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Liz5Y15(M0Oy4)s was synthesized in the form of phase-pure crystals. It forms a solid solution with
LizsEu; 5(M0QOy4)4. Single crystals obtained from Li,MoO, fluxes had edge lengths of up to 0.5 mm. The
crystal structures of Lizs(Y1_xEuy,)15(MoOy4)s (x = 0, 0.1, 0.25, 0.5, 0.75 and 1) were determined in the
triclinic crystal system (e.g. P1, no. 2, Z = 1; LissY15(MoO4)s a = 51875(2) A, b = 6.6380(2) A,
c = 10.2731(4) A, « = 100.082(3)°, f = 100.257(2)° and y = 111.943(2)°). All the compounds are
isostructural and crystallize with a structure related to the scheelite-type structure with mixed
occupancy of one cation position, while the two others are occupied by Li ions exclusively. Thermal
analyses reveal stability in air up to 995 K for Liz5Y;5(M0Qy4)4; the decomposition temperature decreases
with an increase in Eu-content. Spectroscopic properties (emission and excitation) were investigated in
the context of the search for new thermographic phosphors. Excitation at 395 nm leads to strong red
emission at 613 nm. Features of the emission spectra suggest the potential of Liz5(Y;_xEuy)15(M0Oy4)4 as
red phosphor candidates for light emitting diodes. Their luminescence properties at high temperatures
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1. Introduction

Currently, there is a drastic change in the illumination technology
due to the substitution of incandescent and discharge lamps by
energy saving light emitting diodes (LEDs). The general strategy is
the combination of near UV emitting Ga/InN LEDs with red, green
and blue emitting phosphors." Numerous respective materials are
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available, which emit in the high energy visible range, but still
there is a demand for red emitting phosphors. Eu*" doped
nitrides are very promising candidates in this context but include
some disadvantages. Eu®" doped materials are well known alter-
natives due to the 4f° — 4f° emission located in the red region
typical for Eu** ions. The narrow line emission of Eu** ions gives
high colour quality devices, compared to the band emission of
Eu®' ions. A remarkable drawback is, however, that direct excita-
tion into the 4f° states leads to inefficient emission due to parity
forbidden f < f transitions. A solution to this problem is the
development of host lattices with complex anions, which include
highly charged central atoms, e.g. tungstates and molybdates. In
these cases, the charge transfer states of the complex anions are
located at rather low energies, namely, in the near UV region and
can thus be excited by Ga/InN LEDs. Intense Eu** red emission
is achieved after energy transfer from CT to the 4f° states.
Moreover, these materials fulfil the requirements for lumines-
cent materials such as high chemical and thermal stability and a
suitable site for Eu®>" doping. Herein, we present a new material,
Lis 5Y; 5(MoO,),:Eu®", which shows a strong red narrow line
emission.

Contrary to LizsRE; 5(M00,),, lithium rare earth metal
molybdates of the general formula, LiRE(M0O,), (RE: La-Lu, Y),
are well-known and crystallize in the tetragonal crystal system
with a scheelite-type structure (Scheelite: CaWO,). They are
obtained from LiF-MoO,? or Li,M00,*>® fluxes and have been

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Crystal of Lis sEu; 5(MoQ4)4 under day light (left) and UV light (right).

investigated for many decades, mainly as host materials for
optical materials. The luminescence properties of Eu**-doped
molybdates LiRE(Mo0O,),:Eu (RE: La, Gd, Lu and Y),””°
LiEu(Mo;_,W,0,4),"* and AY;_,Eu,(MoO,), (A: Li, Na, K)'*™"’
have been described in the literature.

