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Cek, CeR:Th®", and CeETh*"/LaF; (core/shell) nanoparticles were prepared by the polyol method

and characterized by X-ray diffraction (XRD),

transmission electron microscopy (TEM), X-ray

photoelectron spectra (XPS), UWis absorption spectra, photoluminescence (PL) spectra, and lifetimes.

The results of XRD indicate that the obtained

GeEeR:Th*", and CegTb*"/LaF; (core/shell)

nanoparticles crystallized well at 20C in diethylene glycol (DEG) with a hexagonal structure. The
TEM images illustrate that the CeBnd Cek: Th®" nanoparticles are spherical with a mean diameter of

7 nm. The growth of the Lafshell around the CeFTb3" core nanopatrticles resulted in an increase of

the average size (11 nm) of the nanopaticles as well as in a broadening of their size distribution. These
nanocrystals can be well-dispersed in ethanol to form clear colloidal solutions. The colloidal solutions of
CeR and Cek:Th®*" show the characteristic emission of €&d—4f (320 nm) and T#" °Dy—"F; (J =

6—3, with °D,—"Fs green emission at 542 nm as the strongest one) transitions, respectively. The emission
intensity and lifetime of the CeFb*"/Lak; (core/shell) nanoparticles increased with respect to those of
CeR:Tb3" core particles. This indicates that a significant amount of nonradiative centers existing on the
surface of CeETb* nanoparticles can be eliminated by the shielding effect of;Ishiells. Finally, the

energy transfer from Cé to Tb** was investigated

I. Introduction

Inorganic luminescent materials with nanosale dimensions
have found many potential applications, such as light-
emitting devices, low-threshold lasers, optical amplifiers,
biological fluorescence labeling, and so fottHowever, due
to nonradiative decay from defects on the surface of the
nanocrystals, the luminescence efficiency of nanostructural
materials is usually lower than that of the corresponding bulk
materials’ To reduce these defects, the growth of a crystalline

shell of a suitable inorganic material around each nanocrystal
to form the core/shell structures has been regarded as an

effective strategy to improve luminescent efficiency. This
strategy has been successfully applied inMl and Ill—V
semiconductor core/shell systems, such as CdSe/DuSe/
CdS? CdSe/znSé,CdS/ZnS InP/ZnS! InAs/InP, and InAs/

CdSé core/shell nanocrystals. In recent years, the synthesis

of core—shell structural luminescent materials with lumi-
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in CeAb*" nanoparticles in detail.
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materials with similar lattice constants to avoid the formation structure, luminescence, and energy transfer properties of
of defects at the coreshell interface. In this structure, the these nanoparticles were investigated in detail in this paper.
distance between the luminescent lanthanide ions and the
surface quenchers is increased, thus reducing the nonradiative
pathways and increasing the quantum yield of nanomaterials.

[I. Experimental Section

In comparison with the conventional oxide-based lumi-
nescent materials, fluorides are advantageous as fluoresce
host materials owing to their low vibrational energies, and
the subsequent minimization of the quenching of the excited
state of the rare-earth iofsHence, nanoparticles of fluoride
materials have attracted a lot of interest due to their potential
applications in optics and optoelectronics (e.g., lighting and
displays, optical amplifiers, lasers, up-converters, and scin-
tillators) 1112 As a potential scintillator and tunable laser
material, Cefkis a luminescent material with 100% activator
concentratiort? A bulk crystal of Cek possesses a hexagonal
phase structure with a space grougP8t1 (Ds4*) and lattice
constantsa = 0.713 nm,c = 0.729 nm, and there are six
molecules in the unit cell. The €eion in the Cek crystal
is coordinated by nine Fand has &C; site symmetry.3o
Nanostructural Cefmaterials have been prepared by a
micromulsion method? an electrospray techniqd& the
thermolysis of single-source precursor in high-boiling sol-
vents, and so fort®

The polyol process was initially described for the prepara-
tion of elemental metals and alloys, in which the reducing
properties of a high-boiling alcohol (e.g., glycerol, glycol)
toward a suitable metal precursor were utilizettLater, it

