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Luminescent materials of different emission colors are of great interest for development of new or more
efficient optical devices. Although many materials have been reported using different approach, green
synthesis and nanosized rare earth doped phosphors of high color rendering is still very limited. This
paper describes the structural and luminescence properties of different rare earth doped a-Ag,WO4. The
nanophosphors a- (Ag1.97REg 01)WO4 (RE = Pr, Sm, Eu, Tb, Dy and Tm) were prepared using a simple, fast
and cheap coprecipitation methodology. The results revealed that the samples have single phase with
orthorhombic symmetry of Pn2n space group. X-ray Photoelectron Spectroscopy (XPS) properties of
these phosphors are characterized for the first time. The phosphors show their characteristic emission
colors under ultraviolet excitation due to the efficient energy transfer from W03~ group to rare earth
jons. Also, the a-(Ag1.97RE01)WO4 system offers the possibility of color tuning by changing only the RE>*
dopant instead of altering the host. The photoluminescence properties show the suitability of these
inorganic phosphors for solid-state lighting optical devices and for biological applications due to the low
toxicity of silver compounds.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Over the last two decades, there have been considerable in-
terests in new luminescent materials for modern lighting displays
of varying emission colors. Rare Earth (RE) elements are well
known by their luminescence behavior due to their various energy
levels. The 4f—4f or 5d—4f transitions are responsible for the
characteristic emission from the UV to near-IR range of electro-
magnetic spectrum due to relaxation of excited state electrons to
their ground state after absorption of light [1,2]. These intense and
sharp f-f transitions are result of protected external environment by
the 5s and 5p electrons. In consequence, the RE doped materials
may be applied in various fields such as Field Emitting Displays
(FEDs), Light Emitting Diodes (LEDs), biomarker, bioprobe, displays
devices, and so on [3—10].

Doping is an artifice used in materials science to incorporate
atoms or ions of appropriate elements into the host lattices to yield
new materials with enhanced or new properties. When doping
involves a RE ion, optical properties of the resulting material can be
improved as well as change in size, emission color, and others de-
fects into the host lattice which yield new applications. Among RE
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ions, special attention has been paid for the ones with emission
color in the visible range. Desired emissions via various energy
transfer pathways can be achieved due to their intra-
configurational transitions. So, RE activated luminescent materials
have been receiving special attention because of their excellent
photostabilities, long luminescence lifetimes, large Stokes/anti-
Stokes shifts and sharp-band emissions. Moreover, according to
the crystal-field theory, the emissions levels of RE ions are affected
by the crystal field around these dopants [7,11—14].
Praseodymium doped materials have been used as red emitting
phosphors. Emission lines are possible depending strongly on the
host material and the doping level. The efficiencies of the blue
(®3Po—3H,), green (°P;—3Hs), red (°Pp—°F,), and deep red
(3Po— 3F4) transitions are affected by a series of nonradiative pro-
cesses. It may occur because 4f orbitals are probably more spread
out in lighter rare earth facilitating the mixing with opposite-parity
states [15,16]. Orange-red emitting color can be obtained when
Samarium ions are inserted into different inorganic matrix. The
three main lines around 500—600 nm have different intensities
depending on the matrix. Moreover, Sm>" shows different
quenching channels through the 465/2 emitting level, and because
of the energy gap between this level and the underlying °Fy J2, itis
possible to have long lifetime in low doping concentration and the
multiphonon non-radiative decay is rarely observed [17]. Europium
doped materials are one of the most studied red phosphors due to
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the intense 5D0—>7F2 transition located at around 615 nm. Also, this
ion can be used as probe for local symmetry identification. Eu>*
ions can be well excited by ultraviolet (393 nm) or visible light
(464 nm) which is nicely in agreement with the widely applied
near-UV or blue LED chips [18—21]. Terbium ions are one of the
most frequently used green emitters in doped materials. This ion
presents high efficiency with intense emission due to the large
energy gap between the emitting state °D,4 and the ground states 7FJ
(J=2-6). It also has °D3;—’F transitions in the blue region.
Increasing the dopant amount, cross relaxation of >D; —°D4 may
occurs due to Th* ions interaction, which enhances the transitions
of 5D4—>7FJ with a dominant green emission [22]. Dysprosium is
one of the most interesting RE elements for yellow-blue different
colors emitting ratio. They are able to emit characteristic transitions
of *Fgj2 — Hispz (blue) and *Fo, — ®Hys 2 (yellow). The former one
is magnetic dipole transition, which is not easily affected by the
surrounding environment, while the last is a highly sensitive
electric dipole transition influenced by the microscopic environ-
ment. Therefore, doping amount and matrix type can affect the
emitting color of the phosphors [23]. Tm>*-doped inorganic ma-
terials has gained special attention as blue phosphors due to
1D, — 3F, transition at 455 nm, which has appropriate lifetimes and
color-rendering properties. Also, these phosphors are good candi-
dates for generation of the blue color to substitute the unstable
Eu®" jons that are commonly used [4,24].

Considering the many matrix types for doping, 1D nano- or
microstructures like nanorods, wires or tubes are interestingly due
to its morphology that can have preferential orientation and/or
directional emission for specific use in many fields of science. Silver
Tungstate (a-AgaWO0O,) is one example of material with nanorod
morphology when obtained by the coprecipitation (CP) method-
ology. Also, this matrix shows self-emission in the blue-green re-
gion, and when accomplish with RE elements, different emission
colors are achieved and could also generate white light for use in
solid-state lighting applications. Moreover, a-Ag;WO4 emerges as a
good matrix for doping due to its high physical and chemical sta-
bility, optical properties, and tolerable resistance to different doped
ions. In addition, silver compounds can be an excellent material for
biomedical application due to its low toxicity and bacteriostatic
properties, which in turn can be used as biomarker because of the
RE doping in it [25—28]. Hence, these properties elucidate the
importance of the materials to improve or generate new applica-
tions of this class of silver oxides [29—34].

