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Abstract

A series of red emitting phosphors Sr9Eu2W4�xMoxO24 (x = 0–4) have been synthesized by solid-state reactions and their crystal structures,

photoluminescence properties were studied. The excitation and emission spectra of Sr9Eu2W4�xMoxO24 phosphors can be modified by Mo6+

doping. As the molybdate content increased, the Eu3+ emission intensity of Sr9Eu2W4�xMoxO24 (x = 0–4) under 395 nm excitation was found to

increase and reached a maximum at x = 2. The excitation spectra, the emission intensities and the chromaticity coordinates of Sr9Eu2W4�xMoxO24

(x = 2) were compared to those of the conventional red phosphor Y2O2S: Eu3+. The intense red-emission under near-UV excitation suggests that

Sr9Eu2W4�xMoxO24 (x = 2) could be a potential candidate for white light generation by using near-UV LEDs. In this study, the effects of Mo6+

doping on the crystal structure and photoluminescence properties of Sr9Eu2W4�xMoxO24 were discussed.
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1. Introduction

Solid state lighting based on inorganic white light-emitting

diodes (W-LEDs) has been intensively investigated for

replacing the conventional incandescent and fluorescent lamps

due to their excellent properties, for example, high luminous

efficiency, low power consumption, environmentally friendly

features, reliability, and long life time (100,000 h) [1,2]. The

performance of W-LEDs depends on the luminescence

properties of the phosphors. Accordingly, the investigations

of new efficient phosphors for W-LEDs have gained much

attention [3–6]. In particular, Eu3+-doped compounds are of

strong interests for the application in W-LEDs with near UV

and blue LEDs chips [7].

One of the commonly used red-emitting phosphors is Eu3+-

doped Y2O2S, which is chemically unstable (releasing of

hydrogen sulfide gas) and its fluorescent efficiency is lower than
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that of the blue (BaMgAl10O17:Eu2+) and green-emitting

(ZnS:Cu+, Al3+) phosphors [8]. The other red-emitting

phosphors also have some disadvantages, e.g., sulfide-based

phosphor CaS:Eu2+ shows luminescence saturation with an

increasing applied current when it is incorporated into

phosphor-converted W-LEDs’ devices [9]. Although Eu2+- or

Ce3+-doped nitrides are efficient red-emitting phosphors, the

very high firing temperature and high nitrogen pressure in the

synthesis lead to higher production cost [10]. The investigations

of new efficient red-emitting phosphors for W-LEDs have

received more attention. The red emitting at 610–615 nm is the

best choice for a fluorescent light source with respect to

luminous efficiency and color rendering [11].

As important optical materials, Eu3+ ions doped tungstates

have been widely investigated due to its wonderful red-emitting

characteristics. Recently, Zeng et al. have reported the

luminescence properties of Eu3+-fully concentrated

Sr9Eu2W4O24 [12,13]. This phosphor shows the excellent

luminescent properties on excitation at 395 and 465 nm. The

bright red-LEDs and white-LEDs are fabricated by combining

the phosphor with 395 nm-emitting InGaN and 460 nm-

emitting InGaN chips. What makes Sr9Eu2W4O24 special is
d.
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Fig. 1. XRD patterns of Sr9Eu2W4�xMoxO24 (x = 0–4) of this work and PDF2

Card No. 350-0375.

Fig. 2. the schematic structure views of the Sr9Eu2W4O24 along the [0 0 1]

direction. M = 0.5Eu3+ + 0.5Sr2+. The numbers in the figure show the distances

(unit in Å) between the adjacent M and W(Mo) ions in the lattices.
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that the luminescence of Eu3+ has no concentration quenching

even though the host is fully Eu-concentrated. This is very

favorable for the applications in W-LEDs because it can suffer

from high photon flux during its application without

luminescence quenching. Sr9Eu2W4O24 could be potential

red component for near-UV based three-band WLEDs and

commercial blue-emitting InGaN-based YAG:Ce3+ WLEDs

[12,13].

This work gives insight into the luminescence properties of

the red emitting phosphor Sr9Eu2W4O24 by Mo6+ doping. The

phosphors of Sr9Eu2W4�xMoxO24 (x = 0–4) were synthesized

by solid-state reaction. The photoluminescence excitation and

emission spectra together with the luminescence decay curves

were investigated. The luminescence properties were evaluated

to investigate the possible application in W-LEDs phosphors.

