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Abstract

NaY(WO,), :Eu’* phosphors were synthesized using high-temperature solid state method. The effects of Eu’*
doping concentrations on structure and photoluminescence properties of the powders were investigated. The
results indicate that the pure NaY(WO4)2.'Eu3+ phase can be produced by calcining at 800 °C where Eu’*
doping does not alter the main phase structure. Eu>* ions were successfully incorporated into the crystal
lattice, replacing Y’ at the B-site. This caused gradual shifts of the characteristic X-ray diffraction peaks to
lower 20 angles. Morphological characterization revealed that the sample particles had irregular polygonal
shapes with sizes ranging from 100 to 300 nm. There was minimal variation in morphology among samples
with different doping concentrations. The samples exhibited the characteristic spectral emission of Eu’* and
emitted red light at a wavelength of 616 nm when excited by 394 nm near-ultraviolet light. The luminescence
intensity of the nanophosphor gradually increased with increasing Ew’* doping concentration, reaching its
maximum at a doping ratio of 0.6, followed by a decrease due to the concentration quenching. The quenching
mechanism was analysed to be primarily dipole-dipole interaction, in accordance with the Dexter’s theory of
doping concentration. The luminescence positions of the phosphors slightly changed with varying Eu’* doping
concentrations, and the colour coordinates closely matched the standard value of the red colour in the National
Television Standards Committee, confirming the stability of the obtained powders as red phosphors.
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I. Introduction transparency region (0.3—5 um). They can be easily pre-
pared and exhibit excellent chemical and thermal sta-
bility. Additionally, they can be doped with rare earth
ions, making them effective phosphor excitation medi-
ums [2,3]. These materials have gained significant at-
tention and found applications in solid-state lighting
[4], anti-counterfeiting [5,6], biological detection [7,8],
temperature sensing [9] and other areas. One notable
example is NaY(WO,),, an ABO,-type yttrium sodium
tungstate, which offers several advantages such as high
doping concentration, low fluorescence quenching, high
conversion efficiency, low threshold and good stability.
As a result, it finds extensive use in areas like human

In recent years, the light emitting diode (LED) has
emerged as the dominant light source in the market
due to its environmentally friendly nature and high ef-
ficiency. However, one of the drawbacks of LED tech-
nology is the absence of a red phosphor, which results
in low colour rendering index and high colour tem-
perature. To address this issue, extensive research has
been conducted to develop more efficient red phosphors.
A promising approach involves utilizing alkaline earth
metal tungstate and molybdate as a matrix and rare
earth ions as activators. This method holds significant

research value in finding a solution to the problem [1]. eye safety, optical communication, medical treatment

The tungstates and molybdates of alkaline earth met- ;14 remote sensing [10]. Yao ef al. [11] successfully
als are self-activated luminescent materials with a wide synthesized NaY(WO4)2:Er3+ phosphors through high-
 Corresponding author: tel: +86 13505357945 tgmperature solid state reactlor}. These phosphors ex-
e-mail: wangyaping @yitsd.edu.cn, fh20210406@ 126.com hibited strong green and red emissions. The researchers
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discovered that every emitted green and red photon re-
quired the involvement of at least two infrared pho-
tons. Furthermore, NaY(WO,),:Er**/Yb** tungsten sil-
icate glass ceramics were synthesized using the melt-
ing crystallization method [12]. These ceramics dis-
played strong green light emission when excited by a
980 nm laser. The researchers also synthesized a series
of N aY(WO4)2:Sm3+ phosphors with different concen-
trations of Yb*>* as sensitizers [13]. These phosphors
exhibited a strong green and weak red up-conversion
emission, demonstrating their promising technological
potential. Overall, NaY(WO,), has proven to be a reli-
able luminescent powder matrix.

Rare earth Eu®* ions, with their unique * f shell layer
structure, are commonly used as the luminescent centre
in red fluorescent materials. This is because they effi-
ciently emit red light when excited by ultraviolet light.
The emission spectra lines correspond to the *f; elec-
tronic transitions from the excited state 5D0 energy level
to the 7FJ energy level. The shielding of the f-f transi-
tioning electrons by the outer >s, and > ps electrons al-
lows them to remain unaffected by the crystal field and
other environmental influences, resulting in the forma-
tion of a linear emission spectrum [14,15].

