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Abstract

Submicrometer crystalline CaMO4:RE3+ (M ¼W, Mo; RE ¼ Eu, Tb) phosphors with a sheelite structure have been synthesized via

the hydrothermal process, which were characterized by X-ray powder diffraction (XRD), Fourier transform infrared spectroscopy (FT-

IR), X-ray-excited luminescence (XEL), UV–vis diffuse reflectance spectra (UV–vis DRS) and scanning electron microscopy (SEM),

respectively. The XRD patterns show that both CaWO4 and CaMoO4 have the same structure with space group I41/a. The SEM images

indicate that the optimal hydrothermal temperature is 120 1C for the particles that aggregate with the increase of temperature. The bands

ranging from 380 to 510 nm in the XEL spectra of CaWO4:Eu
3+ can be attributed to the charge transfer state from the excited 2p orbits

of O2� to the empty orbits of the central W6+ of the tungstate groups. The comparison between photoluminescent lifetimes and quantum

efficiencies of the two phosphors was also investigated in detail.

r 2008 Published by Elsevier Inc.
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1. Introduction

Metal tungstates and molybdates are two important
families of inorganic materials that have great potential
applications in various fields, such as phosphors, optical
fibers, scintillators, magnets and catalysts [1–6]. There are
two different structures for tungstate and molybdate com-
pounds: wolframite and scheelite. The CaMO4 (M=W,
Mo) series belong to the scheelite structure and exhibit
interesting X-ray luminescent properties. So they are
used as X-ray phosphors, scintillators, laser crystal and
host lattices in electron spin resonance [7–10]. Calcium
tungstate has been extensively investigated as a self-
activated phosphor emitting blue light related to tetrahe-
dral WO4 groups [11]. It is reported that CaWO4 as an
X-ray-intensifying screen material has been used for nearly
80 years. Among the scheelite-related phosphors, molyb-
date is a good choice as host material. Compared to
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tetrahedral WO4 group, the central Mo6+ metal ion is
coordinated to four oxygen atoms in the tetrahedral
symmetry (Td), and the cations, to eight oxygen atoms
from different tetrahedral. Both molybdate and tungstate
have broad and intense absorption bands due to charge
transfer (CT) from oxygen to metal in the near-UV region.
Many scheelite-related phosphors doped with Eu3+ have
also been studied extensively and reveal a non-radiative
mechanism for the energy transfer to the activator ion
[10,12–17]. It is shown that CaMO4:Eu

3+ (M=W, Mo)
can be effectively excited by near-UV LEDs (380–410 nm),
and then emits bright red fluorescence (5D0–

7F2). There-
fore, rare-earth ions-doped tungstates and molybdates are
also potential materials for LED application.
In recent years, low-dimensional submicro-sized materi-

als attracted much attention because of their unique small-
size effect. To date, a variety of preparation techniques
have been proposed to produce low-dimensional materials
with controlled morphology [18,19], including microemul-
sion reaction [20], hydrothermal process, pulsed laser
induced method [7], molten salt reaction [22], pechini
method [23], sonochemical route [24], peptide-induced
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Fig. 1. XRD patterns of the samples of (a) CaWO4:Eu
3+ and

(b) CaMoO4:Eu
3+ synthesized by the hydrothermal method at 120 1C.
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precipitation method [25] and the sol–gel process. A great
number of submicro-sized tungstate phosphors have been
investigated for their potential application [21,22]. Hu and
co-workers controllably synthesized SrWO4 submicropar-
ticles, submicropeanuts and submicrorods by a solvother-
mal-mediated microemulsion method [23]. Study on
luminescent properties of submicro-sized phosphors is
important due to their potential applications.

In this paper, we synthesized scheelite-type CaMO4:
Eu3+/Tb3+ (M ¼W, Mo) phosphors via the hydrothermal
process with a diameter of 30 nm of CaWO4 and 40 nm of
CaMoO4. The morphology and size of CaWO4 can be
readily tuned by adjusting the experimental parameters.
Because they are proper phosphors excited by X-rays [26],
we also studied the XEL performance of the as-synthesized
CaMO4:Eu

3+/Tb3+ (M ¼W, Mo).