2. Experimental

Sr9Eu2W4�xMoxO24 (x = 0–4) were prepared by solid state

reaction at high temperature. The starting materials were Eu2O3

(99.99%), SrCO3 (99.9%), WO3 (99.9%)and MoO3 (99.9%).

The stoichiometric raw materials were weighed and thoroughly

mixed in an agate mortar, then transferred to a corundum

crucible and heated at 850, 1100 and 1350 8C for 10 h in air,

respectively.

The XRD were collected on a Rigaku D/Max diffractometer

operating at 40 kV, 30 mA with Bragg–Brentano geometry

using Cu Ka radiation (l = 1.54056 Å). The excitation and

luminescence spectra were recorded on a Perkin-Elmer LS-50B

luminescence spectrometer with Monk–Gillieson type mono-

chromators and a xenon discharge lamp used as the excitation

source. The luminescence decay curves were measured by the

excitation of 355 nm pulsed Nd:YAG laser (Spectron Laser Sys.

SL802G). The signals were recorded by the 500 MHz digital

oscilloscope (Tektronix DPO 3054).

3. Results and discussion

Fig. 1 shows the XRD patterns of Sr9Eu2W4�xMoxO24

(x = 0–4) phosphors. The peak positions and the relative

intensities of the XRD patterns are the same as the PDF2

standard cards selected in the International Centre for

Diffraction Data (ICDD) database: No. 50-0375 for

Sr9Gd2W4O24. No impurity line was observed. The sharp

peaks in each XRD pattern indicate good crystallizability of the

samples.

To the best of our knowledge, there is no structural data

reported for Sr9Eu2Mo4O24 up to now. So the XRD pattern of

Sr9Eu2Mo4O24 was fitted by Jade. 5.0 program by taking

Sr9Gd2W4O24 (PDF2 Card No. 50-0375) in Fig. 1 as the

reference. The similarity of the diffraction patterns clearly

shows that two samples are isostructural. All the peaks in the

XRD patterns were well indexed with the Sr9Gd2W4O24

perovskite structure. In the series of Sr9Eu2W4�xMoxO24

(x = 0–4), the cell parameter a decreases continuously with

increasing Mo6+ concentration x, which reveals that the series

form whole range solid solutions.
Fig. 2 is the corresponding schematic views of Sr9Eu2W4O24

structure. Sr9Eu2W4O24 shows polymorphic phase transforma-

tion of perovskite-type structure [14–16]. Sr2+ (called A-site)

ions are coordinated to 12 oxygen atoms and M/W6+

(M = Eu3+ + Sr2+) ions (coordinated to 6 oxygen atoms) are

ordered in the B-site. M sites are randomly occupied by

0.5Sr2+ + 0.5Eu3+. The crystal structure consists of a cubic

closely packed array of Sr–O layers wherein Wand M atoms are

ordered and face centered, which has its origin in an ordering of

cationic vacancies. A large size difference between W and M

atoms (Eu3+ + Sr2+) favors the long range of crystalline

structure in the B site ordering.

As shown in Fig. 2, the shortest distances between the two

adjacent Eu3+ ions in Sr9Eu2W4O24 is 5.826 Å. The distance is

much longer than the reported values in some fully Eu-

concentrated phosphors without any concentration quenching,

for example, the shortest Eu3+–Eu3+ distance is 3.8801 Å in

Eu3BWO9 [17], and 4.9 Å in EuBaB9O16 [18]. The long Eu3+–

Eu3+ distances in Sr9Eu2W4O24 can hamper the energy

migration among Eu3+ ions. Eu3+ ions in Sr9Eu2W4O24 are

all surrounded by the big WO6 octahedra and located in an

isolated site with a long distance. Consequently, there is no



X. Wang et al. / Ceramics International 38 (2012) 4991–4995 4993
concentration quenching in Eu3+-doped Sr9Gd2�xEuxW4O24 as

reported by Zeng et al. [12,13], and the strongest luminescence

is found in the Eu3+-fully concentrated Sr9Eu2W4O24.

