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a  b  s  t  r  a  c  t

Eu3+ and  Sm3+ co-doped  CaMoO4 microclews  have  been  successfully  synthesized  via a  facile  hydrothermal
method  directly  in surfactant-free  environment.  The  as-prepared  phosphor  present  clew-like  agglom-
erates  composed  of  40 nm  nanosheets  under  the  moderated  reaction  temperature.  The  red  phosphor
CaMoO4:Eu3+,  Sm3+ can  generate  a strong  absorption  line  at 405  nm,  originating  from 6H5/2 → 6P5/2 tran-
sition  of  Sm3+,  which  is  suitable  for  the  emission  of  the  near-ultraviolet  light-emitting  diodes  (∼400  nm).
Energy  transfer  between  Sm3+ and  Eu3+ is  detected  from  the  varied  photoluminescence  spectra  with

3+

uminescence
icroclew

aMoO4:Sm3+

u3+

nergy transfer

different  Eu concentrations  and  the  energy  transfer  mechanism  is  clarified  via  the  photoluminescence
spectra.  When  Sm3+ is excited  (405  nm),  the  electron  is  excited  from 6H5/2 to 6P5/2,  and  then  relaxed  to
4G5/2. It jumps  from 4G5/2 to  the  lower  levels  corresponding  to  the  emissions  of  Sm3+;  meanwhile,  the
transfers  from 4G5/2 state  of  Sm3+ ion  to 5D0 state  of  Eu3+ ion  come  out.  The  transition  of 5D1 → 7FJ (J  =  0,
1,  2)  does  not  appear  indicating  that  the  transfer  from 4G5/2 state  of  Sm3+ to 5D0 state  rather  than 5D1

state  of  Eu3+ is the  energy  transfer  pathway.
. Introduction

The luminescence properties of nano-phosphor receive much
ttention, because it is significant not only for applications but
lso for essential understanding of nanocrystals, such as confine-
ent effect, surface effect, etc. [1–5]. Recently, rare earth doped

hosphors for white-light-emitting diodes (W-LEDs) have received
ncreasing interest because the promising applications of LED on
lluminations with advantages over the existing incandescent and
alogen lamps in power efficiency, reliability, long lifetime and
nvironmental protection [6–9]. Eu3+ doped CaMoO4 has been
nvestigated extensively as a red-emitting phosphor for near-
ltraviolet (UV) GaN chip (350–420 nm)  based W-LEDs, due to the

ess stable property of current red phosphor material Y2O2S [10].
ther ions are introduced into CaMoO4:Eu3+ to enhance the lumi-
escence intensity, such as Bi3+, Sm3+ [11,12]. The introduction of
m3+ into CaMoO4:Eu3+ can generate a strong excitation line at
05 nm,  originating from 6H5/2 → 4K11/2 transition of Sm3+, which

s suitable for the excitation of the UV-LED.

Energy transfer plays a crucial role in luminescent materials and

he luminescence intensities are also various with the co-doped
ons due to the existence of the energy transfer. Rare earth ions,
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such as Eu2+, Ce3+ ions etc., often acts as efficient sensitizers that
transfer energy to other ions like Mn2+, Tb3+ in several host lattices
[13–15]. The energy transfer from Ce3+ to Tb3+ is greatly investi-
gated in a commercially applied lamp phosphor LaPO4:Ce3+, Tb3+

with high emission yields, up to 93% [16–18].  Recently, Hong inves-
tigated the energy transfer property in Eu2+ and Ce3+ co-doped
SrCaSiO4 and revealed that the co-doping of Ce3+ enhanced the
emission intensity of Eu2+ greatly [19]. Energy transfer from Sm3+

to Eu3+ is also confirmed in NaEu(MoO4)2 [20,21] and other molyb-
date [22]. However, the bidirectional energy transfer between Eu3+

ions and Sm3+ ions and the corresponding energy transfer pathway
have not been investigated in detail. Accordingly in this article, it
is reported that the energy transfer property between Eu3+ ions
and Sm3+ ions in clew-like CaMoO4 microstructure composed of
nanosheets which is directly synthesized by a facile hydrothermal
method without surfactant. The energy transfer pathway is proved
sufficiently to be between 4G5/2 state of Sm3+ ions and 5D0 state,
rather than 5D1 state of Eu3+.