Synthesis.La,03 (99.99%, Shanghai Yuelong New Materials
(Eo., Ltd.), ThO; (99.99%, Shanghai Yuelong New Materials Co.,

r‘|_td.), Ce(NQ)3-6H,0 (99.99%, Shanghai Yuelong New Materials

Co., Ltd.), and NHF (96.0%, analytical reagent, A. R., Beijing
Beihua Chemicals Co., Ltd.) were used as starting materials without
any further purification. La(Ng); and Tb(NQ); were prepared by
dissolving the corresponding oxides in diluted nitric acid, and the
water in the solutions was distilled off by heating.

CeF; Nanoparticles.A 2 mmol portion of Ce(N@)3-6H,0 was
dissolved in 25 mL of diethylene glycol (DEG, 98.0%, A. R.) in a
round-bottomed flask at 100C under stirring to form a clear
solution. The solution was then heated in a silicon oil bath under
vigorous stirring with a flow of Ar atmosphere, and the temperature
of the solution was further increased to 2@ At this temperature,

a solution of DEG (25 mL) containing 6 mmol of NA was
injected into the above solution, and the mixture was kept at 200
°C for 1 h. Then, the obtained suspension was cooled to room
temperature and diluted with 50 mL of ethanol. The solid particles
were separated by centrifugation at a speed of 4500 rpm. To remove
residual DEG, the solid powders were dispersed in ethanol and
centrifuged again. The final solid sample could be easily redispersed
in ethanol to form transparent colloidal solution.

CeFs: Tb3" Nanoparticles. The doping concentration of ¥h
in CeR; host varied from 0.1 to 30 mol %. Stoichiometric amounts
of Ce(NGy)3-6H,0 and Th(NQ); (totally 2.0 mmol) were dissolved

has been extensively used for the synthesis of nanoscalén 25 mL of DEG at 100C under stirring to form a clear solution.

oxide, sulfide, and phosphate materi®s® Recently, S.
Eiden-Assmann and G. Maret reported the synthesis of CeF
nanoparticles (510 nm in size) via the polyol process but
failed to characterize their optical properti€&sHere we
report the polyol synthesis and optical properties of fluoride
nanocrystals: Cef-CeR:Th®", and CegTh3"/LaF; (core/

shell). The as-formed nanocrystals can be well-dispersed in

ethanol to form clear colloidal solutions. The morphology,
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The other procedures were same as those for the synthesis of CeF
nanoparticles as elucidated above.

CeFRs:Th3*/LaF3 (Core/Shell) Nanoparticles.The Cg gsThg 193/
LaR; (core/shell) nanoparticles were prepared by a two-step process.
Typically, 0.5 mmol of La(N@); was dissolved in 12.5 mL of DEG
at 100°C under stirring to form a clear solution. Then, 25 mL of
a DEG suspension of GgsThy 153 prepared above was added to
the clear solution, and the mixed system was heated ta’20a
a silicon oil bath under vigorous stirring with a flow of Ar. At this
temperature, a solution of DEG (12.5 mL) containing 1.5 mmol of
NH4F was injected into the mixed system, and the suspension was
kept at 200°C for 1 h. The following procedures were same as
those for the synthesis of CgRanoparticles as stated above.

Characterization. X-ray diffraction (XRD) was carried out on
a Rigaku-Dmax 2500 diffractometer with CuoKradiation ¢ =
0.15405 nm). The accelerating voltage and emission current were
40 kV and 200 mA, respectively. The specimens for the XRD test
were prepared by putting quartz slits in the particle dispersion of
ethanol, and the solvent was evaporated at room temperature. TEM
images were obtained using a JEOL 2010 transmission electron
microscope operating at 200 kV. Samples for TEM were prepared
by depositing a drop of a colloidal ethanol solution of the powder
sample onto a carbon coated copper grid. The excess liquid was
wicked away with filter paper, and the grid was dried in air. The
X-ray photoelectron spectra (XPS) were taken on a VG ESCALAB
MK II electron energy spectrometer using M@g{1253.6 eV) as
the X-ray excitation source. The UWis absorption spectra were
measured on a TU-1901 spectrophotometer. The excitation and
emission spectra were taken on an F-4500 spectrophotometer
equipped with a 150 W xenon lamp as the excitation source. The
luminescence lifetimes of Gé and TIB* were measured with a
Lecroy Wave Runner 6100 digital oscilloscope (1 GHz) using a
266 nm laser wavelength (pulse width4 ns) from YAG:Nd as
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Figure 1. XRD patterns of Cef(a), Ce.ssI'bo.193 (b), and CegsTho 1573/

