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MWO, host matrices (M: Sr, Ba) doped with different Tm?** concentrations (0.02, 0.04,
0.06, 0.08 and 0.10 mol%) have been successfully prepared by the coprecipitation method at
room temperature. The as-prepared nanophosphors were characterized by infrared spectroscopy
showing intense absorption bands in the range of 700-1000 cm™ attributed to the symmetrical
and asymmetrical stretching vibrations (v) of the tetrahedral [WO,]* group. The X-ray diffraction
(XRD) measurements reveal the tetragonal scheelite phase with the 14,,, (No. 88) space group. The
emission spectra of the MWO,: Tm* materials are dominated by the highest intensity narrow band
of the intraconfigurational 'D, — 3F, transitions in the blue region (ca. 456 nm) arising from the
Tm?* ions. Additional low-intensity emission bands originated from the 'G, — *H; (ca. 475 nm),
G, — °F, (660 nm) and *H, — 3H, (700 nm) transitions are also observed. These optical results
indicate that the materials can be used as an alternative to blue-emitting markers.
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Introduction

In the last decades, inorganic host lattices doped with
trivalent rare-earth ions (RE**) have been extensively studied
due to the remarkable optical properties resulting from
their 4f-4f transitions. The positions of the absorption and
emission bands are practically independent of the ligand
field around the RE* ion due to the effective shielding of
the 4f-subshell by the external 5s* and Sp°® subshells. These
spectroscopic features lead to atomic-like transitions,
showing sharp lines with high emission color purity.!?

Nano- and micro-structured photonic materials
with homogeneous morphology that present excellent
monodispersity in bulk scale play important roles in
the areas of electronic, optical, magnetic, catalytic, and
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chemical phenomena.’” In particular, the trivalent rare-
earth ions doped tungstates [WO,]*>~ have been extensively
studied during the past decades, mainly owing to their very
interesting photoluminescent properties.'

Since the CaWO, matrix presents excellent chemical,
thermal and luminescence properties, it has been
extensively used in solid-state lasers, displays, scintillating
materials, fiber-optical communication, etc.®!" For
example, CaWO, matrix shows an intense broad emission
band in the spectral range of 300-600 nm with a maximum
at around 420 nm, exhibiting a blue-emission color
assigned to the O*(2p) — W¢ ligand-to-metal charge
transfer (LMCT) transitions from the [WO,]* groups
under UV excitation.'®!>!3 However, the excitation energy
of the doped MWO,:RE* (M: Mg, Ca, Sr or Ba) may be
efficiently transferred to RE* ions.!*1%13

In the last years, photoluminescence materials
containing the MWO,:RE** (M: Mg, Ca, Sr or Ba)
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matrices doped with Eu** and Tb* ions, which shows
red and green emission colors, have been intensively
reported.'** On the other hand, the luminescence study
arising from blue-emitting materials based on the Tm?*
ion doped into the tungstate host lattice is barely reported
in the literature.

Tm?* ions give rise to blue emission color from the
'D, — JF, transition in several host inorganic matrices.'
The thulium ion can act as an activator in the development
of the new luminescent materials for different applications
in luminescent display devices, in plasma display
panels (PDPs), for anti-counterfeiting, and in biological
systems.'®19

In the last few decades, a large number of luminescent
materials acting as blue emitters have been developed.?%
For example, efficient bright blue luminophores using
the different activator ions Ce** (Ba,Al,Si0,,:Ce**)** and
Eu?* (Sr,MgSi,0;:Eu*, Dy*)% present broad emission
bands originated from the 4f°5d' — 4f' and 4£°5d' — 417
interconfigurational transitions, respectively. On the other
hand, the Tm?* ion exhibits narrow blue emission lines
assigned to the 4f-4f intraconfigurational transitions,
showing monochromatic character.

