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ABSTRACT

The particles of the solid solution of strontium molybdate and tungstate

(SrMo0.5W0.5O4) were doped with Eu3? ions at concentrations of 1, 2 and

4 mol% synthesized by the microwave-hydrothermal method (MHM). The

structural analyses of the particles were conducted by XRD with Rietveld

Refinement and FT-Raman spectroscopy. The crystallization and growth of

particles were investigated by FEG-SEM and proposed a mechanism of particle

development involving the steps: nucleation and further growth. The SrMo0.5-
W0.5O4 presented white emission with the chromaticity coordinates: (0.32; 0.40).

The Sr(1-x)EuxMo0.5W0.5O4 samples exhibited an increase in luminescence

intensity in the red region as the concentration of Eu3? increases, a behavior

attributed to the 5D0 ?
7F2 transition of Eu3? (623 nm). The Sr(1-x)EuxMo0.5-

W
0.5
O4 samples showed high color purity (& 97%), as well as the results of the

color reproduction index (CRI) reached 80% level. The radiation luminous

efficiency (LER) presented by the samples exhibited values of 322 lm.W-1.

According to the quality of the photometric parameters presented, the samples

have attributions for application in solid-state lighting devices.
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GRAPHICAL ABSTRACT

Introduction

Inorganic materials doped with rare earth ions have

become essential to develop devices and advanced

optical technologies to generate light [1]. Due to their

optical, electronic and chemical properties, these

materials play a fundamental role as high-perfor-

mance luminescent equipment in modern lighting

and display devices, as well as phosphors, light-

emitting diodes (LEDs), laser hosts, emissive screens,

heat-resistant materials, humidity sensors, fluores-

cent lamps, optical data storage, and catalysts, among

other applications [2–5].

Metal molybdates have been successfully used as

rare earth host matrices for luminescent materials

because of their excellent physical and chemical

properties [6–9]. In particular, SrWO4 and SrMoO4

have been considered the most efficient host matrices

for various types of rare earth ions, such as Yb3?/

Er3?, Eu3?, Gd3?, Pr3?, Ho3?, Sm3? and Nd3?

[10–12].

The direct excitation of Eu3? ions is considered to

be an inefficient process because of the prohibited

nature of the 4f transitions. However, these ions are

responsible for exhibiting efficient luminescence

through UV excitation when they are inserted into

inorganic materials. Eu3? has intense and narrow

emission lines that go from red to near infrared when

excited by UV wavelength, which leads it to often

being used as a doping element [13]. According to

Gai et al. [14], these materials have several advan-

tages attributed to the shielding of the 4f electrons,

such as large Stokes shift, sharp emission spectrum,

long lifetime, high chemical/photochemical stability,

low toxicity and reduced photobleaching. The Eu3?

concentration used in the matrix provides maximum

PL intensity especially that associated with the tran-

sition 5D0 ?
7F2. It is crucial to assess the influence of

Eu3? on the structural, optical and morphological

behavior of materials.

Although many works have focused their attention

on studying molybdate and tungstate phosphors

separately, only a few have been developed with

mixed inorganic molybdate-tungstate phosphors

doped with lanthanides. Thus, this article presents an

approach on the synthesis of Sr(1-x)EuxMo0.5W0.5O4

and its characterization, as well as a study of its

structural, vibrational, morphological and photolu-

minescent properties.

Experimental

Materials

Sodium molybdenum oxide dihydrate (Na2MoO4 •
2H2O, 98%, Alfa Aesar), sodium tungsten oxide

dihydrate (Na2WO4 • 2H2O, 95%, Alfa Aesar), cal-

cium nitrate (Ca(NO3)2 • 4H2O, 99%, Alfa Aesar),
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europium oxide (Eu2O3, 99%, Aldrich), nitric acid

(HNO3, 65%, Synth), ammonium hydroxide (NH4-

OH, 24%, Synth) and distilled water were used as

received to prepare the SrMo0.5W0.5O4 and Sr(1-x)-
Eu

x
Mo0.5W0.5O4 particles.

