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Highly uniform YF3:Ln3+ (Ln = Ce3+, Tb3+) walnut-like microcrystals:
Hydrothermal synthesis and luminescent properties
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A B S T R A C T

Uniform and well-crystallized YF3 walnut-like microcrystals were prepared by a facile one-step

hydrothermal synthesis. The crystalline phase, size, morphology, and luminescence properties were

characterized using powder X-ray diffraction (XRD), field emission-scanning electron microscopy (FE-

SEM), transmission electron microscopy (TEM), photoluminescence (PL) and photoluminescent

excitation spectra (PLE). The results revealed that the existence of Ce3+ (sensitizer) can dramatically

enhance green emission centered at 545 nm of Tb3+ (activator) in codoped samples due to an efficient

energy transfer from Ce3+ to Tb3+. The critical energy transfer distance between Ce3+ and Tb3+ was also

calculated by methods of concentration quenching and spectral overlapping. Experimental analysis and

theoretical calculations indicated that the dipole–dipole interaction should be the dominant mechanism

for the Ce3+–Tb3+ energy transfer.
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1. Introduction

The synthesis of micro- and nanoscale inorganic materials with
a special size, morphology including hierarchical structures has
gained much attention due to their fundamental scientific interest
and potential technological applications in different fields such as
photochemistry, superconductors, optoelectronics, solar cells, and
catalysis [1–3]. Therefore, tunable or controllable morphology
of nano/microcrystals remains an important goal of modern
materials chemistry. Many recent efforts have been devoted to the
controllable morphology and spatial patterning of various
materials, which is a crucial step toward the realization of
functional nanosystems [4–7]. Generally, for obtaining different
morphologies, chemical vapor deposition [8–12] or solution-phase
chemical routes [13–15] have been used, however, they usually
require catalysts, expensive and even toxic templates or surfac-
tants, high temperature, and a series of complicated procedures.
Therefore, it is still a big challenge to develop simple and reliable
synthetic methods for hierarchical architectures with designed
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chemical components and controlled morphologies, which strong-
ly affect the properties of nano/micromaterials.

YF3 is a very important metal fluoride with potential applica-
tions as phosphors [16], ionic conductors [17], and scintillators
[18]. YF3 has been used as a host crystal for lanthanide-doped
phosphors with interesting down/up conversion luminescent
properties [16,19–22]. However, the YF3 crystals obtained are
almost irregular nanoparticles. Since the properties of inorganic
structures may be well tuned by tailoring the morphology and
crystallinity, the crystal structure and crystallization have turned
out to affect the optical properties of the luminescent centers [22–
24]. Some efforts have been devoted to the synthesis of inorganic
microcrystals and nanocrystals with well-defined nonspherical
morphologies. Recently, YF3 nanoparticles with quadrilateral and
hexagonal shapes have been synthesized using a reverse micro-
emulsion technique [25]. Truncated octahedral submicrocrystals
and nanocrystals of YF3:Eu3+ have been prepared by a Na2H2EDTA-
assisted hydrothermal route [26,27]. Spherical and rod europium
fluoride nanoparticles were prepared in different tetrafluoroborate
ionic liquids [28]. Sodium rare-earth fluoride nanocrystals were
also synthesized through co-thermolysis of Na(CF3COO) and
RE(CF3COO)3 in oleic acid/oleyamine/1-octadecene [29].

However, in our experiment, we realize the one-step hydro-
thermal synthesis of YF3:Ce3+, Tb3+ walnut-like microcrystals
without any organic surfactants and research luminescence
properties of Ce3+ and Tb3+ in YF3. Moreover, the energy transfer
efficiency from Ce3+ to Tb3+, the energy transfer critical distance

http://dx.doi.org/10.1016/j.materresbull.2013.02.029
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Fig. 1. XRD powder patterns of the Y0.98�xF3:0.02Ce3+, xTb3+ with different Tb3+

concentrations.

X. Wang et al. / Materials Research Bulletin 48 (2013) 2143–21482144
(Rc) between Ce3+ and Tb3+, and the energy transfer mechanism of
Ce3+–Tb3+ in YF3:Ce3+, Tb3+ microcrystals have been discussed in
detail.

