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Li* ion substituted Na; _,Li,Lag 9sEug 0sMgWOg phosphors were successfully synthesized by an improved
sol-gel method using citric acid and polyethylene glycol as complexing agents. The structural evolution
was systematically investigated by X-ray diffraction with Rietveld structure refinement and Raman
spectra. The layered ordering of A-site cations and a second-order Jahn-Teller distortion of B’ cations
simultaneously existed in this double perovskite. The decreased symmetry and lattice parameters within
the same space group C2/m were observed from the Li* substituted powders. Upon increasing the Li*
concentration, the absorption intensities of the 4f—4f transitions of Eu>* monotonically increased.
Likewise, the intensity of °Dy-’F, monotonically increased under the excitations of both near-ultraviolet
and blue light, with an enhancement of ten- and six-fold, respectively. The relative intensity ratio of red/
orange emissions gradually increased, and the CIE chromaticity coordinates gradually approached those
of standard red light. “A site inducing energy transfer” in double perovskite was achieved by selecting a

substitution element with a small radius.

© 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

1. Introduction

White light emitting diodes (LEDs) have attracted much at-
tention in recent years. A high luminescence efficiency, low power
consumption, and environmental friendliness are some of the
advantages of white LEDs [1-4]. As known, white light comprises
three primary colors. Tricolor phosphors excited by blue LEDs or
near-ultraviolet (NUV) LEDs have also been extensively researched
[5-7]. However, the luminescence intensity of the red phosphors
for the UV LED chip such as Y-0,S:Eu®>* or Y,03:Eu®>* is much
lower than those of ZnS:Cu™, A+ green and BaMgAl;q0,7:Eu?+
blue phosphors, causing the white light to deviate from natural
light [8]. Therefore, new red phosphors with efficient absorption,
such as tungstate [9,10]/molybdate [11,12], titanate [13,14]| and
phosphate[15,16], are urgently needed to compensate the red
emission and improve the conversion efficiency.
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Tungstate and molybdate have recently been widely in-
vestigated as excellent hosts because of their broad and strong
charge transfer band (CTB) in the NUV-blue band and high
quenching concentrations of activator ions. Typically, the double
perovskite oxides reported are mainly A;,BMOg (A=Ba; B=Ca, Mg;
M=W, Mo) [17-19], due to the higher excitation efficiency of CTB
from W/Mo-0O than from WO4/Mo0O,. As is known, the magnetic
dipole transition is permitted and the electric dipole transition is
allowed only when the europium ion occupies a site without an
inversion center. The slight tilting of BOg in A;BMOg has little ef-
fect on reducing the symmetry, and the intensity of the electric
dipole transition is lower. Then, the emission transition is °Dg— ’F;
(594 nm) rather than °Dy— ’F, (~615 nm), leading to an emission
of the color orange-red rather than pure red. The “A* +A**” mode
was used to substitute for the “2A%2*” mode to provide a lower site
symmetry for the A-site and thereby change the dominant tran-
sition to improve the purity of red [20,21]. As reported, double
perovskite NaLaMgWOg:Eu>* powder has proven to be an ex-
cellent phosphor due to its high energy transfer efficiency of CTB
and because its luminescence intensity is much higher than that of
the red phosphors presently used [22]. However, the excitation
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wavelength in the range of 300-330 nm is far from the emission
wavelength of the NUV-LED chip (370-390 nm) or blue chip
(~460 nm). Therefore, methods for enhancing the luminescence
intensity under the excitation of near-UV light or blue light have
attracted much attention.

In a previous work [20], Gd*>* (111 A, CN=9) ions with a
smaller radius were selected to substitute for La®* (1.36 A,
CN=12) ions based on the “A site inducing energy transfer” in
double perovskite, resulting in enhanced luminescence intensity
under the excitation of near-UV light and blue light. “A site indu-
cing energy transfer” in double perovskite can result in a lumi-
nescence enhancement of Eu>*, which is based on the selection of
a substituent element of small radius. As the radius of Li* (0.92 A,
CN=38) is smaller than that of Na* (1.39 A, CN=12), it is inter-
esting to consider whether the luminescence properties could be
enhanced by using Li* to substitute for Na*. Additionally, a
smaller tolerance factor will be achieved if Na* is substituted by
Li* with a smaller radius. The symmetry will then be lower and
the parity-forbidden transition is more easily broken, resulting in
better color purity. In this paper, based on the above ideas, Li*
ions were selected to substitute for the Na* ions, attempting to
enhance the luminescence of this phosphor system. Rietveld
structure refinement and Raman spectra were used to confirm the
structure's change. An “A site inducing energy transfer” theory was
proposed to enhance the luminescence of a (Na, Li)LaMgWOg:
Eu®* phosphor under near-UV and blue light. The relationship
between the changed environment and the emissions of Eu>* was
analyzed in detail to explain its changed emission.

