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ne-dimensional (1-D) nanoscale

materials, such as nanowires and

nanotubes, have attracted much
interest due to their importance in basic sci-
entific research and potential technological
applications.! They are expected to play an
important role as both interconnects and
functional components in the fabrication of
nanoscale electronic and optoelectronic de-
vices. Many unique and fascinating proper-
ties have already been proposed or demon-
strated for the kind of materials, such as
high luminescence efficiency,? superior me-
chanical toughness,® enhancement of ther-
moelectric figure of merit,* and a lowered
lasing threshold.® However, among the low-
dimensional luminescence nanomaterials,
significant efforts have been mainly focused
on the wide band gap emission in semicon-
ductors such as Si,° Ge,” GaN,® InAs,® and
Zn0.? More recently, upconversion (UC) lu-
minescent materials'® with unique antis-
tokes optical property have garnered con-
siderable attention due to their potential
use as luminescence nanodevices ranging
from solid-state lasers,'® display monitors,"’
optical data storage,'® fluorescence imag-
ing for detection of biomolecules,'? and
optical-fiber-based telecommunications.’®
Up to now, colloidal nanocrystals of UC rare
earth fluorides doped with lanthanides
have also been obtained through sol—gel
process,'® co-precipitation,’* organometal-
lic approaches,’®"¢ and hydrothermal
methods.'”"'® However, few studies have
focused on the synthesis of rare earth fluo-
ride nanostructures with hollow
interiors'®2° because the preparation of
rare earth fluoride nanotubes with nonlay-
ered structure still remains challenging.
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ABSTRACT |In this article, we demonstrate the production of uniform hexagonal sodium rare earth fluoride

([3-NaMF,) nanotubes through a hydrothermal in situ ion-exchange reaction by using rare earth hydroxides

[M(OH),] as a parent. The trivalent rare earth hydroxides were hydrothermally prepared at 120 °C and possessed

a quasi-layered structure, which could be formed to be nanotubal morphology through a rolling up process from 2-

D sheets. Moreover, the hexagonal structure of rare earth hydroxides [M(OH);] displays a noticeable similarity

with (3-NaMF,. This similarity makes the formation of (3-NaMF, with nonlayered structure possible through in

situ chemical transformation from M(OH), with a layered structure. The single-crystal (3-NaMF, nanotubes were

synthesized with well-controlled diameter (80 —500 nm), aspect ratio (6 —30), wall thickness (25—80 nm), and

contents (such as M = Pr, Sm, Gd, Th, Dy, Er, as well as lanthanide-doped rare earth NaMF,). The multicolor

upconversion fluorescence has also been successfully realized in the Yo*>*/Er** (green) and Yb**/Tm*™ (blue) co-

doped (3-NaMF, nanotubes by UC excitation in the NIR region. The various UC emission ratios of the samples

were investigated as a function of hydrothermal reaction time to research the UC properties of the products and

to further demonstrate the hydrothermal in situ ion-exchange process.
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It was believed previously that, for the
inorganic materials, only the substances
with layered lattices could form nanotubes
under appropriate conditions.?' ~23 Well-
defined inorganic nanotubes made of
graphite, hexagonal boron nitrides, metal
dichlorides, and sulfides, all possessing lay-
ered or pseudolayered structures, have suc-
cessfully been produced without the assis-
tance of templates.?' ~2*> Compared with
layered compounds, the formation of nano-
tubes from nonlayered solids requires much
more effort to bring together atoms or
small particles into hollow cylinders in the
process of crystallization. As a result, the
preparation of nanotubes from nonlayered
materials is often subjected to the use of
templates such as CNTs (carbon nano-
tubes),?* nanowires,?' and porous mem-
branes.?> Although the sacrificial
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Figure 1. (a,b) SEM images of Y(OH); nanotubes prepared at hydrothermal condition at
120 °C. (c) TEM image of the Y(OH); nanotubes and corresponding ED pattern (inset). (d) Y
compositional map of the nanotube obtained by energy dispersive spectroscopy, along
with its intensity profile across the tube along the dotted line in (c). (e) HRTEM image of a
Y(OH); nanotube.