When it comes to lithium rare earth metal molybdates of
the general formula Li;sRE; 5(M00O,),, the crystal structures
of only two representatives are known: Lizs;Ho0;5(M00O,),
and LizsEu; 5(M00,),.**"® In addition, LissY;5(M00O,), was
found to crystallize from Li,(M0O,),-LiY(M0O,), flux, but its
structure has not been determined.*® Its d values resemble that
of a compound that was (wrongly) described to be a triclinic
modification of LiY(M00,),.>"

We will now describe for the first time the crystal structures
of several red-emitting phosphors (Fig. 1) in the system
Lis 5(Y;_xEu,), 5(M00O,), with x = 0, 0.1, 0.25, 0.5, 0.75, 1 and
discuss their thermal stability and luminescence properties.

2. Experimental
Synthesis and crystallization

Lithium carbonate (Merck, PA), molybdenum trioxide (Alpha
Aesar, 99.95%) and rare-earth oxides Y,03; and Eu,0; (Chempur,
99.99%) were used as starting materials. A mixture of Li,COs3,
RE,0; (1—x Y,03 + x Eu,03) and MoO; powders in the molar
ratio of Li:RE:Mo = 36:2:21 were first ground in an agate
mortar and then transferred to a platinum crucible. The mixtures
were heated in air from room temperature to 1373 K (100 K h™%),
maintained for six hours at the maximum temperature to homo-
genize the melt, then cooled to 1023 K at 100 K h™ ' and to 773 K at
2 K h™". The melting point of pure Li,Mo0Q, is 978 K,** but the
solidification of the flux described here must take place below
957 K according to the decomposition temperatures observed for
some of the products obtained (see below). Finally, the samples
were quenched to room temperature. The Li,Mo0O,-flux was
dissolved in hot water.

Thermal analyses

Differential thermal analysis (DTA) and thermogravimetric
analyses (TGA) were performed using an STA 409 EP instrument
(Netzsch, Selb, Germany). The samples were heated from 293 K
to 1073 K in air (5 K min™ ).

This journal is © The Royal Society of Chemistry 2016
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X-ray powder diffraction

Data were collected at room temperature using a powder diffracto-
meter with transmission geometry (Stadi P, Stoe, Darmstadt,
Germany, PSD detector, Ge monochromator, CuKoy: /4 = 1.54056 A,
and flat plate sample holder). Phase analyses and the refinements of
the lattice parameters were performed using the TOPAS program.*?

Single crystal diffractometry

Intensity data were measured on an image plate diffraction
system (IPDS, Stoe, Darmstadt, Germany, MoKux: 1 = 0.71073 A)
at ambient temperatures. Numerical absorption corrections
were applied using the X-RED and X-SHAPE software.>* Struc-
ture refinements were performed using the SHELX-97>° suite in
the WinGX>® framework. The normalized atomic coordinates of
the isostructural compound Li3_5H01_5(MoO4)418 were taken as
starting values for all the least squares refinements.

Photoluminescence spectroscopy

Emission and excitation spectra of crystalline powders were
acquired using a Fluorolog3 spectrofluorometer (Model FI3-22,
Horiba Jobin-Yvon, Bensheim, Germany) equipped with a 450 W
xenon lamp, double Czerny-Turner monochromators, which allow
a resolution down to 0.05 nm, and the photomultiplier detection
equipment R928P with a photon counting system. A liquid Helium
closed-cycle cryostat was used to perform measurements at 10 K.
Emission spectra were corrected for the photomultiplier sensitivity
and excitation spectra were corrected for the lamp intensity.

Quantum yield was measured using a Fluorolog3 spectro-
fluorometer with an additional Ulbricht sphere; reflection
intensities were corrected.

3. Results and discussion

Samples of Liz 5(Y;_xEuy);.5(M00O,), with x = 0, 0.1, 0.25, 0.5,
0.75 and 1 were obtained from high-temperature reactions in
Li,MoO, fluxes as single crystals. X-ray powder diffraction
patterns (Fig. 2) of the crushed products show that mostly
single-phase Lis 5(Y:_xEu,)1.5(M00O,),; samples were obtained
(except for 2% of the side product LiEu(MoQO,), in one of the
samples; its main reflection is marked with an asterisk).

