and high-resolution transmission
electronic spectroscopy (H-9000, Hitachi, Japan) at 400 kV.
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