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a b s t r a c t

Flower-like Y2(MoO4)3:Dy3+ phosphors have been synthesized via a co-precipitation approach with the
aid of �-cyclodextrin. The crystal structure and morphology of the phosphors were characterized by XRD
(X-ray diffraction) and FE-SEM (field emission scanning electron microscopy), respectively. The excitation
and emission properties of the phosphors were examined by fluorescence spectroscopy. The dependence
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eywords:
2(MoO4)3:Dy3+

hosphor

of color coordinates on the Dy3+ doping concentration was analyzed. The energy transfer mechanism
between Dy3+ ions was studied based on the Huang’s theory, I-H and Van Uitert’s models. It was concluded
simultaneously from these three routes that the electric dipole–dipole interaction between Dy3+ ions is
the main physical mechanism for the energy transfers between Dy3+.
uminescent properties
hite light emitting diodes

nergy transfer

. Introduction

Over the past several decades, rear earth ions (RE3+) doped
hosphors have attracted much attention due to their potential
pplications in plasma display panels (PDPs), field emission dis-
lays (FEDs), fluorescent lamps and so on [1–15]. In recent years,
ith the technical mature of GaN-based LEDs, it is possible to

chieve solid state illumination by combining short wavelength
aN-based LED chips with tricolor phosphors. However, the tricolor
hosphors for this application are of lack. The presently commer-
ialized W-LEDs are a combination of blue GaN-based LED chip
ith yellow-emitting YAG:Ce3+ phosphor, which shows poor color

endering index and is unsatisfactory for the high performance
llumination [16]. Generally, trivalent dysprosium (Dy3+) ion has
wo intense emission bands in the blue (470–500 nm) and yellow
560–600 nm) regions [17]. The yellow emission (4F9/2 → 6H13/2) is
n electric dipole transition, which is very sensitive to the crystal
eld. The blue emission (4F9/2 → 6H15/2) is a magnetic dipole transi-

ion, which is insensitive to the crystal field. Therefore, it is possible
o obtain white light from Dy3+ activated luminescent materials by
djusting the intensity ratio of yellow to blue emissions (Y/B) via
hoosing different hosts [18].

∗ Corresponding author. Tel.: +86 411 84728909; fax: +86 411 84728909.
∗∗ Corresponding author. Tel.: +86 411 87633470.
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Molybdates are important inorganic compounds and have
exhibited some excellent performance in the fields of catalysts,
lasers and ionic conductors [19–21]. Recently, RE3+ doped molyb-
dates are also studied widely on the purpose of seeking for novel
luminescence materials for W-LEDs due to the special properties
of MoO4

2− group [4,22–24]. As well known, MoO4
2− group has

strong absorption in the near UV region. Therefore, the energy
transfer process from MoO4

2− group to RE3+ can easily occur,
which can greatly enhance the external quantum efficiency of
RE3+ doped materials. However, as far as we know, there is no
report on Dy3+ doped Y2(MoO4)3 phosphor. In this paper, we pre-
pared Y2(MoO4)3 phosphors with various Dy3+ concentrations via
a co-precipitation process with the aid of �-cyclodextrin. The pre-
pared Y2(MoO4)3:Dy3+ samples showed uniform flower shaped
and porous structure. The characteristic emissions of Dy3+ in
Y2(MoO4)3 phosphors were observed under UV light excitation. The
energy transfer mechanism between Dy3+ ions in the Y2(MoO4)3
phosphors was discussed based on the analysis of concentration
quenching and fluorescent dynamics.

2. Experimental
2.1. Sample synthesis

All reagents used in this work are analytical grade without any further purifi-
cation except for the spectrographically pure Dy2O3 and Y2O3. Dy(NO3)3·6H2O and
Y(NO3)3·6H2O were prepared through dissolving Dy2O3 and Y2O3 in nitric acid (the
volume ratio between nitric acid and water is 1:1). Then, the resultant solutions were

dx.doi.org/10.1016/j.jallcom.2011.03.034
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:chenmbj@sohu.com
mailto:rnhua@dlnu.edu.cn
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ig. 1. XRD patterns for the studied Y2(MoO4)3:4 mol% Dy3+ phosphor and for crystal
2(MoO4)3 reported in JPCDS card No. 28-1451.

e-crystallized three times. Lastly, the Dy(NO3)3·6H2O and Y(NO3)3·6H2O powders
ere obtained when the corresponding solutions were well dried in air at 90 ◦C for

