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In this work, we report a facile solution-phase synthesis of hollow cubic phase R-NaYF4

nanoparticles by a controlled ion exchange process from cubic phase Y2O3 nanospheres. We
demonstrate that hollow nanoparticles with controlled size are formed owing to the nanoscale
Kirkendall effect. The formation mechanism was studied with the XRD, STEM, and EDS line
scanning characterization. The crystal structure similarity between the parent and the final product is
essential for framework andmorphology preservation. Although the sphere particles are polycrystal-
line and composed of the nanocrystals, the cubic structure of R-NaYF4 nanocrystals displays a
noticeable structure similarity with Y2O3, which we believe facilitates ion exchange between the
primary nanocrystals and preservation of the secondary sphere morphology. The multicolor
upconversion (UC) fluorescence (PL) was successfully realized in the Yb3þ/Er3þ(Tm3þ) codoped
R-NaYF4 hollow nanospheres by excitation in the near-infrared (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 thermodynamic driving
solution ion-exchange process.

Introduction

Upconversion (UC) luminescent materials with anti-
stokes optical property1,2 have garnered considerable
attention because of their potential applications as lumi-
nescence nanodevices including solid-state lasers,3 flat-
panel displays,4 solar cells,5 and optical-fiber-based tele-
communications.6 For biological applications, UC nano-
materials have many advantages over the conventional
organic dye markers and quantum dots,7,8 such as high
chemical stability, low toxicity, high signal-to-noise ratio
due to the absence of autofluorescence and high penetra-
tion depth in tissues. Until now, NaYF4 has been found
to be one of the most efficient hosts for visible UC

fluorescence (PL),9 and various nanostructures ofNaYF4

have been synthesized by different methods.10-17 Fabri-
cation of both cubic (R phase) and hexagonal (β phase)
NaYF4 has received considerable attention in recent
years, and a number of methods have become available,
including solid treatment,1 coprecipitation in aqueous
phase,9,10 soft and hard template routes,11,12 hydrother-
mal/solvothermal synthesis13,14 and a surfactant con-
trolled organometallic pyrolysis approach.15-17 How-
ever, few studies have focused on the fabrication of the
hollow spherical nanoparticles, which are more desirable
for biolabels and drug-delivery applications. Hollow
nanostructures can be readily synthesized by using
the nanoscale Kirkendall effect.18-21 Since the first
report on the preparation of hollow CoS and CoO
nanoparticles by sulfidation and oxidation of Co nano-
particles by exploitation of the Kirkendall effect,18 a
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variety of hollow nanoparticles have been fabricated by
a similar approach.18-21 Most recently, an alternative
ion exchange method has been used to alter the composi-
tion of the material by replacing the cations (anions)
within the nanocrystal lattice with a different cation
(anion).22-26 In one example, the addition of Agþ to
cadmium chalcogenide nanocrystals (CdS, CdSe, CdTe)
led to their complete conversion to the corresponding silver
chalcogenide.22 In another, we demonstrated the produc-
tion of β-NaMF4 nanotubes through a hydrothermal in
situ ion exchange reaction by usingM(OH)3 as precursor.

24

The structure similarity was found to be a requirement for
the reaction. Remarkably, the morphology of anisotropic
nanocrystals was preserved after ion exchange.26

Here we report a facile solution-phase synthesis of
hollow cubicphaseR-NaYF4nanoparticlesby a controlled
ion exchange process from cubic phaseY2O3 nanospheres.
We demonstrate that hollow nanoparticles with controlled
size are formed owing to the nanoscale Kirkendall effect.
Multicolor UC PL is observed in the Yb3þ/Er3þ (green)
and Yb3þ/Tm3þ (blue) codoped NaYF4 nanospheres by
excitation in the near-infrared (NIR) region.

Experimental Section

Homogeneous Precipitation Synthesis of Y2O3 Nanosphere.