Synthesis

Eu2O3 oxide was initially dissolved separately in

10 ml of nitric acid to obtain europium nitrate. Two

precursor solutions were prepared to synthesize the

SrMo0.5W0.5O4 and Sr(1-x)EuxMo0.5W0.5O4 particles:

one containing molybdenum (solution A) and the

other containing tungsten (solution B), with a molar

ratio (Mo:W) of 0.5:0.5. The starting reagent was

dissolved in 40 ml of distilled water for both solu-

tions. Solution B was added to solution A by dripping

and under constant magnetic stirring. Stoichiometri-

cally weighed strontium was subsequently added

after complete dissolution. Doping with Eu3? occur-

red at 1, 2 and 4 mol% concentrations for the

SrMo0.5W0.5O4 sample. Finally, NH4OH was added to

the solution to stabilize its pH at 8 in observing the

precipitate formation. The mixture was transferred

into a Teflon autoclave, which was sealed and placed

into a microwave-hydrothermal system (2.45 GHz,

maximum power of 800 W). The microwave-hy-

drothermal conditions were kept at 120 8C for 20 min

with a heating rate fixed at 3 �C/min. The pressure in

the autoclave was stabilized at 3.0 atm. After the

microwave-hydrothermal treatment, the autoclave

was cooled to room temperature. The resulting

solution was washed with deionized water several

times, and the white precipitates were finally col-

lected. Using the same experimental conditions, the

obtained powders were dried in a conventional fur-

nace at 100 �C for 24 h.

Characterization

The SrMo0.5W0.5O4 and Sr(1-x)EuxMo0.5W0.5O4 parti-

cles were structurally characterized by XRD using a

Shimadzu XRD 7000 instrument with CuKa radiation

(k = 1.5406 Å) in the 2h range of 10 to 80� at a scan

rate of 0.02 s-1. Raman spectroscopy measurements

were recorded using a T-64000 triple monochromator

spectrometer (Jobin–Yvon, France) coupled to a CCD

detector. The spectroscopy was performed using a

514.5 nm wavelength of an argon ion laser, keeping

its maximum output power at 8 mW. The

morphologies were investigated using field-emission

gun scanning electron microscopy (FEG-SEM) (Carl

Zeiss, Supra 35- VP Model, Germany) operated at

6 kV. The UV–vis diffuse reflectance spectrum was

measured at room temperature using a UV–vis

spectrometer. The photoluminescence (PL) spectra

were acquired with an Ash Monospec 27

monochromator (Thermal Jarrel, U.S.A.) and a R4446

photomultiplier (Hamamatsu Photonics, U.S.A.). The

325 nm beam of a krypton ion laser (Coherent Innova

90 K) was used as the excitation source with an out-

put of approximately 13.3 mW. All measurements

were performed at room temperature.

Results

XRD

Figure 1 shows a comparison of XRD standards for

SrMo0.5W0.5O4 and Sr(1-x)EuxMo0.5W0.5O4 samples

with JCPDS No. 85–0587. It can be observed that all

diffraction peaks are possibly indexed as a tetragonal

structure with the I41/a spatial group. The hexavalent

atoms (M6? = Mo6?, W6?) are coordinated by four

O2- atoms, while the divalent atoms (Sr2?) are coor-

dinated by eight O2- atoms [15]. Due to the approx-

imation of the ionic rays of Mo6? (0.41 Å) and W6?

(0.42 Å), it can be seen that the replacement of

Mo6? ? W6? occurs successfully. The (112) plane

presents a displacement for smaller dispersion angles

depending on the Eu3? concentration.

The Sr2? atoms for the Sr(1-x)EuxMo0.5W0.5O4 sam-

ples are replaced by Eu3? atoms without major

changes in the SrMo0.5W0.5O4 lattice, since the Sr2?

(1.26 Å for CN = 8) and Eu3? (1.07 Å for CN = 8)

ionic radii are close, favoring the doping. The high

amplitude diffraction peaks indicate that the syn-

thesized SrMo0.5W0.5O4 and Sr(1-x)EuxMo0.5W0.5O4

were well crystallized. No influence related to the

incorporation of Eu3? ions into the structure was

proven. The average crystallite sizes were estimated

by the Scherrer equation using the main (112) plane

for the calculations.

Figure S1 of supplementary information illustrates

the Rietveld refinement graph of the SrMo0.5W0.5O4

and Sr(1-x)EuxMo0.5W0.5O4 samples obtained by

MHM. The SrMo0.5W0.5O4 (and Sr(1-x)EuxMo0.5W0.5-

O
4
) structure parameters, unit cell volume, bond

length and bond angles were obtained and calculated
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by the Rietveld refinement method using the GSAS

(General Structure Analysis System) program with

EXPGUI graphical interface [16]. Through the Riet-

veld refinement analysis, it is possible to estimate an

approximation of the structural model to a real

structure from the powder intensity profile mea-

surements. The result of the presented theoretical

adjustment indicates good agreement with such

analysis, where small differences in the intensity

scale close to zero can be observed, as illustrated by

the line (Exp—Calc). The lattice parameters, such as

unit cell volume and crystallite size obtained through

the Rietveld refinement of the SrMo0.5W0.5O4 and

Sr(1-x)EuxMo0.5W0.5O4 samples, as well as the quality

coefficients of the refinement (Rp, Rf2, X2) can be

found in Table 1. These parameters are listed in

Table 1 and suggest that the measured diffraction

patterns are in good agreement with the ICSD entry

No. 99089.

