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to highly crystalline materials with reduced reaction times and low manufacturing cost. Structural analyses
by powder X-ray diffraction and vibrational Raman techniques of the [WO4]** and [Mo0,]* groups confirm
a characteristic scheelite-type structure. The results indicate an average crystallite size at around 30 nm,
and a highly pure phase has been supported by Rietveld refinement. SEM-EDS data of BaMO4:xmol%Eu>*

Ifﬁﬁﬁ;‘ﬁgm materials identified polycrystalline particles with bipyramidal-like morphology and homogeneous euro-
Europium pium ion distribution. Additionally, the band gap energy (E;) of barium molybdate and tungstate materials
Tungstate were calculated from reflectance data by the single-constant Kubelka-Munk function. Furthermore, the
MOlybane ) emission intensity, lifetime, and intrinsic emission quantum yield (QEE;‘;:) of the materials have been de-
gggggggrntanon termined and discussed. The luminescent properties of these materials are significantly influenced by the

LMCT excitation bands (0> — Mo®*, W®*, and Eu>*) as well as their intense red emission bands assigned to
Eu* transitions. The experimental intensity parameter values Q, and Q4 were evaluated from the emission
spectra, using the magnetic dipole Dy — ’F; transition as the standard reference. It was observed that the
Q, values are much higher than the Q, values. This result is related to the fact that the >Dy — ’F, transition
presents a much higher intensity than °Dy — “F; one suggesting a low local symmetry around the Eu®* ion,

which might be due to angular distortions in the local coordination geometry. The high Q;’ﬁz values

(60-79%) indicated an overall high emission intensity for the prepared phosphors. These are special pho-
tonic features of the Eu**-doped molybdate and tungstate, suggesting they could be suitable for lumines-
cent materials applications.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction lighting, and displays [2-5]. Since the 4f electrons interact weakly
with the surrounding chemical environment, electronic spectra of
Nowadays, trivalent lanthanides (Ln®*) doped phosphors are Ln>*-doped compounds exhibit characteristics like narrow absorp-

among the most studied materials due to their unique optical and tion, excitation, and emission bands derived from forbidden in-
magnetic properties derived from the 4f-4f electronic transitions traconfigurational 4f transitions (Laporte rule, Az = + 1) [6].

[1]. They are attractive for several technological applications such as Molybdate and tungstate inorganic matrices doped with Ln>* or
bioimaging, photodynamic therapy, optical sensing, catalysis, transition metal ions may present remarkable optical properties for

different applications in photocatalysis, electroluminescence de-
vices, and photomorphogenesis greenhouse horticulture [7-11].
« Corresponding authors. Moreover, Yb3*/Er**-activated upconversion lanthanum tungstate-

E-mail addresses: mfelinto@ipen.br (M.C.F.C. Felinto), based host matrices were recently investigated as promising
hefbrito@iq.usp.br (H.F. Brito).

https://doi.org/10.1016/j.jallcom.2022.168408
0925-8388/© 2022 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2022.168408
https://doi.org/10.1016/j.jallcom.2022.168408
https://doi.org/10.1016/j.jallcom.2022.168408
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2022.168408&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2022.168408&domain=pdf
mailto:mfelinto@ipen.br
mailto:hefbrito@iq.usp.br

R.P. Moreira, L.H.C. Francisco, LE. Costa et al.

candidates for optical thermometry and fluorescent and anticancer
agents [12]. In addition, high red emission La;oW>,0g;:Eu®* micro-
phosphor rods for noncytotoxic latent fingerprint imaging have also
been reported [13].

Thus, understanding the optical features of lab-scale nanopho-
sphors is essential for developing targeted materials for novel
lighting applications to obtain high luminescence efficiency. These
host materials with divalent cations belong to the tetragonal space
group 141/a, in which Mo®* and W®" ions in the molybdate [Mo0,]*~
and tungstate [WO4]?” groups are coordinated by four oxygen atoms,
presenting relatively stable tetrahedral (T4) symmetry [14-16]. For
lanthanide-doped materials, it is highlighted that dopant con-
centration does not follow Vegard’s Law, which states that to form a
solid solution, the cations of two compounds must have ionic radii
within 15% of each other. As the ratio of ionic radii values of Eu** and
Ba?* is close to 30%, several structural distortions may occur with
increasing Eu* content. However, phase segregation in Eu>*-rich
BaMO,4 materials (M: Mo or W) is not commonly observed. More-
over, it was observed that the charge compensation effect involved
the substitution of Ba®* by the Eu®* ion. In these materials, Ba®* sites
are occupied by Eu**, leading to barium vacancies or Na* precursor
ions act in the charge compensation effect [17].

Interestingly, the use of the inorganic host matrices with strong
absorption in the ultraviolet (UV) region, which occurs commonly
via excitation under Ligand-to-Metal Charge Transfer (LMCT) ab-
sorption bands, is a usual approach to improve the luminescence
intensities from the Ln>* materials [ 18]. Photoluminescence behavior
of undoped BaMO, host matrices (M: Mo and W) often has shown
the strong and broad absorption bands in the spectral range from
250 to 300 nm assigned to 0*(2p) — M®"(5d) LMCT transitions,
presenting a broad emission band at around 500 nm originating the
from [MO4]*" groups [17,19,20]. On the other hand, Eu-doped BaMO,
materials are known to display intense red emissions arising from
the (Eu*) 5Dy — ’F, transition under excitations at LMCT bands and
direct on 4f-4 f transitions of the lanthanide ion [16,17,21,22].