The Y(OH)CO3 3H2O precursor was first synthesized by a

homogeneous precipitation method. In a typical synthesis,

6 mL of 1.0 M Y(NO3)3 and 12 g of urea were dissolved in

400 mL of H2O with continuous stirring for 20 min. Then the

mixture was sealed in a glass bottle and heated to 90 �C for 2 h.

The resulting dispersions were centrifuged at 5000 rpm for

5 min, the supernatant solution was discarded, and the particles

were resuspended in ethanol with an ultrasonic bath. This

process was repeated three times, and then the precursor was

dried and stored in a desiccator.

Y2O3 was obtained by thermal treatment of the precursor at

500 �C for 3 h (2 �C/min to 500 �C), the morphology was

retained after the heat treatment.

The detailed reaction processes for the Y(OH)CO3 3H2O

precursor formation through homogeneous precipitation are

listed below:

H2N;CO;NH2 f NH4
þþOCN-

OCN-þOH-þH2O f NH3þ CO3
2-

Yttrium ions are weakly hydrolyzed in water to YOH(H2O)n
2þ

YOHðH2OÞn2þþ CO2 þH2O f YOHCO3 3H2O

þ 2Hþþ ðn-1ÞH2O

Synthesis of Rare Earth Fluoride Hollow Nanosphere. In a

typical synthesis, 0.1 g of NaF and 3 mL of 0.1 M HF were

dissolved in 8mLof deionizedwater with stirring for 5min, then

0.75 g of Y2O3 nanospheres prepared as the above was added

into the mixture solution. After 5 min stirring, the mixture

solution was transferred into a stainless-steel autoclave and

heated at 100 �C for 3 h. After cooling, the powder sample

was washed with deionized water and ethanol for several times

and dried at in a desiccator overnight. (The hazards of usingHF

are described in the Supporting Information.)

Synthesis of Lanthanide-Doped Rare Earth Fluoride Hollow

Nanosphere. The preparation of the lanthanide-doped rare-

earth fluoride nanospheres was similar to the above procedure.

For example, to prepare R-NaYF4 doped with 20 wt % Yb3þ

and 2 wt % Er3þ, 5.28 mL of 1.0 M Y(NO3)3, 2.1 mL of 0.63 M

Yb(NO3)3 and 0.3 mL of 0.40M Er(NO3)3 were mixed together

to replace 6 mL of 1.0MY(NO3)3. After homogeneous reaction

at 90 �C for 2 h in the presence of 12 g of urea and 400 mL of

H2O, the (Y, Yb, Er)OHCO3 3H2O could be obtained. The

Y2O3 doped with 20 wt % Yb3þ and 2 wt % Er3þ was obtained

by thermal treatment of the precursor at 500 �C for 3 h (2 �C/min

to 500 �C). The R-NaYF4:20 wt % Yb3þ, 2 wt % Er3þ could be

obtained with Y2O3:20 wt % Yb3þ, 2 wt % Er3þ as a parent in

the presence of NaF and HF through the ion exchange process.

Characterization. X-ray diffraction (XRD) patterns were

collected on a Scintag PADX diffractometer with Cu KR
radiation (45 kV, 35 mA). Transmission electron microscopy

(TEM) images were taken using a FEI Tecnai T20 Sphera

electron microscope operating at 200 keV. FEI Titan 300 kV

FEG TEM/STEM System w/EDS and EELS was used to take

the STEM image and EDS line scanning. Scanning electron

microscopy (SEM) images were acquired on a FEI XL30 Sirion

FEG digital scanning electron microscope. Nitrogen sorption

isotherms were measured at 77 K on a Micromeritics Tristar

3000 analyzer (USA).

UC PL measurements were done on a homemade PL spectro-

meter. Excitation light with wavelength 970-980 nm was gener-

ated by a continuouswave (CW) Ti:Sapphire laser (Spectraphysics

3900S) pumped by an Arþ-laser (Spectraphysics Beamlock 2060).