Fig. 3(a) shows the photoluminescence excitation spectra of

Sr9Eu2W4�xMoxO24 (x = 0–4). The excitation spectra of

Sr9Eu2W4O24 (x = 0) by monitoring the 5D0!7F2 emission

(618 nm) of Eu3+ consist of a broad band and some sharp lines.

The broad excitation band can be attributed to the O!W

ligand-to-metal charge-transfer (CT) transition [19]. The CT

band of Eu3+–O2� was not clearly observed, which could be

due to an overlap with that of tungstate group. In the range from

350 to 460 nm, Sr9Eu2W4O24 presents the characteristic intra-

configurational 4f–4f transitions of Eu3+: 395 nm (7F0!5L6)

and 464 nm (7F0!5D2).

With increasing Mo6+ doping in Sr9Eu2W4�xMoxO24

(x = 0–4) (Fig. 3a), the excitation spectra of the broad bands

around 400 nm, move to long wavelength and overlap with

some f–f transitions of Eu3+. In Mo-rich phases (x = 2–4) the f–

f-transitions of Eu3+ cannot be clearly determined. The broad

bands should originate from the CTs of MoO6, WO6 and Eu3+–

O2�. Usually, the CT band of the MoO6 group covers the range

350–450 nm and that of the WO6 group locates around 250–

350 nm in tungstates and molydates with peverskite-type

structure [20]. So this red-shift of CT band is attributed to the
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0

1

2

3

x=4

x=3

x=2

x=1

x=0

CT:(W,Mo)
6+

-O
2-

(a)

7
F

0
-5

L
6

7
F

0
-5

D
2

In
te

n
si

ty
 (

a.
 u

.)

Wave leng th (n m)

200 250 300 35 0 40 0 45 0 50 0

0.0

0.5

1.0

1.5

Sr
9
Eu

2
W

4-xMoxO24
 (x = 2)

Y
2
O

2
S

:0
.0

5
E

u
3
+ CT:( W,Mo)

6+
-O

2-

(b)

C
T

:E
u

3
+
-S

2
-

C
T

:E
u

3
+
-O

2
-

7
F

0
-5

L
6

In
te

n
si

ty
 (

a.
 u

.)

Wavelength (nm)

7
F

0
-5

D
2

Fig. 3. The excitation spectra of Sr9Eu2W4�xMoxO24 (x = 0–4) (a) and the

comparison of excitation spectra between Sr9Eu2W4�xMoxO24 (x = 2)

(lem = 618 nm) and the red-emitting phosphor Y2O2S:Eu3+ (lem = 627 nm) (b).
absorption of Mo6+ ions. This is beneficial to white-LEDs

because it well matches with the output wavelength of near-UV

or blue LED chips in phosphor-converted W-LEDs.

Fig. 3(b) is the comparison of excitation spectra between

Sr9Eu2W4�xMoxO24 (x = 2) (lem = 618 nm) and the red-

emitting phosphor Y2O2S:Eu3+ (lem = 627 nm). On the

excitation spectrum of Y2O2S:Eu3+, the strong broad band

before 350 nm corresponds to CT transition of the Eu–O and

Eu3+–S2� [21]. However, the absorption in the near-ultraviolet

or blue region is very weak.

Fig. 4(a) presents the luminescence spectra of Sr9Eu2W4�x-

MoxO24 (x = 0–4) under 395 nm excitation at 300 K. These

phosphors have similar PL emission spectra. Upon the

excitation with 395 nm, the emission spectra of Sr9Eu2W4�x-

MoxO24 (x = 0–4) display 5D0!7FJ (J = 0–4) emission lines of

the Eu3+ ions. The dominant red emission of 618 nm in Fig. 4(a)

is attributed to the electric dipole transition 5D0!7F2,

indicating that Eu3+ ions are located at the site of non-

inversion symmetry. This is in agreement with the crystal

structure, i.e., Eu3+ ions in Sr9Eu2W4�xMoxO24 lattices are

located on the M sites which are randomly occupied by 0.5 Sr2+

and 0.5Eu3+ ions.
580 60 0 620 640 66 0

0

2

4

6

8

10

12

14

16

18

0 1 2 3 4

(a)

Mo dop ing  ( x)

In
te

n
si

ty
 (

a.
 u

.)