2. Experimental

2.1. Synthesis of the samples

2.1.1. Materials

All reagents were analytically pure, produced by Beijing
Chemical Reagent Plant, and used without further purification.
The sodium fluoride (NaF) was used as the fluoride source. Rare
earth chlorate and rare earth nitrate were used to offer the yttrium,
terbium and cerium source, respectively, and they were made into
0.1 mol/ml YCl3, 0.1 mol/ml Tb(NO3)3 and 5 � 10�5 mol/ml
Ce(NO3)3 by dissolving appropriate amount of Y2O3, CeO2 and
Tb4O7 with diluted hydrochloric acid and diluted nitric acid.
Meanwhile, aluminum nitrate nonahydrate (Al(NO3)3�9H2O) were
used as the ‘‘shape modifiers’’ [30,31].

2.1.2. Synthesis

In a representative synthesis route, aluminum nitrate non-
ahydrate (Al(NO3)3�9H2O, 3 mmol), 27.9 ml YCl3, 1.2 ml Ce(NO3)3

and 1.5 ml Tb(NO3)3 were mixed together with strong magnetic
stirring at room temperature for 20 min. Next the sodium fluoride
(NaF, 16.2 mmol) was dissolved in 15 ml distilled water to form
aqueous solutions with strong magnetic stirring at room temper-
ature for 20 min to form an aqueous solution. Then the sodium
fluoride (NaF) aqueous solution was added dropwise into the
above solutions with vigorous stirring at room temperature for 1 h.
Finally, the mixture was transferred in a Teflon bottle held in a
stainless steel autoclave sealed and maintained at 180 8C for 24 h
and cooled naturally to room temperature. The precipitate was
washed with deionized water three times. The final products were
dried at 65 8C for 12 h in the air.

2.2. Characterization

The structural characteristics of the final products were
examined by Powder X-ray diffraction (XRD) pattern using Cu-
Ka (l = 0.15405 nm) radiation on a Rigaku-Dmax 2500 diffrac-
tometer. The morphology and the size of the obtained samples
were observed with field emission-scanning electron microscopy
(FE-SEM, JSM-6700F, JEOL) and transmission electron microscopy
(TEM, JEM-2010 JEOL). The ultraviolet–visible photoluminescence
excitation and emission spectra were recorded with a Hitachi F-
7000 spectrophotometer equipped with Xe-lamp as an excitation.
All the measurements were performed at room temperature.

3. Results and discussion

3.1. Crystal structure and morphologies

Fig. 1 presents representative XRD patterns of
Y0.98�xF3:0.02Ce3+, xTb3+ samples with different concentrations
after hydrothermal treatment at 180 8C for 24 h. All diffraction
peaks can be readily indexed to a pure orthorhombic phase of YF3

by comparison with the JCPDS card file no. 32-1431. No other
impurity peaks are detected in the XRD patterns, it is worth noting
that the crystal phase of YF3 has not been changed after doping
with Ce3+ and Tb3+ ions.

The morphologies and microstructures of the products were
investigated by field emission-scanning electron microscopy (FE-
SEM), transmission electron microscopy (TEM) and selected-area
electron diffraction (SAED). Fig. 2(a) and (b) displays the TEM
images of microcrystal, illustrating the morphological evolution of
the YF3:Ce3+, Tb3+ walnut-like shape. The selected-area electron
diffraction (SAED) in Fig. 2(c) exhibited dots, which were due to
the diffraction of ensemble microcrystals, indicating that the as-
obtained microcrystals were essentially single crystalline in
nature. The high-magnified TEM image (Fig. 2(e)) further shows
the microcrystals more distinctly. The interplanar distance
obtained from the dot is 0.29 nm, which can be assigned to
(2 1 0) lattice plane of orthorhombic structure YF3 (PDF#32-1431).
The representative panoramic SEM images shown in Fig. 2(f) and
(g) demonstrate that the product is composed of well dispersed
particles with small sizes (400–500 nm). The magnified SEM image
displayed in Fig. 2(g) indicates that the microcrystals with rough
surfaces are piled up by small nanoparticles.

3.2. Luminescence properties

Fig. 3(a) shows the photoluminescence excitation
(lem = 315 nm) and emission (lex = 255 nm) spectra of the
Y0.98F3:0.02Ce3+ microcrystals. Owing to the influences of crystal
field splitting and spin–orbit coupling, the 4f ! 5d transition of the
Ce3+ ions will exhibit a subtle structure. The excitation spectrum
of the Y0.98F3:0.02Ce3+ microcrystals gives a broadband centered
at 255 nm with a shoulder centered at 236 nm, which can be
attributed to the electric dipole-allowed transitions of the Ce3+