Small changes in the lattice parameters associated

with the substitution of Sr2? ? Eu3? in the SrMo0.5-
W0.5O4 samples. In addition, some modifications

found in Sr(1-x)EuxMo0.5W0.5O4 samples resulted in a

variation in the crystallite size and distortions of the

clusters. The cell volume tended to decrease with an

increase in the dopant concentration since the Eu3?

ionic radii became smaller than those of Sr2?. The

crystallite size of the samples also decreased with

doping. This behavior can be explained by the fact

that the increase in the percentage of Eu3? cations

was accompanied by an increase in the number of

defects in the SrMo0.5W0.5O4 crystalline lattice, which

in turn increased the lattice tension. This behavior is

similar to Vegard’s law for solid two-component

metallic solutions, which predicts that the unit cell

dimensions of the solid solution vary linearly with

the solute component concentration [17, 18].

The initial cell and atomic position parameters

used in the optimization process were taken from the

Rietveld refinement results of SrMo0.5W0.5O4 and Sr(1-

x)EuxMo0.5W0.5O4. The scheelite structure is charac-

terized by strontium atoms bonded to eight oxygen

atoms, resulting in [SrO8] clusters, and the molyb-

denum or tungsten atoms coordinated to four oxygen

atoms in a tetrahedral configuration, i.e., forming

[MoO4] or [WO4] cluster. The unit cells of each

sample were modeled from the lattice parameter and

atomic coordinate data obtained in the Rietveld

refinement (Table 1) using the VESTA program [19],

as shown in Figure S2 of supplementary information.

Figure 1 XRD patterns of SrMo0.5W0.5O4 and Sr(1-x)EuxMo0.5W0.5O4 samples and peak displacement of the (112) plane.
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Raman

The scheelite structure has [XO4]
2--type molecular

ion units (X = Mo, W) with strong X-O covalent

bonds and a weak coupling with the M2? cation

(M = Sr). The calculation of the group theory shows

26 different vibrations for the MXO4 crystal with zero

wave vector (k = 0), represented in Eq. (1) [20]:

C ¼ 3Ag þ 5Au þ 5Bg þ 3Bu þ 5Eg þ 5Eu ð1Þ

The vibration for active Raman modes only is

reduced to:

C ¼ 3Ag þ 5Bg þ 5Eg ð2Þ

Modes A and B are not regenerated, and mode E is

doubly degenerated. The subscripts ‘‘g’’ and ‘‘u’’

indicate parity under inversion in centimeter-sym-

metric crystals. Ag, Bg and Eg arise from the same

movement as the MXO4. Thus, the 13 Raman-active

modes are expected, as presented by Eq. (2).

The Raman vibrational modes can be classified into

two groups: external and internal modes. The first is

known as the lattice phonon and it refers to the

movement of M2? cations in relation to the fixed units

of the [XO4]
2- tetrahedrons. The second refers to the

vibration inside the [XO4]
2- tetrahedral units, being

considered the steady state of the center of mass.

These tetrahedrons units have Td symmetry and

consist of four internal modes (m1(A1), m2(E1), m3(F2)
and m4(F2)), a free rotation mode (mf.r.(F1)) and a

conversion mode (F2) [21]. When the [XO4]
2- tetra-

hedrons have a scheelite structure, the point sym-

metry is reduced to S4 [22–24].

Figure 2 shows the Raman spectra in the range

between 100 and 1000 cm-1 for the SrMo0.5W0.5O4

and Sr(1-x)EuxMo0.5W0.5O4 samples, respectively.

There are eight vibrations recorded in Table 2. The

m2(Ag)
r (at 884 cm-1) and m2(Ag)

d (at 918 cm-1)

modes are associated with [MoO4]
2- and [WO4]

2-

vibration modes, respectively. A variation in the

positioning of the vibration modes (cm-1) caused by

the formation of covalent bonds between Mo6? (or

W6?) and O2- ions in the [MoO4]
2- and [WO4]

2-

tetrahedrons alter the efficient mass of the oscillating

atoms [25].

