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Abstract In this work Bay 99Eug ;M0O, (BEMO) powders
were prepared by the first time by the Complex Polymer-
ization Method. The structural and optical properties of the
BEMO powders were characterized by Fourier Transform
Infra-Red (FTIR), X-ray Diffraction (XRD), Raman Spec-
tra, High-Resolution Scanning Electron Microscopy (HR-
SEM) and Photoluminescent Measurements. XRD show a
crystalline scheelite-type phase after the heat treatment at
temperatures greater than 400 °C. The ionic radius of Eu*"
(0.109 nm) is lower than the Ba®" (0.149 nm) one. This
difference is responsible for the decrease in the lattice
parameters of the BEMO compared to the pure BaMoO,4
matrix. This little difference in the lattice parameters show
that Eu®" is expected to occupy the Ba®" site at different
temperatures, stayed the tetragonal (S;) symmetry charac-
teristic of scheelite-type crystalline structures of BaMoQ,.
The emission spectra of the samples, when excited at
394 nm, presented the 3 D1—>7F0’ | and 2 and > D0—>7F0, 1,2.3
and 4 Eu’" transitions at 523, 533, 554, 578, 589, 614, 652
and 699 nm, respectively. The emission spectra of the
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powders heat-treated at 800 and 900 °C showed a marked
increase in its intensities compared to the materials heat-
treated from 400 to 700 °C. The decay times for the sample
were evaluated and all of them presented the average value
of 0.61 ms. Eu*" luminescence decay time follows one
exponential curve indicating the presence of only one type
of Eu’" symmetry site.
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Introduction

Numerous investigations on the luminescent properties of
scheelite-type crystalline structures, such as BaMoO,
(BMO), have been carried out. This kind of compounds
have attracted great attention due to their applications as
scintillating materials in electro-optical like solid-state
lasers and optical fibres [1].

One of the main problems concerning the preparation of
the molybdates powders by conventional solid-state reac-
tion method is the synthesis of powders with large grain
size and irregular morphology [2]. Such drawbacks could
be minimized using the Complex Polymerization Method
(CPM) since this synthesis occurs at a low temperature and
the immobilization of the metal complexes in such rigid
organic polymeric networks can reduce the metal segrega-
tion, thus ensuring the compositional homogeneity at
the molecular scale. The cation distribution throughout the
entire gel system is of fundamental importance for the
synthesis of multicomponent oxides since the chemical
homogeneity often determines the compositional homoge-
neity of the material [3, 4]. The studies about luminescent
properties of BMO doped with rare earth are still scarce
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nowadays. However, molybdates (MoO4>") can be opted
for host material once in the MoO,4>~ the central Mo metal
ion is coordinated by four O*” ions in a relatively stable
tetrahedral symmetry (Td) belong to the tetragonal crystal
structure of space group /4;/a. So, trivalent europium ion
(Eu®") activated calcium molybdates (CaMoO,) phosphor
has been developed by solid-state reaction in air, and its
luminescent properties were recently investigated [5]. In
this structure, the Eu®" impurity is occupying the host
divalent cation sites with tetragonal symmetry (S,) [6, 7].

Eu®" ions have attracted significant attention due to their
potential application as phosphors, electroluminescent
devices, optical amplifiers or lasers when it is used as
doping in a variety of several materials [8—10]. Eu®" is the
most studied by luminescence spectroscopy among the rare
earth ions, owing to the simplicity of its spectra and
because of its application as red phosphor in TV screen
[11]. The luminescence of the Eu®" presents emission lines
extending from visible to near infrared with a relatively
simple energy level structure. Especially the *Do—'F,
(J/=0,1,2,...6) manifold enables one to ascertain the micro-
scopic symmetry around the site, making the Eu®" an ideal
experimental probe of the crystalline environment [12]. The
Eu’" ion excited by 394 nm light (°Le level) normally
decays in inorganic systems to the °D levels, mainly to the
Dy, from which the ground state is reached with emission
of radiation to the levels of the fundamental term 'F,;
(J=0,1,2,... 6) [13]. The (2J+1) degeneracy of the free ion
may be broken by the crystal field at its location. The levels
with J=0 are not degenerated, and the Dy—F, transition
shows no more than one band, >Dy—F; three bands and
*Dy—'F, five bands, if the Eu’" sites have a only one
symmetry. Changes in the environment can cause only a
slight change in the position of the electronic transition
lines of the rare earth ions; however, very different values
in its luminescence lifetime have been observed [14, 15].