ions from the 4f shell to the 5d orbital. With 255 nm radiation, the
emission spectrum of Y0.98F3:0.02Ce3+ microcrystals exhibits an
intense ultraviolet emission band centered at 315 nm, which can
be assigned to the 5d–4f electronic transition of the Ce3+ ions.
Fig. 3(b) shows the excitation (lem = 545 nm) spectrum of the
Y0.89F3:Ce0.02, Tb0.09 microcrystals and emission (lex = 255 nm)
spectrum of the Y0.98F3:0.02Ce3+ microcrystals. The excitation
(lem = 545 nm) spectrum of Y0.89F3:Ce0.02, Tb0.09 microcrystals in
Fig. 3(b) is similar with the excitation (lem = 315 nm) spectrum of
the Y0.98F3:Ce0.02 microcrystals in Fig. 3(a). On the basis of the
above excitation spectrum of Tb3+ doped samples Y0.89F3:Ce0.02,
Tb0.09 and emission spectra of Tb3+ non-doped samples
Y0.98F3:Ce0.02, we can find that the emission band of Ce3+ overlaps
well with the excitation band of Tb3+. Therefore, it is expected that
a resonance-type energy transfer from Ce3+ to Tb3+ in Ce3+/Tb3+

co-doped YF3 may occur.
Fig. 4 gives the photoluminescence excitation (lem = 545 nm)

and emission (lex = 255 nm) spectra of the Y0.89F3:Ce0.02, Tb0.09

microcrystals. By monitoring the 545 nm emission of Tb3+, a broad
excitation band peaking at 255 nm was shown. With 255 nm



Fig. 2. (a) and (b) TEM images of YF3:Ce3+, Tb3+ sample; (c) SAED pattern of the particle; (e) HRTEM image of the sample; (g) and (f) FE-SEM images of the sample.
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excitation, the emission spectrum of Y0.89F3:Ce0.02, Tb0.09 has
characteristic transitions of forbidden 4f–4f transitions within
the Tb3+ configuration in the wavelength range of 450–650 nm
[32–34]. The characteristic emissions of Tb3+ at 491, 545, 584 and
621 nm can be attributed to the transitions 5D4! 7F6, 5D4! 7F5,
5D4! 7F4, and 5D4! 7F3, respectively. The green emission
(5D4! 7F5) at 545 nm is more intense than the other transitions
because it is a magnetic dipole transition with DJ ¼ 1 [32].

To explore the possibility of the energy transfer from Ce3+ to
Tb3+ ions, Tb3+ ions with different concentrations were doped into
the YF3 microcrystals. Fig. 5 displays the emission spectra of the
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Fig. 3. (a) Excitation (lem = 315 nm) and emission spectra (lex = 255 nm) of the

Y0.98F3:0.02Ce microcrystals. (b) Excitation spectrum (lem = 545 nm) of the

Y0.89F3:Ce0.02, Tb0.09 and emission spectrum (lex = 255 nm) of the Y0.98F3:0.02Ce

microcrystals.
Y0.98�xF3:0.02Ce3+, xTb3+ microcrystals with different Tb3+ con-
centrations, it contains both the weak emission of the Ce3+ ions and
the strong green emission of the Tb3+ ions. With 255 nm radiation,
the emission intensity of the Tb3+ ions gradually increases while
the emission intensity of Ce3+ gradually decreases with
the increase of Tb3+ doping concentration, indicating that the
energy transfer from Ce3+ to Tb3+ ions is highly efficient since
the emission band of the Ce3+ ions matches well with the f–f
absorptions of the Tb3+ ions. Until Y0.85F3:Ce0.02, Tb0.13 the
emission intensity of Tb3+ ions reaches the strongest and then
the emission intensity of Tb3+ ions gradually decreases with the
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Fig. 4. The photoluminescence excitation (lem = 545 nm, black line) and emission

(lex = 255 nm, red line) spectra of the Y0.89F3:Ce0.02, Tb0.09 microcrystals. (For

interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 5. The emission spectra of the Y0.98�xF3:0.02Ce3+, xTb3+ microcrystals with

different Tb3+ concentrations.
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increase of Tb3+ doping concentration. The 5d–4f transition of Ce3+

is electric-dipole-allowed and is several orders of magnitude
stronger than f–f transitions of Tb3+. Therefore, as shown in Fig. 6,
the Ce3+ ions can strongly absorb UV light from the ground states to
the excited states and then transfer energy to Tb3+ ions.