It is worth mentioning that the Eu>* ion can be used as a spec-
troscopic probe due to its non-degenerate first emitting energy level
(°Do) and ground state (“F) as well as long lifetimes (ms). These
optical features simplify spectral interpretation to suggest the point
group symmetry around the Eu** chemical environment [16,23],
leading to a luminescence sensibility with increasing dopant con-
centration. Thus, understanding the correlation of structural and
luminescent properties is fundamental to optimizing a set of desired
optical responses in these materials. Typically, lighting devices based
on Eu*-doped UV-absorbing inorganic phosphors (e.g., Y,05:Eu®*,
YVO4:Eu®*, CaTiOs:Eu®', YPO4:Eu®*, Ca,ZnWOg:Eu3*, LaPO,:Eu®*,
GdAIO5:Eu®*, Ba,CaZn,Sig017:Eu*) are widely used for solid-state
lighting [24-28].

In this scenario, our work proposes investigating and optimizing
Eu"-doping concentrations in BaMoO4 and BaWO, host matrices
prepared by a soft chemistry coprecipitation method. This synthesis
occurs in an aqueous medium; therefore, there is no need for ad-
ditional steps to utilize other chemical reactants or special condi-
tions (temperature or pressure control), resulting in NaCl as a by-
product, without unwanted waste and low energy consumption.
Furthermore, high crystalline purity BaMO4:Eu®>* materials have
been obtained. Here, we study the structural and photoluminescent
behaviors based on the Rietveld refinement and theory of 4f-4f in-
tensities, respectively. The experimental intensity parameters (Q,) of
luminescent materials were correlated with the chemical environ-
ment and polarizability around the Eu®" ion. Besides, the intrinsic
emission quantum efficiencies ( 3';:) of the luminescent materials
have been determined and discussed. The spectroscopic results
suggest that the luminescent BaMoO4:Eu®** and BaWO4:Eu®*
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materials can be promising candidates for energy conversion and
lighting applications.

2. Experimental
2.1. Preparation of BaMO4:Eu®* materials

All materials used in the syntheses were purchased from Sigma-
Aldrich and Synth and used without further purification. The purity
of the employed reagents is as follows: europium oxide 99.99%,
barium chloride hexahydrate 99%, sodium tungstate 99%, sodium
molybdate 99%, hydrochloric acid 37% (w/w). Firstly, EuCl3-6H,0
precursor preparation was carried out by reacting Eu,03 with con-
centrated hydrochloric acid (Supplementary material).

To prepare the BaMO,4:xmol%Eu>* (M: Mo or W) materials (x =2,
4, 6, 8 and 10mol% Eu®*") were used the aqueous solutions of
EuCl5-6 H,0 (0.05 mol-L™"), sodium tungstate or sodium molybdate
(0.5mol-L™!) and BaCl, (0.45 mol-L!). Firstly, the barium chloride
aqueous solution was added dropwise to the europium chloride
aqueous solution under stirring. After, in this resulting solution,
dropwise sodium tungstate or sodium molybdate solution was
added at a rate of 1 mL-s™}, stirring with the immediate formation of
a white crystalline precipitate. It is worth mentioning that the pre-
cipitation occurs instantaneously due to the solubility product of
BaWO, and BaMoO, are K,s =3.5x 1078 and K5 =3.54 x 1078 (25 °C),
respectively. The reactional system was maintained by vigorous
magnetic stirring for 1 h. Next, the precipitate was filtered and wa-
shed several times until the presence of chloride was not detected in
the filtrate by using an AgNOs; solution. After all, the product was
dried in a desiccator for 24 h under reduced pressure [29,30].

2.2. Instrumental

Structural analysis was performed by powder X-ray diffraction
(PXRD) acquired by KaCu radiation on a Rigaku Miniflex II dif-
fractometer within the 10-80° (260) range, using a 0.05° s™! step
width under 30kV voltage and 15 mA current. FTIR spectral data
were recorded on Agilent Cary 630 spectrometer in the spectral
range from 650 to 4000 cm™!. Raman spectra were recorded on a
Renishaw inVia Raman Microscope, operating in confocal mode, the
samples were excited with an excitation laser of wavelength,
A =633 nm, and the signal was detected by a Renishaw CCD camera
detector. In addition, Thermogravimetric analysis (TGA) was carried
out in a Mettler Toledo-TGA/851 for the 30-700 °C range with a 10°C
min~! heating rate under standard synthetic air (80% N, and 20% O,)
flux of 50 mL min™".

Scanning electron microscopy (SEM) images via Backscattered
Electrons (BSE) were obtained on Tabletop Tescan Vega3-XMU with
an 80 mm? Silicon Drift Detector (SDD) under 10kV in high vacuum
at room temperature, and Energy Dispersive Spectroscopy (EDS)
data for elemental mapping imaging and characteristic X-ray emis-
sion spectra were recorded by an XFlash 430 H detector within the
0.4-10 keV energy range in a HITACHI TM3000 microscope under a
15 kV voltage in a BSE imaging setup. Transmission electron micro-
scopy (TEM) and electron diffraction images were acquired on a JEOL
JEM 2100 microscope with a LaBg filament under 200 kV voltage.
Diffuse Reflectance Spectroscopy (DRS) measurements were per-
formed on a Shimadzu UV-2600 spectrophotometer by an in-
tegrating sphere in the 220-800 nm spectral range with a 0.1 nm-s™
step width, applying BaSO, as a standard reference.