In this work Bagg9Eug 9 M0oO,4 powders (BEMO) were
prepared for the first time by the Complex Polymerization
Method (CPM) and characterized by Fourier Transformed
Infra-Red (FTIR), X-ray diffraction (XRD), Raman spectra,
high-resolution scanning electron microscopy (HR-SEM)
and photoluminescent measurements.

Experimental
Materials
Molybdenum trioxide MoOs (Synth 85%), BaCO; (Mal-

linckrodt 99%), europium (III) oxide (Aldrich, USA, purity
> 99.90%), citric acid (H3;C¢Hs0-) (Mallinckrodt 99%) and

ethylene glycol (HOCH,CH,OH) (J. T. Baker 99%). All of

the chemicals were used without further purification.
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Synthesis

BEMO powders were prepared by the CPM, which flow
chart is outlined at Fig. 1. Molybdenum citrate was formed
by the dissolution of MoQOj3, molybdenum trioxide, in an
aqueous solution of citric acid under constant stirring at 60—
80 °C until complete homogenization of the solution.
Barium carbonate and europium chloride were then added
to the molybdenum citrate solution. The complex was
stirred for several hours at 60-80 °C to produce a clear and
homogeneous solution. After that, ethylene glycol was
added to promote the polyesterification. The viscosity of
the solution increases with continued heating at 80—90 °C,
and the reactional mixture presented no phase separation.
The molar ratio between barium and europium was 99:1,
between these cations and molybdenum was 1:1, and the
ratio between citric acid and the sum of metals was 6:1. The
citric acid/ethylene glycol mass ratio was set at 60:40. After
partial evaporation of the water, the resin was heat treated at
300 °C for 2 h in a static atmosphere, leading to the partial
decomposition of the polymeric gel, forming an expanded
resin, constituted of partially pyrolyzed material. The
product was removed from the becker and deagglomerated.
The powders were annealed in the temperature range of 400
to 900 °C for 2 h in a static atmosphere and with a heating
rate of 5 °C/min.

Characterizations

BEMO powders were characterized by X-ray diffraction
(XRD) in a Rigaku Dmax2500PC diffractometer, using a
Cu Ko« radiation in order to determine the structural
evaluation and the unit cell volume of the powders. The
average crystallite diameter (Dcrys) of the heat-treated

Citric Acid
+ Water Thermal treatment
| (pyrolysis)

Molybdic Acid »| 60-80°C
(MoO,)
Molybdenum|
citrate De-agglomeration
Heat treatment

Ba2* + Eud* 60-80 °'C

Barium
Europium
Molybdenum
citrate in water

Ethylene glycol — [

Formation of Complex
Polymeric Precursor solution
(Ba 95Eu o4M00,) (90 °C)

Fig. 1 Flow chart representing the procedure used for the synthesis of
BEMO powders

Ba, o5Eu, 4,M0O,
nanopowders
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powders was determined by XRD, using the (112)
diffraction peak of the BaMoO, phase (26 at around
26.5°) according to the Scherrer equation, as described by
Suryanarayana [16],

B =k x A/(Derys % cos6), (1)

where B is the full width at half maximum (FWHM), 6 the
Bragg angle, & is a constant and \ is the wavelength of the
Cu K« radiation.

The BEMO Fourier Transformed Infra-Red (FTIR)
transmittance spectra were recorded at 380-3,000 cm '
frequency range as pressed discs (1% by weight in Csl) at
room temperature, using an Equinox/55 (Bruker) spectrom-
eter. The BEMO and BMO Raman spectroscopy data were
obtained at room temperature using a RFS/100/S Bruker
FT-Raman equipment with spectral resolution of 4 cm'
attached to a Nd:YAG laser, promoting an excitation light
of 1,064 nm in the frequency range of 100—1,000 cm '. The
photoluminescence data of the BEMO powders were
obtained under a 450 W xenon lamp in a Jobin Yvon-
Fluorolog spectrofluorometer at room temperature. Lumi-
nescence lifetime measurements were carried out as well
using a 1934D model spectrophosphorometer coupled to
the spectrofluorometer.