as a example, scanning electron micros-
copy (SEM) images show that as-
synthesized Y(OH); nanotubes are uni-
form with smooth faceted surface (Figure
1a,b). The outer diameters are about 250
nm, and the wall thickness is about 30
nm. The lengths of the tubes are up to
several micrometers. Transmission elec-
tron microscopy (TEM) images also reveal
that the Y(OH); products obtained from
the hydrothermal condition show tubular
morphologies (Figure 1c). The elemental
map of the tube obtained by energy dis-
persive spectroscopy (EDS) also shows a
characteristic intensity profile of Y ele-
ment with the highest intensity observed
at the edges (Figure 1d), further suggest-
ing a tubular structure. HRTEM images re-
corded along the [010] zone axis clearly
show that the tubes have a multiwall
structure (Figure Te), which is in accor-
dance with the quasi-layered structure of
Y(OH); nanotubes.?”?® The interlayer
spacing is measured to be 0.54 and 0.35

templating method has been proved to be a facile and
efficient approach for the growth of tubular
structures,®'?* the structural disruption of the final
product could not be avoided during the templates re-
moving processes.”’ Most recently, a method based on
an in situ chemical reaction in nanocrystals has also
been developed to yield many hollow nanostructures.?®
However, the example for tubular structures especially
for rare earth metal components has not been reported.
Here we report the production of hexagonal rare
earth fluoride (3-NaMF,) nanotubes through a hydro-
thermal in situ ion-exchange reaction with rare earth hy-
droxides [M(OH);] as a parent. The trivalent rare earth
hydroxides, which possess a quasi-layered structure,
could form the tubular nanostructure.?”-?® Moreover,
the hexagonal structure of [M(OH),] displays a notice-
able similarity with that of 3-NaMF,, which makes the
formation of B-NaMF, with nonlayered structure pos-
sible through in situ ion-exchange transformation. The
single-crystal 3-NaMF, nanotubes can be synthesized
with well-controlled diameter (80—500 nm), aspect ra-
tio (6—30), wall thickness (25—80 nm), and contents
(such as M = Pr, Sm, Gd, Tb, Dy, Er, Y, as well as
lanthanide-doped rare earth NaYF,). The multicolor UC
fluorescence has also been successfully realized in the
Yb**/Er** (green) and Yb**/Tm** (blue) co-doped
B-NaYF, nanotubes by UC excitation in the NIR region.

RESULTS AND DISCUSSION

Rare earth hydroxides [M(OH);] can be synthesized
under a hydrothermal condition from an aqueous solu-
tion of rare earth nitrate and NaOH.?”?® Taking Y(OH),
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nm corresponding to the {1010} and

{0001} planes of Y(OH); nanotubes (Figure 1e). The elec-
tron diffraction (ED) pattern (Figure 1¢, inset) recorded
perpendicular to the long axis of the single nanotube
can be indexed to the [0110] zone axis of the hexago-
nal Y(OH); structure with single-crystal feature XRD pat-
terns of as-synthesized Y(OH); nanotubes further re-
vealing that the products are pure hexagonal Y(OH),
phase (space group of P6;/m) with lattice constants a
=6.261 A" and c = 3.544 A" (JCPDS 83-2042) (Figure 2).

The tubular B-NaYF, can be prepared by hydrother-
mal in situ ion-exchange reaction of Y(OH); nanotubes
in the presence of diluted HF and NaF solution under
the hydrothermal condition at 120 °C for 12 h. The yield
is close to 100% according to the Y contents, suggest-
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Figure 2. Powder XRD patterns of the as-synthesized Y(OH),
nanotube products (a) and the Y(OH),/NaYF, composite
samples prepared through hydrothermal in situ ion-
exchange transformation approach with different time: (b)
3 h, (c) 6 h,and (d) 9 h at 120 °C, (e) pure 3-NaYF, obtained
by the F-substituted reaction at 120 °C for 12 h.
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ing an anion exchange process without
dissolving metal ions. XRD patterns (Fig-
ure 2) show that the products are pure
hexagonal NaYF, phase (space group
P65/m) with lattice constants a = 5.991(5)
A" and ¢ = 3.620(1) A" (JCPDS 16-334).
SEM images show that the samples pre-
pared under hydrothermal condition at
120 °C for 12 h are uniform tube-like prod-
ucts, much similar to that of Y(OH); tube
parents, suggesting a replica process. The
NaYF, nanotubes have an average diam-
eter of 300 nm, wall thickness about 50
nm, and lengths of up to several microme-
ters (Figure 3a). In comparison to that of
Y(OH); nanotube parents, the outer diam-
eter and the wall thickness increase
slightly, which is ascribed to the lattice
constant changes. TEM images display
typical tubular particles contrasted with
areas close to the edges (Figure 3b,c). The
elemental map of the tubes obtained by
energy dispersive spectroscopy (EDS) also
shows a characteristic intensity profile of
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Figure 3. (a) SEM images of NaYF, nanotubes. (b) TEM image of the B-NaYF, nanotubes
and corresponding ED patterns (inset). (c) TEM image of a single B-NaYF, nanotube. (d,e)
Y and F compositional maps of the nanotube obtained by energy dispersive spectroscopy,
along with its intensity profile across the tube along the dotted line in (c). (f) HRTEM image
of a B-NaYF, nanotube.