Excitation and emission spectra were recorded on a HORIBA
Fluorog-3 spectrofluorometer on an axial setup of 22.5° with a
blazed holographic grating of 1200 lines/mm. They were registered
by a photomultiplier (PMT) with a 0.2nms™! step width.
Furthermore, lifetime measurements were acquired using a pulse
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Fig. 1. X-ray powder diffraction patterns of the a) BaMoO4:xmol%Eu** and b) BaWO,4:xmol% Eu®*, where x: 0, 2, 4, 6, 8 and 10 mol%. The 1.C.S.D. standards for tetragonal BaMoO,4

(193795) and BaWO, (291537) are also presented.
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Fig. 2. Rietveld refinement of PXRD patterns for a) BaM00,4:2% Eu>*, b) BaW0Q,:2% Eu>" for tetragonal BaMoO, (193795), BaWO, (291537) and monoclinic Euy,(W0Qy,); (15877) and
Euy(Mo04)3 (153371) 1.C.S.D. standards, and c) Tetragonal scheelite-type unit cell BaMO,4 materials built on Diamond 4 software.

interval of 61 ms with a 0.05ms step width, monitoring the Eu**
(612 nm) characteristic emission under UV (394 nm) excitation.

3. Results and discussion
3.1. Structural analysis

The PXRD data suggest that Eu*"-doping into BaMoQ, host ma-
trix directly affects the dpy (112)/(020), dpg (112)/(132), and dpyg
(112)/(220) intensity ratios compared to those from the undoped
BaMoO, material (Fig. 1a), showing a significant decrease (~50%) in
diffraction peak intensities of these reflections, as well as a sizable
increase (~200%) for the dpg (112)/(004) ratio for Eu*-doped

BaMoO, materials. This structural effect suggests that substitutional
Eu?* ions in Ba?* sites may inhibit crystal growth in the< 112 >
direction, while lower surface energies account for the growth in
the < 004 > direction. These results corroborate with particle mor-
phology controlled by high surface stability reported for the
equivalent [112], [001], and [100] facets [30], as surface tension
decreases with the number of uncoordinated atoms (relative to the
bulk coordination number CN: 8) with only three oxygen atoms
coordinated to each barium atom in the [112] and six oxygen atoms
to [001] and [100] surfaces, respectively.

Such structural behavior is not observed for the BaWQ,4: xmol%
Eu®" materials (Fig. 1b), as no significant changes in the diffraction
peak intensity ratio, were noted with increasing Eu>* content. This
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Table 1
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Rietveld refinement results for BaMO4:xmol%Eu>* compounds (M: W or Mo; x: 0%, 2%, 4%, 6%, 8% and 10%mol) by the BaMO, ICSD standards. Lattice parameters (a, b, ¢, «, , y, and
V), reduced »2, Ruwp, and Rexp values are also calculated.

Materials BaMO4 Lattice parameters P Ruwp Rexp
(%) a=b(A) c(A) a=p=y (deg.) v (A%) (%) (%) (%)
BawO, 100.00 5.6070 12.7101 399.592 1.640 10.46 6.38
90
BaW0,4:2 mol%Eu>* 99.802 5.6129 12.7102 90 400.439 1.342 9.84 733
BaWO,:4 mol%Eu>* 97.745 5.6084 12.6934 90 399.257 1334 9.48 711
BaWO,:6 mol%Eu>* 99.981 5.6110 12.7012 90 399.888 1.450 9.90 9.83
BaWO,:8 mol%Eu>* 99.082 5.6087 12.6960 90 399.383 1.377 9.67 7.02
BaWO0,:10 mol%Eu>* 99.367 5.6074 12.7053 90 399.493 1.360 9.82 7.21
BaMoO, 100.00 5.5803 12.8113 90 398.953 2.500 16.16 6.46
BaMo0,:2 mol%Eu>* 99.953 5.5761 12.7956 90 397.860 1.190 10.32 8.67
BaMo0Q,:4 mol%Eu>* 99.703 5.5773 12.7938 90 397.982 1.390 11.24 8.09
BaMo0,:6 mol%Eu>* 99.970 5.5769 12.7930 90 397.895 1.630 10.70 6.56
BaMo0,:8 mol%Eu>* 99.485 5.5781 12.7955 90 398.144 1.480 10.99 743
BaMo0y,:10 mol%Eu>* 99.395 5.5771 12.7910 90 397.863 1.610 12.35 7.67

structural feature is attributed to more negligible distortion effects
of the crystal lattice in these materials due to the larger [WO4]*
group [30-32]. The substitution of Ba%* by the Eu>* ion necessitates
charge compensation. In these materials, two Ba®* sites are occupied
by one Eu?* ion, ensuring overall charge equilibrium compensating
for the charge mismatch. Moreover, another possibility is the en-
trance of Na* in Ba?* sites would decrease the probability of the
formation of other charge compensation defects, such as alkaline
earth ion metal vacancies (Vy,) or interstitial oxygen (O;) as reported
in reference [14,17,19]. For BaMO4:Eu* (M: Mo and W) materials,
ionic radii values of the scheelite-type crystal structure [e.g. Ba®*
(1.42 A, CN:8), and Mo®* (0.41 A, CN: 4) or W®* (0.42 A, CN: 4)] in-
dicate that dopant substitution e.g. Eu** (1.07 A, CN: 8) occurs at
pseudo-cubic Ba®* sites [14,17,19].