Herein, we report the synthesis of RE activated a-Ag,WO4 using
a simple and efficient CP method. The luminescence (down-con-
version and energy transfer mechanism) and X-ray Photoelectron
Spectroscopy (XPS) properties of these phosphors are characterized
for the first time. The as-prepared samples fabricated by the CP
method revealed 1D nanorods structures, which could be useful for
alignment emission. By tuning the RE ions, different color were
achieved. Furthermore, as-synthesized nano powders were studied
using characterization techniques such as X-ray diffraction (XRD),
micro Raman (MR) and UV—vis spectroscopy (UV—vis), Scanning
Electron Microscopy (SEM), Energy Dispersive X-ray analysis (EDX)
and color chromaticity coordinates (CIE) testing. The photometric
parameters were also been estimated and discussed, towards the
production of high quality luminescent display and opto-
electronics.

2. Experimental

2.1. Synthesis of a-(Ag1.97REg.01)WO4 (RE = Pr, Sm, Eu, Tb, Dy and
Tm) crystals

d-(Ag197RE001)WO4 (RE=Pr, Sm, Eu, Tb, Dy and Tm)

microcrystals were prepared by the CP method. Firstly, RE oxide
(RE203 — 99.999%, Sigma-Aldrich) was precalcined at 900 °C for 2 h
to achieve dehydration and decarbonation. The RE(NO3)3; solution
were prepared through dissolution of RE;03 powder in an aqueous
hot solution of HNO3; and heated until the excess of acid was
evaporated, completed with H,0, then forming a 0.001 M solution
of RE nitrate (equation (1)). After that, 1.97 mmol of Silver nitrate
(AgNOs3 - 99.0%, Sigma-Aldrich) and 1.0 mmol of Sodium tungstate
dihydrate (Na,WOg4-2H,0 - 99%, Sigma-Aldrich) were dissolved
separately in 50 mL of deionised water at 90 °C under magnetic
stirring for 5min (equations (2) and (3)). Then, 0.01 mmol of
RE(NO3); solution was mixed with Agt solution. The Ag*/RE3*
solution was transferred to WO4~ solution and heated at 90°C
under constant stirring for 30 min. Instantaneously, a pale yellow
suspension was formed with a temperature reduction to 70°C
(equation (4)). These crystals were obtained as a fine white powder
precipitated at the bottom of the glass flask after turning off the
stirring. After that, they were naturally cooled to room tempera-
ture, the precipitates were separated by centrifugation, washed
with deionised water to remove any remaining sodium and nitrate
ions. Finally, the crystals were collected and then dried in an oven at
60 °C for 12 h. The following equations refer to the procedure listed
above:

RE;Os (5) + 6HNO;3 () — 2RE})) + 6NO3 5q + 3H,0 (1)
2AgNO; (o) — 2Ag ) + 2NO3 4q 2)
NayW0,4.2H,05) — 2Naj,y, + WO3 4q + 2H20 (3)

1.97Agly + WOjq + 0.01RE}, — o

al

— (Ag1.97RE0.01)WOys) (4)

2.2. Measurement and characterization

All measurements were performed at room temperature. The a-
(Ag1.97RE0.01)WO4 nanocrystals were structurally characterized by
XRD patterns using a D/Max-2000 PC diffractometer Rigaku (Japan)
with Cu Ka radiation (A = 1.5406 A) in the 20 range from 5° to 80° in
the normal routine with a scanning velocity of 2°/min and from 5°
to 110° with a scanning velocity of 1°/min in the Rietveld routine.
MR spectroscopy was conducted on a Horiba Jobin-Yvon (Japan)
spectrometer charge-coupled device detector and argon-ion laser
(Melles Griot, United States) operating at 633 nm with maximum
power of 200 mW. The shapes and sizes of these nanocrystals were
observed with a Field-Emission Scanning Electron Microscope
model FE-SEM Inspect F50 (FEI Company, Hillsboro, OR) operated at
5 kV. UV—vis spectra were taken using a (Varian, USA) spectro-
photometer (model Cary 5G) in a diffuse-reflectance mode. PL
measurements were performed through a Monospec 27 mono-
chromator (Thermal Jarrel Ash) coupled to a R446 photomultiplier
(Hamamatsu Photonics, Japan). A krypton-ion laser (Coherent
Innova 90 K; A = 350.7 nm) was used as the excitation source; its
maximum output power was maintained at 500 mW. The laser
beam was passed through an optical chopper, and its maximum
power on the sample was maintained at 40 mW. Emission and
excitation measurements were performed in a Horiba Jobin Yvon
Fluorolog spectrofluorimeter equipped with CW and pulsed Xe
lamps. The signals were collected by a photodiode detector model
PPD850 in the visible range. Element analysis of the nanoparticles
was recorded on a XRF 720 sequential fluorescence spectrometer
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(Shimadzu Corp, Kyoto, Japan) operating at 4 kV and 80 mA. X-ray
Photoelectron Spectroscopy (XPS) was performed using a Scien-
taOmicron ESCA+ spectrometer with a high-performance hemi-
spheric analyzer (EA 125) with monochromatic Al Ka
(hv = 1486.6 eV) radiation as the excitation source. The operating
pressure in the ultrahigh vacuum chamber (UHV) during analysis
was 2 x 10~ mbar. Energy steps of 50 and 20 eV were used for the
survey and high resolution spectra, respectively.

3. Results and discussion
3.1. Crystallinity, phase purity and structure

The XRD patterns of a-(Ag1.97REg 01)WO4 (RE = Pr, Sm, Eu, Tb, Dy
and Tm) samples are shown in Fig. 1. It is observed that all the
diffraction peaks are correlated to the orthorhombic phase of a-
AgoWO4 according to the standard reference of ICSD card no. 4165
[35]. There is no evidence of peaks related to impurities or sec-
ondary phases, indicating that all RE>* ions can be doped into this
host without significant changes to the host structure. This sub-
stitution arises from the similarity between Ag™ (r = 1.22 A) and the
RE ions electron density, coordination number and ionic radii. The
ionic radii values obeys the Vegard's law that establishes a limit of
around 15% to obtain complete solid solubility between the RE3*
ions and the Ag® ions in host lattice: Pr’* (r=113A), Sm>*
(r=1.02A), Eu>* (r=1014), Tb*" (r=0.98A), Dy** (r=0.97A)
and Tm>* (r=0.99 A) [36,37].