Thermal analyses reveal that Lizs(Y; ,Eu,);5(M00O,), are
stable up to 995 K, which makes them suitable materials for
light emitting diodes. The decomposition temperatures according
to DTA depend remarkably on their composition (Fig. 3). For
undoped Liz 5Y;.5(M00,),, a decomposition temperature of 995 K
was measured, which is a bit lower than was reported earlier
(1008 K).*° With an increase in Eu*"-substitution, the decomposi-
tion temperature decreases to 957 K for Lis 5(Yo.25EU0.75)1.5(M00,)-
The decomposition of Liz sEu, 5(M0O,), takes place at 958 K and no
weight changes were observed in the TGA traces.

X-ray powder diffraction investigations of the residues obtained
after the DTA/TGA experiments showed that the samples decom-
pose and form Li,M0O, and LiY;_,Eu,(MoO,), (eqn (1)).

2Li3'5(Yl,xEux)l's[MOO4)4 - 3LiY1,xEux(MOO4)2 + 2Li2M004

1)
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Fig. 2 X-ray powder diffraction patterns of Lizs(Y1 xEu,)15(M0QO4)4
(@) x = 0.00, (b) x = 0.10, (c) x = 0.25, (d) x = 0.50, (e) x = 0.75 and

(f) x = 1.00 (the asterisk marks the main reflection of LIEuU(MoQOy),, see text).
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Fig. 3 Decomposition temperatures of Lizs(Y1_xEu,)15(M0Oy4)4.

The title compounds, Lizs(Y;_xEu,);5(M00,),, crystallize isostruc-
turally to Liz sHo; 5(M0O,),.'® Their lattice parameters change
continuously with an increase in Eu®* concentration (Table 1).
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Fig. 4 V/x dependence of Liss(Y1_xEu,)15(M0Oy4)4.

Fig. 4 demonstrates the linear increase of the unit cell volume
with an increase in x. The pseudo-binary system Li; 5Y; 5(M00O,),~
Li; 5Eu; 5(M00O,), thus forms a solid solution, and the lattice
parameters follow Vegard’s law. x values obtained from the powder
data agree well with the expected Eu content according to the
original sample weight.

The color of the crystals changes from colorless for the pure
yttrium-compound to light pinkish for the pure europium-
compound.

The crystal structures of Lis 5(Y;_Eu,); 5(M0O,), with x = 0,
0.1, 0.25, 0.5, 0.75 and 1.0 were refined based on single-crystal
data (Table 2). They consist of layers of isolated [MoO,] tetra-
hedra and distorted [MOg] square antiprisms (M: 25% Li + 75%
RE with RE = Y; ,Eu,) (Fig. 5). The arrangement of the [MOg]
(RE1 and Li1 site) and [MoO,] polyhedra is similar to that in
scheelite. The layers are perpendicular to (001). Additional Li
atoms are placed on the Li2 and Li3 sites (Wyckoff position 1a)
in between the layers. Li2 is coordinated by four oxygen atoms,
which form a rectangle. The coordination sphere of the lithium
ions on the Li3 site is that of a distorted octahedron of oxygen
atoms. The ratio of Lil and RE1 on the substitutionally dis-
ordered M1 site was found to be very close to 1:3 by refining
the occupancies. In a later refinement cycle, these values were
fixed to ensure charge balance. The positional and anisotropic
displacement parameters of Lil and RE1 atoms were con-
strained to be identical.*® The final atomic coordinates and
displacement parameters are reported in the supplementary

Table 1 Lattice parameters of Lizs(Y1_xEu,)15(MoOy4)4 (x: 0.00, 0.10, 0.25, 0.50, 0.75 and 1.00) with a triclinic LissHo;5(MoOy4)4 structure

Formulae x a/A b/A c/A af° BI° /° V/A?