Moreover, the lattice parameters and atomic positions of the
crystalline structure were determined by the Rietveld refinement
method (Fig. 2, Fig. S1). The calculated values and statistical para-
meters Rexp, Rwp, and X2 for the BaMOy, structures (Table 1) indicated
that these materials did not present significant phase segregation,
suggesting that the Eu>* ions were successfully incorporated into the
BaMO, structure even at the highest europium doping concentra-
tions.

Lattice parameter plots (Fig. S2) were constructed to investigate
further the effect of increasing Eu3* content from the undoped
BaMO, matrices. As it can be seen from the Rietveld refinement, the
lattice parameter values for the BaWO, material are in good ac-
cordance with the data reported in the literature (ICSD 291537). The
crystallite size of BaMO4:xmol%Eu>* materials may also be under-
stood by the increasing defect formation (eg. Vy,) along Eu**-doping,
as higher lattice strain typically inhibits crystallite size growth. The
cell dimensions of the solid solution do not vary linearly with the
Eu?* concentration as the solute component, which does not strictly
follow Vegard’s law for this system [16,30-33].

All lattice parameter values of the BaMoO, matrix are slightly
higher than those reported standards (ICSD 193795); however, they
diminish significantly for BaMoO,4:xmol%Eu>* materials. In addition,
an increase of a or b parameters and a decrease of ¢ values with
higher doping concentrations are also observed. These results sug-
gest structural distortions and point defects generated to accom-
modate the Eu®" ions doped into the BaMoO4 matrix [33]. On the
other hand, the BaW0,:xmol%Eu>* materials present similar lattice
parameter values, indicating minor distortions in the neighboring
[WO4]?* group [29].

In addition, it is highlighted that the characteristic diffraction
peaks for the BaO, W03, MoOs3 and Eu,03; compounds were not
observed, as the Rietveld refinement analysis revealed only minimal
amounts of Eup(MO,)s by-products (<1%). Besides, neither im-
purities from the Nay(MO,4) precursors nor phase segregation were

identified, indicating high crystallographic purity for the prepared
luminescent  materials. The crystal structures of the
BaMO,:Eu®*materials were generated from the Diamond 4 software
(Fig. 2c), highlighting the tetragonal structure of molybdate and

tungstate host matrices.
The average crystallite size was calculated by the Scherrer

method given by expression (Eq. 1) [32].

K
" Bcosé (1)

where D is the average crystallite size, K is the shape factor, A is the
X-ray wavelength, and g is the line broadening at the full width at
half maximum (FWHM) of the diffraction peaks of the BaMO4:xmol%
Eu?* materials (Fig. 3), applying a NaCl pattern as a standard cor-
rection. Besides, the crystallite size was determined as a function of
dnia (Fig. S3) by using several diffraction peaks, yielding an average
crystallite size at ~30 nm (Table. S1).

BaMoO4:xmol%Eu>* materials show a significant size decrease
trend (up to 8 nm) with increasing europium concentration in con-
trast to this, no significant effect on average crystallite size (< 3 nm)
for the BaWO,:xmol%Eu>* materials was achieved. Such size effect is
intrinsically linked with the previously discussed dy intensity ratio
and peak broadening identified in PXRD profiles. The average crys-
tallite size decrease observed for BaMoO4:Eu*" materials with in-
creasing Eu3* concentration is assigned to the distortions in the
crystal lattice caused by the difference in ionic radii [i.e., NC=8: Ba®*
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Fig. 3. Average crystallite size estimate for BaMoO,4 and BaWO, materials with in-
creasing Eu®" concentration with error analysis determined by standard deviation.
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10 pm

Fig. 4. S.E.M. images for a) BaMoO,4 and b) BaMo00,4:10 mol% Eu>* c) BaWO,, d) BaW0,:10 mol% Eu**, acquired via B.S.E. under 10kV.
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Fig. 5. Bright field TEM images for a-b) BaMo0Q,4:10 mol% Eu* and c-d) BaW0Q,:10 mol% Eu* acquired under 200 kV.

= 142(8); Eu®* = 107(8)]. Additionally, the size increase of WO,
tetrahedra for BaWO,4:Eu®* materials may inhibit the decrease in
crystallite size with increasing Eu®* content.