The analysis of the full width at half maximum (FWHM) of the
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Fig. 1. XRD patterns of ¢-(Ag1.97RE0.01)WO4 (RE = Pr, Sm, Eu, Tb, Dy and Tm) samples
synthesized by the CP method at 90 °C for 30 min.

main peak centered at ~31.6°, was performed to related structural
order/disorder at long-range. A decrease in the FWHM of this peak
in the doped a-Ag,WO4 with respect to the undoped is observed,
being 0.40° to a-Ag;WO0O4 and 0.33° to a-(Ag1.97RE 01)WO4 (RE = Pr,
Sm, Tb, Dy and Tm), indicating that the doping with these RE
(RE=Pr, Sm, Tb, Dy and Tm) cause an increase of the structural
order at long-range in the a-Ag; WOy crystal lattice. When the Eu®*
ion is used for doping, an increase of the FWHM occurs, due to an
increase of the structural disorder in the crystalline lattice of a-
Ag2W04.

The Rietveld refinement method was employed to understand
whether there are differences in the structural arrangements of the
undoped and RE-doped samples. In this analysis, the refined pa-
rameters were the scale factor, background, shift lattice constants,
profile half-width parameters (u, v, w), isotropic thermal parame-
ters, lattice parameters, strain anisotropy factor, preferred orien-
tation and atomic functional positions. The background was
corrected using a Chebyschev polynomial of the first kind. The peak
profile function was modeled using a convolution of the
Thompson-Cox-Hastings pseudo-Voigt (pV-TCH) [38] with the
asymmetry function described by Finger et al. [39], which accounts
for the asymmetry due to axial divergence. To account for the
anisotropy in the half width of the reflections, the model by Ste-
phens [40] was used. Rietveld refinement plots for the observed
pattern versus calculated patterns of the a-(Ag1.97REg01)WO4 are
shown in Fig. SI1 (a-e). The measured diffraction patterns were well
adjusted to the ICSD No. 4165 [35]. The difference between XRD
pattern profiles experimentally observed and theoretically calcu-
lated data display small differences as illustrated by the line (Yops -
Ycalc). Details about the quality of the structural refinement are
displayed in Table 1, that shows low deviations of statistical pa-
rameters (Rwp, Rp, Rpragg and ¥?) suggesting that the refinement
results are reliable and good numerical results. Structural refine-
ment data confirm that all crystals are crystallized in an ortho-
rhombic structure with a symmetry space group named for
Herman-Mauguin (Pn2n) and two molecular formula per unit cell
(Z =2). The experimental lattice parameters and unit cell volumes
are also shown in Table 1. It is observed slight increase in the lattice
parameter values with the substitution of silver by RE atoms due to
the replacement of [AgO7] by [REO7] polyhedrons which cause
expansion in the electron density in the Ag site and increasing the
cell volume of the orthorhombic structure. Also, doping cause the
formation of structural defects (oxygen vacancies, distortion on the
bonds, stresses and strains on the crystalline lattice) in the mate-
rials which contribute for this behavior.

3.2. X-ray fluorescence spectrometry (XRF)

Elemental analysis of a-(Agq97RE01)WO4 samples were char-
acterized by XRF to determine the composition and dopant
amount. When a sample is irradiated with X-rays from an X-ray
tube, the atoms in the sample generate unique wavelength and
energy X-rays that is characteristic of each element that generates
them. As a result, qualitative analysis can be performed by inves-
tigating the wavelengths of the X-rays. The fluorescent X-ray in-
tensity is a function of the concentration, so quantitative analysis is
also possible by measuring the amount of X-rays at the wavelength
specific to each element.

Table 2 shows the composition of the a-(Agi97REpo1)WO4
crystals obtained by the CP method at 90°C for 30 min. The
composition and distribution coefficients of each element were
close to the nominal values. Small deviations observed can be
mainly due to matrix effects and equipment errors such as cali-
bration curve and interference effects [41]. These results confirm
the synthesis and amount of dopants.



436 LM. Pinatti et al. / Journal of Alloys and Compounds 771 (2019) 433—447

Table 1

Lattice parameters, unit cell volume and statistical parameters of quality obtained by Rietveld refinement for the a-(Ag1.97REq 01)WO4 crystals synthesized by coprecipitation

method at 90 °C for 30 min.

Refined formula o-(Ag 97REg 01 WOy4) Lattice parameters (A) Cell volume (A3) Rgragg (%) %2 (%) Ruwp (%) Ry (%)
a b c

Pr 10.8628(4) 12.0299(4) 5.89715(20) 770.63(4) 3.60 2.965 8.28 6.13
Sm 10.8698(4) 12.0163(4) 5.89731(22) 770.28(4) 4.51 3.174 8.73 7.08
Eu 10.8678(4) 12.0245(5) 5.89804(24) 770.75(4) 3.10 2.963 8.45 6.70
Tb 10.8940(5) 12.0301(5) 5.91478(26) 775.17(5) 3.55 2.328 10.25 7.78
Dy 10.8830(5) 12.0340(5) 5.90445(24) 773.28(5) 4.02 1.787 10.27 8.43
Tm 10.8985(5) 12.0621(6) 5.91734(27) 777.89(5) 3.03 2.046 9.61 730
a-AgaWO4 [18] 10.8799 (3) 12.0164 (5) 5.8911 (2) 770.19 (5) 6.380 - 16.0 12.36
ICSD No. 4165 10.89(2) 12.03(2) 5.92(2) 775.56 — — - -

Table 2
Elemental analysis of o-(Ag1.97REq 01)WO4 samples obtained by XRF spectrometry.

RE X-ray Energies (keV) (Spectral line La) Element composition (mol)

Nominal Experimental
Pr 5.035 0.01 0.0144
Sm 5.633 0.01 0.0112
Eu 5.849 0.01 0.0114
Tb 6.273 0.01 0.0153
Dy 6.498 0.01 0.0187
Tm 7.180 0.01 0.0112

3.3. Raman

The vibrational Raman spectra of phosphors give information
about the crystallographic phases, the lattice phonon energies, and
the site symmetries of the activators. These parameters are
important because they can critically interfere on the luminescence
efficiency.