Lis 5Y15(M0O,)s 0.00 5.1875(2) 6.6380(2) 10.2731(4) 100.082(3) 100.257(2) 111.943(2) 311.36(2)
Li3A5Y1A35Eu0A15(M004)4 0.10 5.1944(2) 6.6500(2) 10.2825(4) 100.086(3) 100.273(3) 111.931(2) 312. 62(2)
Li3.5Y1_125Euov375(M004)4 0.25 5.1993(2) 6.6615( ) 10.2876(4) 100.100(2) 100.300(2) 111.914(2) 313. 59( )
Lis.5Y075EU0.75(M00,)4 0.50 5.2107(3) 6.6850(4) 10.3025(7) 100.106(4) 100.362(4) 111.879(4) 315.82(4)
Li345Y(,A375Eu1A125(MOO4)4 0.75 5.2198(2) 6.7057( ) 10.3141(4) 100.116(3) 100.396(3) 111.860(2) 317. 69( )
Lis sEuy 5(M0O,)4 1.00 5.2283(3) 6.7253(3) 10.3267(6) 100.116(4) 100.450(3) 111.840(3) 319.49(3)
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Table 2 Crystallographic data, data collection and refinement of the crystal structures of Liz 5(Y;1_xEu,)1 5(MoO4)4 (x: 0.00, 0.10, 0.25, 0.50, 0.75 and 1.00)

Liz5Y1s Liz5Y1.35EU0.15 Liz5Y1.125EU0.375 Liz 5Yo.75EU0.75 Liz5Y0.375EU1.125 LizsEuy 5
Composition (M004)4 (M004), (M004)a (M004)4 (M004)4 (M00,),
Molecular weight 797.42 806.87 821.06 844.7 868.35 891.99
Crystal system Triclinic
Space group P1 (no. 2)
Lattice parameters (From powder XRD data)
al/A 5.1875(2) 5.1944(2) 5.1993(2) 5.2107(3) 5.2198(2) 5.2283(3)
b/A 6.6380(2) 6.6500(2) 6.6615(2) 6.6850(4) 6.7057(3) 6.7253(3)
c/A 10.2731(4) 10.2825(4) 10.2876(4) 10.3025(7) 10.3141(4) 10.3267(6)
ol° 100.082(3) 100.086(3) 100.100(2) 100.106(4) 100.116(3) 100.116(4)
B 100.257(2) 100.273(3) 100.300(2) 100.362(4) 100.396(3) 100.450(3)
7/° 111.943(2) 111.931(2) 111.914(2) 111.879(4) 111.860(2) 111.840(3)
Unit cell volume/A® 311.36(2) 312.62(2) 313.59(2) 315.82(4) 317.69(2) 319.49(3)
zZ 1
Absorp. coeff./mm™* 10.92 10.93 10.99 11.03 11.09 11.15
Density (calculated) 4.253 4.286 4.348 4.441 4.539 4.636
Crystal colour Colorless Colorless Colorless Light pink Light pink Light pink
Crystal shape Block Block Block Block Prism Prism
Crystal size/mm? 0.40-0.35-0.30 0.27-0.22-0.15 0.47-0.34-0.21 0.42-0.32-0.22 0.29-0.22-0.09 0.35-0.20-0.07
F(000) 365 369 374 383 392 401
Temperature/K 293(2) 293(2) 293(2) 293(2) 293(2) 293(2)
Diffractometer STOE IPDS 2, Mo-Ko, / = 0.71073 A, graphite monochromator
Absorption correction Numerical®*
Theta range/° 2.09-30.35 2.09-30.44 2.09-30.39 3.41-30.27 2.08-30.28 2.08-30.40
Reflections collected 6526 6695 6726 6489 6524 6873
Independent reflections 1867 1893 1899 1868 1884 1931

Independent reflections
I> 20(])
Index ranges

Parameters

R indices/all data

R indices/I > 20(I)
Goodness-of-fit on F>

Weighting scheme

Largest diff. peak
and hole/e A™*

Fig. 5 Crystal structure of Liz5(Y1_xEu,)15(M0QOy4)4 (blue: [MoO,] tetrahedra,
pink: [MOg| polyhedra (M: 75% RE + 25% Li; RE: Y;_4Eu,) and grey: Li).

material (Tables S1a-S2f, ESIT), as well as selected interatomic
distances and angles (Table S3a-f and Fig. S1-S5, ESIf).