LaF; core/shell (c) nanoparticles and the standard data fog @@FJCPDS
Card 08-0045).

Table 1. Calculated Crystal Cell Parameters and Average Size of
CeFs, CepgsTho.1d3, and CeygsTbo.is3/LaFs Core/Shell
Nanopatrticles

cryst cell av particle
params (nm) size (nm)
a c XRD TEM
Cek 0.7132  0.7264 8.0 7.5
CepssTbo.ad s 0.7105  0.7264 8.5 7.0

CepgsTho.1g3/LaFs core/shell  0.7108  0.7310 115 11.0

the excitation source. The spectra and lifetimes were obtained from
the colloidal (ethanol) solutions of CgFCeR:Th®", and Cek:
Th3t/Lak; nanoparticles with a concentration of 22.86 mmol/L. All
the measurements were performed at room temperature.

I1l. Results and Discussion

. Figure 2. Low-resolution (a) and high-resolution (b) TEM images of €eF
Formation, Structure, and Morphology of the Nano- nanoparticles. The inset is a selected area electron diffraction pattern

crystals. XRD. The phase structures of the nanoparticles (SAED).
were investigated by XRD. Figure 1 shows XRD patterns

of Cek; (a), CeesTho.ds (D), and CeesThosss/LaFs core/  ogimated average crystallite sizes of GeGeaygsThord s,

shell (c) nanopatrticles and t.he.standard data for;CéfFas and CegsTho1d5/LaFs; core/shell nanoparticles are around
well. The results of the XRD indicate that these three samples8 8.5, and 11.5 nm, respectively, as shown in Table 1

crystallized well, and the patterns are in good agreement with TEM. CeFRs nanoparticles with a relatively narrow particle
hexagonal prcljase structure knﬁwn fro;n the bulffm{stal size distribution can be prepared via the polyol proééss.
(JCPDS Card 08-0045). For the InAs/InP core/shell system, i, e 5 shows the low-resolution (a) and high-resolution
with the growth of the InP shell, the diffraction peaks shift (b) TEM images of CeFnanoparticles. The low-resolution
to larger angles because of the smaller lattice constant for+gp image illustrates that the well-separated CaBno-

i z 3+
InP compared with InA8 However, for our CegTb*"/Laf, particles are almost spherical with a mean diameter of 7 nm,

g%re/ shell sys;em,_ r?o obvious hSh'ﬁ '? ﬁbseé[\égf for the which is basically consistent with the calculated value using
iffraction peaks with respect to those of the & core the Scherrer equation. This demonstrates that all the nano-

n'an.oparthles (as shown in Figure 1), which is due to the particles are single crystals, which can be further confirmed
similar lattice constants between Lgdnhd Cek. The crysta_l by the high-resolution TEM micrographs. The high degree
cell_ parameters of the_ three_ samples calcu_lated acgordlng ot dispersibility may indicate that the surface of the nuclei
their XRD da_ta are listed in Table 1, which are in good g ¢oyereq by polyol medium right after formation, which
agreement with the reported3slalu§s for bulk §Z_ersta_1Is limits the growth of particles and stabilizes them against
(a=0.713 nmgc = 0.729 nm):*In Figure 1, the diffraction agglomeratiort® The high-resolution transmission electron
peaks for tr_\ree samples are brpadened due t.o the smalle|:nicrograloh (HRTEM) image given in Figure 2b displays
crystallite size. The crystallite size can be estimated from lattice fringes for nanoparticles, indicating that these £eF