Results and discussion

The work presented by Hu et al. [5] deals with the
synthesis of CaMoO,:Eu’" through the solid-state reaction
in air. In this present work the method utilized to the
synthesis of Bag g9Eug 9;M0O,4 was the Complex Polymer-
ization Method (CPM) that shown to be efficient for the
synthesis of BEMO and BMO powders presenting charac-
teristics like small sized grants and high morphological
homogeneity, which are difficult to observed using the
solid-state reaction method. Figure 2 shows the XRD
patterns of the BEMO samples heat treated at different
temperatures, as well as BMO XRD patterns for compar-
ison. This figure shows a crystalline scheelite-type phase
for all samples heat treated at 400 °C and higher temper-
atures. All diffraction peaks were indexed according to
JCPDS data base n° 29-0193. From the peak positions
displayed in Fig. 2, the lattice parameters were calculated
using the least square refinement from the REDEO93
program. Table 1 presents the crystallite sizes and lattice
constants of tetragonal structure of BEMO powders
prepared by the CPM and heat treated at different
temperatures. The calculated mean crystallite sizes showed
the tendency to increase when the heat treatment
temperature increases. The lattice constants for the BEMO
crystalline powder heat treated at 900 °C were evaluated
by XRD data, using the (112) diffraction peak of the
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Fig. 2 X-ray diffraction patterns of BEMO powders heat-treated
at (a) 400 °C, (b) 500 °C, (c) 600 °C, (d) 700 °C, (e) 800 °C and
(f) 900 °C. BMO XRD patterns are presented in (g)

BEMO phase (26 at around 26.5°) and were determined as
a=5.5758 A, c=12.7942 A, while the pure BaMoO, matrix
presents ¢=5.5802 A and ¢=12.821 A. These results show
evidence of the stabilization of an uncoupled charge
disproportionation Ba** and Eu®":

BuyCl, 2Mis g vl 43720l (2)

where: Vllglé1 is barium vacancy and Eug, charge of europium
ion, and the barium vacancy in Eq. 2 would compensate the
charge of two europium ion. This is possible because the
europium ion has a charge greater than barium charge
causing more defects (vacancies) in the material.

The mean charge modulation between Eu’" and Ba®"
sites is about an electron. The values of crystallite sizes
(calculated using the (112), 100% diffraction peak) for the
BEMO powders are near to 46 nm, which is a similar value
reported for BMO prepared by the same method [4]. Since

Table 1 Crystallite sizes and lattice constants of the tetragonal
structure of BEMO powders prepared by the CPM method and heat
treated at different temperatures

Sample BEMO Crystallite sizes (nm)  Lattice constants (A)
a c

400 °C 27 (£1.3) 5.575(2) 12.826(6)
500 °C 41 (£2.1) 5.564(1) 12.820(5)
600 °C 44 (£2.2) 5.572(1) 12.802(4)
700 °C 48 (x2.4) 5.581(0.5) 12.818(2)
800 °C 47 (2.4) 5.579(0.3) 12.816(1)
900 °C 46 (£2.3) 5.576(0.5) 12.794(2)
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Fig. 3 Spontaneous Raman spectra of BEMO powders heat-treated at
400 °C (a), 500 °C (b), 600 °C (c), 700 °C (d), 800 °C (e) and 900 °C (f)

Intensity (a.u.)

the Eu" ratio is almost the same for the substituted Ba*", it
is expected here that Eu®" presents the same Ba”* symmetry
ascribed to S,.

Figure 3 presents the Raman spectra of the Raman-active
vibration modes of the BEMO powders heat treated at 400
(a), 500 (b), 600 (c), 700 (d), 800 (e) and 900 °C (f). The
assignments of the Raman-active vibration modes of these
materials are detailed in Table 2. The primitive cell of
BaMoO, includes two formula units according to Basiev
et al. [17]. The [MoO4]* ionic group, with strong covalent
Mo-O bonds, is peculiar to the BaMoO, scheelite structure.
Due to weak coupling between the [MoO,]* ionic group
and the Ba>" cations, the vibrational modes observed in the
spontaneous Raman spectra of BaMoO, scheelite crystals

can be divided into two groups of internal and external
modes. The internal vibrational modes correspond to the
vibrations within the [MoO4]*~ group, with a rigid mass
center. The external or lattice phonons correspond to the
motion of the Ba”" cations and the rigid molecular unit. The
[MoO,]* tetrahedral have a Td-symmetry in the free space.

The scheelite primitive cell presents twenty six different
vibrational modes: I'tg=3A,+5A,+5B,+3B,+5E,+5E,,
but only the A,, B, and E, ones are Raman-active, while
the odd modes 4A, and 4E, can only be registered in the
infrared spectra. The tree B, vibrations are silent modes
whereas one A, and one E, modes are acoustic vibrations
[17]. The Raman spectra presented at Fig. 3c—f showed the
well-resolved sharp peaks for the BEMO powders heat
treated at 600-900 °C, indicating that the synthesized
powders were highly crystallized. The Raman spectra of
BEMO powders annealed at 400 and 500 °C does not
present such well-resolved sharp peaks (Fig. 3a-b). Its
crystallization was however observed by XRD (Fig. 2a-b).
This difference was understood by the fact that the X-ray
probes the overall long-range order, wherecas Raman
scattering probes the short-range structural order.