SEM images present aggregates of micrometer-sized particles
with an apparent size decrease for BaMoO,:Eu®* materials as the
doping concentration increases, showing smaller particles on top of
larger crystals (~10pm). In contrast, undoped BawO, and Eu®*-

doped BaWO, materials do not present such behavior, presenting
mostly similar particle sizes. Therefore, quantitative average size
estimate could not be confirmed based singly on SEM images due to
large particle aggregates. For the BaMoO4 matrix (Fig. 4a), the crystal
growth in the < 112 > direction is identified for the characteristic
tetragonal bipyramid-like morphology [30,34]. An increasing Eu®*
concentration (Fig. S4) results in more apparent (004) facets arising
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from inhibited crystal growth (Fig. 4b), corroborating with the
structural data presented by the PXRD results. On the other hand,
the BaWO,:xmol%Eu®>" material (Fig. 4c) shows characteristic mor-
phology of exposed (112) facets due to an increase of surface energy
for (100) and (001) [31] for x: O, 2, and 4. In contrast, significant
differences in the presence of small aggregates on top of larger
polycrystalline are observed with Eu**-doping set at x: 6, 8, and 10
(Fig. S5), as BaW0,:10 mol%Eu®* exhibits the most radical change in
surface morphology (Fig. 4d).

EDS elemental mapping images of the BaMoO,4:10 mol%Eu>* (Fig.
S6), and BaWO,:10 mol%Eu®* (Fig. S7) revealed a homogeneous
distribution even with europium doping concentration set at 10 mol
%, indicating successful Eu**-doping into both matrices. The char-
acteristic X-ray emission spectra (Fig. S8) showed mainly the intense
W(M,;), and Mo (L,;) lines together with typical O(K,;) emission, as
the registered Ba (L,o; Lg1) signal has a significantly lower intensity.
Still, a small amount of Sn (Ly;) impurities in BaMo00O4:10 mol%Eu®*
were also observed. Additionally, L emission lines of Eu in the
5.8-7.5 keV range were not observed in the spectra owing to the low
X-ray emission intensity and the intense background noise of
bremsstrahlung radiation [35].

Furthermore, TEM images (Fig. 5) supported the mentioned
morphology characteristics of the prepared materials of bi-pyr-
amidal-like sub-micron polycrystalline particles for both systems.
However, it is noted that while the BaMoO,4:10 mol%Eu>* material
preserves its features illustrated at higher magnification images,
presenting well-defined particles, the BaW0,4:10 mol%Eu>* material
exhibited a distinct behavior. Besides, much smaller particles
(<100 nm) were observed distributed on the surroundings of mi-
crometric-sized crystals in a more pronounced way compared to the
barium molybdate system.

Additionally, HRTEM images were also obtained, and it was
possible to derive the crystallite size for both materials (Fig. S9)
using the (004) and (112) reflections observed in electron diffraction
patterns (Table S2). Therefore, it was recognized that the crystalline
domains of the BaMoO,4:10 mol%Eu>* material extended for around
30 nm. This result corroborates with the previously obtained average
values by Scherrer’s equation, where the BaW0,4:10 mol%Eu>* com-
pound presented coherent domains of up to about 50 nm, which
may be accounted for variations in the shape factor due preferential
crystal growth in this system.

FTIR spectra (Fig. S10) of the BaMO,:xmol%Eu®" materials show
an intense absorption band at 800 cm™! assigned to the stretching
vibration mode (vp_o). Moreover, broad absorption bands are asso-
ciated with stretching (vo.y ~3450cm™) and bending (8y.o.n
~1630 cm™") vibrations originating from H,0 molecules adsorbed on
the surface of polycrystalline particles are also observed [25,34]. The
absorption bands at around 2360 and 1400 cm™! in all materials may
be attributed to vo—c—o, and vc—o from CO,, respectively. Raman
spectra of the BaMO4:xmol%Eu>* (M: Mo or W) materials (Fig. 6),
recorded in the range of 125-1000 cm™!, exhibit intensity and si-
milar lines. All the expected lines are observed in the Raman signal,
presenting ten active vibrational modes (3A; + 4Bg + 3E,) as fol-
lowing (in cm™): [MoO4]* 890 (A), 837 (Bg), 791 (Ey), 358 (Eg), 344
(Bg), 326 (By), 191 (Eg) and 132 (B,) and [WO4]*" 924 (A,), 829 (By),
793 (Eg), 352 (Eg), 344 (Bg), 332 (Bg), 191 (Eg) and 150 (B), which are
characteristics of scheelite-type structure with tetragonal symmetry
( C%,) [36,37]. Additionally, no unusual bands or any significative
changes were not observed, even when doping with different con-
centrations of the Eu®* ion. Raman spectral results corroborate with
those from the PXRD data.

Thermogravimetric curves (TG) of the undoped matrix, as well as
doped BaWO,4:xmol%Eu>* and BaMoO,:xmol%Eu>" (x: 2 and 10 mol
%) materials, exhibit low weight loss event in the temperature in-
terval from 35° to 250°C (Fig S11). This Thermal feature is attributed
to the mass loss water molecules (absorption, adsorption, and
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crystallization), which agrees with the infrared data of the hydrate
materials. After this dehydration event, the materials remain stable
up to 700 °C, indicating good thermal stability of all materials at high
temperatures.