As previously reported [21], a-Ag,WO4 belongs to the C10 point
group and has two molecular formulas per unit cell (Z = 2). Hence,
group theory predicts that there are 21 different active Raman
modes, of these 16 modes are identified for the samples and are
shown in Fig. 2. These modes are located at 60, 89, 113, 180, 203,
248, 304, 365, 476, 493, 584, 661, 755, 777, 801 and 881 cm,
which can be assigned to the A1g, B1g, Aog, Azg, A1g, B1g, Aog, Aog, Bog,
Bog, Aig, Big, Bag, A1g, Azg and Aqg, modes, respectively.

Normalized Intensity (a. u.)
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Fig. 2. Raman spectra of a-(Ag1.97REq01)WO4 (RE = Pr, Sm, Eu, Tb, Dy and Tm) samples
synthesized by the CP method at 90 °C for 30 min (inset: magnification of 881 cm™"
region).

One can see that the main mode at 881 cm™! (A1g) gets sharper
as the lanthanide ion change from Pr to Tm. This behavior can be
seen by the values of full width at half maximum (FWHM) of this
mode which are 26.1,17.3,15.2,15.6, 15.5 and 15.2 cm™!, for Pr, Sm,
Eu, Tb, Dy and Tm, respectively. It is a result of lanthanide
contraction which is the decrease in ionic radii of the elements in
the lanthanide series. This change in the ion size affects the bond
length of the [AgOn] clusters that in consequence directly affect the
[0-W-0] mode. Some small deviations of the modes related to the
amount of the dopant (i.e., one-phonon-like behavior) and splitting
of the modes involving different elements that share the same
lattice site compared to the undoped material (i.e., two phonon-like
behavior) can be observed due to the RE ions [21,24].

3.4. UV—vis

UV—vis absorption is used to study and verified the formation of
intermediate energy levels between the prohibited band, provoked
by defects and/or distortions in the network, induced by temper-
ature, pression, synthesis methods, impurities, doping, among
other factors.

Fig. 3 (a) shows the UV—vis diffused reflectance spectra of a-
(Ag1.97RE0.01)WO4 (RE = Pr, Sm, Eu, Tb, Dy and Tm) samples. All the
samples present a broad absorption band at around 330—400 nm.
This broad absorption band suggests that the emission process
occurs by multi-level process into the [WOg] clusters. It is observed
a small blue shift with RE ion insertion into the a-Ag,;WO4 crystal
lattice.

This behavior proves the success of the replacement of RE ion
within a-AgyWO4 crystal lattice, which cause an increase of the
structural disorder and distortions at short-range, which is in
accordance with XRD and Rietveld refinement.

The Eg,p values for a-(Ag1.97REq01)WO4 (RE = Pr, Sm, Eu, Tb, Dy
and Tm) samples, were obtained according to Wood-Tauc and
Kubelka-Munk equations, that were presented and discussed in the
previous work [21]. The Eg,p values were obtained by extrapolation
of the linear curve part and assuming that o-Agq97REgo1WO4
(RE =Pr, Sm, Eu, Tb, Dy and Tm) samples presents direct allowed
electronic transitions, and the Eg,, values were calculated using
n=0.5. The experimental Eg,p, values are illustrated in the inset of
Fig. 3 (Fig. 3(b)).

The RE ions causes a distortion at short—range, due to the
different degrees of distortion in different [AgOx]—[WOg]—[REOx]
(x=2, 4, 6 and 7) clusters which are interconnected in the lattice,
and, consequently, generating defects in the a-Ag,WO,4 matrix, due
to the substitution of Ag* by RE>* (RE = Pr, Sm, Eu, Tb, Dy and Tm)
ions, and thus, yielding intermediate levels within the band gap.
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Fig. 3. (a) UV—vis diffuse reflectance spectra and (b) band gap energies (Egap) of the a-(Ag197REq.01)WO4 (RE = Pr, Sm, Eu, Tb, Dy and Tm) samples.

3.5. Photoluminescence properties

3.5.1. a-(Ag1.97Prg.01)WO4

Fig. 4(a) shows the excitation spectrum of a-(Agy.97Prg.01)WO4
phosphor monitored under 650 nm emission band. The excitation
spectrum consists of a broad band extending from 400 to 600 nm
centered at around 475 nm. This is due to the charge transfer from
the ligand to the metal (LMCT) which is derived from the 'T; —1A;
transition of 0>~ —W5* in theWOg group. There are also some the
f—f transitions within 4f> electron of Pr>*. These lines are localized
at 450, 477 and 489 nm, and belong to the transitions from the 3Hy
ground state to 3P,, 3P; and 3Py excited states of Pr’* ions,
respectively. The strongest peak is at 450 nm, which could be
suitable for excitation of Pr3* jons.

The emission spectrum of a-(Agi.97Prg 01 )WO4 phosphor excited
at 450 nm (3Hy— 3P;) is presented in Fig. 4(b). There is a broad band
in the region of 500—750 nm corresponding to the transitions from
1A; ground state to Ty excited state of tungstate group. There are
also characteristic emission bands of the Pr>* jons that can be
assigned to the transitions >Pg— >Hg, 3Py — 3F, and 3Pg— 3F; at 615,
649 and 706 nm, respectively. The most intense peak is localized at
649 nm, which is related to the deep red emission of this material.

()(—(AngProm)WOA % 3PD (a)
A, =650 nm
em
3
H4
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s
=
@
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=
T T T T T T \ T
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Wavelength (nm)

The weakest emission at 615 nm (3Py— 3Hg) is induced by the lack
of inversion symmetry at the Pr3" sites [42—44].