2. Experimental

All powder samples were synthesized by a sol-gel method
using citric acid and polyethylene glycol as complexing agents. The
starting materials were La;03 (99.99%), Eu,03 (99.99%), Li,CO3
(AR), NaNOs (AR), Mg(NO3); (AR), (NH4)10W1204; (AR), HNO3 (AR),
NHs - H,0 (AR), citric acid (AR) and polyethylene glycol (PEG, Mw
between 570 and 630), all of which were directly used without any
further purification. The mole ratio of citric acid to the total me-
tallic ions was 3.0:1.0. Stoichiometric rare earth oxides and Li,CO5
were dissolved in HNO3 under vigorous stirring (solution A, Sp),
and stoichiometric amounts of all nitrates and the deionized water
were added and stirred (solution B, Sg). The ammonium tungstate
was dissolved in deionized water (solution C, Sc). The citric acid
and PEG were added to the mixed solution of S, and Sg, and then
solution C was gradually added into the mixed solution of all of the
metallic ions. The pH value of the solution was then modulated to
6.0-8.0. The temperature in all of the above processes was 60—
70 °C, and the mixed solution was then heated to 80-90 °C and
continuously stirred until becoming a transparent sol and then a
transparent gel. The transparent gel was heated to 180-200 °C to
undergo a combustion reaction to become a spumous and fluffy
precursor. Finally, the precursor was pre-calcined at 800 °C for 3 h
and then calcined at 1100°C for 6h. A series of
Na; _xLixLaggsEug 0sMgWOg (x=0, 0.1, 0.3, 0.5, 0.7, 0.9, 1) powders
was prepared.

The crystalline phases were determined by X-ray diffraction
(XRD, smartlabTM 9 kW, Rigaku, Japan) using Cu Ko radiation
(A=1.5406 A) in the range of 5-80° with a step size of 0.02° and
scanning rate of 5°/min. Structure refinements were performed
using the Rietveld method as implemented in the General Struc-
ture Analysis System (GSAS) software. Raman spectra were col-
lected using a Raman spectrometer (Renishaw, RM1000, Britain)
with a 514 nm laser beam as the light source. The photo-
luminescence spectra were measured using a fluorescent spec-
trophotometer (Lumina, America). The fluorescent decay curves
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were tested by a fluorescence spectrometer (FLsp920, British) with
the detection wavelength 615 nm. All measurements were taken at
room temperature.

3. Results and discussion

Fig. 1(a) and (b) show the excitation spectra of the
NaLag gs5Eug 0sMgWOg powders. It could be seen that the excitation
spectra of Aey=615nm and Ae;=590 nm have similar shapes,
with a strong broad CTB centered at ~320 nm (0?>~ -»W®*) and
the characteristic f-f absorption peaks of Eu>* at 395 nm ("Fo-"Lg)
and 465 nm (“Fo->D,). However, the excitation intensity for
Aem=615 nm was far stronger than that for Ae;; =590 nm. The
corresponding emission spectra for ~320 nm, 395 nm and 465 nm
are shown in Fig. 1(c). All emission spectra had weak magnetic
dipole transitions (°Dy-’F;, 590 nm) and very strong electric dipole
transitions (°Do-’F,, 615 nm), indicating that the Eu®>* ions were
located in a very low crystal symmetry site in this double per-
ovskite NaLaMgWOg lattice. The only difference was that the CTB
excitation had the strongest emission intensity, eight and four
times those of Aex=395 nm and A.,=465 nm, respectively. Based
on this, the phosphors could only be used for NUV chips for white
LEDs. Therefore, much work was attempted to enhance the in-
tensity, and a stronger emission close to the practical emission
intensity was expected under the excitation of near-UV band or
blue light. In this paper, A-site substitution was used to enhance
the red luminescence under the excitations of near-UV and blue
light.