3.2. Optical properties

Diffuse Reflectance Spectroscopy (DRS) data of BaMO,4:xmol%
Eu?* phosphors (Fig. 7a) mainly shows the broad reflectance band
assigned to VB — CB transitions that are overlapped with the LMCT
(0% - Mo®") band from 220 to 340 nm. Furthermore, it is observed
the 0% - Eu®" LMCT transition (300-360 nm) and narrow absorp-
tion bands assigned to the “Fy — °Dy, °D,, °Ds °Le, °G,, °Gs,°Gg and
5D, transitions of the Eu>* ion (360-550 nm) in the BaMO4:xmol%
Eu®" materials [23]. The BaWO,:xmol%Eu>* (Fig. 7b) shows the
highest reflectance intensity band at 225 nm which is assigned to
transition between the valence band to the conduction band (VB —
CB) of the host matrix. This represents the main absorption pro-
cesses of the BaWO, matrix and BaWO,:2 mol%Eu>" materials,
overlapping with the LMCT broad bands in the spectral region from
270 to 300 nm. As Eu*-doping concentration increases, the LMCT
(0> - W®" and 0% — Eu?") [16,38] transitions become more ap-
parent as a redshift on the broad absorption band is observed. These
optical phenomena are related to absorption processes originating
from meta-stable states (W°" and Eu?*), which may give rise to
collective emission processes derived from the host matrix and/or
Eu?" ions. It is noteworthy that the absorptions by the tungstate and
molybdate have high absorption coefficients.

It is noteworthy that the band gap energies (Eg) of the barium
molybdate and tungstate matrices were calculated by the single-
constant Kubelka-Munk function [F(R.)] (Eq. 2) [39-42] from DRS
spectra, where K and S represent the material’s absorption and
scattering coefficients, given by (1 — R..) and 2R. respectively, while
R.. corresponds to the experimentally measured reflectance, and n
stands for the transition constant, assuming values of 0.5 or 2 for
direct and indirect allowed transitions accordingly. Furthermore, h
corresponds to Planck’s constant and v to the photon’s frequency. To
find the experimental band gap energy, a linear fit of F(R..) — 0 was
plotted. Its intersection with the energy axis represents Eg for these
matrices (Fig. S12 and Fig. S13). The calculated values from the E,
transitions (Table S3) corroborate with data previously reported in
the literature [15,38], as the statistical parameters of coefficient of
determination (R?) and residual sum of squares (RSS) presented
appropriate values for a high-precision linear fitting for extrapola-
tion of the single-constant Kubelka-Munk curves [40].

[F(Ro)hv]'™ = [(K[S)hv]'/" (2)

Interestingly, the energy band gap of the BaMoO,:xmol%Eu®*
shows only slight variations in their values with increasing euro-
pium concentration, as the LMCT bands do not show a substantial
shifting compared to the VB — CB band of the BaMoO,4 matrix [41],
varying from 4.35 to 4.45eV for x:0-10 mol%. In contrast, the cal-
culated E, values for BaWO4:xmol%Eu®* present a significant spectral
shift in the UV region from 5.18 to 4.30eV for x: 0-10 mol%. For
instance, the BaW0,:2 mol%Eu>* material shows a high E; value,
similar to the undoped BaWO, matrix due to its predominant VB —
CB direct allowed electronic transitions. On the other hand, in Ba-
WO,:xmol%Eu®" materials (x: 4, 6, 8, and 10) the LMCT band red-
shifts decreasing Eg values to around 4.3 eV, which may be due to the
overlapping of the 0> - W®" and 0% - Eu®* bands [17,26,43].

3.3. Luminescence properties

Excitation spectra of the BaMoO,4:xmol%Eu®" (Fig. 8a) and Ba-
WO,4:xmol%Eu?* (Fig. 8b) materials exhibit characteristic narrow
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Eu3* absorption bands assigned to ’Fy — °D,4 (362 nm), °G, (381 nm),
5L (394 nm), °D5 (415 nm), °D, (464 nm) and °D; (534 nm) transi-
tions [23]. Similar spectral profiles for the molybdate system with
increasing Eu* doping concentration are observed, in contrast to
Eu®"-doped tungstate materials [43-45]. Based on the deconvolution
curves for the LMCT bands, the contribution of 0% - Mo®* and 0% —
Eu?* transitions, there are no significant changes with an increasing
Eu?* concentration in the BaMoO,4 matrix (Fig. 8a, Fig. S14). Also, a
relatively low absorption intensity of these bands compared to 4f°-
4f5 transitions was recorded. Conversely, the deconvolution curves
for BaWO,4:xmol%Eu>* materials present a significant redshift of the

LMCT bands, mainly due to the contribution of europium 0% — Eu*
transition (Fig. 8b, Fig. S14) [17]. It is also noticeable that the LMCT
band intensities decrease compared to the 4f°-4f° transitions from 2
to 10 mol% concentrations, indicating that the direct excitation from
Eu®" ions is also operative.

Emission spectra of BaMoO4:xmol%Eu®* (Fig. 9a) and Ba-
WO,4:xmol%Eu3* (Fig. 9b) phosphors exhibit the narrow bands from
the Eu* (°Dgy — "Fg_4) transitions with the highest red luminescence
intensity assigned to the hypersensitive °Dg — ’F transition [23].
Moreover, very weak emission bands from the °D; level [44,45]
could be observed, suggesting that multiphonon non-radiative decay
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Fig. 8. Excitation spectra of a) BaMoO4:xmol%Eu* and b) BaWO,4:xmol%Eu>* materials, where x: 0, 2, 4, 6, 8 and 10 mol, monitored at 612 nm emission.

from this level is not very operative, even at room temperature
[46,47] (inset in Fig. 9). Furthermore, a remarkable [WO4]* broad
emission band at 450 nm [15] was observed for the BaWO,:xmol%
Eu?* system (Fig. 9b), mainly for x: 6, and 8 mol%, while no sig-
nificant emission bands from the [MoO4]*" group was noted for
BaMo0,:xmol%Eu>* materials.