3.5.2. a-(Ag1.97Smg9;)WOy4

The excitation spectrum of a-(Agy975mgo1)WO4 monitored at
600 nm (*Gs, — ®Hy2) is shown in Fig. 5(a). This figure shows a
broad charge transfer band due to the 0>~ —W©®" transitions
located at around 490 nm. There are also sharp lines due to the f—f
transitions due to 4f> electrons of Sm>*. These sharp lines are
centered at 380, 404, 420, 470 and 480 nm, belong to the transitions
from the ®Hsj, ground state to the ®P7p, *F72, ®Ps2, 41312 and *lop
excited levels of Sm>* ions, respectively. The strongest peak is at
404 nm, which could be suitable for excitation of Sm>* ions.

The emission spectrum of o-(Ag197Smgo1)W0O4 phosphor
excited at 407 nm (6H5/2 — 4F7/2) is presented in Fig. 5(b). It is
possible to see characteristic emission bands of the Sm>* ions that
can be assigned to transitions 465/2 — 6H5/2, 465/2 — 6H7/2, 4G5/
2 = SHopp and “Gspp — ®Hyjjp at 561, 602, 650 and 710 nm, respec-
tively. The most intense peak is observed at 650 nm, which are due
to the shielding effect of the 4f electrons by the 5s and 5p electrons
and which is related to the characteristic orange emission of this
ion [17,45].
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Fig. 4. Excitation (a) and emission (b) spectrum of a-(Ag;.97Pro.01)WO4 monitoring the emission at 650 nm and the excitation at 450 nm, respectively.
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Fig. 5. Excitation (a) and emission (b) spectrum of a-(Ag1.97Smg01)WO4 monitoring the emission at 600 nm and the excitation at 407 nm, respectively.

3.5.3. a—(Ag1‘97Eug‘01)WO4

Fig. 6(a) shows the excitation spectra of a-(Ag1.97Eug01)WO4
phosphor monitored under 616 nm emission band. It is clearly seen
some f—f transitions within 4f° electron of Eu*. These sharp lines
are centered at 361, 381, 393, 413, 464, 472, 525, 533, 580 and
590 nm, belong to the “Fo—>Da, "Fo—°L35Gj, "Fo—"Ls, "Fo— D3,
7F0—>5D2' 7F1 —>5D2’ 7F0—>5D1’ 7F1 —>5D1’ 7F0—>5D0 and 7F1 —>5D0
transitions of Eu>* ions. The absorption of “Fy— °Lg at 393 nm and
7Fo—°D, at 464 nm are the strongest one and are useful for ap-
plications in near-UV and blue GaN-based LED chips.

The emission spectra of a-(Agig7Eugo1)WO4 phosphors are
presented in Fig. 6(b). The characteristic emission bands of the Eu>*
ions located at 580, 590, 616, 655 and 705 nm can be assigned to the
transitions between the °Dy excited and the “F; (J =0, 1, 2, 3 and 4)
ground states, respectively [46—48].

The intensities of the various Dy — 7FJ transitions would depend
on the local symmetry of the crystal field of Eu>* ions. The intense
emission peak found at 616 nm under 393 nm UV excitation is due
to the °Dg— ’F; electric-dipole transition, also called as hypersen-
sitive red emission that is parity forbidden (A] = 2). Two sub-peaks
arise due to Stark energy splitting, that is, (2] + 1) Stark compo-
nents of J-degeneracy splitting. The dominance of the electric-
dipole transition confirms that Eu** jons are located at sites

without inversion symmetry. The other peak found at 592 nm show
is due to magnetic-dipole transition (°Dg— ’F;) and are free from
the chemical environment of Eu*. The other transitions at 656 nm
(°Do— F3) and 703 nm (°Dy— Fy4) are relatively weak [42].

3.5.4. a-(Ag1.97Tbg.01)WO4

Generally, the Tb>* ions are used as an activator in green
phosphors, whose emission is mainly due to transitions of °Dj3 —>7FJ
in the blue region and 5D4—>7FJ in the green region (J =6, 5, 4, 3, 2)
depending on its doping concentration [4]. On the other hand, Tb>*
ions have high degeneracy levels involved in several transitions, so
its emission spectrum may have several other lines altogether with
matrix phonons interference.

Fig. 7(a) shows the excitation spectra of a-(Agi.97Tbg.01)WO4
phosphor monitored under 550 nm emission band. The excitation
spectrum depicts a region related to the transition from 0%~ to W8+
known as Charge Transfer Band (CTB) centered at around 450 nm.
Also, three intra-configurational f—f transitions are found at 397,
425 and 497 nm, corresponding to the "Fg—>Gy, 'Fg—°Gs and
7Fg— Dy, transitions, respectively. Fig. 7(b) depicts the emission
spectra under 485 nm excitation. The emission spectra consist of
intra-configurational f—f transitions located at 550 nm (°D4—"Fs)
and 620nm (°Ds— ’F3). Moreover, due to the high degeneracy
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Fig. 6. Excitation (a) and emission (b) spectrum of a-(Ag;.97Eug 01)WO4 monitoring the emission at 616 nm and the excitation at 393 nm, respectively.
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Fig. 7. Excitation (a) and emission (b) spectrum of a-(Ag1.97Tbg01)WO4 monitoring the emission at 550 nm and the excitation at 485 nm, respectively.

levels of this ion altogether with the matrix band, a broad band
appears because of the several transitions of excited states of Tb>*+
ions [4,42,45,49].

3.5.5. a-(Ag1.97Dy0.01)W04

The luminescence of Dy>* usually consists of lines in the blue
(460—500 nm, “*Fg; — ®Hyspp, magnetic dipole transition) and
yellow-orange (550—600 nm, 4F9/2 — 6H13/2, electric dipole tran-
sition) regions. The 4F9/2 — 6H13/2 transition is the hypersensitive
one (A] = 2), which is strongly influenced by the outside environ-
ment of the Dy>* site. In comparison to the (°Dy— "F,)/(°Do— "F1)
emission ratio of Eu>*, the (*Foj2 — 6Hi312)/(*Foj2 — ®Hisp2) emis-
sion ratio (Y/B) of Dy>* could also be used as a probe to detect the
local symmetry of the activator. Also, if the blue and yellow emis-
sions are mixed in an appropriate fraction, white light can be
achieved [4,23].