2 h.
A series of Y2(MoO4)3 phosphor with different Dy3+ concentrations were syn-

hesized via a simple co-precipitation method with the aid of �-cyclodextrin. A
ypical synthesis procedure is described as follows. Firstly, 0.2 g of �-cyclodextrin
as dissolved in 50 mL of distilled water under vigorous magnetic stirring. After
-cyclodextrin was completely dissolved, 10 mL of Y(NO3)3 and Dy(NO3)3 aque-
us solution, which contain 0.002 mol (0.7662 g) of Y(NO3)3·6H2O, and 4 × 10−5

ol (0.0178 g, 4.0 mol% of Dy3+) of Dy(NO3)3·6H2O, was poured into �-cyclodextrin
queous solution under vigorous magnetic stirring. Then, 10 mL of Na2MoO4 aque-
us solution (3 mol/L) was slowly dropped into the above solution under magnetic
tirring, and the white precipitation was formed immediately. After reacting for
.5 h, the product was collected by centrifugation at 4500 rpm for 10 min. The resul-
ant white precipitate was washed three times with distilled water, and then dried
t 80 ◦C in air for 12 h. Finally, the Y2(MoO4)3:Dy3+ phosphor was obtained after the
esultant precursor was calcined at 900 ◦C for 1 h.

.2. Sample characterization

The crystal structure of the samples were examined by means of XRD per-
ormed on an XRD-6000 (Shimadzu, Japan) diffractometer by using Cu K�1 radiation
� = 0.15406 nm). The XRD data were collected by using a scanning mode in the
� range from 10◦ to 50◦ with a scanning step of 0.02◦ and a scanning rate of
.0◦ min−1. Silicon was used as an internal standard. FE-SEM images were obtained
sing a Hitachi S-4800 field emission scanning electron microscopy operating at
cceleration voltage of 3 kV. Photoluminescence (PL) emission and excitation spec-
ra were recorded with a Hitachi F-4600 spectrophotometer equipped with a 150 W
enon lamp as an excitation source. All measurements were carried out at room
emperature.

. Results and discussion

.1. Crystal structure and morphology of Dy3+ doped Y2(MoO4)3
hosphor

The crystal structure for all the prepared Dy3+ doped Y2(MoO4)3
hosphors was checked by XRD. All the samples displayed the same
iffraction pattern. Fig. 1 shows an example of the XRD pattern for
he Y2(MoO4)3 phosphor doped with 4 mol% Dy3+. The bottom part
f Fig. 1 lays out the diffraction pattern for the Y2(MoO4)3 crystal
eported in the JPCDS card No. 28-1451. It can be found that the
ositions of all the diffraction peaks for the studied sample are in
ood agreements with those appearing in the standard JCPDS card
o. 28-1451. There no such diffraction peaks belonging to other

mpurity phase were observed, thus indicating that the samples

tudied in this work are single phase.

The SEM images for all the samples with different Dy3+ con-
entrations were taken, and that all of them exhibit the same
orphology. This fact means that Dy3+ doping does not influ-

nce the shape and size of the resultant phosphors at the present
Fig. 2. FE-SEM images of Y2(MoO4)3: 4 mol% Dy3+ phosphor. (a) low and (b) high
magnification.

doping level. As an example, the low and high magnification FE-
SEM images for the sample mentioned in Fig. 1 are exhibited in
Fig. 2(a) and (b). It can be seen clearly from these images that the
Y2(MoO4)3:Dy3+ sample exhibits flower-like shape with an average
gain size of about 600 nm. Moreover, every flower-shaped particle
is buit by many nanoflakes with the thickness of around 20 nm. The
flakes intercross with each other to form a porous flower-shaped
structure. It is worthwhile to mention that in our previous work
[4] the flower shaped Y2(MoO4)3:Eu3+ phosphors prepared via co-
precipitation method without the aid of �-cyclodextrin exhibited
nonuniform morphology and size. This fact tells us that the addition
of �-cyclodextrin is beneficial to the growth of the flower-shaped
particles.

