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A new example of tubular materials based on sodium rare-earth
tetrafluorides, NaHoF, and NaSmF,, has been fabricated by a
simple hydrothermal method. In addition, an unusual nanotube
with a perfect couple of an outer prismatic shell with an inner
concentric prismatic nanorod at the center is found. According to
the architectures of various products, the general growth mech-
anism of these tubes is proposed.

The discovery of carbon nanotubes has initiated a world-
wide interest in one-dimensional (1D) hollow nanostructures
due to their unique architecture and unusual chemical,
electrical, optical, and mechanical properfiéghe formation

of concentric carbon nanotubes is thought to be the result of
the scrolling of graphitic sheet structures at an elevated

temperaturé.A number of tubular materials from analogous
layered structures have been repoftedch as BN, dichal-
cogenided, Bi,»S;,° and NiCh.6
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structures, such as carbbmS8 Bi,® VO, % rare earth oxides
(hydroxides)\! titanial? and niobate$® The use of organic
molecules with nitrogen or oxygen donors facilitates the
generation of tubular structurés!' These organic molecules
are embedded into alternating inorganic layers (slices) to
build up lamellar frameworks.

Other typical examples of inorganic nanotubes formed by
a templating mechanism in aqueous solution are zinc dfide,
silica® aluminal® and some transition metal sulfid€s.
Mayers and Xia proposed a helical model for the growth of
hexagonal prismatic Te nanotubes in hot organic solfent.
Hollow and hexagonal 1D Dy(OHhanoprisms with outer
diameter of about 56400 nm were also reportédiHowever,
there have been no reports concerning fluoride nanotubes,
particularly synthesized by simple wet chemistry. In this
report, we will describe the first example of tubular fluorides.

Rare-earth elements are of great importance in magnetic,
electronic, and optical materials because of the number of
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30 40 Figure 3. [110] TEM images and a selected-area electron diffraction
26 (degree) pattern of the NaHoFmicrotubes: (a) Low magnification TEM, (b) [01
zone-axis selected area diffraction pattern, and (c) HRTEM image.
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Figure 1. Powder XRD pattern (Cu & radiationi = 0.1541 nm) of the
hydrothermally synthesized (a) NaHp&nd (b) NaSmk

()
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Figure 2. SEM images of the synthesized (a) NaHahicrotubes and
(b) NaSmk nanotubes.

spin electrons in their 4f shells. Sodium rare-earth fluorides
with general formula NaRF(R = rare-earth elements)
possessing a high refractive index and low phonon energy
are regarded as excellent host matrixes for performing
luminescence and are used in solid-state lasers. As solid-
state electrolytes, they have also been used in electrochemical
devices. NaRE such as NaHof can be prepared hydro-
thermally?® However, no reports have concerned the growth
of tubular structures of rare earth fluorides, especially
complex fluorides.

The synthesis of typical tubular structures of a ternary
fluoride, NaHofR, involves a simple hydrothermal method.
A pale pink product has been prepared from a mixture with
molar composition of 3.00 NaF/1.00 Ho(N)/@6.00 NH-
HF,/0.10 EDTA/800 HO (EDTA = ethylenediaminetet- :
raacetic acid) at 14€C for 14 h. The pH of the solution at SR Vet L =
room temperature is about 3.0. The powder X-ray diffraction Figure 4. TEM images and an electron diffraction pattern of the NagmF
(XRD) patter (Figure La) confitms that the product s phase- (7e15e%: (& brghfeld TEM image shoung buler stucres; () &
pure hexagonal NaHaFComparing the powder diffraction  pattern; (d) cross-section TEM showing a-rod-inside-a-tube; (e) HRTEM
pattern to the JCPDS card 18-1253, detailed diffraction peaksimage showing lattice fringes of one typical branch (center) connecting the
are labeled in Figure 1a. The calculated unit cell parametersCe"tr rod (1ight) and the inner wall (left).

areag = bp = 0.6007 nm and, = 0.3540 nm. The scanning  yoting Information Figure 1]. Typically, the powder XRD
electron microscopy (SEM) image obviously shows that these pattern of NaSmF (Figure 1b) confirms its hexagonal