Fig. 8(a) shows the excitation spectrum of the a-(Ag1.97Dyo.01)
WO, phosphor monitored at 575 nm. The excitation spectrum
consists of a large CTB above 400 nm and the f-f transition of Dy>*
ions. The intraconfigurational Dy>* f—f transitions are found at
352nm (®Hisp — Pyp2), 366 nm (PHisp — Psp), 391 nm (PHis,
2 = *li3), 428 nm (*Hisp2 — “Guip), 453 nm (*Hispz — *lisp2) and

476 nm (®Hisjz — *Fop2) [50].

The PL emission spectrum for the a-(Ag1.97Dyo.01)WO4 phosphor
under 352 nm excitation is shown in Fig. 8(b). The emission spec-
trum shows a broad band below 500 nm (*Fg — ®Hys/2) and a peak
at 575 nm (*Fg)2 — ®Hy32) and at 650 nm (“Fo2 — ®Hiy2). Besides
the blue emission is broader and more intense than the yellow one,
it is known that the blue emission also contains contribution of the
matrix. So, it is believed that the intensity of 4F9/2 — 6H13/2 tran-
sition dominate over the *Fg;; — ®Hjs)2 one. This is an indication
that Dy>* ions are located at sites without inversion center (non-
centrosymmetric) in the host lattice, which is similar to the case of
Eu* ions in the same matrix [4,22,23,42,51].

3.5.6. a—(Ag1,97Tmo,m)WO4

The excitation spectrum of a-(Ag197Tmgo1)WO4 monitored at
476 nm (1G4—3Hs) is shown in Fig. 9(a). The excitation spectrum
shows a broad charge transfer band due to the 0>~ —W?®* transi-
tion centered at around 400 nm and the contribution of 3Hg— 1D,
transition of Tm>*. The emission spectrum of a-(Agy.97Tmg g1 )WO4
phosphor excited at 390 nm is presented in Fig. 9(b). It is possible to
see a broad emission band due to CTB of the matrix, together with
characteristic emission bands of the Tm>* ions that can be assigned
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Fig. 8. Excitation (a) and emission (b) spectrum of ¢-(Ag;.97Dy0.01)WO4 monitoring the emission at 575 nm and the excitation at 352 nm,
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respectively.
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to 'Dy—3F4, 'G4—3Hg and 'D,—3Hy 5 transitions at 445, 460 and
545 nm, respectively [24,52].

3.5.7. Energy transfer mechanism

The host sensitization followed by energy transfer from the
excited host to the RE ion appears as an alternative way to achieve
highly efficient phosphor materials. This process allows larger en-
ergy transfer than the usual direct absorption of photons to a
particular level. Moreover, the emission intensity of the RE bands
could be improved significantly via energy transfer process, so it
was used laser excitation source to achieve this luminescence
mechanism.

Fig. 10 shows the Emission spectra of a-(Ag197REp01)WO4
(RE = Pr, Sm, Eu, Tb, Dy and Tm) excited at 350.7 nm (3.54 eV) with

Fig. 10. Emission spectra of a-(Agq97REg 01)WOy4 excited at 350.7 nm with Kr* laser.

Kr* laser. The spectra shows the characteristic f-f transitions of each
RE already discussed before. It is evident that occurs charge transfer
from the matrix to the RE3* ions using laser as excitation source.
The Charge Transfer Band (CTB) is quenched while the RE f-f
transitions appears as sharp and intense peaks.

For the a-AgoWO4:Tb sample, it is possible to see the large CTB
which was not quenched once the Tb>* energy levels could not be
fully populated by the energy from the matrix. This arises because
of the high degeneracy levels involved in several transitions of this
dopant, which increase the non-radiative decay probability within
these levels. Some low intensity f-f transitions appears at 490 nm
(°D4—"Fg), 550nm (°D4—F5), 586 nm (°D4—'F4) and 621 nm
(°Dy—F3), among which the most intense transition is found at
550 nm and shows characteristic green emission.

Fig. 11 shows the energy transfer mechanism for the RE-doped
samples when excited by the laser source. When the samples are
excited with 350.7 nm laser source, the energy is sufficient for
electron excitation from Valence Band (VB) to the Conduction Band
(CB) of the matrix. The former is composed by O 2p and Ag 4d
levels, while the last is formed by W 5d levels. The samples can
emit radiatively when the electrons decay from the CB to the VB.
Also, the energy can be transferred non-radiatively from the
[WO3~] group to the 4f excited levels of the RE>* ions. The 4f
populated states decay non-radiatively to the emitting levels of
each RE, then radiatively to the ground states, emitting light [42].

3.5.8. CIE coordinates
Measurement of color that the human eye perceives were

evaluated by the Commission Internationale de IEclairage (CIE)
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Fig. 11. Energy transfer mechanism diagram for
excited at 350.7 nm.

the o-(Agy97REp01)WO4 samples
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coordinates. These colors are based on the three variables known as
color matching functions x(1), ¥(A), and z(A). For a given power-
spectral density P(A) and assuming three equations based on the
tristimulus values of X, Y and Z, the color of P(}) is given by the
equations

X = [X(A)PA)dA (5)
/

Y = / Y(AP(X)dA (6)

Z=[z(A)P(N)dA (7)
/

The color coordinates x and y were calculated from the above
values by the equations,

Fig. 12. CIE chromaticity diagram of a-(Agq.97REq01)WO4 samples synthesized by the
CP method at 90 °C for 20 min. (a) Pr; (b) Sm; (c) Eu; (d) Tb; (e) Dy and (f) Tm.

X

XTXiYiz 8)
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The CIE coordinates are plotted in the CIE chromaticity diagram
based on photoluminescence emission under laser excitation in
Fig. 13.

As previously reported [21], undoped a-Ag,WO4 present a broad
band in the blue region and a small contribution in red region,
originating chromatic coordinate at around (0.440; 0.298). The
corresponding values are listed in Table 3 and the color coordinates
are relatively stable with respect to dopant concentration. Addi-
tions of just 1.0 mol% of RE ions are sufficient to result in different
colors emissions. This is a result of f-f transitions of each RE ions
which sum up with the [WO3~| blue emission and [AgO,] red
emission.