In addition, trivalent thulium ions are known to
offer many features in this spectral region due to the
intraconfigurational 4f'? transitions with total degeneracy
of only 91 crystal field levels. Furthermore, the electronic
transitions between the ground (*H,) and excited (*H,,
F, 4, *Py,, 'Dy, 'Gy, ', and 'Sy) states occur in the spectral
range from 5,000 to 40,000 cm™', except for the 'S, level at
74,000 cm™'. The °F, — 3H, and *H, — °F, transitions are
of great interest in surgery, optical communications, and
remote sensing.’! Towards the achievement of compact
ultraviolet-blue lasers, the Tm*" doped host is one of the
most studied systems due to its radiative emissions at 360,
455 and 475 nm assigned to the 'D, — *H,, 'D, — °F,,
and 'G, — ’Hg transitions, respectively.’** Usually, Tm?**
materials show only weak 4f-4f emission because of the
small energy gap between their emitting and lower energy
levels; this increases the probability of nonradiative
transitions.

In this work, we report the synthesis of luminescent
MWO,:Tm* (M: Ba, Sr) nanomaterials prepared by the
coprecipitation route and their photonic properties. The
[WO,]> LMCT states of the host matrix are also discussed.
Furthermore, the 4f-4f electronic transitions originated
from Tm** ion doped into the tungstate matrix are analyzed.
The photoluminescence features arising from the trivalent
thulium ion indicate that the materials can be used as
efficient blue-emitting phosphors.
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Experimental
Synthesis

The MWO,:Tm?** (M: Sr, Ba) materials were prepared
by using an aqueous solution of Na,WO, and M(NO,),
(99.99% Sigma-Aldrich, Sdo Paulo, Brazil). Stoichiometric
quantities of M(NO;),-xH,O and Na,WO,-2H,0 precursors
were dissolved separately in deionized water.!* The
Tm(NO,), aqueous solution with concentrations of 0.02,
0.04, 0.06, 0.08, and 0.10 mol% was added into the
M(NO;), aqueous solution. After that, the Tm* and M**
resulting solution was added dropwise into the [WO,]*~
solution and stirred at room temperature (ca. 300 K) for 3 h.
Finally, the white crystalline powders were filtered, dried,
and stored under reduced pressure in a vacuum desiccator.

The infrared absorption spectra were measured using
KBr pellets on a Bomem MB100 FTIR in the spectral
region from 400 to 4,000 cm™'. X-ray powder diffraction
(XPD) patterns of the samples were registered with a
Rigaku Miniflex II using Cu Ko, (1.5406 A) radiation
at 30 kV and 15 mA in 20 interval of 10-80° with step
size 0.02° and step measuring time of 1 s. The average
crystallite sizes were estimated from the diffraction data by
using the Scherrer formulae (equation 1), where ¢, is the
average grain size, A is the X-ray wavelength, 6 is half of
the Bragg angle, and B is the full width at half maximum
(FWHM) of the selected reflection. In this work, the (1 1 2)
reflection (20: 28°) was used in the calculations. To correct
the broadening due to the diffractometer setup from the f,,
it was used B* =B —BZ, where B, and P, are the FWHM of
the material and reference (NaCl: 0.149; 31.7°; hkl: 2 0 0),
respectively.

¢hk1 =— (D

The scanning electron microscopy (SEM) images of
as-prepared MWO,: Tm* (M: Sr, Ba) materials dispersed
with chloroform were obtained by direct deposition on a
carbon sample holder. A SEM JEOL Neoscope JCM-5000
Cannon equipment with a conventional tungsten filament,
acceleration voltages 5-15 kV and maximum magnification
capacity of x40,000 for observation in low and high vacuum
(30 Pa) were employed. Photoluminescence data of the
materials containing Tm?*" ion were recorded at room and
liquid nitrogen temperatures (77 K) by using a Fluorolog-3
spectrofluorometer (Horiba) presenting excitation and
emission double-grating monochromators of 0.22 m.
The 450 W pulsed Xe lamps were used as an excitation
source. Luminescence decay curves were obtained by
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using a 150 W pulsed lamp and recorded in a SPEX 1934D
phosphorimeter.