The near-infrared (NIR) laser output passed through a long

wavelength-pass filter (Newport LP830) to remove visible and

NIR PL of the Ti:Sapphire crystal and neutral density filter wheel

which was used to adjust the excitation beam power. The laser

beamwas focused on the sample by a lens with long focal distance

of 15 cm.TheUCPLwas collected at 45o by a two-lens system and

focused on the entrance slit of a spectrograph (Acton Research

SpectraPro-500).NIR light scatteredby the samplewasblockedby

a short wavelength-pass filter (Newport KG3). The luminescence

was dispersed by the spectrograph and detected by a TE-cooled

CCD camera (Roper Scientific PIXIS-400). The water adsorbed

on the upconverison cannot be excluded especially in the hydro-

thermal reaction conditions. But in our case, to investigate

the upconversion properties in the water solution of hydrophilic

R-NaYF4 nanospheres, which are desired by the biological

applications, the upconversion tests were conducted in the water

solutions. Therefore, we think the effect of water on the emission

should be same for all the samples during the ion exchange process.

Results and Discussion

Monodispersed Y(OH)CO3 3H2O nanosphere precur-
sor particles (Figure 1A) can be prepared via a homo-
geneous precipitation method from an aqueous solution
of yttrium nitrate and urea at 90 �C for 2 h.27

(22) Son, D. H.; Hughes, S.; Yin, Y. D.; Alivisatos, A. P. Science 2004,
306, 1009.

(23) Camargo, P. H. C.; Lee, Y. H.; Jeong, U.; Zou, Z. Q.; Xia, Y. N.
Langmuir. 2007, 23, 2985–2992.

(24) Wark, S. E.; Hsia, C. H.; Son, D. H. J. Am. Chem. Soc. 2008, 130,
9550–9555.

(25) Sadtle, B.; Demchenko, D. O.; Zheng, H. M.; Hughes, S. M.;
Merkle,M.G.; Dahmen, U.;Wang, L.W.; Alivisatos, A. P. J. Am.
Chem. Soc. 2008, 131, 5285–5293.

(26) Zhang, F.; Zhao, D. Y. ACS Nano 2009, 3, 159. (27) Aiken, B.;Hsu,W. P.;Matijevic, E. J.Am.Ceram. Soc. 1988, 71, 845.



Article Chem. Mater., Vol. 21, No. 21, 2009 5239

The formation mechanism of the nanospheres can be
understood as a two-stage growth model, in which nano-
sized amorphous precursors are nucleated first in super-
saturated solution and then the small particles initially
formed assemble into larger secondary particles. SEM
images of as-synthesized Y(OH)CO3 3H2O precursor
show uniform solid spheres with smooth surfaces and
diameters of ∼120 ( 5 nm (Figure 1A and inset). XRD
results reveal that the precursor particles are amorphous
(Figure 1B-a). After thermal treatment at 550 �C for 3 h,
the cubic phase Y2O3 (space group Ia3 (No. 206)) with
lattice constant a=10.50 Å is obtained. The broadening
of the diffraction peaks confirms that monodispersed
Y2O3 nanospheres are composed of the primary small
particles (3-20 nm) (Figure 1B-b). SEM image shows
that there is no obvious change of the morphology and
size after the heat treatment (Figure 1C). TEM images
show that each solid nanosphere is composed of many
small nanocrystals, with a size distribution of about 5-15
nm (Figure 1C inset). SAED patterns recorded from a
single sphere confirm that the Y2O3 nanosphere is poly-
crystalline (Figure 1C inset). HRTEM results based on
the crystal fringes reveal that the distances between the
adjacent crystal fringes have the same value, 0.306 nm,
which can be assigned to the {222} crystal plane of the
Y2O3 bcc phase (Figure 1D). The specific surface areas
have been confirmed to be 23.8 m2/g by BET measure-
ment. This result also supports that the secondary struc-
tures of the Y2O3 nanosphere for the measured specific
surface areas are much higher than the calculated value
for the single-crystal with identical size (7.3 m2/g).
The R-NaYF4 hollow sphere nanoparticles can be