Eu** doped NaY(WO,), red phosphors have been
gaining attention due to the similar valence of Eu** and
Y3* and the small difference in atomic radii. This sim-
ilarity has minimal impact on the structure and main
properties of the NaY(WO,), matrix. Liu et al. [16] syn-
thesized NaY(WO,), nanomaterials doped with Eu**
and Tb>" using a hydrothermal method. They discov-
ered that NaY(WO,), phosphors activated by a sin-
gle rare earth ion exhibited excellent emission proper-
ties in their respective regions when excited at either
246 or 230nm. These findings suggest that the ma-
terials have potential applications in solid state light-
ing. Shi et al. [17] successfully synthesized a series of
Eu3+:NaY(WO4)2 red luminescent powders through a
hydrothermal reaction. These powders exhibited desir-
able red chrominance in the International Commission
on illumination (CIE) Chromatic coordinates when ex-
cited by near-ultraviolet (UV) light and near-infrared
light. The analysis based on the G. Blasse’s theory and
the Dexter’s theory revealed that the energy transfer
mechanism between Eu** ions was primarily governed
by the multipolar interactions of the electric dipole-
dipole (d-d) interactions. Du et al. [18] synthesized a se-
ries of novel Na(LaxEuyY]_x_),)(WO4)2 red luminescent
powders using a high-temperature solid-state method.
Their research showed that the introduction of La>* ions
resulted in changes to the length of the W—O bond and
the matrix lattice, which in turn altered the energy trans-
fer mechanism of the phosphor. This confirms that the
regulation of red emission can be achieved through La**
doping.

Despite the existing reports, further research is
needed to address the shortage of red phosphors. Cur-
rently, there is a lack of comprehensive studies on
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the optical properties of NaY(WQO,), red phosphors
doped with various concentrations of Eu*" under UV
excitation. This study aims to systematically prepare
NaY(WO,),-based red luminescent powders with dif-
ferent concentrations of Eu** using the traditional high-
temperature calcining method. The molar ratios of Y, 0,
and Eu,0O, raw materials were adjusted accordingly.
The samples were analysed for their structure and lu-
minescence properties using X-ray diffraction (XRD),
scanning electron microscope (SEM) and photolumi-
nescence (PL). Furthermore, the study discussed the
luminescent performance and provided a mechanistic
analysis of phosphors under UV excitation, offering em-
pirical evidence for the fabrication of high-quality red
luminescent powders.

II. Experimental

Tungstate powders were synthesized using com-
pounds of the constituent elements: Na,CO; (AR >
99.5%), WO; (AR > 99%), Y,05 (99.9% metals ba-
sis) and Eu,0; (99.9% metals basis), all obtained
from Shanghai Macklin Biochemical Technology Co.
Ltd. The stoichiometric amounts of the precursor com-
pounds (based on following NaY,_x(WO4)2:xEu3+ com-
position, where x = 0.1, 0.2, ..., 0.9) were thoroughly
blended by ball milling for 2h to create a homoge-
neous mixture. The mixtures were heated to 800 °C for
4.5h to complete crystallization. After natural cooling
to room temperature, the calcined mixtures were ground
for 0.5h in an onyx mortar to obtain the final samples.

XRD patterns of the samples were recorded using
a Shimadzu XRD-6100 X-ray diffractometer equipped
with a Cu anode target (1 = 0.15406nm). The instru-
ment was operated at 40kV and 30mA, with a scan-
ning speed of 10 °/min. Morphology characterization
and energy-dispersive X-ray spectroscopy (EDS) anal-
ysis of the samples were conducted using a Hitachi S-
4800 scanning electron microscope. The particle sizes
of the powder were measured using a Malvern Zetasizer
Nano-ZS90 laser particle size analyser (ZEN3590, UK).
For emission spectra the scanning wavelength range was
set from 200 to 700 nm, while for excitation spectra the
scanning wavelength range was set from 320 to 500 nm.
Both spectra were measured using a Hitachi F-4700
fluorescence spectrometer. All tests were performed at
room temperature.