On the basis of the above results, Ce3+ acts as a sensitizer to
yield sensitized luminescence from Tb3+ in YF3. The energy transfer
efficiency hT from Ce3+ to Tb3+ ions in the Y0.98�xF3:0.02Ce3+, xTb3+

microcrystals can be expressed by the following formula [35,36]:

hT ¼ 1 � IS

IS0
(1)

where IS0 and IS are the intensities of Ce3+ in the absence and in the
presence of Tb3+ respectively. The hT from Ce3+ to Tb3+ in
Y0.98�xF3:0.02Ce3+, xTb3+ microcrystals are calculated and illus-
trated in Fig. 7 as a function of Tb3+ concentration (x). The hT

monotonically increases with increase of Tb3+ concentration and is
as high as 0.86 when the Tb3+ concentration is 0.13. And it has
slowly changed after x = 0.11 indicating that the hT has nearly
reached the maximum in the sample Y0.85F3:Ce0.02, Tb0.13.
Fig. 6. Energy level scheme for energy transfer process from Ce3+ to Tb3+ ions in

Ce3+–Tb3+ codoped YF3 microcrystals.
According to the energy transfer theories of Dexter and
Schulman, concentration quenching is due to the energy transfer
from one activator to another in many cases until an energy sink in
the lattice is reached. As suggested by Blasse [37], the average
separation RCe�Tb can be expressed as follows:

RCe�Tb � 2
3V

4pCCeþTbN

� �1=3

(2)

where N is the number of site that lanthanide ion can occupy in per
unit cell, V is the volume of the unit cell, and CCe+Tb is the total
doping concentration of the Ce3+ and Tb3+ ions. For the host of YF3,
N = 4, V = 191.680 Å, and Eq. (2) to estimate RCe�Tb. RCe�Tb is
determined to be 16.6, 14.51, 12.23, 10.94, 10.06, 9.41, 8.90, 8.48,
8.14, 7.84, and 7.58 Å for CCe+Tb = 0.02, 0.03, 0.05, 0.07, 0.09, 0.11,
0.13, 0.15, 0.17, 0.19, and 0.21, respectively. The critical
concentration CCe+Tb is defined as the concentration for which
the emission intensity of the Ce3+ ions is half that of the sample in
the absence of Tb3+ ions. In the host of YF3 microcrystals, the critical
concentration of CCe+Tb is 0.102 and the corresponding critical
distance (Rc) for the Ce3+_Tb3+ energy transfer is about 9.65 Å.

The energy transfer from a sensitizer to an activator can take
place via radiative energy transfer, exchange interaction, and
multipole–multipole interaction. Generally speaking, the exis-
tence of radiative energy transfer from a sensitizer to an activator
can be confirmed by the spectral dips in the emission spectrum of
the sensitizer. The absence of the dips in the emission band of the
Ce3+ ions corresponding to the f–f absorption lines of the Tb3+ ions
means that radiative energy transfer between the Ce3+ ions and the
Tb3+ ions can be neglected. Exchange interaction is strongly
influenced by the distance between the sensitizer and activator
and needs a large overlapping between sensitizer and activator
orbitals. While both the Ce3+ and Tb3+ ions are reducing ions, such
an exchange would require very high energy. Generally, the value
of the critical distance is about 3–4 Å if the exchange is dominated.
In our case, the critical distance of Ce3+ and Tb3+ is estimated to be
9.65 Å, suggesting that energy transfer via exchange interaction
can be excluded either. Thus we suspected that the energy transfer
in Y0.98�xF3:0.02Ce3+, xTb3+ microcrystals takes place via electric
multipole–multipole interaction. On the basis of Dexter’s energy
transfer formula of multi-polar interaction and Reisfeld’s approxi-
mation [38–40], the following relation can be given as:

h0

h
1Cn=3

CeþTb (3)
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where h0 and h are the luminescence quantum efficiency of the
Ce3+ ions in the absence and in the presence of the Tb3+ ions,
respectively; CCe+Tb is the total doping concentration of the Ce3+

and Tb3+ ions; and n = 6, 8, 10 corresponding to dipole–dipole,
dipole–quadrupole, and quadrupole–quadrupole interactions,
respectively. The value h0/h can be approximately calculated by
the ratio of related luminescence intensities IS0/IS of Ce3+ ions. The
IS0=IS � Cn=3

CeþTb plots are illustrated in Fig. 8 for Y0.98�xF3:0.02Ce3+,
xTb3+. As n = 6, the curve exhibits the best linear relation in the
three plots implying that the energy transfer from Ce3+ to Tb3+ is
considered to be a dipole–dipole mechanism in the YF3 host.