Two high-frequency bands centered at 884 cm-1

for SrMoO4 and 920 cm-1 for SrWO4 are also present

in SrMo0.5W0.5O4 solid solutions, which correspond

Table 1 Lattice parameters, crystallite size and quality coefficients of the Rietveld refinement for SrMo0.5W0.5O4 and Sr(1-

x)EuxMo0.5W0.5O4 samples

Sample SrMo0.5W0.5O4 Sr0.99Eu0.01Mo0.75W0.25O4 Sr0.98Eu0.02Mo0.75W0.25O4 Sr0.96Eu0.04Mo0.75W0.25O4

System Tetragonal Tetragonal Tetragonal Tetragonal

Space group I41/a I41/a I41/a I41/a

a = b (Å) 5.410 5.411 5.408 5.406

c (Å) 11.99 11.97 11.97 11.97

c/a 2.22 2.21 2.21 2.21

V (Å3) 351.100 350.500 350.100 349.700

D (nm) 22 18 16 17

e (9 10–3) 1.09 1.31 1.53 1.43

V2 1.905 1.489 1.539 1.577

Rp (%) 8.42 7.81 7.75 8.22

Rbragg (%) 6.80 6.95 5.48 7.38

Figure 2 Raman spectra of: (a) SrMo0.5W0.5O4,

(b) Sr0.99Eu0.01Mo0.5W0.5O4,, (c) Sr0.98Eu0.02Mo0.5W0.5O4, and

(d )Sr0.96Eu0.04Mo0.5W0.5O4 particles.
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to intense peaks in the Raman (Ag) mode and are

assigned to the symmetric stretching m2(Ag) of the

bonds [/ O / M ? O ?] (M = Mo and W), while

the two Raman (Bg and Eg internal) modes at 841 and

792 cm-1 are attributed to the asymmetric stretching

v3(F2) of the bonds (? O ? M ? O ?).

FEG-SEM

Figure 3 shows the FEG-SEM images of the SrMo0.5-
W0.5O4 samples obtained by MHM. Figure 3 displays

different morphology types for the SrMoO4 sample,

where it is possible to identify distinct shapes: micro-

rice, microflowers and microspheres. The formation

of microflowers occurs by joining the petals from the

central region, where a radial growth can be

observed. New petals are added with the morphol-

ogy development, assuming the shape of

microflowers. The growth of these petals occurs in an

Ostwald ripening process [26]. The high-resolution

FEG-SEM image shows microspheres with rough

surfaces composed by numerous irregular

nanocrystals. The presence of particles with irregular

spherical appearance formed by several smaller par-

ticles is observed.

According to the morphologies presented in Fig. 3

obtained by MHM with the Mo:W variation, it can be

inferred that the SrMo0.5W0.5O4 microstructures were

obtained from a growth mechanism consisting of two

stages: (i) nucleation which constitutes the initial

stage; and (ii) posterior crystal growth [27]. The initial

reaction stage is formed by small crystalline nuclei in

Table 2 Raman active modes of SrMo0.5W0.5O4 and Sr(1-x)EuxMo0.5W0.5O4

Sample Eg (cm
-1) Eg (cm

-1) Bg (cm
-1) Ag (cm

-1) Bg (cm
-1) Eg (cm

-1) Bg (cm
-1) Ag

r/ Ag
d (cm-1)

Lattice mode symmetry C6
4h

SrMo0.5W0.5O4 133 185 234 330 367 795 839 885/ 924

Sr0.99Eu0.01Mo0.75W0.25O4 134 184 – 330 369 795 838 884/ 921

Sr0.98Eu0.02Mo0.75W0.25O4 132 184 234 328 369 793 841 884/ 925

Sr0.96Eu0.04Mo0.75W0.25O4 134 184 – 328 369 795 841 886/ 921

Figure 3 FEG-SEM images of SrMo0.5W0.5O4 particles.
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the supersaturated solution, which function as crys-

tallization centers. However, a strong Coulombic

electrostatic attraction occurs between Sr2? and

WO4
2-/MoO4

2- ions due to differences in the elec-

tronic density between them, resulting in forming the

first WO4/MoO4 precipitates or nucleation seeds.

Numerous nanocrystals are formed from the aniso-

tropic growth of the crystalline nuclei. These

nanocrystals become larger at the expense of smaller

crystals through the Ostwald ripening process [26].

According to Xia et al. [27], the smaller crystals con-

tinue to grow by layer stacking in order to minimize

the energy in the solution. The final microstructures

of the growth process are completed through aggre-

gation and targeted fixation of the nanoparticles. The

self-assembly of nanoparticles is of great importance

for the final morphology of SrMo0.5W0.5O4 particles.