2. Experiments

Na2MoO4 � 2H2O (AR), Na2WO4 � 2H2O (AR), Eu2O3

(99.99%) and Ca(NO3)2 � 4H2O (AR) were used as the
starting materials, and all of them were of analytical grade
without any further purification. CaMO4:Eu

3+ submicro-
phosphors were synthesized as follows: stoichiometric
Eu2O3 was dissolved in nitrite acid under heating with
continuous magnetic stirring. After the Eu2O3 was com-
pletely dissolved, the extra nitrite acid was removed by
evaporation. Then deionized water was added to obtain
Eu(NO3)3 solution. Meanwhile, appropriate amounts of
Na2WO4 � 2H2O and Ca(NO3)2 � 4H2O were dissolved in
deionized water to form aqueous solution. Then the
Eu(NO3)3 and Ca(NO3)2 solutions were mixed homoge-
neously under magnetic stirring while Na2WO4 solution
was being added. The two solutions were mixed with
strongly magnetic stirring at room temperature to produce
precipitate. The pH value was adjusted to about 9 with
ammonia solution. Then the precipitate was transferred
into a Teflon-lined stainless-steel autoclave with a filling
capacity of 70%, and heated to a given temperature (120,
170 and 220 1C) and held for 24–72 h. Then the autoclave
was cooled to room temperature naturally. The precipitate
was collected by centrifugation, and washed three times
with distilled water. After being dried in air at 60 1C for
24 h, the white powder product was obtained. The other
powders were synthesized by the same procedure with the
corresponding starting materials.

2.1. Physical measurements

X-ray powder diffraction (XRD) analysis was carried
out on a Bruker D8 Focus powder diffractometer with Cu
Ka radiation (40KV/60mA, graphite monochromator).
The morphology and particle size of the as-prepared
powders were characterized by scanning electron micro-
scopy (SEM) (JEOL, Model JEM-1230). X-ray-excited
luminescence (XEL) spectra were measured at room
temperature on a home-made X-ray-excited spectrometer,
FluorMain, where a FII-30 movable X-ray tube (Tungsten
anticathode target, 80 kV/4mA) was used as the X-ray
source and operated at room temperature. Photolumines-
cence spectra were measured by an RF-5301PC fluores-
cence spectrophotometer with a Xe lamp at room
temperature. Fourier transform infrared spectroscopy
(FT-IR) data were collected on a Perkin-Elmer 2000
FT-IR spectrophotometer in the range of 400–7000 cm–1

using KBr pellets. UV–vis diffuse reflectance spectra
(UV–vis DRS) of dry pressed disk samples were obtained
on a Lambda-900 UV–vis spectrophotometer and BaSO4

was used as a reference standard. Luminescent lifetimes for
the phosphors were characterized through an Ediburg FLS
920 phosphorimeter using a 450W xenon lamp as the
excitation source (pulse width, 3 ms).
3. Results and discussion

3.1. Basic characterization

Fig. 1 shows the XRD patterns of the submicro-
phosphor CaWO4:Eu

3+ and CaMoO4:Eu
3+ synthesized

by the hydrothermal method at 120 1C for 72 h. All samples
agrees well with the reported data (JCPDS: 41-1431 and
29-0351) and no other impurities could be found. Both
CaWO4 and CaMoO4 are sheelite structures with the same
space group I41/a [88]. The unit cell parameters are
a ¼ b ¼ 5.243 nm, c ¼ 11.373 nm for CaWO4 and a ¼ b ¼

5.226 nm, c ¼ 11.430 nm for CaMoO4. The broadened
peaks of the XRD patterns of the samples indicate the
crystallite size is small. The approximate particle size of
the product is evaluated from the (112) peak according to
the Debye–Scherrer equation:

D ¼ 0:89l=ðb� cos yÞ, (1)
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Fig. 2. FT-IR spectra of (a) CaWO4:Eu
3+ and (b) CaMoO4:Eu

3+.

Table 1

Vibrational wave numbers (cm�1) and assignment for the CaWO4:Eu
3+

and CaMoO4:Eu
3+ synthesized by hydrothermal method at 120 1C [28]

Wave numbers (cm�1) Assignment

3454 O–H

1630.7 O–H

1380 N–O

914–721 O–W–O

428 W–O
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where D is the average grain size, l represents CuKa
wavelength 0.1542 nm and b is the half-width of the peak
with Bragg angle y. The calculated results show that the
average crystallite sizes of the CaWO4:Eu

3+ and CaMoO4:
Eu3+ powders are about 30 and 40 nm, respectively.