the SChe”eT eq.ugt@orﬁ?]= 0.90UB COIS 0. V\r/]hereD is the nanoparticles possess high crystallinity. The selected area
average grain siz "S.t € )§-ray wavelengt (O'_15405 nm), electron diffraction (SAED) patterns are consistent with a
and@ andp are the diffraction angle and full-width at half-
maximum (fWhm) of an observed peak, respecti\iéIVhe (16) Zhang, Y. W.; Yang, Y.; Jin, S.; Tian, S. J.; Li, G. B.; Jia, J. T,; Liao,
strongest peak (111) a2= 27.8 was used to calculate C. S.; Yan, C. HChem. Mater2001, 13, 372-378.

the average crystallite siz®) of these nanoparticles. The




Synthesis and Properties of Nanopatrticles

Figure 3. High-resolution TEM images of Geslbo 153 nanoparticles
before (a) and after (b) growth of the Laghell as well as low-resolution
TEM image of Cegsl'bg 193/LaF; core/shell nanoparticles (c) (Inset is a
selected area electron diffraction pattern, SAED.)

hexagonal phase structure of Gafith strong ring patterns

Chem. Mater., Vol. 18, No. 8,
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Figure 4. Particle size distribution histograms of Gel@), Ce ssIbo.153
(b), and CegsTho 15-3/LaFs core/shell (c) nanoparticles measured from TEM
images.

growth of the shell layers resulted in an increase of the
average size of the nanopaticles as well as a broadening of
their size distribution. The average particle diameter increases
from 7 nm for the spherical GgsI'by 143 core particles to

11 nm for the slightly elongated @gThbo15-3/LaF; core/

shell particles. The average diameters of these three samples
determined by TEM images and calculated by XRD data

due to (002), (111), and (300) planes (Figure 2, inset), in are collected in Table 1. The estimated average thickness of
good agreement with XRD patterns. The average size, theLaF; shells on CeETb®" cores is about 2 nm [(1% 7)/2

SAED patterns, and the morphology of GE®" particles
are almost identical with those of Cgkndicating that the
dopant ion TB" has little effect on the morphology and
crystallinity of Cek. In other words, we can say that the
Th®" ions are well-dissolved in CgFnhanocrystals. The
HRTEM image (Figure 3a) for GgsTho 193 particles clearly

= 2 (nm) ] assuming that the particles are in spherical shape.
In TEM images, contrast depends on the electron scattering
power of the object forming the images. The electron
scattering power in turn depends on the electron density
inside the object? Hence, direct evidence can be obtained
from the image contrast for the core/shell structure with

revealed the well-resolved diffraction fringes of the particle different lattice parameters. The core and the shell of the
lattices, indicating that these nanoparticles are also highly nanoparticles, however, have similar electron density and
crystalline. Figure 3b,c shows the high-resolution and low- lattice parameters, and the image contrast cannot be used to

resolution TEM images of GegsTbgid3/LaFs core/shell

distinguish the shell and core. The SAED patterns (Figure

nanoparticles, respectively. It is clearly observed that the 3, inset) are the same as those of €eénoparticles, which
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Bmdmg energy (eV) CeygsTho 193/LaFs core/shell (c) nanoparticles in dilute ethanol solution
Figure 5. XPS spectra of GgssTho 193 (a) and CegsTho 193/LaFs core/ under irradiation of a 254 nm UV lamp.
shell (b) nanoparticles.

248 250 320

is in good agreement with XRD patterns. High crystallinity
is also inferred from the high-resolution TEM images which
show the lattice fringes for most particles. Figure 4 shows
the particle size distribution histograms of G€E), Ce ss
Tho.1d3 (b), and CegsThg 1d-3/LaF; core/shell (c) nanopar-
ticles. Size distributions were obtained by counting particle
size on a minimum of 100 nanoparticles (the sizes of the @
elongated particles were determined by averaging of the long @
and the short axes). It can be seen that the size distributionss
of CeR and CeE:Tb®*" nanoparticles are similar (Figure
4a,b), which are narrower than that (Figure 4c) of thedse

Tho 1d-3/LaFs core/shell nanoparticles.