Several research groups have studied the devel-

opment of different morphologies based on combin-

ing nanoparticle construction units [28–30]. However,

the formation mechanism of these crystals is not yet

well defined, with the Ostwald ripening process

being the most referenced approach. This phe-

nomenon happens when large crystallites grow at the

expense of small ones through the diffusion of ions,

atoms or molecules, indicating that it is responsible

for the main path of crystal growth. Although the

crystal growth process is complex, some studies have

focused on the growth and self-assembly of

nanoparticles. Nevertheless, some factors which

affect the growth process of crystals, such as the

attraction of the crystal phase, the electrostatic and

dipolar field interactions in the crystal aggregates, the

Van de Waals forces and the hydrophobic interac-

tions, remain unclear [31]. It is worth mentioning that

the self-assembly and Ostwald ripening processes are

responsible for forming the morphologies presented

by SrMo0.5W0.5O4.

Analyses of UV–Vis absorption
spectroscopy and optical band gap values

Figure S3 of supplementary information represents

the diffuse reflectance spectra of the SrMo0.5W0.5O4

and Sr(1-x)EuxMo0.5W0.5O4 samples obtained between

200 and 800 nm. According to the results, the sam-

ples showed an absorption range at short wave-

lengths (200–300 nm) attributed to the absorption of

the host matrix, with the exception of the SrMo0.5-
W0.5O4 sample, which exhibited a shift in the curve to

a high-energy region and presented a much smaller

absorption band (200–270 nm). It appears that the

adjustment between the Mo:W amounts promoted

widening of the sample absorption bands, leading to

displace the curves to greater wavelength values.

According to Spassky et al. [32], the band around

280 nm is attributed to the electronic transitions

inside the (MoO4)
2-/(WO4)

2- tetrahedrons. The

reflectance gradually increases between 300 and

360 nm, reaching 93% around 380 nm. The absorp-

tion intensity around 280 nm (4.42 eV) represents

approximately 85%, thus indicating that the material

excitation may be more efficient in this region. In

addition, the band gap energy of SrMoO4 and SrWO4

is around 3.90 and 4.80 eV, respectively [9]. From

Figure S3, it can be seen that the introduction of Eu3?

into the Sr(1-x)EuxMo0.5W0.5O4 matrix promotes an

increase in the absorption band amplitude with a

curved shift to the right close to 342 nm. The bands

identified by * are attributed to the Eu3? (f-f) transi-

tions 7F0 ?
5L6,

7F0 ?
5D2 and

7F1 ?
5D1, located at

393, 462 and 535 nm, respectively [8], proving the

existence of Eu3? in the SrMo0.5W0.5O4 structure.

The band gap energy values (Egap) were calculated

using the Kubelka–Munk Equation [33], which is

based on the transformation of diffuse reflectance

measurements to precisely estimate Egap values [34].

The Kubelka–Munk Eq. (3) for any wavelength is

described by:

K

S
¼ 1� Rð Þ2

2R
¼ F Rð Þ; ð3Þ

in which F(R) is the Kubelka–Munk function or

absolute reflectance of the sample in this work, bar-

ium sulfate (BaSO4) was adopted as a standard

sample for reflectance measurements (R = Rsample/

R(BaSO4)), R is the reflectance, K is the molar

absorption coefficient and S is the dispersion coeffi-

cient. The band gap and the absorption coefficient of

semiconductor oxides can be calculated by Eq. (4)

[35]:

ahv ¼ C1 hv� Egap

� �n
; ð4Þ

in which a is the linear absorption coefficient of the

material, hm is the photon energy, C1 is a propor-

tionality constant, Egap is the band gap and n is a

constant associated with different types of electronic

transitions (n = 1/2 for direct allowed, n = 2 for

indirect allowed, n = 1.5 for direct prohibited and
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n = 3 for indirect prohibited). According to theoreti-

cal calculations reported in the literature [36],

scheelite-type crystals (ABO4) exhibit an absorption

spectrum governed by direct electronic transitions.

Figure 4 shows the band gap energy values of the

SrMo0.5W0.5O4 and Sr(1-x)EuxMo0.5W0.5O4 samples.

These values were calculated according to the Tauc

relationship and are shown in Table 3.