3.2. Emission properties of Y2(MoO4)3:Dy3+ phosphor

Fig. 3 depicts the emission spectra of Y2(MoO4)3:x mol%
Dy3+ (x = 0.5–10) phosphors excited at 388 nm. The emission
spectra display two main peaks in the blue (460–500 nm) and
yellow (555–610 nm) regions as well as a weak line in the red
region. These blue, yellow and red emissions can be attributed
to the electronic transitions of 4F9/2 → 6H15/2, 4F9/2 → 6H13/2 and
4F9/2 → 6H11/2, respectively [17]. The blue emission is natured of

magnetic dipole transition, and the yellow emission belongs to
the hypersensitive (forced electric dipole) transition following the
selection rule, �J = 2. In the studied Y2(MoO4)3:Dy3+ phosphors,
the integrated intensity of yellow emission is greater than that
of the blue emission. It is well known that the hypersensitive
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Fig. 5. CIE color coordinates for the Y2(MoO4)3 phosphors with various Dy3+ con-
centrations, the triangle dots show the color coordinates for solo- blue and yellow
Wavelength (nm)

ig. 3. Emission spectra for the Y2(MoO4)3 phosphors with different doping con-
entrations of Dy3+ under 388 nm excitation.

ransition is strongly influenced by the outside environment
urrounding Dy3+, and the magnetic dipole transition is insensitive
o the crystal field around the Dy3+ ions. When Dy3+ is located at

low symmetry site (without inversion symmetry), the yellow
mission is dominant in the emission spectrum; when Dy3+ is at a
igh symmetry site (with inversion symmetry), the blue emission
ould be stronger than the yellow one [18,25]. Thus, the stronger

ellow emission indicates that Dy3+ ions take the site without
nversion symmetry. In addition, it can also be found that with
ncrease of Dy3+ ions concentration, the intensities of both blue
nd yellow emissions increase firstly and reach their maximums
t 4 mol%, and then decrease, namely, fluorescence quenching
appens. The fluorescence quenching behavior can be explained
y the cross relaxations between Dy3+ ions. There are at least 3
ossible cross relaxation channels responsible for the popula-
ion decrease of 4F9/2 level: 4F9/2 + 6H15/2 → 6F9/2/6H7/2 + 6F3/2,
F9/2 + 6H15/2 → 6H9/2/6F11/2 + 6F5/2 and
F9/2 + 6H15/2 → 6F1/2 + 6H9/2/6H11/2 [26].

By carefully inspecting the emission spectra of the samples with
arious Dy3+ concentrations, it can be found that the integrated
mission intensity ratio of yellow to blue (Y/B) changes with Dy3+

oping concentration. The dependence of the Y/B ratio on Dy3+ dop-

ng concentration in Y2(MoO4)3 phosphors is depicted in Fig. 4. The
olid squares show the experimental data, and the solid line indi-
ates the variation trend. It can be seen that the integrated intensity
atio for each sample ranges from 1.9 to 2.5. The change of the ratio

9630
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Y
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ig. 4. Dependence of Y/B ratio on Dy3+ doping concentration in Y2(MoO4)3 phos-
hors. Squared dots present the experimental data, solid line shows the variation
rend.
emission, solid circle dots for the full emissions, the insert at the top-right corner
shows the color coordinates of the phosphor in the part of color space. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

is probably due to the fact that with increasing Dy3+ concentra-
tion the covalency degree of Dy3+–O2− bond would decrease, thus
Y/B ratio decreases [27]. It should be noted that for all the samples
with different Dy3+ concentrations the yellow integrated emission
intensity is still higher than the blue one, which means that Dy3+

ions still occupy the site without inversion symmetry [25].

3.3. Colorimetric characterization

Color coordinates are one of the important factors for evaluating
the performance of phosphors. In this work, the color coordinates
for all the samples with various Dy3+ concentrations were cal-
culated using the intensity-calibrated emission spectra data and
the chromatic standard issued by the Commission International de
I’Eclairage (CIE) in 1931 (CIE 1931), since the samples with differ-
ent Dy3+ concentrations exhibit different spectral profiles (Y/B ratio
changes). Fig. 5 shows the obtained color coordinates for full emis-
sions of the samples doped with x mol% Dy3+ (x = 0.5–10). The insert
at the top-right corner of Fig. 5 displays the magnified plot for the
color coordinates in a part of the color space. It is found that with
the increase of Dy3+ concentration, the color coordinates change
from (0.407, 0.449) to (0.393, 0.435). In addition, the color coordi-
nates for solo yellow (575 nm) and solo blue (482 nm) emissions
were also calculated and shown in Fig. 5 as solid triangle dots. It
can be seen that the straight line connecting the color coordinates
points of blue and yellow emissions in the chromatic space just
crosses the white light region, which means that the white light
can be formed by mixing these two emissions. However, the cal-
culated color coordinates for full emissions are a little far from the
equal energy point (x = 0.333, y = 0.333), thus indicating that the
relative intensity of blue emission is weak for forming high quality
white light. In order to further improve the CIE color coordinates
and achieve good quality white light, some other dopants emit-
ting blue may need to be introduced into this phosphor system, for
instance Tm3+.