2. Experimental

All the raw chemical materials were used without further purification. The
clew-like CaMoO4 was synthesized via a facile hydrothermal method. Na2MoO4
solution and Ca(NO3)2 solution with appreciated proportion Eu(NO3)3 (0.1 M) or
Sm(NO3)3 (0.01 M)  were prepared respectively. The Na2MoO4 solution was poured
into Ca(NO3)2:Eu3+, Sm3+ solution under vigorously stirring. A white precipitate was
immediately observed in the glass beaker and the pH value of the solution was sta-
bilized at an appropriate constant. The vigorously stirring was kept for 30 min. Then,

dx.doi.org/10.1016/j.jallcom.2011.07.047
http://www.sciencedirect.com/science/journal/09258388
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he  precursor solution was  transferred into a 50 mL  Teflon-lined stainless steel auto-
lave, which was subsequently sealed and maintained at 140 ◦C for 8 h. After that,
he  autoclave was  allowed to cool down to room temperature naturally. The product
as filtered and washed several times with deionized water and absolute ethanol.

t  is followed that the product was dried in the air at around 100 ◦C for 2 h. Finally,
hite powder of Sm3+ ions and Eu3+ ions co-doped clew-like CaMoO4 was  ready for

urther characterization.
The structures of samples were characterized by X-ray diffraction (XRD) (Rigaku

/max-rA powder diffractometer with Cu target radiation resource (� = 1.54078 Å)).
he morphology was investigated by using field emission scanning electron
icroscopy (FE-SEM) (Hitachi S-4800). Fluorescence and excitation spectra were

ecorded at room temperature using a Hitachi F-4500 spectrophotometer equipped
ith a 150 W Xe-arc lamp. The emission spectra of all samples were measured at a
xed band-pass of 0.2 nm with the same instrument parameters.

. Results and discussion

The structure of the as-prepared clew-like CaMoO4 was  deter-
ined by XRD. As shown in Fig. 1, all of the diffraction peaks for the

aMoO4:1 mol% Sm3+ can be ascribed to the tetragonal structure
aMoO4, consistent with the standard data file (JCPDS No.85-0585).
o other peaks can be found in the patterns indicating that the
opant ions didn’t change the structure of hosts.

As shown in Fig. 2a, a typical low-magnification SEM image indi-
ates that the as-synthesized products consist of a large quantity of
D microstructure. The clewlike microstructures have diameters
f 5 �m and thickness up to 2.5 �m.  A representative medium-
agnification SEM image of several CaMoO4:Eu3+, Sm3+ clews, as

hown in Fig. 2b and c, reveals that their clew-like shape with a
ole at the central of the 3D microstructure, which is distinct from
ther previous reported CaMoO4: RE nano- or microstructures [23].
ig. 2d shows a high-magnification SEM image of some clewlike
aMoO4:Eu3+, Sm3+, indicating that the 3D microclew is consisted

f 40 nm-thickness nanoflakes.

Fig. 3 shows the emission (�ex = 405 nm) and excitation
�em = 595 nm)  spectra of clewlike CaMoO4: x% Sm3+ (x = 0.1–5).
he excitation spectra (Fig. 3a) for monitoring the 4G5/2 → 6H7/2

Fig. 2. SEM images of the CaMoO4:Eu3+, Sm3+: (a) low magnificatio
Fig. 1. XRD patterns for CaMoO4: 0.1% Sm3+.

emission at 595 nm of Sm3+ show a broad band in the range of
200–300 nm assigned to the charge transfer transition of MoO4

2−

with some sharp lines in the range of 340–450 nm correspond-
ing to the f-f transitions of Sm3+ ions (the enlarger in the inset of
Fig. 3a) [24], mainly including 6H5/2 → 4K11/2 transition at 405 nm.

Under 405 nm excitation, the products emit reddish orange light
and the emission spectra were recorded, as shown in Fig. 3b. The
emission spectra exhibit three characteristic transitions of Sm3+,
4G5/2 → 6H5/2, 4G5/2 → 6H7/2 and 4G5/2 → 6H9/2. The dependence

n; (b) and (c) medium magnification; (d) high magnification.
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transition of Eu3+ can be observed when the sample was  excited
under 270 nm (Fig. 6a) and 395 nm excitation (Fig. 6b). How-
ever, under 405 nm excitation, it disappears while the emission
Fig. 3. Excitation (a) (�em = 595 nm)  and emission (b) (�

f the integrated emission intensity on Sm3+concentration is pre-
ented in the insert of Fig. 3b, which demonstrates the optimal Sm3+

oncentration of 0.5% in CaMoO4. In the following experiment, the
oncentration of Sm3+ is, hence, fixed at 0.5%.