There is a downward trend in the Egap for samples

doped with Eu3?. This behavior can be justified by

the replacement of Eu3? by Sr2? in the SrMo0.5W0.5O4

matrix. In order to maintain the electronic neutrality

of the material, the appearance of defects such as

oxygen vacancy (VO) is possible since cations have

different valences. The presence of (VO) causes the

appearance of intermediate levels in the band gap,

resulting in a decrease in the Egap value. According to

Pereira et al. [37], different types of structural defects

are associated with SrWO4:Eu
3? crystals. These

defects can also be attributed to oxygen vacancies by

the introduction of Eu3? ions. These authors reported

that the band gap behavior can be justified by the

formation of strontium vacancies (V
00

Sr) and an oxy-

gen-vacancy complex capable of causing three chan-

ges in different ways: Vx
O (neutral), VO (singly

ionized) and VO (doubly ionized). Vx
O are able to

donate up to two electrons, VO are donors or capture

only one electron, and VO are not able to donate

electrons, but can receive up to two electrons. These

oxygen vacancies act as defects in the crystal struc-

ture and can be stabilized by compensating the load

on the lattice. The need for load compensation and

the influence of synthesis conditions (temperature

and treatment times) cause lattice distortion. Gon-

çalves et al. [38] observed a downward trend in the

Egap values with the replacement of Ca2? by Eu3?

ions in CaWO4 associated with an increase in inter-

mediate energy levels between the valence and con-

duction bands. They also studied the presence of new

electronic levels resulting from the addition of 4f

orbitals of Eu3? ions into the crystalline lattice. Other

factors that may influence Egap values are related to

the morphology, shape and size of the particles.

Photoluminescence

Figure 5a shows the emission spectra of PL of the

SrMo0.5W0.5O4 sample at room temperature, excited

at a wavelength (kexc) of 325 nm. It appears that the

sample has a broadband profile in all spectra. It is

known that the positioning and intensity of PL

emission vary with some factors, such as particle

morphology, size and surface defects [39]. According

to Wang et al. [40], the particle morphology and size

interfere with the excited transporters from the

valence to the conduction band, subsequently leading

to luminescence variations. Li et al. [41] associate this

Figure 4 Band gap energy of SrMo0.5W0.5O4 and Sr(1-

x)EuxMo0.5W0.5O4 samples.

Table 3 Gap energy, photometric parameters and % of the components of the deconvolution of the PL

SrMo0.5W0.5O4 Sr0.99Eu0.01Mo0.75W0.25O4 Sr0.98Eu0.02Mo0.75W0.25O4 Sr0.96Eu0.04Mo0.75W0.25O4

Egap (eV) 4.15 4.05 3.77 3.61

CIE (x,y) (0.32, 0.39) (0.57, 0.37) (0.61, 0.36) (0.63, 0.35)

CCT (K) 6060 1469 1227 1087

CRI (%) 80 78 80 78

Purity (%) 12 84 92 97

Color Branco Vermelho Vermelho Vermelho

LER 311 273 265 252
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broadband with the intrinsic luminescent behavior of

the [MoO4]
2- group with green emission resulting

from the transition 3T1,
3T2 ?

1A1 [42]. The replace-

ment of Mo6? ? W6? improves the electron transfer

process within the clusters [WO4]
2- due to the strong

hybridization of the W (5d) and O (2p) orbitals. The

wide visible emission originates from the charge-

transfer transition between the O(2p) orbital and the

empty d orbital of the [MO4]
2- (M = Mo and W)

tetrahedral structure, with excitation energies located

within the band gap [43]. The one ground state is 1A1,

and the four single excited states are 1A(1T1),
1E(1T1),

1E(1T2), and
1B(1T2) [44]. This behavior can be asso-

ciated with specific structural arrangements of the

[WO4] or [MoO4] clusters. Oliveira et al. [45] dis-

cussed the stability of different surfaces of the solid

solution BaW1-x MoxO4 as a function of the local

coordination of the Mo6? and W6? ions. The exposure

of specific crystal planes is associated with how these

cations are sub-coordinated. With these structural

changes, it is possible to modulate the electronic

structure and the surface energy values, to evaluate

the order of stability of the crystal planes.

The PL emission of scheelite-type molybdates and

tungstates is not fully understood. There are several

strands that try to explain the photoluminescent

behavior of these groups of materials. PL properties

can be caused by several possible mechanisms, and

the spectra can be associated with different compo-

nents. Considering the spectra characteristics, such as

band position and PL intensity, it can be inferred that

the position of the band refers to an intrinsic property

in molybdates and tungstates, sensitive to electronic

charge transfer between different energy states

within the [MoO4]
2- /[WO4]

2- clusters, and the

structural arrangement. These load transitions,

energy states and structural arrangements are influ-

enced by distortions in the [MoO4]
2-/[WO4]

2- clus-

ters. The PL intensity strongly depends on the

morphology, distribution, degree of aggregation and

orientation of the particles, as well as the surface

defects and different excitation wavelengths [46].

Some electrons located in the 2p (O) states are pro-

moted to the 4d (Mo) or 5d (W) state by the absorp-

tion of photons (hv) during the excitation process,

forming excitons (electron trapping by holes). The

photon emission process occurs when an electron

located in the 4d molybdenum state decays to the 2p

state of oxygen.