XPS. To further confirm the grqwth of the LaFshells 200 250 300 350 400 450 500
around the CefTh®" core nanoparticles, the CeFb*" and
CeR:Tb*"/LaFR; core/shell nanoparticles were subjected to
XPS analysis. Figure 5 shows the XPS spectra ofsEe Figure 7. Excitation (a), emission (b), and UWis absorption (c) spectra
Thbo1d5 core (a) and GgsTboid/LaF; core/shell (b) of dilute ethanol solutions of Cgfanoparticles.
nanoparticles. The binding energies at 886.1 and 903.3 eV g+ 13v13c14bNote that in a thin filmé and the bulk® of

in Figure 5a are attributed to Ce s3dand 3d. peaks, | apQ:Cé*, two well-resolved emission peaks at 318 and

respectively.” When the shell of Lakwas grown onto the 335 hm are observed due to the ground-state splitting #f Ce
core of CeRTh®" nanoparticles to form the core/shell (%Fsp, 2F4p). This splitting for C& in the current Cef

structure, the Ce 3@ and 3d,, peaks dropped strongly and - pangparticles cannot be resolved clearly due to the broaden-
the La peaks at 837.1 (3¢ and 854.2 eV (3¢k) dominated  jhg of spectral lines induced by the small size effects.
in the spectruni? as shown in Figure 5b. This is consistent onitored with the emission wavelength of 320 nm, the
with the proposed stru;ture where Lais the shell that  gpained excitation spectrum (Figure 6a) consists of a broad
encapsulates the Cefrb™ core. _ and strong band with a maximum at 250 nm and a shoulder
Photoluminescent Prs(ipertles. Spectial PropertiesThe at 276 nm, which correspond to the transitions from the
as-formed Cek CeRz:Th*", and Cek:Th**/LaFs (core/shell)  ground statéFs;, of CE to the different components of the
nanoparticles can be well-dispersed in ethanol to form gycited cé* 5d states split by the crystal fiel The UV—

transparent colloidal solutions. Under 254 nm UV lamp ;s absorption spectrum (Figure 6¢c) of Gafanoparticles
irradiation, the colloidal solutions exhibit purple-blue (GeF dispersed in ethanol solution shows four well-resolved

and bright green emission (CeFo®* and CegTb*'/ LaF), absorption peaks at 248, 236, 218, and 208 nm for ti&,Ce
respectively, as shown in Figure 6 (all three solutions have pasically in agreement with the excitation spectrum (note
the same concentration, 22.86 mmol/L). that the peaks at 236, 218, and 208 nm also seem to exist in
_Figure 7 gives the excitation (a), emission (b), and UV the excitation spectrum of Figure 7a evidenced by the
vis absorption (c) spectra of dilute ethanol solution of £eF stronger noise signals there). The Stokes shift for the
nanoparticles. The emission spectrum (Figure 7b) ofsCeF | minescence of G in CeR nanocrystals amounts to 9000
nanoparticles includes a broad band ranging from 290 to 4oocm_11 a pretty large value. The above spectral properties

nm peaking at 320 nm (CIE color coordinate= 0.156,y (excitation, absorption, and emission spectra) ofBefRoc-
= 0.030), which can be attributed to the-54f transition of

a:?uem=320 nm

b: A, = 250 nm

ntensity (a.u.)

Wavelength (nm)

(18) Yu, M.; Lin, J.; Fu, J.; Zhang, H. J.; Han, Y. Q. Mater. Chem.
(17) Pemba-Mabiala, J. M.; Lenzi, M.; Lenzi, J. Lebugle SAurf. Interface 2003 13, 1413-14109.
Anal. 1990 15, 663. (19) Blasse, G.; Bril, AJ. Chem. Phys1969 51, 3252-3254.
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Figure 8. Decay curve of C& luminescence (320 nm) in dilute ethanol
solution of Cel nanoparticlesAex = 266 nm). Figure 9. Excitation (a), emission (b), and UWis absorption (c) spectra

of dilute ethanol solutions of GegsTho 19~3 nanoparticles.