Different red shades are obtained for Pr, Sm and Eu doped
samples, once these ions have f-f transitions around 600 nm. Or-
ange color is achieved with Tb>* ions instead of the green emission
because energy levels could not be fully populated as already dis-
cussed. The Dy-doped sample has both blue and yellow emission,
but the dominant color is the former because of the contribution of
the matrix emission. As a result, violet color emission is obtained
for this sample. Closer white color emission is achieved for the Tm-
doped sample due to the f-f transition of the dopant and the
contribution of the matrix.

These results show a tendency shift towards red to blue region
passing through the white part as the dopant changes from Pr to
Tm. Moreover, the prepared phosphors present stability as well as
color purity. Therefore, changing the RE ion were enough to tune
different colors due to the combination of intrinsic visible lumi-
nescence of tungstate and characteristic luminescence of each RE f-
f transition. These results confirm these materials for possible
application in several optical devices including white-light LEDs
[53,54].

3.5.9. Correlated color temperature (CCT)

The CCT value of the a-(Ag1.97REq01)WO4 samples were calcu-
lated to characterize the color emission. The values was estimated
using McCamy [55] empirical formula in terms of CCT values, which

Fig. 13. FE-SEM micrographs of a-(Ag197REq01)WO4 samples synthesized by the CP method at 90 °C for 30 min. (a) Pr; (b) Sm; (c) Eu; (d) Tb; (e) Dy and (f) Tm.
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Table 3
Photometric characteristics of ¢-(Ag1.97REq 01 )WO4 (RE = Pr, Sm, Eu, Tb, Dy and Tm)
samples.

o-(Ag1.97REp01)WO4 Predominant color CCT (K) Color

coordinates

X y
Pr Orange 3138 0530 0319
Sm Deep-Orange 1918 0.537 0.327
Eu Red 3131 0.488 0322
Tb Orange 3116 0.429 0.353
Dy Violet 5553 0332 0.281
Tm Near-white 6037 0.368 0.301
is expressed as:
CCT = —449n> + 3525n% — 6823.3n + 5520.33 (10)
where n = 8:;3 is the inverse slope line, Xe=0.3320 and
ye =0.1858 [52].

The CCT values of the phosphors prepared samples are listed in
Table 3. Generally, CCT value less than 5000 K indicates the warm
white light used for domestic lighting. It is possible to see that with
exception to Dy and Tm, all the samples present appropriate values
of CCT, which are make these materials suitable for ideal colored
emission devices for home appliances [56,57].

3.6. FE-SEM

Depending on the synthesis conditions, a-Ag,WO4 microcrys-
tals may change morphology and size due to precursor change,
temperature, pH, pressure, agitation, addition of surfactants, etc.
Cavalcante et al. [30] obtained a-AgWO,4 elongated rods with
hexagonal shape, averaging between 0.45 and 1.35 um of length
and 0.1-0.225 pm of width. On the other hand, Macedo et al. [58]
obtained this material with elongated cube shape averaging be-
tween 0.1 and 0.5 pm of length and 0.1-0.3 pm of width. Fig. 13
shows the FE-SEM images of 0-(Ag1.97RE0.01)WO4 (RE = Pr, Sm, Eu,
Tb, Dy and Tm) samples. For all the RE-doped samples, the
morphology observed was of the rod with hexagonal shape, as
shown in the inset of the images, which is stabilized by the surfaces
[001], [010] and [101] in the orthorhombic symmetric system.

Although all the samples shows the same morphology, when a-
AgoWOy4 is doped by different RE, deviations in mean particle size
are observed, following the order
Pr?t > Tm?* > Dy>t > Tb** > Sm3* > Eu®>* for the length and
Pr3* > T3t > Tm3* > Sm®* > Dy3* > Eu* for the width, as shown
in Fig. SI2 (a)-(f) and SI3 (a)-(f) respectively. a-Ag,WO, has pref-
erential growth in the [001] direction [59], which results in a longer
rod length as a result of the size and dipole polarizability of the new
dopant ions inserted. The RE induces transient electric dipole
which can modify the diffusion of anions from the solution to the
grain surface. This new medium with different Silver and RE ions
ratio creates a new kind of self-seeded nucleation responsible for
the modifications observed, as confirmed for other similar doped
materials [60—62].

3.7. Energy Dispersive spectroscopy (EDS) and EDS elemental
mapping

EDS analysis was used to evaluate the chemical composition of
the samples. Fig. 14 shows the peaks position and intensity as well
as the compositional analysis in wt% of each element of the sam-
ples. No peaks related to impurities were observed, indicating the
samples are pure. Even in low concentration, each RE element was

detected and EDS deviations percentage are due to the region of the
sample analyzed.

Also, EDS elemental mapping analysis (Fig. SI4) clearly depicts
the incorporation of each RE ions and their distribution inside the
nanorods structure. There are also points related to the Ag, W and
0. Altogether with XRD results, these analyses confirm homoge-
neous incorporation of the dopants ions in the a-Ag,WO,4 host
lattice.

3.8. X-ray Photoelectron Spectroscopy (XPS)

XPS was used to identify chemical composition, binding energy,
atomic bonding configuration, electronic structure and oxidation
state of components present on the materials surface. The binding
energies were obtained by calibrating the spectra through C1s peak
at 284.50eV. Fig. 15 shows the XPS survey spectra of a-
(Ag1.97RE0.01)WO4 samples. It was identified that the mainly Ag 3d,
W 4f and O 1s elements are presented in all samples, with no im-
purities detected, indicating the samples were pure. For the doped
samples, specific signal of each Rare Earth Pr 3d, Sm 3d, Eu 3d, Tb
4d, Dy 4d and Tm 4d was identified. The C 1s contamination peak
can be ascribed to adventitious hydrocarbon from the XPS
instrument.