IT1. Results and discussion

3.1. XRD structural characterization

Figure 1 presents XRD patterns of the synthesized
samples doped with different amounts of Eu’*. The ob-
tained samples show similar patterns lines and diffrac-
tion peaks that align well with the characteristic diffrac-
tion peaks of the tetragonal phase NaY(WO,), (stan-
dard card JCPDS# 48-0886). No additional phases were
detected, indicating that the prepared samples maintain
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their tetragonal scheelite structure even after Eu** dop-
ing. The main diffraction peaks were sharp and intense,
suggesting the high crystallinity of the obtained sam-
ples. Calcining at 800 °C successfully produces pure-
phase Eu®*-doped tungstate red phosphors, which is
consistent with the findings observed in other rare earth
ion doping processes [19].

With the increasing concentration of Eu®* doping,
the characteristic diffraction peaks, such as (112), show
a tendency to gradually shift towards lower 26 an-
gles. This phenomenon can be attributed to the differ-
ence in ionic radius between Y>* (0.090 nm) and Eu**
(0.095nm). As more Y>" sites are replaced by Eu®* ions
of the same valence, the interplanar spacing widens,
leading to the lattice expansion according to the Bragg’s
formula 4 = 2d - sin6. Consequently, the diffraction
peaks shift to lower angles, indicating the successful
doping of Eu®* ions into the lattice.

3.2. Morphology characterization

SEM micrographs of the synthesized samples doped
with various concentrations of Eu** are shown in Fig. 2.
It can be seen that particle sizes of the samples are rela-
tively uniform, with clear and smooth surfaces. The par-
ticles exhibit irregular polygonal shapes, indicating suc-
cessful crystallization. The particle sizes were measured
to be in the nanoscale range, i.e. from 100 to 300 nm
(Table 1). Some particles tend to agglomerate due to the
high temperature reaction, small particle size, large spe-
cific surface area and high surface energy. However, the
morphology remains consistent across different sam-
ples, suggesting that the dopant ions did not affect the
phase formation of the samples. The presence of Na, Y,
W, O and Eu elements in NaY(WO,), is confirmed by
the EDS spectrum shown in Fig. 3.

60

Figure 2. SEM micrographs of the synthesized samples (x =
0.1, 0.5, 0.8 and 0.9)

Table 1. Particle size distribution of the synthesized samples
(x =0.1, 0.5, 0.8 and 0.9)

Samples  Average particle size [nm]  PdI

x=0.1 228 0.036
x=0.5 86.1 0.259
x=0.8 97.0 0.236
x=09 227 0.128

3.3. Photoluminescence properties

Figure 4 illustrates the excitation spectrum of the syn-
thesized powders, monitored at a wavelength of 615 nm.
The spectrum reveals sharp peaks at 320, 363, 383,
394, 417 and 467 nm, corresponding to the 7FO—>5H6,
'F,—°D,, "F,—~°L,, 'Fy—°Ly, "F,—°D, and 'F,—°D,
transitions, respectively [20]. These transitions align
with the characteristic 4f-4f transitions of Eu** (re-

158



Y. Wang et al. / Processing and Application of Ceramics 18 [2] (2024) 156—-161

16000

12000 +

8000 +

Intensity (a.u.)

4000 [ [ na

E Eu E W

3t 7
Eu wWwW W
T T T T

4 8 10 12

o -
[N]

6
Kinetic (keV)

Figure 3. EDS spectrum of the synthesized sample x = 0.5

Intensity (a.u.)

T T T T T T
350 400 450 500
Wavelength (nm)

Figure 4. Excitation spectrum of the synthesized powders at
the monitoring wavelength of 615 nm
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ferred to as the characteristic excitation band) [21].
Notably, the peaks at 394nm ("F,—7L,) and 467 nm
(7F0—>5D2) are particularly prominent and coincide
with the wavelengths of commercially available near-
ultraviolet light and blue LED chips [22], respectively.
This suggests that the obtained samples are red lumines-
cent powders suitable for UV or near-ultraviolet excita-
tion.