Y and F elements, respectively (Figure
3d,e). The highest intensity is observed at
the position of the edges, providing further evidence
for uniform B-NaYF, tubular structure with homoge-
neous element distribution. The highly dispersed F ele-
ment also demonstrates that the hydrothermal in situ
F-substituted reaction is realized homogeneously with
Y(OH); tubes as a template. The ED pattern (Figure 3b)
taken from the side face of the nanotubes can be in-
dexed as a hexagonal NaYF, single crystal along the
[0110] zone axis. Also, HRTEM images show an interpla-
nar spacing of ~0.52 and 0.34 nm corresponding to
the {1010} and {0001} planes of 3-NaYF, nanocrystals,
respectively, further confirming that the [0001] plane is
a preferred growth direction for the nanotubes.?”*®
XRD patterns show typical diffraction peaks corre-
sponding to both Y(OH); and 3-NaYF, (Figure 2), clearly
demonstrating that the hydrothermal in situ ion-
exchange process occurs. As shown in Figure 2, the
tube-like Y(OH)5/B-NaYF, composites emerged after
3 h hydrothermal treatment in the presence of NaF and
HF solution, and the Y(OH); nanotubes could com-
pletely transform into B-NaYF, at 120 °C for 12 h. When
the temperature increases to 200 °C, XRD patterns (Sup-
porting Information, Figure S1a) show that the pure
B-NaYF, phase can be obtained for 3 h, but SEM im-
ages (Supporting Information, Figure S2) reveal that
most of the tube-like products appear to transform into
nanorods under such high temperature. Our results
show that the tube-like B-NaYF, products cannot be
yielded when the temperature is below 100 °C even
with a long reaction time (72 h). XRD results (Support-
ing Information, Figure S1b) show that the products are
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composites of YF5 (JCPDS 74-0911) and a small quan-
tity of cubic NaYF, (a-NaYF,) (JCPDS 77-2042). When
the reaction is carried out in the absence of HF, but only
NaF, the pure B-NaYF, is also not obtained even at a
temperature of 230 °C for more than 12 h (Supporting
Information, Figure S1c). In the present work, the size of
B-NaYF, nanotubes can be tuned by varying that of
Y(OH); parents. The outer diameter of the 3-NaYF,
tubes can be tuned from 80 to 500 nm, and the aspect
ratio is changed from 6 to 300 nm and the wall thick-
ness from 25 to 80 nm, respectively (Supporting Infor-
mation, Figure S3).

XRD patterns reveal that pure hexagonal B-NaYF,:
Yb, Er/Tm samples are obtained with Y(OH);: Yb, Er/Tm
nanotubes as a parent (Supporting Information, Figure
S4). SEM and TEM images show that B-NaYF,: 20% Yb,
2% Er and B-NaYF,: 20% Yb, 2% Tm with uniform shape
and size can be synthesized with the hydrothermal in
situ ion-exchange route (Supporting Information, Fig-
ure S5). The results suggest that the doped ions have
little effect on the morphology and size. Our results
show that other rare earth NaMF, nanostructures such
as M = Pr, Sm, Gd, Tb, Dy, and Er can also be produced
by using the hydrothermal in situ ion-exchange route.
(Supporting Information, Figure S6 and Table S1). It is
demonstrated the outer diameters of NaMF, (M = Pr,
Sm, Gd, Tb, Dy, and Er) nanotubes are variable from 55
to 110 nm at the same reaction condition, dependent
on rare earth element’s unit cell volume (Supporting In-
formation, Table S1), which is related to lanthanide con-
traction. As shown in Figure S7 in the Supporting Infor-
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Figure 4. Spectroscopic characterization for upconversion luminescence. (a,b) Upconver-
sion luminescence spectra of B-NaYF,: 2% Er®*, 20% Yb3* (a) and B-NaYF,: 2% Tm3*, 20%
Yb3* (b) excited with a 978 nm laser diode (power density = 80 W/cm?). (c) Photographs
for the upconversion luminescence in 1 wt% hexane solution of B-NaYF,: 2% Er®*, 20%
Yb3* (1) and B-NaYF,: 2% Tm3*, 20% Yb3* (2) excited with a laser power of 800 mW at 978
nm. (d) Integrated green upconversion emission intensity of a 3-NaYF : 2% Er*, 20% Yb**

porting Information, Figure S9). As a re-
sult, the positions and arrangements of Y
atoms in the parent remain unaffected
during the transformation. It is this topo-
tactic feature that leads to the formation
of single-crystalline B-NaYF, nanotubes at
low hydrothermal temperature, rather
than the dissolution—renucleation pro-