A high resolution spectrum of each element was carried out to
further analyses of the surface. The high resolution Ag 3d spectrum
in the range of 364—380 eV present two peaks, as shown in Fig. SI5
(a)-(f). Two deconvolution components located at 367.4 and
373.4eV (A =6¢eV)are due to Ag 3d5/2 and Ag 3d3/2 indicating the
presence of Ag' ion. Another two deconvolution components
presented at 368 and 374 eV (A =6eV) are due to the presence of
Ag® which can be related to the surface coated Ag nanoparticle on
d-(Ag197RE0.01)WO4 [63,64]. This behavior also takes places
because of the interaction of samples with the electromagnetic
wave used in XPS characterization [28]. Metallic Ag is not probed by
XRD patterns because the amount of Ag® in the samples is probably
below the detection limit (5 mol %) of the XRD analysis [65].

The high resolution W 4f spectra in the range of 32—40eV
present two peaks, as shown in Fig. SI5 (g)-(1). Two components
located at 34.3 and 36.5 eV (A = 2.2 eV) are due to the W 4f7/2 and
W 4f5/2 which confirms the W®* oxidation state. Another two
components can be ascribed to W>* at 352 (W 4f7/2) and
37.4eV(W4f5/2) (A=2.2eV) [63,66,67].

Oxygen is always present on samples due to contact to the at-
mosphere which contribute to adventitious contamination, oxida-
tion or water. Moreover, O 1s peaks tend to be broad, with multiple
overlapping components and it is not possible to uniquely peak fit
these components. The high resolution O 1s spectra in the range of
526—537 eV present three peaks, as shown in Fig. SI5 (m)-(r). These
peaks located at 529.6, 531.2 and 532.8 eV correspond to Ag—0
bond, W—0, and OH group of the surface water molecule. Also,
peaks overlapping at around 530 eV can be ascribed to the crystal
lattice oxygen of the nanocrystals or from absorbed CO, molecules
[2,68—71].

The core level spectra of each RE element are present in Fig. 16
(a)-(f). The high resolution Pr 3d spectrum in the range of
920—962 eV is shown in Fig. 16 (a). The spectrum presents two
peaks located at 953.3 and 933.3 eV corresponding to the Pr 3d3/2
and Pr 3d5/2 core levels, respectively. The difference of about 20 eV
is usually related to the spin—orbit splitting of the 3d5/2 and 3d3/2
levels, but does not allows to conclude about the oxidation states of
Pr-ions (Pr’* and Pr**), since these levels have been observed in
both Pr,03 and PrO; compounds. On the other hand, the position of
the binding energy of the 3d5/2 peak (~933 eV) is expected for the
Pr,03 compound rather than the peak position expected for the
PrO; compound (~935 eV). So, this permits to conclude that most of
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Fig. 14. EDS spectra of o~(Ag1.97RE001)WO4. (a) Pr; (b) Sm; (c) Eu; (d) Tb; (e) Dy and (f) Tm.

the praseodymium ions in samples are in the Pr>* oxidation state,
but still have some of Pr**. Also, the 3d5/2 and 3d3/2 levels present
satellites at the lower binding energy end corresponding to the
well-screened 4f> final state [72]. The Sm 3d high resolution
spectrum in the range of 1170—1190 eV is shown in Fig. 16 (b). The
spectrum presents one peak located at 1083 eV corresponding to
Sm>* 3d5/2 level. Another peak located at around 1075.4 eV would
be observed if Sm®* ions are presented [73]. The high resolution Eu
3d spectrum in the range of 1120—1180 eV present two peaks, as
shown in Fig. 16 (c). Two peaks located at 1165.6 and 1135.8 eV
(A = 29.8 eV) can be assigned to the Eu3d3/2 and Eu3d5/2 core
levels respectively, which reveal that the Eu ions has a
3 + oxidation state in Eu-doped samples [71,74,75]. Moreover, two

Eu 3d shake-off satellites peaks at 1154.5 and 1123.8 eV were
observed. These peaks may be related to Eu(ll) present on the
surface due to reduction of Eu(lll) ions because of creation of oxy-
gen defects [76]. The high resolution Tb 4d spectrum in the range of
1120—1180 eV is shown in Fig. 16 (d). The spectrum presents one
broad peak positioned at around 150 eV, indicating the multiplet
splitting in the 4d3/2 and 4d5/2 bands. This spectrum profile attest
for a mixed valence state of Tb ions. The spectral lines in the range
145.4—148.3 eV corresponds to Tb>* while those in the range
151.7—154.8 eV corresponds to Th** [77]. The high resolution Dy 4d
spectrum in the range of 148—161 eV is shown in Fig. 16 (e). The Dy
spectrum presents a complex profile due to final state multiplet
coupling between the 4d hole and 4f electrons. Two broad peaks
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Fig. 15. XPS survey spectrum of o-(Ag1.97REo01)WO4. (a) Pr; (b) Sm; (c) Eu; (d) Tb; (e) Dy and (f) Tm.

are observed at 153 and 157 eV which correspond to Dy>* (4d 3/2
and 4d 5/2 bands) state and are in agreement with Dy,03 profile
[78,79]. The high resolution Tm 4d spectrum in the range of
173—183 eV is shown in Fig. 16 (f). The spectrum presents one peak
at 176 eV related to 4d3/2 and 4d5/2 states. It is also observed one
small satellite peak at 179.5 eV that can be attributed to final state
effect and/or charge transfer co-excitation due to the oxygen 2p
orbital to the rare earth 4f orbital [8,72].

4. Conclusion

This paper describes an easy, economic and efficient method-
ology to synthesize a-(Ag1.97REo01)WO4 nanophosphors. Different
emissions colors were obtained tuning the RE ion instead of the
matrix. Moreover, a-Ag,WOQO, acted as a stable and efficient matrix
for doping and presented efficient energy transfer from the matrix
to the RE ion. The DRX confirmed the phase without contaminants
and all the Raman modes were identified. Characteristic f-f
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Fig. 16. Core level spectrum of (a) Pr 3d; (b) Sm 3d;

transitions of each RE were identified in PL emission spectra excited
by both Krypton laser and Xenon lamp. The morphology was
confirmed as nanorods by FE-SEM micrographs with directional
alignment. RE doped a-Ag,WO4 presents low toxicity which ac-
counts for possible application as biomarkers and other biomedical
application. These results also contribute for the development of
new materials for lasers and the use for optical applications
including white LEDs.
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