As shown in Fig. 5, the phosphors emit red light at
a wavelength of 616 nm when excited by 394 nm near-
ultraviolet light. This emission can be attributed to the
electric dipole transition of Eu>* (°D,—"F,) [23]. The
positional distributions of the emission spectra remain
relatively unchanged after doping with different propor-
tions of Eu>* ions. However, the intensities of the emit-
ted light do exhibit significant changes. As the concen-
tration of Eu** doping increases, the luminous intensity
of the samples gradually enhances and reaches its peak
at a doping ratio of 0.6. However, further increase in
Eu®* doping concentration leads to a decrease in lumi-
nescence intensity and concentration quenching occurs.
According to the Dexter’s theory of doping concentra-
tion, multipolar interactions are the main mechanism re-
sponsible for this quenching phenomenon [16].

The type of multipolar interactions can be analysed
using formulas (Egs. 1 and 2) from the Dexter’s theory
[24]:

Ioca('*i)-r(ug) (1)

a=cr(1—5l) x0(1+é)]_' 2)
s y

These formulas include constants x, and A, where y rep-
resents the intrinsic transition probability of the activa-
tor. Additionally, d corresponds to the dimension of the
prepared samples, and s represents the series of elec-
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Figure 5. Emission spectra of NaY(WO,), phosphors doped with different Eu** concentrations (1, = 394 nm)
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Table 2. The NTSC colour coordinates of the doped samples

Molar ratio, x 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Color coordination, X  0.5636  0.6045 0.6083 0.6289 0.63 0.6373 0.6418 0.6369 0.6295
Color coordination, ¥ 0.3434 0.3399 0.3382 0.34 0335 0.3345 0.3358 0.3356 0.3344
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Figure 6. Logarithmic relationship between luminescence
intensity and concentration of powders with doping ratios
higher than 0.5

tric multipolar interactions. The series can have values
of 6, 8 and 10, which respectively refer to the dipole-
dipole (d-d) interaction, the dipole-quadrupole (d-¢q) in-
teraction, and the electric quadrupole-quadrupole (g-g)
interaction.

Figure 6 depicts the molar concentration dependence
of luminescence intensity, illustrating the relationship
between the emission intensity (/) and the doping con-
centration (C) for powders with doping ratios higher
than 0.5. The slope (—s/d) of the curve obtained by
fitting is about —1.8. Here, d takes the value of 3 and
s was calculated to be 5.4, which is remarkably close
to the electric multipole exponent 6 for the electric
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Figure 7. CIE of the phosphor sample x = 0.7
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dipole-electric dipole interaction, suggesting that the
type of multipolar interactions leading to the concentra-
tion quenching are electric dipole-dipole interactions.

The colour coordinates of the doped samples with
different Eu** concentrations are listed in Table 2.
The luminescence positions of the phosphors slightly
change with varying Eu>* doping concentrations, but
they still fall within the red region. The colour co-
ordinates closely match the standard value of the red
colour in the National Television Standards Committee
(NTSC: 0.670, 0.330), confirming the stability of the
obtained powders as red phosphors. Figure 7 illustrates
the CIE coordinates of the phosphor sample with the
doping ratio of 0.7.

IV. Conclusions

A pure NaY(WO4)2:Eu3+ phase with a tetragonal
scheelite structure can be synthesized using the high-
temperature solid state method at a calcining tempera-
ture of 800 °C. Eu®* doping does not change the main
phase structure and Eu®" was successfully incorpo-
rated into the crystal lattice, replacing Y>* at the B-
site. The powders exhibit irregular polygonal shapes un-
der the electron microscope, with particle sizes rang-
ing from 100 nm to 300 nm. Upon excitation, the sam-
ples exhibit the characteristic spectrum of Eu®*, with
the strongest peaks observed at 394 nm (7F0—>5L6) and
467nm ("F,—°D,). This indicates that the synthesized
red luminescent powders are suitable for excitation by
ultraviolet or near-ultraviolet light.

Under the excitation of 394 nm near-ultraviolet light,
the phosphors emit red light at a wavelength of 616 nm.
As the concentration of Eu®* doping increased, there
was a slight shift in the luminous positions of the phos-
phors, and the colour coordinates approached the stan-
dard value for the red colour in NTSC. Additionally,
the luminescence intensities of the samples gradually
increased and reached their maximum at a doping ra-
tio of 0.6. Subsequently, the intensities decreased due to
the concentration quenching. According to the Dexter’s
theory of doping concentration, the main mechanism for
this quenching was the electric dipole-dipole interaction
in the multipolar interaction.
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