This journal is © The Royal Society of Chemistry 2016
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All the samples of the solid solution show bright red emission,
which is typical for Eu** phosphors. Luminescence measure-
ments were performed on the unsubstituted material (x = 1)
and on that with 10% doping concentration (x = 0.1). The room
temperature emission and excitation spectra of the latter are
shown in Fig. 6, while the emission and excitation spectra of both
compounds at 10 K are depicted in Fig. 7 and 9, respectively.
An enlargement of the emission spectrum at 10 K of
Liz 5(Yo.9EUo.1)1.5(M00,), is shown in Fig. 8.

The shape of the emission spectra at 10 K (Fig. 7) is remark-
able because only the °D, — ’F, transition has a considerable
contribution, while Dy — ’F, 3 , are rather weak and *Dy, — "F,
is only visible with extremely low intensity (Fig. 8). This feature
can be explained due the low site symmetry occupied by the Eu
ions (point group C;). In general, D, — ’F, are observed only for

Cnyy Cn, or Cg symmetry, because this transition is strictly

forbidden according to the Judd-Offelt theory and only becomes
partly allowed due to J-mixing.”® In the present case, this observa-

tion might be explained by mixing of charge-transfer states into
the wave functions of the 4f° configuration.””

J. Mater. Chem. C, 2016, 4, 596-602 | 599


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5tc02515j

Open Access Article. Published on 07 December 2015. Downloaded on 12/5/2025 2:28:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

wavelength / nm

700 600 500 400 300
T T T 7 T T T v T

A, =395 nm (25316 em™)

——2,=613nm (16313 cm™)
x=0.1

relative intensity

|
k
|

il

\ﬂﬁ\

T T T
30000 35000 40000

|

| _(

b

L)

T
20000 25000

-1
wavenumber / cm

Fig. 6 Emission (left, red line) and excitation (right, blue line) of
Liz5(Yo.9EU01)15(M0QO4)4 at room temperature.
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Fig. 7 Emission spectra of Lizs(Y1 xEUp1)1.5(M0O4)4
x = 0.1 (middle and bottom) measured at 10 K.

for x = 1 (top) and

While in general, °D, — “F; can be taken to be constant in
intensity, the so called hypersensitive transition D, — ’F, is
mainly influenced by the environment. The ratio I(>D, — "F,)/
I°’Dy — ’F,) can be used to determine the degree of the
asymmetry of the Eu side.?® In the present case, this ratio was
determined to be 11.3 for LissEu;s5(M00O,), and 12.2 for
Liz 5(Y0.0EUg.1)1.5(M00,),. This high ratio can be explained by
the low Eu site symmetry. It should be mentioned that the high
intensity of >D, — ’F, relative to the other transitions depicts
the excellent color quality of these materials. As it is obvious
from Fig. 8, °D, — ’F, splits into three Stark levels, which led
to the conclusion that the Eu ions occupy only one site, as
described above. However, a small shoulder can be observed at
about 598 nm. Therefore, it cannot be excluded that an extre-
mely small amount of Eu®" ions are also located at another site.
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Fig. 8 Enlargement of the emission spectrum of Liz 5(Yg.9EUg 1)1.5(M0O4)4
at 10 K, Jex = 395 nm.

Moreover, some very weak emission transitions starting from
the °D, state could be observed even at 10 K (Fig. 8).