rystals are basically consistent with those reported for the

CeR bulk crystalst®®¢ CeR;, which shows quite strong 100

emission at room temperature, is a luminescent material with Blank circles: experimental data
100% activator concentratidAThis can be attributed to two =

factors in this compound. On one hand, a smaller spectral = 80 Solid line: fitted by I(t)= 1 exp(-tiz)
overlap (i.e., larger Stokes shift, 9000 th prevents 8

resonant energy migration among the3Céons, thus & 607 t=4.7ms

decreasing the probability of concentration quenching by g T
energy migration. On the other hand, although at room 'g 40
temperature phonon-assisted energy transfer among fie Ce .= ;
ions might occur and compete with 5df transition (in =l 90,
Ce*) and vibronic relaxation, the latter is very efficient ]
because of the electric dipole allowed thefdransition and 0-
strong vibronic coupling®® Consequently, the emission of - J y T - T g T y
CekR; is not quenched at room temperature. 0 10 20 . 30 40 50

Figure 8 shows the luminescence decay curve &f @Ge Decay time (ms)

CeR nanoparticles. This curve can be well-fit into a single-  Figure 10. Decay curve of T8 luminescence (542 nm) in dilute ethanol
exponential function as= Iy exp(—t/7) (7 is 1/e lifetime of solution of Ce.gsTho.153 NanoparticlesAex = 266 nm).

the Cé* ion). The lifetime of Cé&" is determined to be 19.2

ns, a value which is in good agreement with the reported | gpQ,:Ce¥*, Tb*+.2L The emission of TH is due to transi-
lifetimes of Cé+.130.20aThe short lifetime of C& is due to tions between the excitétD, state and théF, (J = 6—3)
the allowed character for its 5aif transition. ground states of T8 ions. No emission from the high&b;

The Cek nanoparticles doped with a Thion show a  |evel is observed due to a cross relaxation effect at the high
strong green emission under UV excitation. Figure 9 gives Th3+ concentratiort® Figure 10 shows the luminescence
the excitation (a), emission (b), and absorption (c) spectradecay curve of TH in CeygsThe147 nanoparticle ethanol
of Cen.esTho.1973 Nanoparticles in dilute ethanol solutions. The  sojution. This decay curve of Fbcan also be fitted into a
excitation spectrum (Figure 9a) monitored with the 542 nm sjngle-exponential function as = I, exp(-t/7) (r is 1le
emission {D,—'Fs) of Tb** is identical to that of Cefnano-  jifetime of the TB* ion). The lifetime of TB* is determined
particles (Figure 7a). The absorption spectrum (Figure 9€) to be 4.7 ms in CgssTho19 5 nanoparticles.
of Ce gsTho.1s3 nanoparticles dispersed in ethanol solution  The emission intensity of CeAb®* nanoparticles is
shows four absorption peaks at 248, 234, 218, and 206 NnMaffected by the Th-doped concentration. The effect of b
for the Cé", agreeing well with that of Cefnanoparticles  concentrationx) on the emission intensities of CeTh,Fs
(Figure 7c). Excitation into the Geband at 250 nm yields  npanoparticles is shown in Figure 11. It can be seen from
both the weak emission of €e(300-400 nm) and strong  thjs figure that, with increasing b concentration, the
emission of TB" (450-650 nm) (CIE color coordinate = intensity increases gradually and reaches the maxmum at
0.261y =0.614). This indicates that an energy transfer from — .15 (15 mol %), and then decreases. The decrease in

Ce" to Tb*" occurs in the CefTb®" nanoparticles, as  emission intensity is due to the concentration quenching
observed in the bulk powder materi&® and colloids of

(21) (a) Riwotzki, K.; Meyssamy, H.; Schnablegger, H.; Kornowski, A.;