Figure 5b shows the PL spectra of the Sr(1-x)Eux-

Mo
0.5
W0.5O4 samples (x = 1, 2 e 4 mol%). It can be

noticed that only Eu3? transitions are evident and

that there was no interference from the matrix. In

addition, it appears that the energy transfer between

4d (or 5d) (Mo / W) ? 4f (Eu3?) occurred perfectly.

The f-f transitions of Eu3? are 1D1 ?
7F1 and

1D0 ?
7FJ (J = 0, 1, 2 and 3), located at 543, 562, 597,

623, 662 and 706 nm, respectively. The dominant red

emission (1D0 ?
7F2) centered at 623 nm is attributed

to the electric dipole, while the other weak emission

(1D0 ?
7F1) located at 597 nm is attributed to the

magnetic dipole transition. The energy levels of Eu3?

are protected by the shielding effect of the 5s25p6

orbitals, with no change in the position of the Eu3?

bands caused by the crystal field. The transition
1D0 ?

7F2 is allowed when Eu3? ions are positioned

in crystallographic sites without inversion symmetry

Figure 5 Emission spectra of (a) SrMo0.5W0.5O4, (b) Sr(1-

x)EuxMo0.5W0.5O4 samples, kexc = 325 nm.
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[47]. When the Eu3? ions occupy the non-inversion

center sites, the transition 1D0 ?
7F2 tends to be rel-

atively stronger, in contrast to the very weak transi-

tion 1D0 ?
7F1. The site symmetry around Eu3? in

the SrMo0.5W0.5O4 matrix can be estimated through

the asymmetry ratio (R) in order to assess the dis-

tortion degree of the inversion symmetry of the local

crystalline environment. The asymmetry ratio is cal-

culated from the relationship between the integrated

intensities of the transitions 1D0 ?
7F2 (I2) and

1D0 ?
7F1 (I1). The calculated R values for Sr0.99-

Eu0.01Mo0.5W0.5O4, Sr0.98Eu0.02Mo0.5W0.5O4 and

Sr0.96Eu0.04Mo0.5W0.5O4 were 3.98, 4.82 and 5.28,

respectively. It can be seen that an increase in the

R value occurs with the increase in the Eu3? con-

centration in SrMo0.5W0.5O4. Eu
3? ions prefer to enter

asymmetric centers of A? cations. The introduction of

Eu3? produces a noticeable inversion symmetry

breakdown in the ligand coordination environment

of the Eu3? lattice site, resulting in a variation of the

asymmetry ratio. Lower R values usually indicate

higher symmetry values of the crystal field.

Gonçalves et al. [38] related the PL intensity and

the amount of Eu3? ions in the matrix to the coordi-

nation environment and/or changes in the shape and

size of the crystals. Sharma and Singh [5] showed that

the dipole–dipole interaction increases as a function

of Eu3? concentration, which consequently increases

the cross-relaxation between Eu3? ions when the

average distance between them is less than a critical

value. This critical value depends on the crystalline

structure and particle size of the host matrix.

The Sr0.98Eu0.02Mo0.5W0.5O4 sample reveals a

higher intensity of photoluminescence. A significant

drop in intensity is perceived for a higher Eu3? con-

centration (%). This behavior is known as quenching

and is motivated by the approximation of Eu3? to the

structure, thus favoring non-radioactive emission as

opposed to photon emission. We used the Blasse

Eq. (5) to calculate the critical distance (CD) between

Eu3? ions [48]:

CD ffi 2ð 3V

4XcpZ
Þ
1
3; ð5Þ

in which V is the volume of the unit cell, Xc is the

critical Eu3? concentration and Z is the number of

atoms per unit cell. The terms for Sr0.98Eu0.02Mo0.5-
W0.5O4 assume the following values: V = 349.94 Å3,

Xc = 0.02 mol and Z = 4, and the estimated value

CD = 20.29 Å. As CD is greater than 5 Å, it means

that the energy transfer process occurs through

multipolar interactions [49]. These types of interac-

tions are responsible for suppressing photolumines-

cence and can be classified as dipole–dipole or

quadrupole–quadrupole interactions.