3.1. Structural evolution of Naj _xLiyLag ¢sEug0sMgWOg

The XRD patterns of Na; _,LixLag g5Eug05sMgWOg are shown in
Fig. 2 and can be readily indexed to the monoclinic double per-
ovskite structure of NaLaMgWOg (JCPDS #88-1761). The tolerance
factors (t, formula 1) of Na; _,LixLag 95Eug0sMgWOg are shown in
Table 1, which determine the crystal structure of double per-
ovskite [23]. ra, Ia, I, I'p and 1o are the radii of A-site, A’-site,
B-site, B’-site and oxygen ions, respectively. Upon increasing the
concentration of the smaller radius Li*, the tolerance factor gra-
dually decreases from 0.948 to 0.868. Clearly, the structure of
double perovskite exists stably with no impurity phase when
0.868 <t <0.948.
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Fig. 1. Excitation spectra (a: Aem=590 nm; b: Ae;=615nm) and (c) emission
spectra of NaLag gsEug 0sMgWOg powders.
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Table 2.
Crystalline and ordered domain sizes for A and B sites with different Li*
concentrations.

x CS/nm ODS-A/nm ODS-B/nm
0 78.7 721 54.3

0.1 82.7 773 65.8

0.3 80.5 77.5 713

0.5 78.3 774 74

0.7 825 78.7 67.2

0.9 92.8 81.2 62.8

1 929 81.7 60.7

1.0
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Fig. 4. Ratios of ordered domain size (ODS)/crystalline size (CS) for A and B sites of
Na; _4LiyLagosEug 0sMgWOs powders (x=0, 0.1, 0.3, 0.5, 0.7, 0.9, 1) with different
Li* concentrations.

Tp+ Ty + 21y

- V2(rg + 13 + 21p) 1

Xvalues 0 0.1 0.3 0.5 0.7 0.9 1 In addition, XRD was highly sensitive to the presence of cation
ordering, which could be determined by the presence of super-
To;;:;rce 0948 0940 0924 0908 0892 0876 0868 lattice reflections. The superlattice diffraction peaks at ~19.0° (0 1
Space Qm  Qm  m  m m Qm m 1) and ~38.0° (2 1 1) indicate the long-range ordering of B-site
group cations (Mg/W) in a rock-salt fashion, and the appearance of a
;-/} 78147 78176 78120 78134 78111 78079 7.8083 25.6° (1 1 1) peak demonstrates the layered ordering of A-site
, A 7.8211  7.8220 7.8187 7.8175 7.8122 7.8098 7.8105 . : : ; .
A 78961 78939 78942 78932 78910 78886 78860 cations (Na/Ll/I..a/E_u) [24,_2_5]. The lgyered ordering of A-site cations
vV, A3 482.705 482.605 482.169 482.114 481522 481.03 480.941 creates a bondlng lnstablllty that is Compensated for by a second-
WRp, % 9.58 9.55 1038 935 1047 1008 1160 order Jahn-Teller (SOJT) distortion of the B’ cations [26]. These two
Rp, % 6.69 719 7.56 694 777 689  8.01 distortions are synergistic, and the removal of one leads to the
disappearance of the other.
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Fig. 3. Rietveld refinement of the observed XRD pattern for (a) NaLag gsEugp0sMgWOg and (b) Nag sLig sLag gsEug0sMgWOs.
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concentrations.
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Fig. 6. Excitation (Ae;y=615 nm) spectra of Na; _,Li,LaggsEugosMgWOs (x=0, 0.1,
0.3, 0.5, 0.7, 09, 1).