(20) (a) Yoshikawa, A.; Satonaga, T.; Kamada, K.; Sato, H.; Nikl, M.; Haase, MAngew. Chem., Int. EQ001 40, 573-576. (b) Riwotzki,
Solovieva, N.; Fukuda, Td. Cryst. Growthi2004 270, 427-432. (b) K.; Meyssamy, H.; Kornowski, A.; Haase, M. Phys. Chem. B0O0Q
Bourcet, J. C.; Fong, F. KI. Chem. Physl1974 60, 34—39. 104, 2824-2828.
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Figure 11. Effect of T*" concentrationX) on the emission intensity of
CexThyF3 nanoparticles in dilute ethanol solutions.
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Figure 12. Emission spectra of GgsTbo 193 (solid line) and CggsI'bg 193/
LaF; core/shell (dotted line) nanoparticles in dilute ethanol solutions.

effect at higher Th"™ doping concentration. This effect of
Tb** doping concentrations on luminescence intensities in
CeR:Th*" nanopatrticles is similar to what we have observed
in the nanocrystalline LaP@Ce*", Th* films.18

Figure 12 shows the emission spectra of §Eby 153
(solid line) and CggsTho 19/LaF; core/shell (dotted line)
nanoparticles in dilute ethanol solutions. The spectra gg<e
Tho 1973 and CeggsThg 1d-3/LaFs core/shell nanoparticles are
similar in profile (both consisting of the characteristic
emission of TB" with the®D,—"Fs transition at 542 nm being
the most prominent group). When the GAB*" nanopar-
ticles were coated with the LgBhells, the emission intensity
was improved by 40% with respect to that of GaB*" core

Wang et al.
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Figure 13. Decay curve of TH" luminescence (542 nm) in GgsTho 193/
LaF; core/shell nanoparticleddy = 266 nm).

suppressing the energy quenching in energy-transfer pre-
cesses. In addition, the enhanced emission intensity may
further result from the suppression of solvent quenching by
the Lak; shell. The C-H and O-H vibrations of the solvent
can gquench surface luminescent centers of;JéF" nano-
particles. When the Lafshell was grown around the surface
of CeR:Th®*" nanoparticles, the surface luminescent centers
were protected from the solverits.

The luminescence decay curve of3Thn CegsThg 193/
LaF; core/shell nanoparticles can be also fitted into a single-
exponential function, and the lifetime of This determined
to be 5.6 ms, as shown in Figure 13. The increase of the
luminescence lifetime for T in Ceygslbg 15-s/Laks core/
shell nanoparticles with respect to that (4.7 ms) in §se
Tho 1973 core nanoparticles indicates that quenching from
outside the particles is strongly reduced after the growth of
a shell around the core. This is additional evidence for the
formation of core/shell structure. The effect of the core/shell
structure on the quenching from outside of the particles can
be interpreted with the model of the luminescence decay
proposed by van Veggel and co-workét8: According to
this model, the luminescence decay can be expressed by the
following equation:

. 17kit 1
|t=|OEHe ;kiz;sz+Cqu,i
iI= i

wherely is the normalized intensity at timte= 0, n is the
number of shellsk = 1/z;, is the rate constant for thigh
shell, ke = 1/tr is the rate constant in the absence of
quenching from outside particles. The fadtgiis the relative
quenching factor, an@ is the quenching constant. Tlig

particles. We believe that this is a relatively big enhancement values depend on the distance of a shell to the surface. The
for the luminescence of nanophosphors which generally haveconstantC is a fit parameter that is dependent on the

a low emission intensity. This increase of emission intensity
may be attributed to the fact that a significant amount of
nonradiative centers existing on the surface of £EF'

nanoparticles are eliminated by the shielding effect of the
LaF; shell?2In this core/shell structure, the distance between

individual ion, on the size and size distribution of the
particles, and on the strength of the quenchigvhen
guenching is assumed to take place via a dipdigole
mechanism, the quenching has a distance dependencg of
wherer is the distance between the quenching moiety and