prepared via the ion-exchange reaction of Y2O3

nanospheres in the presence of HF and NaF solution
with the hydrothermal method at 100 �C for 3 h. SEM
images show that the samples are well-preserved uniform
nanospheres (Figure 2A,B). In contrast to the Y2O3

nanosphere parents, the R-NaYF4 nanospheres have a
slightly larger diameter of 125 ( 5 nm (Figure 2A inset),
and exhibit rather rougher surfaces. Their hollow struc-
ture can be clearly observed on examination of broken
particles (Figure 2B). TEM images reveal that the hollow
nanospheres have a shell consisting of interconnected,
irregularly shaped nanocrystals with an average size
of 8 nm, which results in an average shell thickness of
about 30 nm (Figure 2C). SAED patterns recorded
on a single sphere show that the R-NaYF4 is polycrystal-
line (Figure 2D, inset). HRTEM images clearly reveal
that there are two different set atomic lattice fringes
in the same domain, as expected for the {111} and {220}
crystal planes of R-NaYF4 cubic phase (Figure 2D),
further confirming the polycrystalline property of the
product. XRD patterns of hollow nanospheres can be
assigned to the pure cubic phase NaYF4 with a lattice
parameter of a = 5.47 Å (JCPDS 77-2042; Fm3m).
No obvious reflections of Y2O3 were found, confirming
a complete transformation (Figure 1B-d). EDS line scans
across the hollow nanosphere reveal that the composi-
tion of this product is Na/Y/F. No oxygen was detected,
confirming a complete transformation (Figure 2E).
The material has high specific surface area (162.3 m2/g),
large pore volume (2.25 cm3/g), and average pore size of
3.8 nm that are expected to serve as a carrier for drug
delivery.
To understand the formation mechanism of the

R-NaYF4 hollow sphere nanoparticles, we carried out

Figure 1. (A) SEM image of Y(OH)CO3 3H2O nanospheres, (inset) the particle size distribution of the nanospheres dispersed in the water solution;
(B) XRD patterns of the Y(OH)CO3 3H2O (a), Y2O3 (b), Y2O3/R-NaYF4 composite after 1 h reaction (c), pure R-NaYF4 after 3 h reaction (d), and
R-NaYF4/β-NaYF4 composite after 4 h reaction (e); (C) SEM image ofY2O3 nanospheres; (inset) the TEM image ofY2O3 nanospheres and SAEDpattern
recorded ona single spherical particle; (D)HRTEMimagesof theY2O3nanocrystal composed in the nanospheres; (inset) a high-magnificationTEMimage
of Y2O3, showing the primary small nanocrystals making up the nanosphere.
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step-dependent experiments. XRD patterns reveal that
the samples are Y2O3/R-NaYF4 composites after 1-2 h
reaction (Supporting Information, Figure S1). Morphol-
ogy evolution as a function of reaction time at 100 �C
reveals that small voids can be observed between the core
and shell after 1 h (Figure 3A). An obvious gap between
the core and shell developed after 1.5 h, and the bulk core
in the hollow interior could be clearly observed
(Figure 3B). The core and shell can be seen to be con-
nected by filament-like bridges, resembling structures
reported previously.20 These bridges might act as fast-
transport paths for the delivery of the remaining Y2O3 to
the shell.20 The compositional line profile across a single
hollow core-shell structure probed by EDS line scanning
reveals that the F content in the fringe area is much higher
than that in the center area, which confirms that the shell
structure is R-NaYF4 and the core material is uncon-
sumed Y2O3 (Figure 3F). The core disappears slowly and
a single void with some remaining filament nearby the
shell is observed after 2 h (Figure 3C). EDS line scanning
reveal that there are still some oxygen atoms on the edge
(Figure 3G). These remaining oxygen atoms disappear as
the reaction proceeds to completion, leading to hollow
nanospheres with distinguishable, regular, well-centered
circular voids after 3 h (Figure 3D,H). XRD results show
that pure phase R-NaYF4 is obtained after a 3 h treat-
ment. We found that solid R-NaYF4 nanospheres could
also be obtained at 80 or 100 �C after 3 h with continuous
stirring (Supporting Information Figure S2a). Some
R-NaYF4 hollow nanospheres were observed when the
reaction proceeded at 80 �C for 3 h without stirring
(Figure S2b), and only hollow nanosphereswere observed
at 100 �C without stirring (Figure 2A). We believe that
stirring increases the inward diffusion rate of F- allowing
ion exchange in a homogeneous medium, which realizes
solid nanosphere formation.