The FT-IR spectra of the as-synthesized samples
CaWO4:Eu

3+ and CaMoO4:Eu
3+ phosphors by the hy-

drothermal method at 120 1C are shown in Fig. 2. The
CaWO4:Eu

3+ phosphor has approximate vibration modes
as the CaMoO4:Eu

3+ phosphor. Report on the FT-IR
property of tungstate acids by Jesus et al. [27] shows that
both have five vibrations modes, as described in Table 1.
The bands at 3454 cm�1 and 1630.7 cm–1 are assigned to
O–H stretching vibration and H–O–H bending vibration
[4], respectively. The two bands are the characteristic
vibrations of water from air, physically absorbed on the
sample surface, which is completely different from co-
ordinated water in compounds. The 1380 cm�1 band is
attributed to N–O vibration modes probably from the
remaining starting reactants NO3

�. A strong absorption
band around 910 cm–1 is related to O–W–O stretches of the
WO4 tetrahedron or to O–Mo–O stretches of the MoO4

tetrahedron, because the AWO4-type sheelite oxides,
having S4 site symmetry for the WO4

2� groups, which show
the main absorption bands in the region 400–1000 cm�1,
centered around 911, 833 and 405 cm�1 corresponding to
the n1, n3 and n2 modes of the WO4

2� groups, respectively
[28]. For the same reason, the 428 cm�1 band is attributed
to the n2 stretching vibration of W–O or Mo–O.
To understand the growth process of the submicro-

phosphors, we investigated the effects of temperature on
the morphology of the products. Figs. 3(a–c) and 4(a–c)
show the SEM images of the CaWO4:Eu

3+ and
CaMoO4:Eu

3+, respectively, which synthesized at different
temperatures (120, 170 and 220 1C) for 72 h. It clearly
indicates that all products consist of nano- or micrometer
spheres. When the reaction was carried out at 120 1C
for 72 h, homogeneous spherical grains of CaWO4:Eu

3+

with an average diameter of about 1 mm could be obtained
(Fig. 3a). The diameter is bigger than the results calculated
from the XRD pattern because the particles observed in
SEM images are aggregated by many small crystal grains.
While the reaction temperature was held at 170 1C, the
grain size is not homogeneously dispersed. For the
phosphor of CaWO4:Eu

3+, when the temperature was
increased to 220 1C, the particles tend to aggregate strongly
and seem to melt into one phase. But the spherical grains
still can be observed (Fig. 3c). Fig. 4(a–c) shows the
morphology of CaMoO4:Eu

3+ powders synthesized at 120,
170 and 220 1C. These images show that the small
homogeneous grains aggregate to produce flake-like
aspects. Compared with the SEM images of CaWO4:Eu

3+,
with increasing temperature, the morphology of CaMoO4:
Eu3+ particles do not vary obviously. The mean size of
CaMoO4:Eu

3+ particles calculated by the Debye–
Scherrer equation is about 40 nm.

3.2. Luminescent properties

The XEL spectra of CaWO4:Eu
3+ and CaMoO4:Eu

3+

powders are shown in Fig. 5. A broad luminescence
band ranges from 375 to 510 nm in the spectrum of
CaWO4:Eu

3+, which agrees with the results of Yu [29]. It is
attributed to the charge energy transfer of WO4

2� in the
CaWO4 host. Nikl et al. [30] reported that the sheelite
tungstate showed excitonic luminescence based on radia-
tive transition within the tetrahedral (WO4

2�) group, where
the exciton becomes autolocalized. WO4

2� has a tetragonal
structure. W6+ is located in the center of the tetragonal
structure with four O2� located in the four apex angles.
The outer shell of W6+ is full of electrons (5s25p6) in its
ground state. When it is excited, one 2p electron of O2�

(2s22p6) transfers to W6+’s 5d empty shells to form W5+

(5s25p6d), then transfers back to the ground state and
generates transition radiation. The ‘‘spread-eagle’’ shape of
the blue emission was explained by the influence of the
Jahn–Teller effect on the degenerated excited state of
(WO4

2�) tetrahedron [31]; the peak at 615 nm is due to the
5D0–

7F2 electric dipole transition of the Eu3+ ion.
CaMoO4 has the same structure as CaWO4. In the
X-ray-excited luminescent spectrum, CaMoO4:Eu

3+ phos-
phor has three main emission peaks at 592.8, 615 and
702.4 nm, which correspond to 5D0–

7F1,
5D0–

7F2 and
5D0–

7F4 transition of Eu3+ ion. The electric dipole
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Fig. 3. SEM images of CaWO4:Eu
3+ ((a) 120 1C, (b)170 1C and (c) 220 1C) phosphors synthesized by the hydrothermal method at different temperatures

for 72 h.
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transitions of 5D0–
7F2 is more prominent compared to the

magnetic dipole transition of 5D0–
7F1 at 592.8 nm. Usually

the intensity ratio of 5D0–
7F2 to 5D0–

7F1 is regarded as a
probe to detect the inversion environmental symmetry
around Eu3+ in the host [32]. If the RE3+ ions occupy the
host sites with inversion symmetry, optical transitions
inside the 4fn configuration are strictly forbidden as electric
dipole transition. So it can be concluded that the Eu3+ ion
is not located at the site with inversion symmetry for both
the phosphors. The XEL spectra show that CaMoO4 is a
more effective host material for rare-earth-doped phosphor
than CaWO4. The difference of the emission band ranging
between 200 and 520 nm is due to the covalency discussed
latter.

UV–vis absorption spectra of CaWO4:Eu
3+ and

CaMoO4:Eu
3+ phosphors are shown in Fig. 6. According

to the Li’s research [33], CaWO4 nano-crystals exhibited a
very broad asymmetrical absorption in the range of
180–300 nm, which is also observed in Fig. 6. The absorp-
tion spectra of the two samples are very similar. The
absorption band of CaWO4:Eu

3+ is located between 210
and 300 nm, corresponding to oxygen to tungsten (O-W)
ligand-to-metal charge transfer (LMCT) in the WO4

2�

group [25]. At this absorption region, the peak of
CaMoO4:Eu
3+ is broader than CaWO4:Eu

3+. The nega-
tive absorption peak at 614 nm is due to the 5D0–

7F2

transition of the Eu3+ ion excited by the UV component in
the incident ray during the measurement.
Fig. 7 shows the comparison of the XEL spectrum of

CaWO4:Tb
3+ and CaMoO4:Tb

3+ powders. CaWO4:Tb
3+

phosphors emit bright green light under X-ray excitation,
there are a group of typical 5D4–

7FJ (J ¼ 6, 5, 4, 3)
transitions of Tb3+. The predominant peak is attributed to
the emission of 5D4–

7F5 at 545nm. The other emissions
located at 437, 489, 587 and 620nm are ascribed to the
transitions of 5D3–

7F4,
5D4–

7F6,
5D4–

7F4 and 5D4–
7F3,

respectively. CaMoO4:Eu
3+ also has the same peaks but

with weaker intensities, because, except for the characteristic
peak at 545nm, other emission peaks of Tb3+ are obscure.
Fig. 8 shows the UV–vis DRS of (a) CaWO4:Tb

3+ and (b)
CaMoO4:Tb

3+. Both have broad absorption band ranging
from 200 to 480nm and the spectrum of CaWO4:
Tb3+ is steeper than that of CaMoO4:Tb

3+, which is similar
to Fig. 7. Both Figs. 6 and 8 indicate that MoO4

2� has a
broader absorption band than WO4

2� in the UV-light region.
Fig. 8 shows that the negative absorption peaks are the
characteristic emission peaks of the active rare-earth ions,
except for the emission band at 545nm, on the UV–vis diffuse
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Fig. 4. SEM images of CaMoO4:Eu
3+ ((a) 120 1C, (b) 170 1C and (c) 220 1C) phosphors synthesized by the hydrothermal method at different temperature

for 72 h.