Results and Discussion
Characterization

The undoped and doped MWO, host matrices (M:
Ba**, Sr**) with different Tm* concentrations (0.02,
0.04, 0.06, 0.08 and 0.10 mol%) were synthesized by
the coprecipitation method at room temperature, without
subsequent calcination. This is a fast, economical and
straightforward synthesis method to obtain luminescent
nanomaterials, which does not require energy consumption
and is an environmentally friendly method.'

The X-ray powder diffraction (XPD) patterns of
all samples are ascribed to scheelite structure with the
space group 14, (Powder Diffraction File (PDF) entries:
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No. 8-0490; No. 43-0646) data for the tetragonal phase
(Figures la and 1b). No additional diffraction peaks in
the XPD patterns originating from Tm,(WO,), or any
other phase were observed, which indicates that the
as-prepared materials are a unique phase, indicating an
efficient synthesis of the MWO,: Tm?** phosphors. These
XPD data also confirm the successful incorporation of the
Tm?* ion in the host lattice. It is noteworthy that the ionic
radius of Ba>* and Sr** (1.42 and 1.26 A, respectively) are
larger than the ionic radius of the Tm* (1.13 A) which
is not totally in agreement with Vegard’s law. However,
the X-ray diffractograms show no segregation phase for
these materials with coordination number 8 (Figure 1¢).%’
Due to the small difference between the ionic radii, it is
possible that the Tm?* ion substitutes the M?* site in the
crystalline lattice.

The crystallite sizes and interplanar distances of STWO,
and BaWO, matrices doped with 0.02 to 0.10 mol% Tm?*
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Figure 1. XPD patterns of undoped and doped (a) StWO,:Tm* and (b) BaWO,:Tm* materials (0.02, 0.04, 0.06, 0.08 and 0.10 mol%). Vertical bars
indicate the standard PDF (No. 8-0490; No. 43-0646) data for the tetragonal phase; (c) a schematic VESTA representation of the tetragonal structure of
the STWO, showing the tetrahedral [WO,] and tetragonal antiprism [SrOs] units. Structural data adapted from reference 36.
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ion are listed in Table S1 (Supplementary Information
(SD) section). It is expected that the expansion of the ionic
radii of the alkaline-earth ions (1y.- < 1y,2-) would cause an
increase of the crystallite sizes. The ionic radii difference
between Tm* and M?* (Sr** and Ba*") can promote
crystalline lattice distortion around the luminescent thulium
activator.”’

The diffraction peaks in Figure 1 shift to lower angles
from StWO,:Tm* to BaWO,: Tm* due to the fact that the
radius of Sr** ions (1.26 A) is smaller than that of the Ba?*
ions (1.42 A). In this case, BaWO, has the biggest radii
leading to a larger crystal plane spacing d in accordance
with the Bragg’s equation 2dsin® = nA (A is the wavelength
of X-ray, 0 is the angle, and n is a positive integer). The d
values of (1 1 2) were calculated and the results are listed
in Table S1 (SI section).

The Fourier transform infrared (FTIR) absorption
spectra of the as-synthesized samples BaWO,:Tm*
and StWO,:Tm*" phosphors are shown in Figure 2. The
absorption bands at 3454 and 1630 cm™ are assigned to
O-H stretching vibration and H-O-H bending vibration,**+°
respectively, which are characteristic vibrations of water
molecules physically adsorbed on the sample surface and
the materials and the KBr pellets. A strong absorption
band around 820 cm™! is related to O—W-O stretches in
the MWO,-type scheelite oxides. The tetrahedral [WO,]*
groups have S, site symmetry and show main absorption
bands in the spectral region from 500 to 1000 cm™'. The
bands centered around 928 and 825 cm™ correspond to
the v1 and v3 modes of the [WO,]*~ groups, respectively.*!
The narrow absorption bands at 400 cm™' and below,
assigned to the 6(M-0) bending modes for the materials
containing Ba and Sr,* are out of our experimental range.
The non-doped and doped MWO, systems show very
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similar FTIR behavior, and the absorption bands assigned
to Tm-O stretching are not observed owing to low Tm?**
concentrations.