Figure 6 depicts the chromaticity diagram, indi-

cating the chromaticity coordinates with the digital

photographs of the presented emissions of SrMo0.5-
W0.5O4 and Sr(1-x)EuxMo0.5W0.5O4. The SrM0.5W0.5O4

samples show emission in the white region due to the

adjustable contribution of simultaneous emissions in

the blue, green and red regions. There is a strong

emission in the red region for samples doped with

Eu3? due to the transition 5D0 ?
7F2 at 623 nm. The

increase in the % of Eu3? favors the increase in pur-

ity. As shown in Fig. 6, the sample with 4% of Eu3? is

located very close to the end of the red region with

maximum purity. The calculated values of color

purity for the Sr(1-x)EuxMo0.5W0.5O4 samples reach

the order of 97%.

The results of the color reproduction index (CRI)

obtained were in the range of 78 to 80%. The values

indicate that the emissions ensure excellent reliability

in the color integrity of the objects when illuminated

by the samples produced. The luminous efficiency of

radiation (LER) of the samples was also investigated.

Figure 6 Chromaticity diagram of SrMo0.5W0.5O4 and Sr(1-

x)EuxMo0.5W0.5O4 samples.
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The results revealed high LER values (322 lm.W-1), a

characteristic desired for use in WLEDs. Molybdates

and tungstates activated with Eu3? ions present a

high luminous efficiency around 250–315 lm/W-1

[50–52] due to the narrow emission (5D0 ?
7FJ).

However, the number of red-emitting phosphors

suitable for high LER applications is still small.

Within this group of materials, Eu3? is the most used

activator ion [53] because it has emissions between

610 and 660 nm. Light conversion using a phosphor

with emission characteristics of narrow lines with

wavelengths aligned with the sensitive area of the

human eye may be more efficient for increasing LER.

The ratio of the emitted luminous flux in lumen

and the power used in watts describes the LER. The

LER is a measure expressed in lumens per visible

watts used to estimate how brightly the radiation is

perceived to be by the average human eye. The LER

is determined by the spectral distribution S (k) of the
source, as given by Eq. (6):

LER ¼ Km r
830
360 V kð ÞS kð Þd kð Þ
r
830
360 S kð Þd kð Þ

½lm:W�1�; ð6Þ

in which V(k) = eye sensitivity curve and Km = 683

[l lm W-1]], which is the highest possible efficiency

that can ever be obtained from a light source [54].

Table 3 presents all the photometric parameters of the

SrMo0.5W0.5O4 and Sr(1-x)EuxMo0.5W0.5O4 samples.

The high LER and CRI values indicate that the syn-

thesized material has fundamental properties for

applicability in WLEDs. The LER decreases as the

Eu3? concentration increases, meaning when the

emission band changes to red. This is caused by a

smaller overlapping of the emission spectra with the

human eye sensitivity curve [55]. Strong UV

absorption is required to improve the CRI and LER

photometric parameters for producing white light.

Molybdates activated with rare earth ions are gaining

more and more attention in the research field due to

their strong emission of visible light under excitation

in UV [56]. Furthermore, phosphor molybdates acti-

vated with rare earth ions have excellent chemical

stability and high luminous efficiency, characteristics

necessary for developing solid-state lighting devices.

Conclusion

The SrMo0.5W0.5O4 and Sr(1-x)EuxMo0.5W0.5O4 phos-

phors were synthesized by MHM. XRD patterns

revealed that all samples have pure tetragonal phase.

The doping process in the replacement of Mo6? ions

(W6?) by Eu3? ions was successful, not showing the

appearance of secondary phases. The different mor-

phological aspects of SrMo0.5W0.5 O4 particles were

evaluated and a mechanism for crystal formation was

proposed from the nucleation and subsequent

growth stages of the particles. The morphologies

presented are the result of cooperative self-assembly

processes and the self-assembly and Ostwald ripen-

ing cooperative processes. The particles presented

different morphologies according to the chemical

composition of the samples. Sr(1-x)EuxMo0.5W0.5O4

showed intense luminescence in the red region due to

the predominant transition 5D0 ?
7F2 at 623 nm.

According to the calculated asymmetry ratio,

increasing Eu3? concentration causes a decrease in

symmetry in the ligand coordination environment of

the Eu3? lattice site. The effect of quenching concen-

tration was investigated and concentrations greater

than 2 mol % cause suppression of photolumines-

cence due to the energy transfer process occurs

through multipolar interactions. The samples

demonstrated a high degree of purity, reaching the

order of 97%. The emission in the white region was

observed in the SrMo0.5W0.5O4 sample, which

showed simultaneous emissions in the blue, green

and red regions with a spectrum with a broadband

profile. The photometric quality parameters (CIE,

CRI and LER) obtained according to the spectral

energy functions indicate that the SrMo0.5W0.5O4 and

Sr(1-x)EuxMo0.5W0.5O4 samples can be applied in

solid-state lighting devices.
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