Fig. 5. The XEL spectra of (a) CaWO4:Eu
3+ and (b) CaMoO4:Eu

3+. Fig. 6. UV–vis diffuse reflectance of (a) CaWO4:Eu
3+ and (b)

CaMoO4:Eu
3+.
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reflectance curve of CaWO4:Tb
3+, there are three obvious

characteristic emission peaks of Tb3+ at 490, 585 and 619nm.
While regarding CaMoO4:Tb

3+, it has the 545nm emission.
To further investigate the influence on the luminescent
intensity of CaWO4:Eu

3+ and CaMoO4:Eu
3+ phosphors

varied with the concentration of Eu3+. The relationship
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Fig. 8. UV–vis diffuse reflectance spectra of (a) CaWO4:Tb
3+ and

(b) CaMoO4:Tb
3+.

Fig. 9. Relationship between the 613nm emission intensity of CaWO4:Eu
3+

and CaMoO4:Eu
3+ and concentration of doping Eu3+ concentration.

Fig. 10. Room temperature luminescence decay curves of the (a)

CaWO4:Eu
3+ and (b) CaMoO4:Eu

3+ (lex ¼ 393 nm, lem ¼ 613nm).

Fig. 7. XEL spectra of (a) CaWO4:Tb
3+ and (b) CaMoO4:Tb

3+.
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between the emission intensity at 613 nm excited by 393 nm
and concentration of Eu3+ is shown in Fig. 9. The
luminescent intensity enhances with the increase of the
doping concentration of Eu3+ and reaches a maximum at
10% for CaWO4:xEu

3+, while for CaMoO4:xEu
3+, 8% is

the maximum doping concentration. When the Eu3+

concentration exceeds the quenching concentration, the
intensity decreases and from the XRD pattern the second
phase of Eu2WO6 can be observed.

The typical decay curve of CaMO4:Eu
3+ (M ¼W, Mo)

was measured and described as a single exponential
equation

LnðSðtÞ=S0Þ ¼ �k1t ¼ �t=t;

which indicates that all Eu3+ ions occupy the same
coordination environment. The fluorescence lifetime t1 of
the CaWO4:Eu

3+ is about 516ms and that of CaMoO4:Eu
3+
is about 494ms. The luminescent decay curves (Fig. 10) of the
5D0 excited state of Eu3+ are obtained by monitoring the
5D0-

7F2 emission. Further, the emission quantum efficien-
cies of the 5D0 excited state of Eu3+ for CaMoO4:Eu

3+ and
CaWO4:Eu

3+ were determined on the basis of the emission
spectra and lifetimes of the 5D0 emitting level, using the
following four main equations according to Refs. [34–41].
The detailed principle and method were adopted as given in
Ref. [42] and the data were shown in Table 1.

A0J ¼ A01ðI0J=I01Þðu01=u0JÞ; (2)

Arad ¼
X

A0J ¼ A01 þ A02 þ A03 þ A04, (3)

t ¼ A�1rad þ A�1nrad, (4)

Z ¼ Arad=ðArad þ AnradÞ. (5)



ARTICLE IN PRESS

Table 2

Luminescence data for CaMO4:Eu
3+ (M ¼W, Mo)

PL CaWO4:Eu
3+ CaMoO4:Eu

3++

lem (nm)a 588.8, 613.7 576.2, 589.0, 613.4, 703.8

u0J (cm�1) 16983, 16295 17355, 16978, 16303, 14209

A0J (s�1) 50, 282 26.4, 50, 170.5, 11.7

t (ms)b 0.516 0.494

Aexp (s�1) 1938 2024

Arad (s�1) 332 258.6

Anarad (s�1) 1606 1766.4

Z (%) 17.13 12.78

O2 (10
�20) 8.18 4.55

O4 (10
�20) – 0.78

XEL CaWO4:Eu
3+ CaMoO4:Eu3++

lem (nm) 569.6, 594.4, 614.9, 655.9, 702.9 592.36, 615.1, 702.1

aThe relative intensities were obtained by the calculation of integrated

area of the corrected emission bands.
bFor 5D0-

7F2 transition of Eu3+.
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Here A0J is the experimental coefficients of spontaneous
emissions, A01 is the Einstein’s coefficient of spontaneous
emission between the 5D0 and