The scanning electron microscopy (SEM) images show
that the non-doped BaWO, and SrWO, matrices present
crystallites with rice-grain shapes (Figures 3a and 3d).
When the BaWO, matrix is doped with Tm*" ion with a
concentration of 0.02 mol%, it shows a bipyramidal shape
(Figures 3b and 3e). On the other hand, SftWO,:Tm?*
materials doped at the highest concentration (0.1 mol%)
exhibit monodispersed micro-agglomerates, differently
from the observed for BaWO,:Tm* (Figures 3c and 3f).

Photoluminescence investigation

MWO,: Tm3* blue-emitting phosphors

The excitation and emission spectra of the MWO,
matrices doped with Gd** (1.0 mol%) ion were also
recorded to investigate energy levels from the tungstate
matrices (Figure 4). It is known that the Gd* ion presents a
large energy gap (ca. 32000 cm™) between the ®S,,, ground
state and the first °P,,, excited state to obtain information
on LMCT states from [WO,]*- group. The excitation
of the StWO, and BaWO, matrices show two broad
absorption bands centered at 270 and 375 nm assigned
to the LMCT states from [WO,]> group (Figure 4a).
Besides, the emission spectra of the SfTWO,:(0.1 mol%)
Gd* and BaWO,:(0.1 mol%)Gd* samples present two
broad emission bands at 425 and 480 nm characteristic to
the LMCT states from [WO,]* group (Figure 4b).

The excitation spectra of the MWO,:Tm?** phosphors
(M: Sr, Ba) were recorded at room temperature in the range
from 250 to 375 nm (Figure 5), monitoring the emission
in the 'D, — °F, transition (456 nm). They consist of
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Figure 2. FTIR absorption spectra (KBr) of (a) StWO,:Tm* and (b) BaWO,:Tm* (0.02, 0.04, 0.06, 0.08 and 0.10 mol%) materials obtained by

coprecipitation method.
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Figure 3. SEM images of micro agglomeration of crystals of non-doped and doped StWO, and BaWO, (with 0.02 and 0.1 mol% Tm?*) obtained by
coprecipitation method.
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Figure 4. (a) Excitation and (b) emission spectra of the StWO,:(0.1 mol%)Gd** and BaWO,:(0.1 mol%)Gd* compounds recorded at room temperature
(300 K).
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broad absorption bands with a maximum at about 255 and
280 nm assigned to the O*(2p) — W LMCT transition
MWO, for Sr** and Ba*, respectively.'?* In the longer
wavelengths region, the 4{-4f transitions within the Tm?* 4{'
configuration can be detected with the highest absorption
intensity compared to excitation in the LMCT states, which
is assigned to transition from the *H, ground state to the 'D,

excited state of Tm?* centered at 360 nm (Figure 5).