The low temperature excitation spectra (Fig. 9) consist of
two different features. At energies lower than approximately
27500 cm ™', 4f° — 4f° line transitions are observed, which can
be assigned to 'F, — °D; at 525.8 nm, 'F, — °D, at 465.2 nm
and “F, — °Lg at 395.2 nm. The second feature is a broad band
starting at approximately 28 290 cm™" (354 nm), which can be
assigned to the charge-transfer excitation 0>~ — Mo®". After
excitation into this CT state, no CT emission was observed, but
only Eu®* emission, which is identical to that detected after
direct Eu excitation (Fig. 7, middle and bottom). This observa-
tion proves the high efficiency of the energy transfer process
CT — Eu®". The ratios of the integrated excitation intensities
detecting Eu emission I(CT)/I(Eu) are determined to be 1.23 for
x =1 and 5.48 for x = 0.1. The reason for this observation may

wavelength / nm

550 500 450 400 350 300 250
L B L B | T T T T T T

x=1 2 =613nm (16313 cm")

relative intensity

x=0.1 2_=613nm (16313 cm™)

2

T
25000

T T T T
20000 30000 35000 40000

-l
wavenumber / cm

Fig. 9 Excitation spectra of Liss(Y1 xEug1)15(M0oQy4)4 for x = 1 (top) and
x = 0.1 (bottom) at 10 K, Aem = 613 nm.
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not be the more intense energy transfer efficiency for the
doped material, but the higher excitation probability of the
CT transitions compared to Eu excitation due to the lower Eu
concentration.

Quantum yield measurements of direct Eu excitation of the
10% doped material gave the remarkable value of 44%, and this
may be explained by the low vibrational quenching processes in
these compounds. The quantum yield of Eu emission after CT
excitation is, however, decreased to 22%. Obviously, there are
some other pathways to quench the excitation energy.

For applications of phosphors, it is important to investigate
their thermal stability and the change in their luminescence
properties at elevated temperatures because of the working
temperatures of LEDs at 150-200 °C.>° Therefore, the optical
behavior at temperatures up to 375 °C was investigated. Fig. 10
depicts the temperature-dependent emission spectra. The emission
intensity at 100 °C is approximately 70% of that at room
temperature, while it drops to approximately 10% at 375 °C.
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Fig. 10 Temperature-dependent emission spectra of Lizs(YooEUo1)15(M0O4)4
between 100 and 375 °C, dex = 395 nm.
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Fig. 11 Temperature-dependent excitation spectra of Lizs(YooEUg1)15(M0O4)4
between 100 and 375 °C, Jex = 613 nm.
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The high-temperature excitation spectra are shown in
Fig. 11. While the intensities of the 4f-4f excitation bands at
high temperatures are, again, lowered to a rather large extent
(at 375 °C to about 25% compared to that at room temperature),
it is remarkable that the CT excitation band is nearly completely
quenched at 375 °C. Obviously, the amount of vibrational
radiationless relaxation is more efficient for the latter that for
the 4f-4f excitation. This can be explained by the large increase
in the Eu-O distances of the CT state compared to that of the
ground state, which probably leads to coupling between the
vibrational states of the excited and the ground state, which is
not the case for the excited 4f states with comparable inter-
nuclear distances of excited and ground states.

4. Conclusions

Crystals of the red-emitting phosphor Lis 5(Y;_xEuy); 5(M0O,),
with x = 0, 0.1, 0.25, 0.5, 0.75 and 1 have been successfully
synthesized via flux synthesis. Solid solutions in the pseudo-
binary system of Y- and the Eu-compounds were observed
and investigated for the first time. The crystal structures of
Lis 5(Y;_xEu,);.5(M00O,), were determined. The fact that CT
excitation followed by efficient energy transfer yielded intense
red Eu** emission and also high color quality due to the large
intensity of °D, — ’F, transitions with respect to the other
intensities shows the qualification of these materials for future
light-emitting diodes.
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