According to our previous research,26 the crystal struc-
ture similarity between the parent and the final product is
essential for framework andmorphology preservation. In
that regard, although the sphere particles are polycrystal-
line and composed of the nanocrystals, the cubic structure
of R-NaYF4 nanocrystals display a noticeable structure
similarity with Y2O3, which could facilitate ion exchange
between the primary nanocrystals and preservation of the
secondary sphere morphology. However, the reaction
conditions must be controlled in order to maintain the
cubic phase R-NaYF4. If the temperature and reaction
time increase, the thermodynamic driving force can lead
to a phase transformation from the metastable cubic
phase to the more stable hexagonal phase. This results
in the R-NaYF4 nanocrystals reorganizing to form the
large β-NaYF4 single crystal particles (Supporting In-
formationFigure S3). The hexagonal phase emerged after
4 h at 100 �C, when some rodlike single crystal nanopar-
ticles could be observed (Figure 1B-e and Supporting
Information Figure S4). When the temperature was
increased to 130 �C (Figure S4), the hexagonal phase
was formed after 1 h (Figure S4 and S5), and pure
β-NaYF4 could be formed after 6 h (Figure S4). Recently,
Wu et al. reported the β-NaYF4 synthesis with Y2O3

using the solvothermal method.14 The Y2O3 prepared in
their work also comprised a lot primary nanoparticles,
but these primary nanoparticles (∼30 to 200 nm) are
larger in size than those obtained in our methods (3-
20 nm). We think the smaller primary nanoparticle size in
our work is one of the reasons for the ion exchange
process from Y2O3 to R-NaYF4 at low temperature
(100 �C). Furthermore, and most importantly, we used
the HF during the ion exchange process. In our experi-
ment, the R-NaYF4 cannot be obtained if we just use the
NaF when the temperature is below 160 �C. When the
temperature was increased to 160 �C, the Y2O3/β-NaYF4

Figure 2. SEM images of R-NaYF4 hollow nanospheres (A,B); (inset in A) the particle size distribution of the hollow nanospheres dispersed in the water
solution. (C) TEM image ofR-NaYF4 hollownanospheres; (inset) high-magnificationTEM image of a single particle. (D)HRTEM image of theR-NaYF4

nanocrystals composed in the nanospheres; (inset) SAED image of R-NaYF4. (E) Compositional line profile across the hollow nanosphere by EDS line
scanning; (inset) dark field STEM image of a single R-NaYF4 nanoparticle. The red line is the EDS line scanning route (line scanning image is the
normalized figure).
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composite could be obtained only with the NaF
(Supporting Information Figure S6).
These results indicate that the formation of R-NaYF4

hollow nanospheres can be explained through a funda-
mental solid-state phenomenon, the Kirkendall effect,
which deals with the movement of the interface between
diffusion couples. The secondary structures of the Y2O3

give the nanosphere high reactivity and diffusion rates

for F- ion exchange.20 Furthermore, the diffusion rates
associated with the Y2O3 nanosphere secondary nano-
structure made up from the Y2O3 primary nanocrystals
are obviously much faster than that of the Y2O3 single-
crystal nanostructure.26 If the calcination temperature
for the Y2O3 is increased above 600 �C, the nano-
crystals composed in the nanosphere sinter to form larger
nanoparticles, and the secondary structure disappears

Figure 3. TEM images of samples obtainedwith different reaction times: 1 (A), 1.5 (B), 2 (C), and 3 h (D). Illustrationof theR-NaYF4 hollownanospheres
formation process based on the Kirkendall effect (E). Compositional line profile across the hollow nanosphere obtained at 1.5 (F), 2 (G) and 3 h (H). The
inset is the dark field STEM image of a single nanosphere. The red line is the EDS line scanning route.