According to Dexter’s energy transfer theory, the energy
transfer process through multipolar interaction depends on the
extent of overlap of the emission spectrum of the sensitizer with
the absorption spectrum of the activator, the relative orientation of
interacting dipoles and the distance between the sensitizer and the
activator. For a dipole–dipole interaction, the energy transfer
probability (PSA) from a sensitizer to an activator is given by the
following formula:

PSAðddÞ ¼ 3 � 1012 f d

R6ts

Z
f sðEÞFAðEÞ

E4
dE (4)

Here fd is the oscillator strength of the involved dipole
absorption transition of the activator, ts is the radiative decay
time of the sensitizer, and R is the sensitizer–activator average
distance, fs(E) represents the normalized emission shape function
of the sensitizer, and FA(E) is the normalized absorption shape
function of the activator, and E is the energy involved in the
transfer (eV).

The critical distance (Rc) of the energy transfer (ET) from the
sensitizer to activator is defined as the distance for which the
probability of transfer equals the probability of radiative emission
of the sensitizer, i.e. the distance for which PSA � ts = 1. Therefore,
Rc can be obtained from the formula (4):

R6
c ¼ 3 � 1012 f d

Z
f sðEÞFAðEÞ

E4
dE (5)

The fd of the Tb3+ transition is 0.3 � 10�6 [38]. Using this value
and the calculated spectral overlap, the critical distance for a
dipole–dipole interaction mechanism is estimated to be 10.29 Å,
which little deviates from the value estimated from the critical
concentration 9.65 Å, indicating that the electric dipole–dipole
interaction serves as the main energy transfer mechanism. Besides,
the dipole–dipole interaction can generally be expected to
dominate in the energy transfer when both the sensitizer and
the activator ions are characterized by electric dipole-allowed
transitions, while the f–f transitions of Tb3+ are allowed by the
selection rules of electric dipole transitions. Further, the dipole–
dipole interaction mechanism in the energy transfer can be
determined, too. According to the above results, we believe that
the energy transfer mechanism from Ce3+ to Tb3+ in the YF3 host
should be predominated by dipole–dipole interaction.

The luminescence color of Y0.98�xF3:0.02Ce3+, xTb3+ can be
tuned by adjusting the doping concentration of Tb3+. Fig. 9 shows
the CIE chromaticity diagram for Y0.98�xF3:0.02Ce3+, xTb3+ micro-
crystals with different x values. It can be observed that the PL color
can be tuned from orange, yellow, to green by changing the doping
concentration of Tb3+ ions due to different energy transfer
efficiencies at different Tb3+ concentration. The black dots indicate
the CIE chromaticity coordinate positions. The CIE coordinates
varied systematically from (0.589, 0.311), (0.439, 0.456), (0.348,
0.527), (0.265, 0.586) to (0.285, 0.586) for x = 0, 0.01, 0.07, 0.13 and
0.19 in Y0.98�xF3:0.02Ce3+, xTb3+ samples, corresponding to hues
ranging from orange to deep green. The inset shows luminescent
photograph of the Y0.79F3:0.02Ce3+, 0.19Tb3+ deep green phosphor
under 254 nm excitation. The study opens a novel pathway for
tuning the luminescence properties by energy transfer.

4. Conclusion

A simple and facile hydrothermal method was used to prepare
YF3 microcrystals. The XRD, FE-SEM and TEM analysis indicated
that the samples crystallized in orthorhombic structure with
walnut-like morphology and diameter of approximately 400–
500 nm. The emission spectra of the Y0.98�xF3:0.02Ce3+, xTb3+

microcrystals with different Tb3+ concentrations demonstrated
that energy transfer from the Ce3+ to Tb3+ ions is highly efficient.
The photoluminescence spectra of Y0.98�xF3:0.02Ce3+, xTb3+

microcrystals shows that the concentration quenching phenome-
non occurs when the x = 0.13. The average separation between Ce3+
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and Tb3+ is calculated and the critical distance Rc is 9.65 Å
determined by the method of concentration quenching. The Rc

calculated by spectral overlapping method proves this. By
comparison of theoretical calculation results to those of experi-
ments, we can infer that the energy transfer from Ce3+ to Tb3+ in the
YF3 microcrystals occurs predominantly via the dipole–dipole
interaction. The as-synthesized luminescent product may have
some potential applications in the areas of light display.
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