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Abstract: One of the most critical problems for phosphors used in light-emitting diodes (LEDs) is
the thermal quenching of luminescence. Herein, novel (Y;_;Euy)2(SO4)3 (x =0, 0.17, 0.33, 0.5, 0.66)
phosphors with anti-thermal quenching of luminescence due to giant negative thermal expansion
were obtained by crystallization from aqueous solutions. The Y;(SO4); crystal structure is described
as a framework, which consists of corner-sharing SOy tetrahedra and YOg octahedra. Thermal
expansion of x = 0, 0.17, 0.5 solid solutions was investigated by high-temperature powder X-ray
diffraction. The crystal structure of the x = 0.5 solid solution was refined by the Rietveld refinement
using X-ray powder diffraction data at 400 and 500 °C to Rp = 1.7 and 1.9%, respectively. The rotation
of the SOy tetrahedra results in giant negative volumetric thermal expansion: the structure contracts in
all directions (g = —7(3), o = —15(3), &c = —22(2), oty = —44(2) - 1076 °C~1 at 500 °C for YEu(SO4)3).
The photoluminescence intensity is enhanced 1.8 times with the temperature increasing up to 500 °C.
The anti-thermal quenching of Eu3* luminescence can be described in terms of thermal-enhanced
energy transfer between Eu3* ions due to the negative thermal expansion of the Y»(SOy); matrix in
all non-equivalent directions.

Keywords: anti-thermal quenching of luminescence; negative thermal expansion; phosphors; sulfates;
crystal structure

1. Introduction

Recently, phosphor-converted white light-emitting diodes (pc-WLEDs) have garnered
significant interest due to their environmental friendliness, reliability, and high luminous
efficiency [1-6]. Phosphors are crucial in pc-WLEDs, as they influence luminous efficacy,
color temperature, and lifetime. The luminescent characteristics of rare earth element-
activated materials are highly dependent on the matrix [7,8]. Therefore, the selection
of a suitable matrix is an important factor in improving luminescence and color purity.
Well-proven matrices for luminescent materials include oxides [9,10], silicates [11-13],
aluminates [14-16], phosphates [17,18], and borates [19-21]. In phosphors, the color of
the emitted radiation depends not only on the activator ion, but also on the symmetry
and environment of the active luminescence center in the crystal structure. In addition,
knowledge of the crystal structure allows one to calculate the distance between the activated
centers in the crystal structure, and thus predict the concentration or thermal quenching of
luminescence [22]. One of the most critical problems for phosphors is thermal stability, as
heat is generated during LED operation [23-26].
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Thermal quenching of photoluminescence is one of the serious limiting factors for
high-power white-emitting LEDs with increasing temperature, which leads to radiation
losses due to an increase in the number of non-radiative transitions [27]. Consequently,
the development of new phosphors that offer both high luminance and thermal stability
remains a significant challenge and has attracted considerable attention [1,26-29]. In
recent years, materials with thermal zero- or anti-thermal quenching of luminescence
have been studied due to the use of compounds with zero or negative thermal expansion.
As far as we know, the first example of the phosphor with anti-thermal quenching of
luminescence due to negative thermal expansion is YbyW30O12:Y and Yby,W30O;,:Er [30].
Negative or zero thermal expansion does not allow energy to dissipate during the transition
of photoluminescence centers from the excited state to the ground state due to thermal
vibrations of the lattice, according to the works [6,31,32]. One of the possible areas of
application for such photoluminescent materials is high-temperature sensors.

A well-known family of materials of the Al,(WQO,);3 structure type includes, in addition
to tungstates, phosphates, molybdates, and sulfates [33-36]. Their crystal structures consist
of structural blocks composed of an octahedron linked at the vertices with six tetrahedra.
The framework consisting of these blocks is formed by relatively weak bonds and has
large cavities. With an increase in temperature, due to the rotation of the tetrahedra, hinge
deformation occurs; the blocks are displaced into the cavities of the framework, which
leads to a strong negative volumetric thermal expansion ay = —33 x 1076 °C~! [34]. This
negative thermal expansion occurs in the Al;(WOy)3 family over the entire temperature
range below 1170 °C [35].