Figure 4. Spectroscopic characterization forUC luminescence.UC luminescence spectra ofR-NaYF4:2%Er3þ, 20%Yb3þ (A),R-NaYF4:2%Tm3þ, 20%
Yb3þ (B), excitedwith a 978 nm laser diode and samples as a functionof the reaction timeat 100 �C(C); the inset is the integrated greenand redUCemission
intensity as a function of the reaction time. (D) Photographs of the UC luminescence in 1 wt % water solution of R-NaYF4:2% Er3þ, 20% Yb3þ

(a), R-NaYF4:2% Tm3þ, 20% Yb3þ (b), and samples as a function of the reaction time at 100 �C, 1 (c), 2 (d), and 2.5 h (e).
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gradually as the heat treatment increases. As a result, it is
difficult to obtain hollow nanospheres through the ion
exchange process with F substitution (Supporting Infor-
mation Figure S7).
XRD patterns reveal that pure R-NaYF4:Yb, Er/Tm

samples can be obtained with Y2O3:Yb, Er/Tm nano-
spheres as precursors (Supporting Information Figure
S8). SEM and TEM images (Supporting Information
Figure S9) show that the R-NaYF4:2% Er3þ, 20%
Yb3þ and R-NaYF4:2% Tm3þ, 20% Yb3þ nanospheres
with uniform shape and size can be synthesized with the
hydrothermal ion exchange process. These results suggest
that the doped ions have little effect on themorphology and
size.
Multicolor UC PL spectra are observed in the Yb3þ/

Er3þ(green) and Yb3þ/Tm3þ(blue) codoped R-NaYF4

hollow nanospheres. The visible and NIR UC lumines-
cence spectra of R-NaYF4:2% Er3þ, 20% Yb3þ, and
R-NaYF4:2% Tm3þ, 20% Yb3þ under infrared excitation
(978 nm) are shown in Figure 4 panels A and B, respec-
tively. The emission bands are assigned to transitions
within the 4f-4f levels of Er3þ and Tm3þ ions (Figure 5).
In the Yb3þ/Er3þ codoped R-NaYF4 sample, green lumi-
nescence between 510 and 570 nm can be assigned to the
(2H11/2,

4S3/2) f 4I15/2 transition. A red emission is
observed between 630 and 680 nm originating from the
4F9/2 f

4I15/2 transition. In the case of Tm3þ, the visible
luminescence originates from two stages: 1G4 f

3H6 and
1D2f

3F4. The former results in a blue emission between
450 and 490 nm, and the latter yields a weak red emission
between 630 and 680 nm. Furthermore, an intense NIR
emission can be observed between 750 and 850 nm due
to the 3H4 f 3H6 transition (Supporting Information
Figure S10).
The UC emission intensities and the ratios of the

various emissions are influenced by the doping levels,
excitation power, preparation temperature, and impuri-
ties.1,26,28 In particular, the oxygen effect is very impor-
tant for the UC emission efficiency. The relative emission
intensities of the two constituent colors can be changed so
that it is possible to tune the color output of the hollow
nanospheres as the emission changes significantly with
time during the hydrothermal ion exchange reaction at
100 �C (Figure 4C). The intensity of the red UC lumines-
cence at 650 nm is always stronger than that of the green
at 540 nm, and the ratio of the red to green decreases
gradually as the reaction time increases from 1 to 3 h,
which can be ascribed to the oxygen effect.26,28,29 For the
Yb3þ/Er3þ (green) codoped β-NaYF4 hollow nano-
sphere, oxygen can increase the multiphonon relaxation
rates between the metastable states, which reduces the
overall visible emission intensity and enhances the red to
green emission ratios as previously reported.26,28-31 The