Wavelength (nm)

Wavelength (nm)

cesses described in the classical crystalli-
zation theories.?%26-2932
The multicolor fluorescence can be ob-
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M served in the Yb>"/Er* " (green) and Yb3>*/
Tm3" (blue) co-doped B-NaYF, nano-
tubes synthesized from the hydrothermal
in situ ion-exchange method. The visible
and NIR upconversion luminescence
spectra of B-NaYF,: 2% Er*™", 20% Yb*"
and B-NaYF,: 2% Tm3", 20% Yb®** under
infrared excitation (978 nm) are shown in
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phosphor as a function of the reaction time at 120 °C.

mation, the plots of unit cell volume per NaMF,,
molecule along the rare earth series are in agreement
with the lanthanide contraction.

On the basis of the above results, we believe that
the thermodynamic driving force should be a key to
the formation of B-NaYF, via the hydrothermal in situ
ion-exchange approach since the structure of the hex-
agonal NaYF, is more stable. For the hydrothermal in
situ ion-exchange process, it is different from the classi-
cal thermodynamic or kinetic controlled crystallization
process which is based predominantly on the modifica-
tion of the activation energy barriers of nucleation,
growth, and phase transformation.?° During the hydro-
thermal in situ ion-exchange process, there is a mini-
mal crystal structure reorganization which is different
from classical crystallization that usually occurrs by
dissolution—renucleation processes. When HF diffuses
into single-crystalline Y(OH); nanotubes, F~ ions can
substitute the OH™ ions and interact with Y** ions to
form the more stable 3-NaYF, phase on three types of
sites (Supporting Information, Figure $8).3°3" Further-
more, because in the hexagonal NaYF,, crystals Na™* ions
are randomly dispersed in different sites (Supporting In-
formation, Figure 58),3>3" they, therefore, can be easily
trapped into the crystals to form a more stable 3-NaYF,
phase under the thermodynamic driving force effect.
The lattice constant in the c-axis is essentially un-
changed during the hydrothermal in situ ion-exchange
process since the hexagonal structural similarities (Sup-
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2 Figure 4a,b, respectively. It corresponds to
that for E** and Tm3™" in B-NaYF, nano-
structured materials reported
previously.>*3* The emission bands can
be assigned to transitions within the
4f—4f levels of Er*" and Tm®* ions. In
the Yb*"/Er*" co-doped B-NaYF, sample,
green luminescence between 510 and
570 nm can be assigned to the (°H,, ,»,
S5,5) = ;5,5 transition. A red emission is observed be-
tween 630 and 680 nm originating from the *F,,, —
“I,5/» transition. In comparison to the bulk samples,**3¢
the ratios of red to green emissions for 3-NaYF ,: 2%
Er™, 20% Yb*™ are very similar but different from the
nanotube arrays we reported previously.'® It may be as-
cribed to the mild hydrothermal reaction at low tem-
perature to avoid the multiphonon relaxation effect and
the effective F~ diffusion to avoid the oxygen contami-
nation. In the case of Tm>*, the visible luminescence
originates from two stages: 'G, — *H, and 'G, — °F,,.
The former results in a blue emission between 450 and
490 nm, and the latter yields a weak red emission be-
tween 630 and 680 nm. Furthermore, an intense NIR
emission can be observed between 750 and 850 nm
due to the *H, — 3H, transition. The mechanism re-
sponsible for the UC luminescence is shown in the sche-
matic energy level diagrams (Supporting Information,
Figure S10). Figure 4c shows photographs of eye-visible
UC luminescence in hexane solutions of 3-NaYF,: 2%
Er™, 20% Yb®" and B-NaYF,: 2% Tm3*, 20% Yb*" ex-
cited with a laser at 978 nm, indicating that the nano-
tubes are excellent UC hosts. The UC emission intensi-
ties and the ratios of the various emissions are
influenced by the doping levels, excitation power,
preparation temperature, and impurities.®* Thereinto,
the oxygen contamination effect is very important for
the UC emission efficiency. As shown in Figure 4d, the
green and red UC emission changes significantly with
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time as the hydrothermal in situ ion-exchange reaction
at 120 °C. The intensity of the red UC luminescence at
650 nm is always stronger than the green one, probably
ascribed to the oxygen effect (Figure 2).2°3” When the
F-substituted reaction is carried out at 120 °C for 12 h
(Figure 2), the green (°H,,,, + *S5,, — *I;5,,) intensity
surpasses red emission (*Fy,, — “l,5,,) intensity, relat-
ing to low oxygen content. For the Yb>"/Er** (green)
co-doped B-NaYF, nanotubes, oxygen impurities can
increase the multiphonon relaxation rates between the
metastable states with the effect of reducing the over-
all visible emission intensity and enhancing the red to
green emission ratios®> 37 in agreement with that from
the previous reports. Therefore, the red to green emis-
sion ratio decreases as the oxygen decrease during the
F-substituted process.