XRD was only used to perform a preliminary structural char-
acterization of these samples, and Rietveld refinements were
carried out to confirm the structures and extract the lattice para-
meters. Generally, the undistorted and fully ordered AA'BB'Og
perovskite has tetragonal symmetry and belongs to the space
group P4/nmm. However, the octahedral tilting would lower its
symmetry. The undoped NaLaMgWOg has degenerated into a
monoclinic unit cell, and its two possible space groups are P2,
(Glazer tilt system a—a-c™, from JCPDS Card.) and C2/m (a®b~c?),
and their approximate cell dimensions are v2a, x v2a, x 2a, and
2ap x 2ap x 23, (ap being the cell edge of the basic ABO3 cubic
perovskite) [24,27], respectively. Therefore, for all samples, the
starting models for the refinements of the phases were taken from
the double perovskite space groups of P2; and C2/m, respectively.

The results showed that the starting model with C2/m provides a
better fitting for all samples with different doping concentrations
of Li*, even with a complete substitution of Li* for Na*. Typical
observed and calculated best fits for the samples are shown in
Fig. 3 for x=0 (a) and x=0.5 (b), including the difference in the
powder diffraction profiles and the expected Bragg reflections. The
refined R-values were 9.58%/9.35% (WRp), 6.69%/6.94% (Rp) for
x=0/0.5, respectively. When x=0, the lattice parameters were
7.8147 x 7.8211 x 7.8961 A, and the lattice volume was 482.605 A>.
When x=0.5, the lattice parameters were
7.8134 x 7.8175 x 7.8932 A, and the lattice volume was 482.114 A>.
These results suggest that the refinements are in good agreement
with the space group in all respects, and the tilting of the BOg
octahedron weakens the symmetry of double-perovskite. All
samples belong to the tilt system a®b~c°, where the b~ indicates
an out-of-phase tilt around the b-axis, and (Na/Li)LaMgWOsg
powders with a C2/m space group have a larger lattice volume,
which is beneficial to enlarging the distance between neighboring
Eu* jons.

The structural refinements indicate that the degree of cation
ordering in these compositions is nearly complete. Generally, if all
crystals are assumed to be free of strains and faults, the peak
broadening in the X-ray diffraction pattern is due only to the area
of the reflecting planes, which is often taken as the crystalline size,
according to the Scherrer formula (formula (2)) [20], where L is the
crystalline size (nm), A the wavelength of the X-ray source (nm),
FWHM the full width at half maximum (rad), and 6, the diffraction
angle (deg). L is considered as an average crystal dimension per-
pendicular to the reflecting planes. Nevertheless, L should be
considered as the ordered domain's size if FWHM is calculated
according to the superlattice reflection peaks from the XRD
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5Do-’F, transition under different excitations.

patterns. Here, the long-range ordering of B-site cations (Mg/W) in
rock-salt fashion is observed from the superlattice peaks at ~19°
(011)and ~38° (2 11), while the layered ordering of the A-site
cations Na/Li/La/Eu is obtained from the diffraction peak at ~25°
(111).

_ 0.91
FWHM x cos 6, )

Based on the above statements, the ordered domain sizes (ODS)
and the crystalline size (CS) for the A and B sites of
Na; _xLiyLag.gsEug 0sMgWOg samples were calculated and are listed
in Table 2. It can be seen that the ODS-A sites increased mono-
tonically in the range of 72-82 nm, while the ODS-B sites first
increased and then decreased in the range of 54-74 nm. This is
because the type of ions on the A-site and their amount changes
with the gradual substitution of Li* for Na*, and the ordering of
the ions on the A-site would vary accordingly, even at the same
calcination temperature. The SOJT distortion of the B’ cations,
compensating for the instability of the A-site cations, led to the
variation of the ODS-B sites. The ratios of ODS/CS for the A and B
sites of all samples are plotted in Fig. 4. The ODS/CS for the A-site
was relatively stable approximately 0.9, while that for the B-site
has broader variability. The ODS/CS for both the A-site and B-site
first increased and then decreased and reached a maximum value
when x=0.5. This is because Na/Li =1:1 is more conductive than
the non-equal proportion (e.g., 0.1/0.9 or 0.9/0.1) to obtain a more
ordered arrangement. Therefore, doping with Li* ions affected the
ordered domain sizes for both the A-sites and B-sites.