The highest blue emission band centered at 456 nm
is observed for all MWO,:Tm3* materials as shown in
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Figures 6a and 6b, except for the thulium concentration
at 0.02 mol%. It corresponds to the emission from 'D,
excited state to the °F, state from Tm?* ion. In addition,
the low emission intensity bands from thulium are also
present at ca. 660 nm assigned to the 'G, — °F, transition,
while the 'G, — 3H, transition is located at ca. 475 nm
in the MWO,:Tm?* phosphors at 77 K. Besides, the
highest emission intensity of Tm* in MWO, phosphors is
'D, — °F, transition located at the blue region, exhibiting
high color purity, indicating that the MWO,:Tm?3*
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Figure 5. Excitation spectra of (a) StWO,:Tm** and (b) BaWO,:Tm?* materials (0.02 to 0.1 mol%) compounds recorded at 77 K.
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Figure 6. Emission spectra of (a) StWO,:Tm* and (b) BaWO,:Tm** materials (0.02 to 0.1 mol%) recorded at 77 K; (c) partial energy level diagram.
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Figure 7. Luminescence decay curves of the 'D, emitting level of Tm?* ions in the (a) STWO,:Tm?** and (b) BaWO,:Tm* materials (0.02 to 0.1 mol%)
recorded at room temperature with A, ca. 456 nm and A, ca. 360 nm. The emission intensities of all Tm** doped samples have been subtracted by the

intrinsic emission by the host matrices.

materials can be used as blue-emitting markers. The
partial energy level diagram (Figure 6¢) shows the direct
excitation at 360 nm assigned to the 'D, level of the Tm3*
ion. Besides, the narrow emission bands in the spectral
regions 470, 660 and 770 nm are assigned to the 'G, —
Hy, 'G, — °F, and *H, — °H, transitions, respectively
(Figures 6a and 6b).

The luminescence lifetimes of the 'D, emitting level of
Tm?* were measured under excitation at around 360 nm, and
the decay curves can be satisfactorily fitted with a single
exponential. The short lifetime values are possibly due to
surface defects or impurity ligands such as O—-H in the
samples that might act as channels of nonradiative decay
(Figure 7). The average lifetimes for 'D, emitting level
of Tm** ions of concentration from 0.02 to 0.1 mol% is
ca. 20 ps for StWO,: Tm**and BaWO,: Tm?*.#7#% In the case
of the barium sample doped with 0.02 mol% concentration
(Figure 7b) we have at the moment no explanation for the
considerably different behavior with respect to the higher
doping concentrations.

The chromaticity diagram (Figure 8) presents the
coordinates of emission color for the MWO, host matrices
(M: Ba, Sr) doped with different Tm** concentrations (0.02,
0.04, 0.06, 0.08 and 0.10 mol%).* Some materials emit in the
blue region, close to the center of the chromaticity diagram,
and some in the dark blue region, close to the vertices. The
Commission Internationale de I"Eclairage (CIE) coordinates
for StWO,:Tm** and BaWO,:Tm?* are reported in Table S2
(ST section) and agree with blue color. It is observed that the
luminescent StWO,: Tm?** and BaWO,: Tm?** materials doped
with lowest thulium concentration (0.02 mol%) have high
blue color contributions becoming an efficient and cheaper
blue-emitting phosphor.

(mol%)Tm3*

STWO, BaWoO,

0.00
0.02
0.04

Figure 8. CIE chromaticity diagrams of the luminescent MWO,:Tm**
materials (M: Sr, Ba) presenting different thulium concentrations (0.02
to 0.1 mol%).

Conclusions

Doped MWO,:Tm?** (M: Sr, Ba) materials were
successfully prepared through a classical coprecipitation
method. This method offers many advantages in comparison
to conventional procedures, such as simple operation,
low cost, fast preparation and homogeneous morphology.
Besides, it is performed at a lower temperature than the
usual solid-state method, avoiding the formation of undesired
phases induced by high temperatures. An eventual lowest
component of the LMCT state, probably a triplet-type
state, is deactivated non-radiatively extremely fast, and no
energy transfer is operative. Under ultraviolet excitation at
355 nm assigned to the *Hy, — 'D, transition of the Tm?*,
the doped phosphors exhibit strong blue emission at 456 nm
("D, — °F, transition). Moreover, the MWO,:Tm?" systems
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are promising candidates suitable for applications as blue
phosphors in optical markers and blue color lighting.

Supplementary Information

Supplementary information (crystallographic and
luminescence data and CIE coordinates) are available free
of charge at http://jbcs.sbq.org.br as PDF file.
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