The emission spectra of CaMoO4:Eu3+, CaMoO4:Sm3+ and
aMoO4:Eu3+, Sm3+ are shown in Fig. 4 for comparison. The emis-
ion spectrum of CaMoO4:Eu3+ under 395 nm excitation, shown in
ig. 4a, consists of lines ranging from 500 to 700 nm that come from
he transitions of 5D0,1 to 7FJ (J = 1, 2, 3, 4, not in all cases) levels
f the Eu3+ activators. The most intense emission is the 5D0–7F2
ransition in the range of 600–620 nm,  located at the red area. The
mission spectrum of CaMoO4:Sm3+ (�ex = 405 nm) shows the typ-
cal emissions corresponding to the transitions from the 4G5/2 level
o 6H5/2, 6H7/2, and 6H5/2 levels, respectively (Fig. 4b). Both of these
wo samples emit red light under UV light irradiation. As shown in
ig. 4c, under 405 nm excitation into the 4K11/2 level of Sm3+ in Eu3+

nd Sm3+ co-doped sample, the characteristic emissions of Eu3+ are

lso noticeable, indicating the energy transfers from Sm3+ to Eu3+.

Fig. 5 depicts the photoluminescence excitation spectra of Sm3+

ingly doped CaMoO4 and Eu3+ and Sm3+ co-doped CaMoO4. In

ig. 4. Emission spectra of CaMoO4:Eu3+ (a) (�ex = 395 nm), CaMoO4:Sm3+ (b) (�ex =
05 nm), CaMoO4:Eu3+, Sm3+ (c) (�ex = 405 nm).
5 nm)  spectra of clewlike CaMoO4: x% Sm3+ (x = 0.1–5).

the Sm3+ singly doped CaMoO4, the excitation spectrum monitor-
ing 561 nm is composed of a series of narrow peaks attributed to
the f–f transition of Sm3+. In the Eu3+ and Sm3+ co-doped sam-
ple, the excitation spectrum monitoring at 612 nm of Eu3+ appears
the 6H5/2 → 4K11/2 transition of Sm3+ at 405 nm (Fig. 5b), and that
monitoring at 561 nm of Sm3+ appears the 7F0–5L6 transition of
Eu3+ at 395 nm (Fig. 5c). This indicates bidirectional energy transfer
between Sm3+ and Eu3+ in CaMoO4.

The emission spectra of Eu3+ and Sm3+ co-doped CaMoO4 under
different pump wavelength were measured and are shown in Fig. 6.
As shown in Fig. 6a, under 270 nm excitation, all the characteristic
emissions of Eu3+ and Sm3+ can be observed, displaying the energy
transfer form the broad charge transfer band (CTB) of O–Mo. The
emission at 533 nm corresponding to 5D1 → 7F0 (<20 × 103 cm−1)
Fig. 5. Photoluminescence excitation spectra of CaMoO4: Sm3+ (a) (�em = 561 nm),
CaMoO4: Eu3+, Sm3+ (b) (�em = 612 nm), CaMoO4:Eu3+, Sm3+ (c) (�em = 561 nm).
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ig. 6. Emission spectra of CaMoO4: Eu3+, Sm3+ (a: �ex = 270 nm,  b: �ex = 395 nm,  c:
ex = 405 nm).

orresponding to 4G5/2 → 6H7/2 transition of Sm3+ is enhanced
Fig. 6c). Due to the other transitions from 5D0 level of Eu3+ are
till be observed, the electron is considered to be transferred from
K11/2 state of Sm3+ to 5D0 state, rather than 5D1 state of Eu3+.

. Conclusions

In conclusion, the clew-like CaMoO4:Eu3+, Sm3+ microstructure
hich is consisted of nanosheets has been synthesized by using

acile hydrothermal method without surfactant. The bidirectional
nergy transfer between Eu3+ ions and Sm3+ ions has been detected
y photoluminescence spectra. And the transfer processes is dis-

ussed, namely, the energy transfer occurs between 4G5/2 state of
m3+ ions and 5D0 state rather than 5D1 state of Eu3+ ions. This
esult is quite remarkable for the furthermore investigation on the
u3+ and Sm3+ co-doped materials.
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