Wavelength  (n m)

x=4

x=3

x=2

x=1

x=0

5
D

0
-7

F
0

5
D

0
-

7
F

2

5
D

0
-7

F
1

 I
n
te

n
si

ty
 (

a.
 u

.)

575 600 62 5 65 0 67 5 70 0

0

5

10

15

20

Y
2
O

2
S:0.05E u

3+

Sr
9
Eu

2
W

4-xMoxO24
 (x= 2)

(b)

In
te

n
si

ty
 (

a.
 u

.)

Wave leng th (n m)

5
D

0
-7

F
0

5
D

0
-7

F
4

5
D

0
-7

F
3

5
D

0
-7

F
2

5
D

0
-7

F
1

Fig. 4. (a) The luminescence spectra of Sr9Eu2W4�xMoxO24 (x = 0–4) under

395 nm excitation at 300 K. Inset is a plot of integrated intensity as a function of

doping concentration of Mo6+ ions and (b) the luminescence spectra of

Sr9Eu2W4�xMoxO24 (x = 2) Y2O2S:0.05Eu3+ (lex = 395 nm).
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Sr9Eu2W4�xMoxO24 (x = 1–4) under 355 nm excitation at 300 K.
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Inset in Fig. 4(a) is a plot of integrated intensity as a function

of doping concentration of Mo6+ ions. Under 395 nm

excitation, the luminescence intensity increases with increasing

the Mo6+-doping until a maximum intensity at x = 2, and then

the luminescence intensity decreases. Sr9Eu2W4�xMoxO24

(x = 2) presents the strongest luminescence intensity among

this series of phosphors.

Upon the excitation with 395 nm, the main emission lines of

Y2O2S:Eu3+ in Fig. 4(b) are 594 and 627 nm corresponding to

the 5D0!7F1 and 5D0!7F2, respectively. And the integral

emission intensity of Sr9Eu2W4�xMoxO24 (x = 2), which is

proportional to the quantum efficiency, is 3.41 times higher than

that of Y2O2S:Eu3+ under the same measurement conditions

(excitation 395 nm). The CIE color values of Sr9Eu2W4�x-

MoxO24 (x = 2) are (x = 0.66, y = 0.35), which are closer to the

standard of National Television Standards Committee

(x = 0.67, y = 0.33) than that of a commercial red phosphor

of Y2O2S:Eu3+ (x = 0.622, y = 0.351) [22]. Recently, Eu3+-

doped perovskites, for example, Eu3+-doped CaTiO3 [23] and

A2CaMO6 (A = Sr, Ba; M = Mo, W) [24–27], have been widely

investigated as potential phosphors for W-LEDs. The emission

intensity of Eu3+-doped Sr2CaMoO6 is reported to be 1.5 times

higher than that of commercial Y2O2S:Eu3+ [24]; Sr1.5Eu0.05-

Li0.05Ba0.4CaWO6 has 4.5 times stronger luminescence

intensity than that of commercial red phosphor (Nichia) under

465 nm excitation [25]. This suggests that Eu3+-doped

perovskites have potential application as phosphors for white

light generation using blue/near-UV GaN-based W-LEDs

[20,24].

The differences of Sr9Eu2W4�xMoxO24 luminescence from

the reported Eu3+-doped perovskites are of two aspects: firstly,

the concentration of Eu3+ for the maximum intensity of

Sr9Eu2W4�xMoxO24 (100%) is much higher than reported

Eu3+-doped perovskite phosphors; for example, the lumines-

cence quenching concentration of the Eu3+ doping is only

3.0 mol% in CaTiO3:Eu3+ [23]; 5.0 mol% in Sr2ZnWO6:Eu3+

[28] and 10 mol% in Sr2Ca1�2xEuxNaxMoO6 [25]. The high

doping of Eu3+ ions in a phosphor can suffer high power

excitation in the applications in W-LEDs. Secondly, the

luminescence of Sr9Eu2W4�xMoxO24 is pure red-color due to

strong 5D0!7F2 transitions; it has been reported that Eu3+-

doped perovskites Sr2Ca0.8Eu0.1Na0.1MoO6 [26,27] and

Ba2Ca0.08Eu0.02MoO6 [20] give a sharp peak at 595 nm

ascribed to the 5D0!7F1 transition, which present origin-red

color.