3+
3.4. Excitation properties of Y2(MoO4)3:Dy phosphor

Fig. 6 shows the excitation spectra for all the Y2(MoO4)3 phos-
phors with different Dy3+ concentrations while monitoring 575 nm
emission corresponding to the 4F9/2 → 6H13/2 transition of Dy3+. All
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tion is responsible for the energy transfer between Dy3+ ions in the
Y2(MoO4)3:Dy3+ phosphors.

In order to further study on the energy transfer behavior, the
fluorescent decay for 0.5 mol% Dy3+ doped Y2(MoO4)3 phosphor

543210
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ig. 6. Excitation spectra of Y2(MoO4)3:Dy3+ phosphors with different concentra-
ions of Dy3+, monitoring at 575 nm. Insert is dependence of the host absorption
and on Dy3+ concentration.

xcitation spectra are composed of two parts. One is a broad band
anging from 250 to 350 nm, which is attributed to the absorption
and of MoO4

2− group. The existence of host absorption band in the
xcitation spectrum suggests that the energy transfer from MoO4

2−

roup to Dy3+ occurs. The other part is composed of some sharp
ines located at 328, 353, 366, 388, 428, 452, and 475 nm. These
harp lines are due to the f–f transitions of Dy3+ ion from ground
tate 6H15/2 to upper states 6P3/2, 6P7/2, 6P5/2, 4I13/2

4G11/2, 4H15/2
nd 4F9/2 [28]. It should be mentioned that the central position of
bsorption band of MoO4

2− group depends on the Dy3+ doping con-
entration as seen in the insert of Fig. 6. The central position of
oO4

2− absorption band shifts to higher energy side when Dy3+

oping concentration is more than 6 mol%. Generally, the energy
f CTB (charge transfer band) is closely related with the degree of
ovalency of metal–O ligand (M–O) bond, and the Dy3+ introduction
akes degree of covalency increase [29]. The stronger the degree

f covalency of M–O bond, the greater the CTB energy is. This is
ecause of that the electrons are very difficult to be transferred
rom O2− orbital to the Mon+ ion at the strong degree of covalency
f M–O bond. Thus, the introduction of Dy3+ leads to the blue-shift
f CTB. This result also implies that the Dy3+ doping changes the
ocal environment surrounding Dy3+ and consequently evokes CTB
ariation.

.5. Energy transfer between Dy3+ ions in Y2(MoO4)3:Dy3+

hosphor

Energy transfer behavior is widely existent in the RE doped lumi-
escence materials. The nature of an energy transfer is decided by
he microscopic physical mechanisms of the interactions between
uminescent centers. Indubitably, comprehensive understanding to
he energy transfer process is helpful to the design of lumines-
ence materials. Huang and his coworker have started from the
undamental theory of energy transfer and developed a theoretical
escription for the relationship between the luminescent intensity
nd the doping concentration [30]. With Huang’s description the
nteraction mechanism between doping centers can be recognized
ia inspection of concentration quenching. Our previous results
ave examined Huang’s theoretical description [4,31], and good
greements were achieved. According to Huang’s results, the rela-
ionship between luminescent intensity I and doping concentration

could be expressed as following,

∝ a(1−s/d)�
(

1 + s

d

)
(1)
Fig. 7. Plot of log (I/C) versus (log C) for 4F9/2 → 6H13/2 transition of Dy3+ in Y2(MoO4)3

phosphors. The squared dots show the experimental data, solid line is the fitting
curve based on Huang’s model.

a = C�
(

1 − d

s

)[
X0

(
1 + A

�

)]d/s

(2)

where � is the intrinsic transition probability of donor, s is
index of electric multipole. For electric dipole–dipole, electric
dipole–quadrupole and electric quadrupole–quadrupole interac-
tions, s equals to 6, 8 and 10, respectively. d is dimension of the
sample, here d = 3 since the energy transfer between Dy3+ ions
happens inside the particles, A and X0 are constant, � (1 + s/d) is
� function. From Eqs. (1) and (2) it can be derived that:

log
(

I

C

)
= − s

d
log C + log f (3)

where f is independent from the doping concentration.
Fig. 7 shows the log(I/C) − log(C) plot for the 4F9/2 → 6H13/2 tran-

sition of Dy3+ ions in the Y2(MoO4)3:Dy3+ phosphor. According to
Eq. (3), using linear fittings to deal with the experimental data in
the region of high Dy3+ concentration, the value of the slope param-
eter s/d can be derived to be 1.75, corresponding to s = 5.25, which
is close to 6. This means that the electric dipole–dipole interac-
Lifetime (ms)