UC luminescence of rare-earth ions mainly originates
from the electron transitions within the 4f shell, which is
highly sensitive to the composition and structure of the
host materials.1 Since the fluorescent transitions of rare-
earth ions of practical importance are initiated from an
excited level with a small energy gap, materials with lower
phonon energy are required as the luminescent host to
minimize nonradiative loss.32 This is very important for
the UC processes, because these are very sensitive to
quenching by high-energy vibrations according to the
energy-gap law.33 The oxygen-based systems often have
large phonon energy as a result of the stretching vibra-
tions of the hostmolecules. In comparison, fluorides have

Figure 5. Power dependence of the upcoverted emissions of R-
NaYF4:2% Er3þ, 20% Yb3þ (A), R-NaYF4:2% Tm3þ, 20% Yb3þ (B)
excitedwith a 978 nm laser diode. For theR-NaYF4:2%Er3þ, 20%Yb3þ,
both the slopes for the red and green curves are about 2 at relatively low
excitation densities, indicating a two-photon emission process. At high
excitationdensity the slopeof the curve is reducedbecause of saturationof
theUCprocess. For theR-NaYF4:2%Tm3þ, 20%Yb3þ sample, the slope
for the blue emission curve is 2.5 at relatively low excitation densities, at
high excitation density, the slope of the curve is reduced due to the
saturation of the UC process.
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an advantage as a fluorescent host matrix due to their low
vibrational energies,34 and the subsequent minimization
of the quenching of the excited state of the rare-earth ions.
During the ion exchange process, the intermediate pro-
ducts are composed of two distinct phases of cubic Y2O3:
Yb/Er and cubic NaYF4:Yb/Er. As a result, the emission
spectrum is actually a sum of emissions from dopants in
both phases.
For Y2O3:Yb/Er, the ratio of the intensity of red

emission to that of green emission is higher than that
forNaYF4:Yb/Er due to the energy-transfer (ET) process
from Yb3þ to Er3þ.35 Furthermore, the integrated emis-
sion intensity of Y2O3:Yb/Er is weaker than that of
NaYF4:Yb/Er. As a result, the integrated emission in-
tensity and the green to red emission ratio will be in-
creased with the reaction time increasing during the ion
exchange process.
Photographs of eye-visible UC luminescence in water

solutions ofR-NaYF4:2%Er3þ, 20%Yb3þ (Figure 4D-a)
and R-NaYF4:2% Tm3þ, 20% Yb3þ (Figure 4D-b) ex-
cited with a laser at 978 nm indicate that the R-NaYF4

nanospheres are excellent UC hosts. Figures 4D-c,d,e
show that the tunable color output of the hollow nano-
spheres from red to yellow green can be observed during
the reaction time from 1 to 2.5 h. The power dependence
of the green and red luminescence (Figure 5) was found to
be approximately 2, indicating that two photons are
involved in the UC mechanism.1,2,26

Conclusion

A successful synthesis of uniform R-NaYF4 hollow
nanospheres via hydrothermal ion exchange reaction by
using Y2O3 solid nanospheres as a template is reported. It
is demonstrated that hollow nanoparticles with retained
morphology and size are formed due to the nanoscale
Kirkendall effect. The polycrystalline R-NaYF4 hollow
nanospheres with uniform diameter (∼125 nm) and wall
thickness (∼30 nm) are easily obtained. The thermody-
namic driving force is a key to the formation of R-NaYF4

via the hydrothermal ion-exchange approach. The crystal
structural similarities (cubic phase) are essential to realize
the ion exchange transformation. The multicolor UC PL
was successfully realized in the Yb3þ/Er3þ(Tm3þ) co-
doped R-NaYF4 hollow nanospheres by excitation in
the NIR region. The red to green emission ratio decreases
as the oxygen decrease during the F-substituted process.
It is expected that these rare earth fluoride hollow nano-
spheres might have potential in applications as building
blocks for functional devices particularly for biolabel and
drug-delivery applications.
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