Thus, here novel anti-thermal quenching (Y;_,Euy)2(SO4)3*8H,0 (x = 0, 0.17, 0.33,
0.5, 0.66) phosphors of Al,(WOy); structure type with giant negative thermal expansion
were prepared by crystallization from aqueous solutions. Thermal expansion and photolu-
minescence of all samples were investigated and the crystal structures were refined. The
mechanisms of negative thermal expansion and anti-thermal quenching of luminescence
are described.

2. Materials and Methods
2.1. Synthesis

Phosphors were crystallized from aqueous solutions. Firstly, two supersaturated
solutions of Y5(SO4)3 (Vekton, 99.99% purity) and Euy(SO4)3 (Vekton, 99.99% purity) were
prepared. Then, they were mixed in the appropriate stoichiometric ratios, and these
solutions were poured into Petri dishes and waited for the crystals to precipitate from the
solution. In this way, 5 precursor samples were obtained (Y;_,Euy)»(SO4)3*8H,O: x = 0,
0.17,0.33, 0.5, 0.66. Finally, all samples were calcined at 400 °C for 3 h. Figure 1 shows a
sample with a 1:1 stoichiometry.

Figure 1. Crystals of (Y 5Eug5)2(SO4)3*8H,O (left) and (Y 5Eug5)2(SO4)3 (right).

2.2. Powder X-Ray Diffraction

Powder diffraction data for (Y;_yEuy)2(SO4)3*8H,0 (x =0, 0.17, 0.33, 0.5, 0.66) samples
were collected using a Rigaku MiniFlex II diffractometer (CuKe, 20 = 3-60°, step 0.02).
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The phase composition was determined using PDXL-integrated X-ray powder diffraction
software and the PDF-2 2020 (ICDD) database.

Powder diffraction data for the Rietveld refinement of (Y 5Eug 5)>2(SOy4)3 were collected
using a Rigaku Ultima IV diffractometer (CuKay,2, 40 kV and 35 mA, Bragg-Brentano
geometry, PSD DTEX/ULTRA detector, SHT-1500 high-temperature camera, 26 = 8-100°,
step 0.02°, exposure at point 5 s). Experimental data processed by the Rietveld refinement,
such as the refinement of zero shift, background approximation, peak shape parameters,
unit cell parameters, atomic coordinates, and isotropic displacement parameters, were
performed using RTT software [37] (Figures S1 and S2). A starting model for the refinement
was Y2(504)3 (Pbcn; ICSD Ne 411220). Pseudo-Voight functions were used for fitting the
reflection profiles. The background was described by a Chebyshev polynomial function
(20rd order). Crystallographic data and refinement parameters are given in Table 1; atomic
coordinates, isotropic displacement parameters, and selected bond lengths are given in
Tables 2 and S1. Further details of the crystal structure investigations can be obtained from
the Cambridge Structural Database by quoting the depository numbers CSD 2401196 and
2401199.

Table 1. Structure refinement details and crystallographic data for YEu(SOy4)s.

Formula YEu(SOy)3;
Temperature (°C) 400 500
Crystal system, Space group, Orthorhombic, Pbcn,
V4 4
a(A) 12.8354(2) 12.8298(1)
b (A) 9.1616(1) 9.1528(1)
c(A) 9.25824(1) 9.2534(1)
Volume (A3) 1088.70(4) 1086.62(4)
Radiation type Cu K40
20 range (deg.) 8-100
Number of points 4600 4600
Rp 0.0162 0.0195
Rwp 0.0251 0.0283
Rexp 0.0081 0.0082
Rp 0.0170 0.0194
GOF 3.09 3.48

Table 2. Selected bond lengths (A) for YEu(SOy,); at different temperatures.