Fig. 8. Squared dots show the measured fluorescent decay of Y2(MO4)3 phosphor
with 0.5 mol% Dy3+ ions (�ex = 388 nm, �em = 575 nm). Solid line shows the fitting
curve by using I-H model.
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ig. 9. Dependence of yellow emission intensity on Dy3+ concentration in
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as measured by monitoring 577 nm emission, while excited with
88 nm pulsed light. The fluorescent decay curve is shown in Fig. 8,
here the open-squared dots are the experimental data. It can

e seen that the decay curve show non-exponential dependence
f emission intensity on the decay time even at this low doping
oncentration. Inokuti and Hirayama have established a model to
xplain the non-exponential behavior of fluorescence decay, which
o called I-H model [32]. In this model the intensity I(t) can be
xpressed as follows:

(t) = I0 exp

[
− t

�0
− ˛

(
t

�0

)3/s
]

(4)

here I(t) is the luminescence intensity at time t, I0 is the lumines-
ence intensity at t = 0 and �0 is the intrinsic lifetime of the donor.
has the same meaning as in Eq. (3). ˛ is a parameter containing
nergy transfer probability. According to Eq. (4), using nonlinear
ttings to deal with the experimental data, the fitting results are
hown in Fig. 8. In the fitting process, the s is confirmed to be 5.5,
hich approximates 6. This result is in accordance with that derived

rom Huang’s theory. In addition, the intrinsic radiative transition
ifetime �0 of 4F9/2 level of Dy3+ is also confirmed in the fitting
rocess to be 0.249 ms.

Van Uitert has developed a phenomenological description with
egard to the dependence of donor emission intensity on the dop-
ng concentration based on different physical consideration from
uang’s model. In Van Uitert’s model the relationship between

he luminescent intensity and the doping concentration can be
xpressed as below [33,34]:

(C) = C

K(1 + ˇCQ /3)
(5)

here C is concentration of donor, K and ˇ are constants for
certain system, Q represents the interaction type between

onors, here Q = 3, 6, 8 or 10, indicating the exchange interac-
ion, electric dipole–dipole, electric dipole–quadrupole, or electric
uadrupole–quadrupole interactions, respectively. A nonlinear fit-
ing by using Eq. (5) was carried out on the concentration quenching
ata shown in Fig. 9.It can be seen that the optimum concentration
or obtaining maximum luminescent intensity is 4 mol%. The Q/3
alue was confirmed from this fitting process to be 1.92, which
eans that Q is approximately 6. That is to say that the electric

3+
ipole–dipole interaction between Dy ions is the main mecha-
ism for the luminescence quenching of Dy3+ ions in Y2(MoO4)3
hosphor. From above discussion, it can be concluded that the I-H
odel, Huang’s theory and Van Uitert’s model can well explain the

hysical mechanisms for the interaction between rare earth ions.

[

[

[

pounds 509 (2011) 6096–6101

4. Conclusion

Y2(MoO4)3:Dy3+ phosphors were synthesized via a facile co-
precipitation route with the aid of �-cyclodextrin. The XRD
revealed that the products with various Dy3+ concentrations
are composed of mono-phase Y2(MoO4)3. FE-SEM results proved
that the phosphor particles display flower-like shape, which is
composed of some nanoflakes with the thickness about 20 nm.
Under 388 nm excitation, the Y2(MoO4)3:Dy3+ phosphors exhibit
the characteristic emissions of Dy3+. The optimum doping con-
centration of Dy3+ ions was confirmed to be 4 mol%. The blue
shift of charge transfer band and decrease of Y/B ratio were
observed with the increase of Dy3+ ions concentration, which
indicates that the introduction of Dy3+ leads to the change of
covalency degree of Dy3+–O2−–Mo6+ bond. The color coordinates
for the Dy3+ doped Y2(MoO4)3 phosphors were calculated. Elec-
tric dipole–dipole interaction is dominant mechanism for energy
transfer between Dy3+ ions in the Y2(MoO4)3:Dy3+ phosphors.
The intrinsic fluorescent lifetime of 4F9/2 level is concluded to
0.249 ms.
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