Fig. 5 shows the Raman spectra of Na; _yLiyLaggsEug osMgWOg
powders with different Li* concentrations. Both NaLaMgWOg and

A,CaMoOg (A=Sr/Ba) have a double perovskite structure with a
rock-salt ordering of B/B’ ions, and they may have a great similarity
in their Raman spectra. According to Ref. [28], there are four Ra-
man active modes in Ba,CaMoOg: T2¢(1), Tog(2), Eg and Ay, located
at ~105, ~407, ~647 and ~804cm~!, respectively. For
NaLaMgWOg, its Raman spectrum would be more complex than
that of Ba,CaMoOg due to its lower symmetry (cubic Fm3m for
Ba,CaMoOg, monoclinic C2/m for NaLaMgWOg). The tilting junc-
tion of the (Mg/W)Og octahedra and the layered order of Na/La
would result in the splitting of T»e(1) and T»e(2) in the ranges of
100-200cm~! and 300-500cm~! into multi-peaks. The
T5¢(1) mode is an A-site cation related vibration resulting from an
A-site cation and coordinated oxygen atoms, and the A;g mode is a
fully symmetric breathing vibration of oxygen octahedrons. Fur-
thermore, the A;; mode has a relatively small correlation radius,
and its vibration is only confined in the short-range correlation of
the atoms, while the T,4(1) mode has a larger correlation radius.
Thus, Toe(1) is sensitive to A-site substitution, whereas A;q is
sensitive to B-site substitution. With the increasing Li* con-
centration, both the T,,(1) mode and A;;, mode significantly
weakened. The weakened T,g(1) mode resulted from the A-site
doping, while the weakened A;; mode resulted from the SOJT
distortion of the B’ cations.

3.2. Photoluminescence of Naj_xLixLag gsEUgo5sMgWOsg

Fig. 6 shows the excitation spectra of
Na; _,LiyLag o5EugosMgWOg phosphors with different Li* con-
centrations (Aem =615 nm). The spectra consist of a broad band
due to the charge transfer transition from oxygen to tungsten
(0%?~-W8+ centered at ~320 nm) and some sharp lines due to the
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excitations.

intra-4f transitions of Eu>*, which were at 395 nm (’Fo-°Lg tran-
sitions) and 465 nm (“Fo-°D,, transitions) for all compositions. The
presence of a CTB in the excitation spectrum when monitored for
Eu®* emissions (615 nm) was a clear indication of the non-ra-
diative energy transfer from the host to Eu**. Upon increasing the
Li* concentration, the absorption intensity of CTB varied in a small
range, whereas the absorption intensities of the 4f—4f transitions
of Eu>* monotonically increased. Accordingly, the electric dipole
transition intensities of the Na; _,LiyLaggsEug osMgWOgs phosphors

for x=1 were enhanced by approximately ten and six times
comparing to that of x=0 under the excitations of 395 nm and
465 nm, respectively. In contrast, upon increasing the Li* con-
centration, the electric dipole transition intensities varied in a
small range under the excitation of the charge transfer band. The
emission intensity of Aex=395 nm surpassed the intensity of the
charge transfer band excitation at x > 0.7, while the intensity of
Aex=465 nm surpassed the intensity of the charge transfer band
excitation at x > 0.5. It was also significant that the emission in-
tensities of Aex=465 nm were stronger than those of Aex=395 nm
for all compositions.

The decay curves (Aex=465 nm) of Na; _Li,Lag gsEug osMgWOg
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Fig. 11. (a) CIE chromaticity coordinates of Na; _,LiyLaggsEu0.0sMgWOs (x=0, 0.1, 0.3, 0.5, 0.7, 0.9, 1) under different excitations and (b) the photo of LiLagsEuqsMgWOg

phosphor.)

(x=0, 0.3, 0.7, 1) phosphors are shown in Fig. 8. All of the data are
fitted with a single experimental function I=1I, exp( —t/t), where Iy
is the initial emission intensity for t=0, and 7 is the decay lifetime.
The calculated lifetimes are summarized in Fig. 8. It is clear that
the °Dy lifetime of Eu®*-doped Na; _,Li,LaMgWOg decreased upon
increasing the concentration x. Usually, for a given emitting ion, a
long decay time was characteristic of the most symmetrical sur-
roundings, while a short decay value was observed when site
distortion occurred [29]. Increasing the Li* ion concentration led
to decreased tolerance factors and lower symmetry and thereby a
shorter °Dy lifetime.