Figure 4 presents a HR-SEM micrograph of BEMO
powders heat treated at 700 °C (a) and 900 °C (b) with a
heating rate of 5 °C/min. In this figure was observed that
the BEMO sample heat treated at 700 °C (Fig. 4a) presents
an agglomerate of individual particles, which sizes are less
than 100 nm. The BEMO powders heat treated at 900 °C
(Fig. 4b) showed small particles of BEMO with dimensions
of around 100 nm and that probable will be embodied to
form one bigger particle. In this case occur the growth
of the grains, favoring the sintherizing process and
consequently it is observed a bigger crystallite size than
that observed for the BEMO sample heat treated at 700 °C.

Table 2 Raman mode fre-

quencies for the BEMO pow- Lattice mode BEMO™" BMO* BMO®? Assignments
ders heat treated at different symmetry C°4,
temperatures 500 °C  600-900 °C  500-700 °C  1,100-1,200 °C
A, 889 890 891 892 v (4)
B, 838 838 838 837 V3 (F,)
E, 789 791 791 791
E, 359 359 359 358 V4 (F5)
B, 346 346 345
B, 325 326 324 v, (E)
A, 325 325 325 324
E, 190 190 188 Ve, (F) free rotation
B, 138 141 137 V eyt -external modes MoO,%~
and Ba®>" motions
E, 108 107 110
 CPM method [4] B, 78 78 76
° This present work Eg 76 74

© Czocharalski method?
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200 nm
—

Fig. 4 HR-SEM micrograph of BEMO powders heat-treated at
700 °C (a) and 900 °C (b)

Figure 5 shows the FTIR spectra of the BEMO powders.
Several bands ascribed to the carbonate groups are showed in
the spectrum of BEMO annealed at 350 °C (Fig. 5a).
According to Nakamoto, the v(CO) stretching occurs at
2,375-1,100 cm ' and the vV(OCO) stretching occurs at
1,100-550 cm ', showing that undecomposed organic
ligands are still present in the powders [18]. The band at
around 1,700 cm™ " is attributed to the vibration asymmetric
COO. The bands of around 1,550 and 1,390 cm ! are
attributed to the vibration symmetric COO (Fig. Sa—) [19].
The spectrum of Fig. 5d—g does not present any bands
referent to carbonate groups. As it was presented previously
in the Raman discussion, only the F»(v3, v4) (B; and E,)
modes are IR active in the scheelite phase. The F,(v3)
vibrations are the antisymmetric stretches, and the F,(vy,)
vibrations are bending modes. The spectra of the BEMO
heat treated at 400900 °C (Fig. 5b—g) display a very broad
absorption band from 810 to 830 cm ', assigned to the
F>(v3) antisymmetric stretch vibrations, ascribed to the
Mo-O stretching vibration in the MoO4>~ tetrahedral [18].
The band at 2,350 cm™! refers to the CO, adsorbed from
the environment.

Figure 6 presents the room-temperature excitation
spectrum of BEMO powder heat-treated at 700 °C obtained
when the emission was fixed at 614 nm for illustration. In
this spectrum it is noticed the characteristic excitation band

Intensity (a. u.)

U L L
1500 2000 2500
Wavenumber (cm™)
Fig. 5 FTIR absorption spectra of BEMO powders heat-treated at
350 °C (a), 400 °C (b), 500 °C (c), 600 °C (d), 700 °C (e), 800 °C (f)
and 900 °C (g)

500 1000 3000

of the Eu®" °Lg transition at 394 nm as the main peak. The
broad band at around 290 nm is ascribed to charge transfer
from the matrix to the Eu®" ion.

Figure 7 shows the room-temperature emission spectra
of BEMO powders heat-treated at 500-900 °C. The study
about the CaMoO4:Eu’" [5] deal with the variation of the
relative intensity of same Eu®" emissions related to the
concentration of this ion, while the study made by us
describe what is the behavior of the Eu®" emission
properties with the increase in the treated temperature in
the Bagg9Eug9M0oO4. BEMO powders presented the
predominant red emission of the Eu’" characteristic of its

L

6

Intensity (a.u.)