The °Dy — ’Fo_4 emission bands of the BaWO,:xmol%Eu>* ma-
terials (x: 4, 6, 8, and 10) showed a significant broadening in their
spectral profiles with increased Eu** concentration (Fig. 9b). This
optical result suggests different symmetry sites around europium

ion. In contrast, the molybdate system shows similar spectral pro-
files at different Eu* concentrations from 2 to 10 mol%, maintaining
their characteristic narrow emission >Dy — "Fg_4 bands (Fig. 9a).
Luminescence decay curves of the main emitting level (°Dy) from
the Eu3* ion were monitored at 612 nm under 394 nm excitation for
all Eu**-doped materials (Figs. S15 and S16). The lifetime (z) values
(Table 2) determined for BaMoO4:xmol%Eu>* materials (Fig. S15)
show similar results of around 0.53 ms. On the other hand, the Ba-
WO,4:xmol%Eu>* system (Fig. S16) demonstrated a slight decrease of
(zav)values with increasing doping concentration (from 0.64 to
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Fig. 9. Emission spectra of (a) BaMoO,:xmol%Eu>* and (b) BaWO4:xmol%Eu®* materials, where x: 0, 2, 4, 6, 8 and 10 mol under 394 nm excitation.
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Table 2
Experimental intensity parameters (Q,), average lifetime (), radiative (A;.q) and
non-radiative (Apaq) coefficients, and intrinsic quantum yield (Q Ev +) values for

3+
BaMoO,:xmol%Eu>* and BaWO4:xmol%Eu>* materials (x: 2, 4, 6, 8 and 10 mol%).
Luminescent materials Q, Q4 Tav Arad Anrad Q Eu3+
(10720 (1072 (ms) (s (s1) Eu3t
cm?) cm?) (%)
BaMo0,:(2 mol%)Eu®* 15 5 0.55 1232 641 68
BaMo0,:(4 mol%)Eu®* 16 6 049 1302 606 64
BaMo0,:(6 mol%)Eu>* 17 6 050 1330 745 67
BaMo0O,:(8 mol%)Eu>* 17 6 058 1347 432 79
BaMo0O,:(10 mol%)Eu* 17 8 055 1434 446 79
BaWO0,4:(2 mol%)Eu®* 15 7 064 1193 513 77
BaWO,:(4 mol%)Eu®* 13 5 0.62 984 782 61
BaWO,4:(6 mol%)Eu®* 9 4 0.51 777 1455 40
BaWO,:(8 mol%)Eu>* 9 3 0.52 714 1533 37
BaWO,:(10 mol%)Eu®* 13 6 049 1040 1307 51

0.49 ms). We attribute this decrease in (g,) to the considerable in-
crease in the non-radiative decay rate as displayed in Table 2, in
contrast to the case of the molybdate materials. In the present case,
cross-relaxation processes between Eu>* jons do not interfere in the
5Dy average lifetime. Moreover, based on the decay curves, we have
not found evidence of energy migration trapping in the fast-diffu-
sion regime at these europium doping concentrations.

These decay curves were well adjusted to bi-exponential func-
tions, leading to the values of the pre-exponential terms (A; and A,
coefficients) that are given in the Table S4. The average lifetimes (zay)
of the emitting Dy level were calculated according to the Eq. 3 [48].

= (Mt + Ay3)
(A1m + Aryy) (3)
Experimental intensity parameters Q, (more sensitive to the
angular part of the odd component of the ligand field) and Q4 (more
sensitive to distance — covalency effects) of Eu** [49] were calculated
from the luminescence spectra recorded under 394 nm excitation
(Table 2). As the emission intensity (in terms of emitted number of
photons) is given by Io_j = Ag_;N,, where Ag_,jis the spontaneous
emission coefficient and Nycorresponds to the population of the
emitting Dy level. Thus, for experimental determination of
Ao_jvalues (Eq. 4), the allowed magnetic dipole transition (*Dg —’F;)
is used as a standard reference [50].

Soo
Aoy = (52 Jl)/\oﬂ

a) BaMoO:xmol%Eu3*

0,
0,0 01 02 03 0.4 0,5 0,6 0,7 08
X
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where Sp_,; is the integrated intensity of the corresponding 5Dg — 7FJ
transition. Hence, Q,4 values reported in Table 2 were calculated
from Eq. 5 [50].

4203 1
3nc3 2] + 1

2
Aoy = x Y. Dy [UN|Fy

1=2,4

(5)

where o is the angular frequency of the °Do—’F; transition,

no(n§+2)2 .
Xx=——¢—— represents the Lorentz local field correction factor,

ngcorresponds to the refractive index of the material and the squared
reduced matrix element values 0.0032 and 0.0023 for J =2 and 4,
respectively, were taken from reference [51]. It is worth mentioning
that since the squared reduced matrix element for the *Do—7Fg
transition is very small (U® = 0.0002) compared to the °Dy — ’F, and
5Dy — ’F4 transitions, the total contribution of the Dy — ’Fg tran-
sition for the total spontaneous emission is very low. Consequently,
the contribution of the radiative rate assigned to the °Dy—’Fg tran-
sition for the intrinsic quantum yield values should be negligible.
Furthermore, the total spontaneous emission Ay = XAo-; and in-
trinsic quantum yield is given by Qfﬂi = Arad|Atotal
(whereArorar = 1/t = Arad + Anraa) [50,52] (Table 2).