Usually in Eu3+-doped tungastates, the band edge of

absorption for WO4 group locates at about 250–340 nm, and

the excitation peaks at around 395 nm are owed to the f–f

transitions of Eu3+. The f–f transitions of Eu3+ are intrinsically

spin- and parity-forbidden and their excitations could not be

very efficient; with increasing the substitution of W6+ by Mo6+,

the average distance between MoO6 decreases and the electron-

delocalization among MoO6 groups increases, thus the red-shift

of the CT band of MoO6 can be observed. With the replacement

of W6+ by Mo6+ below x < 2, upon the excitation of near UV

light the efficient energy transfer can take place from MoO6 to

Eu3+. Thus under the excitation of 395 nm, the luminescence
intensity of Sr9Eu2W4�xMoxO24 (x = 1, 2) was enhanced due to

energy transfer from MoO6 to Eu3+ ions. At the same time the

energy transfer among MoO6 is blocked because MoO6 groups

are separated by WO6 and SrO6 in Sr9Eu2W4�xMoxO24 lattices.

Generally, the luminescent emission of MoO6 is very poor

[29], e.g., Ba2CaMoO6 only presents very weak red lumines-

cence even at low temperature 77 K [20]. This is due to the

characteristics of MoO6 groups: in Mo-rich hosts, the energy

absorbed by the MoO6 groups are strongly quenched by the

energy transfer along MoO6 framework by the exchange-

mechanism [30]. In this mechanism, the critical distance of the

related metal ions for the transfer should be short. In the

perovskite compound Ba2CaMoO6, the critical distance of 8 Å

is estimated for the transfer between MoO6 and MoO6 [20,31].

As shown in Fig. 2, the MoO6–MoO6 distances are calculated

about 5.826 Å and 8.236 Å, the energy transfers related to the

MoO6 groups are reasonable. With increasing Mo6+ doping in

Sr9Eu2W4�xMoxO24 (x = 3, 4), the absorbed energy of MoO6

transfers along MoO6 framework, it is greatly quenched. This

results in little energy transference to the luminescent centre

Eu3+. This is the reason that the PL intensity decrease when

more Mo6+ is doped in the lattices as shown in Fig. 4(a).

Fig. 5 presents the luminescence decay curves by monitoring

618 nm (5D0!7F2) in Sr9Eu2W4�xMoxO24 (x = 0–4) under

355 nm excitation at 300 K. The phosphor of Sr9Eu2W4O24

presents nearly exponential decay with lifetime of 0.29 ms

(figure omitted). With increasing Mo6+ doping the lumines-

cence lifetimes increase and present the maximum value of

0.42 ms in Sr9Eu2W4�xMoxO24 (x = 2). The luminescence

lifetimes decrease with increasing Mo6+ doping above x > 2 as

shown in Fig. 5. This is in consistence with the changes of

luminescence intensity shown in inset in Fig. 4(a).

4. Conclusions

Sr9Eu2W4�xMoxO24 (x = 0–4) were prepared by solid state

reaction at high temperature. The samples form a complete

solid solution for the Mo6+ doping (x = 0–4) and crystal in a

perovskite-type structure. With increasing Mo6+ doping the CT

excitation bands in Sr9Eu2W4�xMoxO24 greatly move to long
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wavelength and present a broad absorption around 400 nm.

Sr9Eu2W4�xMoxO24 (x = 0–4) present more efficient excitation

in the near UV region than that of the commercial red-emitting

phosphor Y2O2S:Eu3+. The CIE color values of Sr9Eu2W4�x-

MoxO24 (x = 2) are (x = 0.66, y = 0.35). With the doping of

Mo6+ below x � 2, the luminescence intensity of Sr9Eu2W4�x-

MoxO24 increases because of the efficient energy transfer from

MoO6 to Eu3+. With increasing Mo6+ doping x > 2, the

luminescence intensity of Sr9Eu2W4�xMoxO24 decreases due to

the strong quenching of the energy transfer along MoO6

framework, which results in little energy transference to the

luminescent centre Eu3+ ions. The strongest luminescence is

observed in Eu3+-fully concentrated Sr9Eu2W4�xMoxO24

(x = 2), which is 3.41 times higher than that of Y2O2S:Eu3+

under the excitation of 395 nm. Sr9Eu2W2Mo2O24 can be a

promising red component for WLEDs.
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