According to the Judd-Ofelt theory, the magnetic dipole tran-
sition is permitted. However, the electric dipole transition is al-
lowed only when the europium ion occupies a site without an
inversion center, and the intensity is significantly affected by the
symmetry in the local environments around the Eu®>* ions [29]. If
the Eu>* ions occupy an inversion symmetry site, the magnetic
dipole transition *Dy-’F; is dominant. On the other hand, for the
electronic dipole transition, >Do-’F, is the dominant transition. The
intensity ratio of R=I (°Do-"F,)/I (°Dg-F;) is a measure of the Eu>+
ion's site symmetry, and the emission intensity ratio of >Dg-"F,
(615 nm)/°Do-F; (590 nm) for Na;_LixLagesEugosMgWOg phos-
phors under different excitations is shown in Fig. 9. The ratios
tended to increase and varied in a broad range for all three ex-
citations upon increasing the Li™ concentration. The ratio in-
creased from 8.59 to 15.71 under the excitation of 395 nm, which
means that the electric dipole transition held a dominant position.
Upon increasing the concentration of Li*, the tolerance factor
gradually decreased, and the structure deviated from the ideal
cubic phase, leading to a lower symmetry of the structure. For the
hypersensitive electronic dipole transition, the parity-forbidden
transition was broken because of the gradually decreased sym-
metry. The ratio of the >Do-"F»/°Do-’F; transitions increased upon
increasing the concentration of Li*, and then the red emission
played a dominant role.

As we said above, the decreased tolerance factor and the high
distortion coordination polyhedron around Eu®** would further
break the parity forbiddenness, so the transition probability of the
electric dipole transition would increase. At the same time, in the
structure of Eu>+-0?~-A*, when A" =Li™", the covalence between
the activator Eu*>* and the anion (0?~) would increase due to the
smaller ionic radius (0.92 A <1.39 A(Na*)). This would further
enhance the luminescence of the electric dipole transition of Eu+.
In addition, when Li* substitutes for Na*, the lattice volume

gradually decreased (Table 1), and the mean bond length of Ln-O
also decreased (data according to the structure refinement). The
change in the bond length of Ln-O with the luminescence intensity
is shown in Fig. 10, with a short bond length corresponding to a
higher luminescence intensity. A short bond length means a strong
crystal field, which is beneficial to the energy transfer and thus
enhances the luminescence of Eu®>*. The greatly enhanced radia-
tion transition of the electric dipole of Eu>* and shortened life-
time were due to the low crystal symmetry and especially the
shortened Eu-O bond length. This is called “A site inducing energy
transfer” [20], which results in a luminescence enhancement of
Eu®* in double perovskite. Here, the “A site inducing energy
transfer” was proven to be effective. This regularity will continue
guiding us to further choose other host elements to enhance the
luminescence of Eu** and will provide guidance for the perfor-
mance enhancement in other rare earth ion doped luminescence
materials.

Fig. 11 shows the CIE chromaticity coordinates of
Na; _xLiyLaggsEug 0sMgWOg phosphors under different excitations
and a photo of a LiLagsEugsMgWOg phosphor. The coordinates
gradually approach those of standard red light (0.67, 0.33), with an
increased R/O value. The coordinates of LiLaggsEugosMgWO0Og un-
der the excitation of 395 nm were (0.6636, 0.3361), which are
rather close to the edge of the CIE diagram. This means that the
substitution of Li* to Nat not only enhances the luminescence
intensity and availability of different excitation chips but also
greatly optimizes the red light quality.

4. Conclusions

In this paper, a series of Na; _,LixLag 95Eug.0sMgWOg phosphors
were successfully synthesized. The ODS/CS for both the A-sites and
B-sites reached maximum values at x=0.5. The weakened Raman
T¢(1) mode resulted from A-site doping, while the weakened A
mode resulted from the SOJT distortion of the B’ cations. The en-
hanced luminescence intensity under the excitation of near-UV
light or blue light was achieved by selecting a substitution element
with a smaller radius by substituting Na* with Li*. The decreased
lifetime, increased intensity ratio of red/orange emission and op-
timized red light quality resulted from the decreased symmetry.
The “A site inducing energy transfer” was proven to be effective,
and this regularity would continue to guide us to choose other
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host elements to enhance the luminescence of Eu+.
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