the luminescent lanthanide ions and the surface quencherghe excited lanthanide ion (Eh), so major quenching occurs
is increased, thus reducing the nonradiative pathways andat or near the surface of the particles and the growth of a
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excitation with UV light. In the Cef system, almost no
——————— 45077 e’ Ce**—Cé" energy transfer occutd so first C&" ions were
5d _j;§;§ ggﬁl excited by UV light excitation; sgbsequently energy transfer
, x:\ﬁTwmcm* . takes place from Cé to Th** ions!® The energy level
D32 et tbdes——— scheme of CefTb*" with electronic transitions (Ge, Th**)
ET and energy transfer processes{CeTb®") is schematically
5D, shown in Figure 14%21aCritical distance R ) is thought
hv Co s to be an important parameter in energy transfer, so we
D, calculatedr; in Ce gsTho 1573 nanoparticles. The excitation
EX EM T ‘
J- 542 nm spectrum of TB", composed of several narrow lines £Tb
250 nm 320mm  EM o f—f transitions located from 26 400 to 35 200 cf) was
’F,, Y " obtained from the literatur®2 Considering the electric
0 2F, ) —_ dipole—dipole interactionR® = 0.6 x 10?® x 4.8 x 10716
Freeion Crystal field (C;) Crystal field (Cy) x fa x E™* x SO, where oscillator strengtia (Tb**) =
1078 (spin forbidden narrow line transitions of %), E =
Ccedt T 3.8409 eV (the energy of maximum spectral overlap), and
Figure 14. Energy level scheme of Cefb3* with electronic transitions SO=0.7288 eV (the normalized spectral overlap between
and energy transfer processes. the excitation lines of TH and the emission of C&), we
Table 2. The Lifetime (z) of C&%* in Cey_xTbyFs (x = 0—0.20) arrive atR; = 0.46 nm in CegsTho 1575 Nanoparticles® <
Nanoparticles (Colloidal Solution of Ethanol) upon Excitation into Athough this critical distance value is not very accurate, it
the Ce’* with 266 nm Laser indicates that the energy transfer occurs mainly between
x=0 x=0.05 x=0.10 x=0.15 x=0.20 nearest neighbors of €eand TF".
(Cét) (ns)  19.2 19.0 18.4 16.5 14.1

IV. Conclusions

shell around the luminescent core can reduce the quenching, Well-crystallized Cef; Cefz:Tb*", and Cek:Tb*"/LaFs

This model has been successfully applied to explain the (core/shell) nanoparticles have beer_l successf_ully prepared
changes of the lifetimes of luminescent trivalent lanthanide PY & Polyol process. These nanoparticles, ranging from 7 to
ions (EG+, N&®*, EF*, PR, Ho®*, and YB*)-doped Lak 11 nm, with nearly spherical morphology can be well-

and LaPQ nanoparticles coated with different organic dispersed in ethanol to form colloidal solutions. The ¢eF
ligands?b.o CeR:Tb®*", and CeE:Tb*"/LaF; (core/shell) nanoparticles

show characteristic emission of €e(5d—4f) and TE"
(f—f), respectively. The luminescent intensity and lifetime
of the CeR:Th®"/LaF; core/shell nanoparticles is greatly
enhanced with respect to the bare €&B*" nanoparticles
because the nonradiative processes at or near the surface of
the nanoparticles are much reduced. The strong green
emission of TB" in CeR:Th®*" and Cek:Th**/LaF; nano-
particles results from an efficient energy transfer froni'Ce

to Tk**, in which the critical distance is about 0.46 nm. These
nanoparticles can be potentially used as labels for biological
molecules.

Energy Transfer. Energy transfer plays an important role
in improving the emission efficiency for solid-state lumi-
nescent materials. Electronic transitions withihebnfigura-
tions of TB* are so strongly forbidden that they appear in
the absorption spectra with very weak intensity. However,
excitation resulting in high light output can be achieved by
exciting a different ion (sensitizer, i.e., €@ with an allowed
electronic transition which transfers the excitation energy to
the rare earth activator (i.e., 9. So, the energy transfer
processes from Ce to Th*" can enhance the Th green
emission in CeETb3" nanopatrticles. To confirm the energy
transfer process from €eto Tb*" further, the lifetimes of Acknowledgment. This project is financially supported by
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