The similar Q, values (~16 x1072° cm?) and Q, values (~6 x1072°
cm?) for the BaMoO,:xmol%Eu>" (x: 2-10) indicate no significant
changes in the first coordination spheres around the europium ion
(Table 2). On the other hand, the Q, and Q4 values for the Ba-
WO,4:xmol%Eu>* materials are noticeably different (decrease) for
Eu?* concentrations of 6 and 8 mol%, suggesting structural changes
in the tungstate system. [49,53]. This observed fact is clearly corre-
lated with the accompanying decrease in the respective values of the
radiative decay rates A;aq (Table 2).

The intrinsic emission quantum yield value (QE;’;:: 77-37%) of
the Eu-doped BaWO, materials (Table 2) are consistent with the
luminescence quenching due to the significantly higher non-radia-
tive decay contributions for contents of 6, 8, and 10 mol%. In contrast,
the Qf&‘;: values of the BaMoO,:xmol%Eu>" materials show no sig-
nificant changes (~70%). Therefore, the molybdates present a highly
efficient luminescence independent of Eu** concentrations. It is
noteworthy that the tungstate system at lower europium content
(2 mol%) shows high intrinsic quantum efficiency (77%).

CIE (Commission Internationale de I'Eclairage) diagrams of the
BaMoO4:Eu?* materials illustrated in Fig. 10a [54] display a slight
redshift (high monochromatic character) in x,y coordinates as a
function of increasing Eu®* concentration (Table S5). Color co-
ordinates were calculated by using the direct emission spectrum
inputs of free format spectrum (wavelength versus emission

b) BaWO :xmol%Eu>* xmol%

2

H

o

=]

-
o

Fig. 10. C.LE. diagram of luminescent materials a) BaMoO,:xmol%Eu®* and b) BaWO,:xmol%Eu>*, where x: 2, 4, 6, 8, and 10 mol%, under 394 nm excitation, respectively.
Photographs of the materials taken with a digital camera under a 360 nm U.V. lamp are also shown.
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intensity) for the luminescence spectra of BaMO,4:Eu®* materials on
the ColorCalculator 7.23 (OSRAM Sylvania, Inc.) software, plotted
onto a CIE 2015 10° x,y diagram format. In comparison, the Ba-
WO,4:mol%Eu>* materials (Fig. 10b) show the narrow red emission
bands of Eu®>* ion as well as the contribution of the broad emission
band assigned to the [WO4]* group [19], exhibiting pronounced
blueshift effects in the BaWO, matrix for concentrations of 6 and
8 mol% (Fig. 10b). This blueshift is clearly due to the very broad and
asymmetric emission band centered around 450 nm (Fig. 8) whose
tail extends considerably towards the lower energy side slightly
overlapping the °D, emitting level. This fact possibly induces a non-
radiative back energy transfer involving the Dy and the ’F; levels
which might be responsible for the decrease of the average °Dg
lifetime and the decrease of QE;@: Notice that this very broad
emission band is not observed in the case of the molybdate mate-
rials. Its origin is unclear, but it could be due to the Stokes shift from
the band observed around 390 nm in the reflectance spectra. Defects
nearby the Eu" ion in the case of the tungstate material could be the
reason. A further detailed investigation is needed.

4. Conclusions

In summary, highly crystalline Eu*>*-doped BaMO,4 luminescent
materials (M: Mo or W) were successfully obtained by the copreci-
pitation method in an aqueous solution at room temperature
(~300K). Furthermore, this preparation method drastically reduces
time and energy costs compared to ceramic, Pechini, and microwave
preparation methods, which can be classified in at least six of the 12
principles of green chemistry. PXRD and Raman data confirmed the
formation of a characteristic and highly crystalline scheelite-type
structure for both materials, while SEM images revealed the for-
mation of particle aggregates on top of the more prominent and
well-defined crystalline surfaces with increasing Eu3* concentra-
tions.

The spectroscopic properties of these materials are significantly
influenced by the LMCT excitation bands (0%" — Mo®*, W®*, and Eu*)
as well as their intense red emission bands assigned to Eu>* tran-
sitions. It was observed that the Q, values are much higher than the
Q4 values. This result is related to the fact that the °Dg — F, tran-
sition presents a much higher intensity than °Dy — ’F; one sug-
gesting a low local symmetry around the Eu*" ion, which might be
due to angular distortions in the local coordination geometry.
Interestingly, the BaMoO,:xmol%Eu>" (x: 8 and 10) and BaW0O,:2 mol
%Eu>" materials show the highest intrinsic quantum efficiencies
values. Besides, the brightness is certainly assured by the high ab-
sorption coefficient of the tungstate and molybdate groups and ef-
ficient intramolecular energy transfer. Therefore, these luminescent
materials prepared by the coprecipitation method are promising
candidates for UV-Visible energy conversion.
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