NaHoF, crystals are hollow hexagonal 1D prisms (Figure gy,ctyre (JCPDS Card 27-0779), and calculated unit cell
2a). Bright-field transmission electron microscopy (TEM) parameters arg, = bo = 0.6125 nm and, = 0.3652 nm.
images do not present the hollow interiors because of the ¢ compared to that of NaHaFthe increase in unit cell
thick walls as shown in Figure 3a. However, the growth gimensions is due to the lanthanide contraction. These
direction along the-axis can be confirmed by using either NasmE, crystals also form as hexagonal 1D rodlike prisms
selected area electron diffraction (SAED) pattern (Figure 3b) yiih outer diameter of 100400 nm as displayed in Figure
or high-resolution transmission electron microscopy (HR- o, However, the SEM image is unable to reveal the hollow
TEM) (Figure 3c). . structure. Bright-field TEM images of the powder sample

Except for NaRk (R = La—Pm), other sodium rare-earth  show the clearly discernable brightness between the inner
tetrafluorides can be synthesized hydrothermally [see Sup-gjges and outer walls of the rodlike NaSpuFystals (Figure

4a). A hollow interior in the cross-section TEM image of a

(20) (a) Feng, S.-H.; Xu, R.-RAcc. Chem. Re®001, 34, 239. (b) Xun,

X-M.: Feng, S.-H.. Wang, J.-Z.; Xu. R.-RChem. Mater.1997, 9, representative hexagonal prism (Figure 4b) is apparent_ly
2966. observed. The cross-section image clearly confirms this
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(c) be thought as a seed. The subsequent growth along the
circumferential edges of the seed yields a tubular structure.
For the identical feature between (001) and (001 the
P6s/m space group of NaSmKsee JCPDF card 27-0779
and Supporting Information Figure 2), the opposite growth
toward [001] and [00Jlproceeds simultaneously. If the local
growth along anyl001ldirections is at same rate, a high
Figure 5. (a) Low magnification TEM image of NaSmFshowing a quality tubular structure can be formed. The growth orienta-
el o (a3, (5 ok Sactons v some s o O the edges (walls) s perpenlicular(o0Yy plane o
a::h ﬁoles and some section without holes at the centers, a%d (c) the modelth_e seed. If the local condition af‘?“”‘_j the growth faces is
for the growth of the tubular structure, similar to that of *Fe. disturbed, the steady growth condition is destroyed, and poor
tubes are formed. Also, x-shaped dendritic nanostructures
prismatic crystal is tubular. The inner diameters of these composed of nanorods can be generated (see Supporting
hollow NaSmpk prisms are in the range 3100 nm. Information Figure 3). The joint that connects each part can
Hexagonal symmetry of SAED pattern from the cross-section be considered as the original seed (arrow 2 in Figure 5a and
sample (Figure 4c) reveals the growth direction along the arrows in Supporting Information Figure 3). Sometimes,
c-axis. The [0D] SAED and HRTEM image further confirm  bow-tie-like architecture results as shown in Figure 3 of the
the growth direction (see Supporting Information). Supporting Information.

An unusual 1D nanostructure is observed in Figure 4d  Besides the edge growth, an occasional growth from the
where there is a concentric NaSgnfrianorod at the center  center site of the seed can occur, accompanied with a second
of a NaSmk nanotube. The nanorod is supported by six growth of the inner nano-connects along six like the
equivalent but hierarchically grown branches connecting to “epitaxial” radial growth of ZnO nanoribborf3.This com-
inner side of the walls. Concentric nanotubes are found in plex growth behavior produces the novel nanostructure: a
carbon and its related nanotubes, and in some oxidé#n nanorod inside a nanotube (Figure 4d,e).
general, the centers of those nanotubes are hollow along the In conclusion, a new example of tubular materials com-
longitudinal direction except for the ends, and the walls are posed of sodium rare earth tetrafluorides has been synthesized
separated by van der Waals force and/or templates. Howeverpy using a simple hydrothermal method. A concentric
in this one, the nanorod inside the hollow nanochannel at nanorod supported by six equivalent branches is found inside
the center is supported by six branches (Figure 4d,e). Botha tube. The growth mechanism shown in Figure 5c is similar
the wall and the central nanorod grow along thaxis. The to that of Te as proposed by Xi&The present study enlarges
HRTEM image shows that these branches grow alahg  the family of tubular nanostructures and leads us to explore
and shows a perfect match of the lattices between the centrabther novel nanotubes with various chemical compositions
rod and outer wall (Figure 4e). This unusual a-rod-inside- in the future.
a-tube nanostructure has never been reported before in the
literature.

In addition to the tubular structure as displayed in Figure
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(see Supporting Information Figure 3), the growth procedure |-g34533¢

is estimated as Figure 5c, similar to that reported for Te
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