400 °C 500 °C
Bond Distance, A Bond Distance, A
(Y,Eu1)-O1 2.168(4) (Y,Eul)~ 01 2.172(6)
(Y,Eu1)-O6 2.235(4) (Y,Eul)-O 2.193(6)
(Y,Eul)-02 2.238(4) (Y,Eul)- o 2.228(7)
(Y,Eu1)-O3 2.368(4) (Y,Eu1)-O3 2.421(6)
(Y,Eul)-O4 2.395(4) (Y,Eul)-O4 2.409(7)
(Y,Eul)-O5 2.411(5) (Y,Eu1)-O5 2.463(8)
<(Y,Eul)-O>¢ 2.30 <(Y,Eul)-O>¢ 2.31
S1-05 1.365(5) S1-05 1.394(9)
S1-01 1.408(4) S1-01 1.397(7)
$1-03 1.433(6) $1-03 1.435(9)
S1-06 1.469(5) S1-06 1.497(7)
<51-O>4 1.42 <51-0O>,4 143
S2-04 x 2 1.393(5) x 2 S2-04 x 2 1.391(8) x 2
$2-02 x 2 1.444(4) x 2 $2-02 x 2 1.503(7) x 2

<52-0O>4 1.42 <52-O>4 1.45
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2.3. Energy-Dispersive X-Ray Spectroscopy

The chemical composition was studied using a system with focused electron and ion
probes QUANTA 200 3D (FIA, The Netherlands) with an energy-dispersive spectroscopy
analytical complex Pegasus 4000 (EDAX, Pleasanton, CA, USA). The analytical spectra
were obtained from a smooth crystal surface at an operating voltage of 20 kV, with a beam
size of 1 um. The samples were coated with carbon. Analytical results are given in Table S2.

2.4. Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) and thermogravimetry (TG) studies of
Y2(5S04)3*8H,O were performed on NETZSCH STA 429 (NETZSCH, Hanau, Germany)
with the use of a standard sample holder for measuring the (DSC) and (TG) curves. The
sample in the form of tablets was placed in a platinum crucible and heated up to 1250 °C
in air at a rate of 20 °C/min. The sample weight was 22.7 mg. The temperatures of the
thermal effects were estimated as onset temperatures. A change in the sample weight was
controlled from the TG curves.

2.5. High-Temperature Powder X-Ray Diffraction

Thermal expansion for three samples ((Y1_,Euy)2(504)3*8H,0: x =0, 0.17, 0.5) was
studied by high-temperature X-ray powder diffraction using a Rigaku Ultima IV diffrac-
tometer (CuKo,, 40 kV and 35 mA, Bragg-Brentano geometry, PSD DTEX/ULTRA detec-
tor, SHT-1500 high-temperature camera, 2@ = 5-70°, step width: 0.02°, total counting time
of about 2 s per step). The average heating rate was about 0.4 °C/min. Unit cell parameters
were refined at different temperatures by the Rietveld method using RietveldToTensor
software [37]. The thermal behavior was studied using in situ high-temperature powder
X-ray diffraction in the range of 25-600 °C.

Coefficients of approximation of temperature dependences of unit cell parameters,
eigenvalues, and figures of thermal expansion tensor were calculated using RietveldToTen-
sor software [37]. Using the approximation coefficients of temperature dependences of
unit cell parameters, the tensor components were in the Cartesian crystallophysical coordi-
nate system.

Based on the calculated eigenvalues of the tensor, the surface of the second-rank
symmetric tensor or, in other words, the figure of thermal expansion coefficients can be
plotted as a 3D model. Each radius vector of this figure represents the value of the thermal
expansion coefficient in a certain direction.