CONCLUSION
In summary, a successful synthesis of uniform rare
earth fluoride B-NaMF, nanotubes is demonstrated via

MATERIALS AND METHODS

Hydrothermal Synthesis of M(OH), Nanotubes. Rare earth hydroxide
nanotubes were hydrothermally prepared from their nitrates in
the presence of alkali. For a typical synthesis, 5.0 mL of 0.85 M
Y(NO,); from the high purity Y,05 (99.99%) was added with 10
wt% NaOH solution until it reached pH 14, and the white precipi-
tate was obtained. The colloidal precipitate was transferred into
a stainless Teflon-lined autoclave (40 mL) and heated at 120 °C
for 12 h. After cooling to room temperature, the product was col-
lected, washed with water, and dried at 80 °C for 3 h in air.

Synthesis of Rare Earth Fluoride Nanotube. In a typical synthesis,
0.38 g of NaF and 0.65 g of HF (40%) were dissolved in 25 mL
of deionized water with stirring for 30 min, then 0.3 g of Y(OH),
nanotubes prepared as above was added into the mixture solu-
tion. Finally, the mixture solution was transferred into a stainless-
steel autoclave and heated at 120 °C for 12 h. After cooling, the
powder sample was washed with deionized water and ethanol
several times and dried at 80 °C for 2 h in a vacuum oven.

Characterization. X-ray diffraction (XRD) patterns were recorded
on a Bruker D4 X-ray diffractometer with Ni-filtered Cu KR radia-
tion (40 kV, 40 mA). Transmission electron microscopy (TEM)
measurements were conducted on a JEOL 2011 microscope op-
erated at 200 kV. All samples were first dispersed in ethanol and
then collected using copper grids covered with carbon films for
measurements. Energy dispersive X-ray spectroscopy (EDX) was
performed on a JEOL 2010 EDX instrument. Scanning electron
microscopy (SEM) images were taken with a Philips XL30 elec-
tron microscope operating at 20 kV. A thin film of gold was
sprayed on the sample before this characterization. Upconver-
sion luminescent spectra were measured on an optical spectrum
analyzer (ANDO AQ6317, Japan). The sample was put in a curet
with 1.0 cm path-length and was excited by a 978 nm CW semi-
conductor diode laser (P,,,, = 800 mW at 1000 mA). The upcon-
version luminescence spectra were collected by a multimode op-
tical fiber with 0.6 mm core diameter on an optical spectrum
analyzer. The distance between the top of the fiber and the
sample was about 2 mm.
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hydrothermal in situ ion-exchange reaction by using
rare earth hydroxides [M(OH),] as a parent (where M =
Y, Pr, Sm, Gd, Tb, Dy, Er, and their mixture). The shape,
size, and single crystallinity of the template are re-
tained with high fidelity. The single-crystal 3-NaMF,
nanotubes with uniform diameter (80—500 nm), as-
pect ratio (6—30), and wall thickness (25—80 nm) are
easily obtained. The thermodynamic driving force is a
key to the formation of B-NaYF, via the hydrothermal
in situ ion-exchange approach. The lattice constant in
c-axis is essentially unchanged during the ion-exchange
process since the hexagonal structural similarities. The
multicolor upconverison emission is realized with the
rare earth doped fluorides. The red to green emission
ratio decreases as the oxygen decreases during the
F-substituted process. It is expected that these single-
crystal rare earth fluoride nanotubes would have poten-
tial in applications as building blocks for many functional
devices including solid-state laser, telecommucation fi-
bers, and some other optics and sensors.

Supporting Information Available: XRD, SEM, and TEM analy-
sis of the NaMF,, (such as Re = Pr, Sm, Gd, Tb, Dy, Er, as well as
lanthanide-doped rare earth NaMF,) prepared at different reac-
tion conditions, plots of the measured lattice volume over the
number of NaMF, molecules (Z) in one unit cell against the rare
earth series, optimal experimental conditions and morphologies
of M(OH); and B-NaMF, nanotubes, and schematic energy level
diagrams of the Er**, Tm®**, and Yb>" dopant ions and upcon-
version mechanism. This material is available free of charge via
the Internet at http://pubs.acs.org.
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