275 300 325 350 375 400
Wavelength (nm)

Fig. 6 Room-temperature excitation spectrum of BEMO powders
heat-treated at 700 °C, Agp.=614 nm
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Fig. 7 Room-temperature emission spectra of the BEMO powders heat-
treated at 500 °C (a), 600 °C (b), 700 °C (c), 800 °C (d) and 900 °C
(e). Apxe.=394 nm

>Dy—"F, emission when excited at 394 nm. The emission
spectra of all samples presented the ’D,—"F,, D —'F,
and °D,—F, transitions at 523, 533 and 554, respectively,
besides the 5D0—>7F0, 5D0—>7F1, 5D0—>7F2, 5D0—>7F3 and
*Dy—'F, Eu®' ones at 578, 589, 614, 652 and 699 nm,
respectively. This indicates that Eu®" site symmetry has no
center of inversion, so the state of opposite parity can be
mixed in. In this system, the red lines will often be present
and is predominant. The intensity of the *Dy—’F,
transition, called as hypersensitive, is strongly dependent
on the Eu’" surrounding due to its electric dipole character.
The °Dy—’F; transition however has a magnetic dipole
character and its intensity is almost independent of the
environment. So, the ratio of the (°Dy—'F,)/(°Dy—"F))
emission intensity, gave us valuable information about the
symmetry of the site in which Eu®* ions are situated [20].
The emission spectra presented in Fig. 7 have the same
profile where in all of them it is observed that the band
ascribed to the *Dy—F, transition at 614 nm is much more
intense than that due to the Dy—’F; at 589 nm. The
emission spectra of the powders heat-treated at 800 and
900 °C showed a marked increase in its intensities com-
pared to the materials heat-treated from 500 to 700 °C. It was
also observed that the ("Dy—'F,)/(°Dy—'F,) ratios increase
with the increase of the heat treatment. This indicates a
structural change of the Eu®* to a lower symmetry.

Figure 8 shows the decay curve of the *Dy—'F, transition
of the Eu®" in the BEMO powder heat-treated at 700 °C,
where the emission and excitation wavelengths were fixed
at 614 nm and 394 nm, respectively, for illustration. Dotted
line shows the fit to second exponential function. The decay
times for the sample were evaluated and all of them

@ Springer

Fig. 8 Decay curve of the Eu®" emission (Aem. =614 nm, \gxc.=
394 nm) for the BEMO powders heat-treated at 700 °C. Dotted line
show the fit to first exponential function

presented the average value of 0.61 ms. Since the Eu®*
luminescence decay time follows one exponential curve
and are similar for all samples it is supposed that only one
type of Eu®" center is present in the BEMO samples.

Conclusion

The Complex Polymerization Method (CPM) was used to
prepare BEMO powders. The powders were annealed at
350, 400, 500, 600, 700, 800 and 900 °C for 2 h in a static
atmosphere and with a heating rate of 5 °C/min. The
BEMO materials show a crystalline BaMoO, scheelite-type
phase after the heat treatment above up 400 °C. The lattice
constants for the BEMO powders heat treated at 900 °C
were a=5.5758(5) A and ¢=12.794 (2) A, while the pure
BMO matrix presents a=5.5802 A and ¢=12.821 A. The
jonic radius of Eu’" (0.109 nm) is lower than the Ba®"
(0.149 nm) one; this difference resulted in lower lattice
parameters for BEMO than the BMO matrix. This little
difference in the lattice parameters indicates that Eu®" is
expected to occupy the Ba®’ site in this phosphor. The
values of crystallite sizes (calculated using the (112), 100%
diffraction peak) for the BEMO powders are near to 46 nm.
These materials presented the characteristic red emission of
the Eu®" when excited at 394 nm. The emission spectra of
the samples presented besides the 5D0—>7F], 2.3 and 4 Eu®"
transitions at 589, 614, 652 and 699 nm, respectively, the
°Dy—"Fo, 1 anda 2 at 523, 533, 554 nm, respectively. The
emission spectra of the powders heat-treated at 800 and
900 °C showed a marked increase in its intensities com-
pared to the materials heat-treated from 400 to 700 °C.
Since the *Dy—'F, transition is much more intense than
that due to the >Dy—"F; it is supposed that the symmetry
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around the Eu®" ions does not contain a center of inversion.
It was also concluded that the surrounding around the Eu®"
have changed to a lower symmetry with the increase of
temperature. The Eu®’ decay time was evaluated for all
BEMO samples and all of them presented the average value
of 0.61 ms. The mono exponential feature of the decay time
curves indicates the presence of only one Eu’* symmetry
site.
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