7F1 energy levels, which can be
determined as approximately 50 s�1 and as a reference to
calculate the value of other A0J [39–41]. I is the emission
intensity and can be taken as the integrated intensity of the
5D0-

7FJ emission bands. u0J refers to the energy barrier and
can be determined from the emission bands of Eu3+’s
5D0-

7FJ emission transitions. Arad and Anrad are the
radiative transition rate and non-radiative transition rate,
respectively. Arad can be determined from the summation of
A0J (Eq. (3)). Then the luminescence quantum efficiency
can be calculated from the luminescent lifetimes, radiative
and non-radiative transition rates. The luminescent
quantum efficiency of CaWO4:Eu

3+ (17.13%) is higher
than that of CaMoO4:Eu

3+ (12.78%) in spite of the slightly
different lifetimes from each other, which is because the
red/orange ratio of CaWO4:Eu

3+ is more than that of
CaMoO4:Eu

3+.
Furthermore, to understand the effect of chemical

environment on the luminescent property of Eu3+ better,
we determined the Judd–Ofelt parameters for the Eu3+-
activated phosphors. The spontaneous emission probabil-
ity, A, of the transition is related to its dipole strength
according to [43–46]

A ¼ ð64e2p4u3Þ=½3hð2J þ 1Þ�

� f½ðn2 þ 2Þ2=9n�
X

OljoJjjU ðlÞjjJ 04j2, (6)

where u is the average transition energy in cm�1, h is
Planck’s constant, and 2J+1 is the degeneracy of the
initial state (1 for 5D0). The factors containing the
medium’s refractive index n result from local field
corrections that convert the external electromagnetic field
into an effective field at the location of the active center in
the dielectric medium. The transition from 5D0 to 7F1

(J=1) is the isolated magnetic dipole transition and has
no electric dipole contribution, which is practically
independent of the chemical environment of the ion and
can be used as a reference as mentioned above [42]. Besides,
the 5D0-

7F6 transition could not be experimentally
detected and it is not necessary to determine its J–O

parameter. e is the electronic charge. With the refraction
index n ¼ 1.506 [44,45], and oJ||U(l)|||J04|2 values are the
square reduced matrix elements whose values are 0.0032
and 0.0023 for J=2 and 4 [45,46], respectively. The O2 and
O4 intensity parameters for the two phosphors are shown in
Table 2. O2 of CaWO4:Eu

3+ (8.18) is higher than that of
CaMoO4:Eu

3+ (4.55), suggesting that the Eu3+ ion is
located in a more polarizable chemical environment in
CaWO4 than in CaMoO4. It means that CaWO4:Eu

3+

possesses a stronger covalency than CaMoO4:Eu
3+. The

radius of Mo6+ is similar to that of W6+ for lanthanide
contraction effect, while the interaction between W6+ and
O is stronger than that of Mo6+–O for the more electronic
layer.
4. Conclusions

In conclusion, a series of submicro-crystal CaMO4:
Eu3+/Tb3+ (M ¼W, Mo) phosphors with 30–40 nm
dimensions were prepared by the hydrothermal process.
The morphology and dimension of CaMO4:Eu

3+ (M ¼W,
Mo) crystallites were influenced by hydrothermal tempera-
ture. The reaction temperature at 120 1C is the optimal
hydrothermal temperature, for which we can obtain the
homogeneous particles with a spherical shape of CaWO4:
Eu3+. The emission bands from 380 to 510 nm in the
XEL spectra of CaWO4:Eu

3+ is attributed to the host
lattice emission. The bands at about 615 nm are assigned to
the characteristic 5D0–

7F2 emission of Eu3+ for both
CaMoO4:Eu

3+ and CaWO4:Eu
3+. The luminescent in-

tensity of the samples CaWO4:Eu
3+

x excited by 393 nm
approaches a maximum at x ¼ 10%, while in CaMoO4:
Eu3+x, x ¼ 8%. The luminescent quantum efficiency of
CaWO4:Eu

3+ (17.13%) is higher than that of CaMoO4:
Eu3+ (12.78%), different from the approximate of lifetime.
We ascribe this to the different red/orange fluorescent band
ratio of CaWO4:Eu

3+ and CaMoO4:Eu
3+.
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