2.6. Photoluminescence

Photoluminescence (PL) spectra were measured with a T64000 spectrometer (Horiba
Jobin Yvon, Oberursel, Germany) equipped with a confocal microscope. Excitation of fluo-
rescence was realized with the use of 375 nm diode laser CUBE (Coherent). The quantum
yield was determined by comparison with the known quantum yield of a polycrystalline
sample BaBij ¢Eug 4B4O1¢ [38]. The temperature dependence of luminescence was deter-
mined using a TS1500 stage (Linkam, Redhill, UK). Before the measurement, the x = 0.17
solid solution was heated to 600 °C and held for 1 h. Then, this solid solution was cooled
to 150 °C and the luminescence spectra were measured with the temperature increasing in
25 °C increments. The heating rate was 20 °C per minute.

3. Results and Discussion
3.1. Morphology and Chemical Composition

To evaluate the morphology of these phosphors, optical microscopy images before
and after heating at room temperature are shown in Figure 1. The shapes of the powders
before heating are prismatic crystals with lengths of 1.5 mm and a width of 0.5 mm.
The crystals after heating have practically the same dimensions, but are more flattened,
which is manifested in the texturing of the sample along the direction (010), revealed
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during refinement by the Rietveld method. Such a texture is characteristic of compounds
crystallizing in this structure type [39].

The empirical formulae calculated on the basis of two cations per formula unit for
x=0.17 and 0.50 are Y1.72EUO.28(SO4)3*8H20 and Y0.96Eu1_04(SO4)3*8H20, which are in
good agreement with the powder X-ray diffraction data. The content of crystallization
water was not measured.

3.2. Powder X-Ray Diffraction of the (Y1_xEuy)2(SO4)3*8H,0: x = 0, 0.17, 0.33, 0.5, 0.66
Precursors

X-ray phase analysis at room temperature revealed that (Y1 Euy)2(504)3*8H,0 (x =0,
0.17,0.33, 0.5, 0.66) precursors are homogeneous (Figure 2). Since the objects of the present
study are the (Y;_yEuy)2(SO4)3 phosphors, we performed an X-ray phase analysis in
the high-temperature region (400 °C). The results showed that these phosphors are also
homogeneous (Figure 3).

(Y, .Eu),(S0,),*8H,0

M x=0.66
W x=0.50
M x=0.33
x=0.17
W NN
—|~—ﬁ‘——A A4 L r M A .LL—.-:J__L_L_}' lH} } .‘ L I'Nw Ju‘sam anih )
10 20 30 26, CllK(l 50 60

Figure 2. Powder X-ray diffraction patterns of the (Y;_yEuy)2(5O4)3*8H,O precursors. Red lines
mark the calculated powder XRD pattern of Y,(SO4)3*8H,O [40].

(Y, Eu),(SO,),

J x=0.50
"ur“ x=0.17
x=0
i ‘ _.l Ll D | Al ahoe, M-l; LJ' Al bbb boy
10 30 26, CuKe 40 50 60

Figure 3. Some powder X-ray diffraction patterns of the (Y;_,Euy)2(5O4)3 solid solutions at 400 °C.
Red lines mark the calculated powder XRD pattern of Y,(SOy)3 [41].
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3.3. Thermal Transformations of (Y1_xEuy)2(SO4)3*8H,0

Thermal transformations (dehydration and decomposition with the formation of other
crystalline phases and the release of volatile components) of (Y1_,Euy)»(SO4)3*8H,0 solid
solutions were investigated by DSC, TG, HTXRD, and annealing methods.

DSC and TG study of Y,(504)3*8H,0 aqueous sulfate. For example, the heating DSC and
TG curves for Y,(SO4)3*8H;0 are presented in Figure 4. There are four thermal effects in the
DSC curve and three mass losses in the TG one. The first endo-effect starts at about 90 °C;
its maximum is split slightly at 182 and 187 °C. This most intensive peak corresponding
to the dehydration process is accompanied by mass losses of 23.97% in accord with the
reaction: Y5(504)3*8H,0 = Y5(504)3 + 8H,O1. These data are in good agreement with
the calculation of the loss of eight water molecules, which is 23.60 wt%. The next very
weak exo-effect in the temperature range of 267-325 °C can be attributed to the formation
(crystallization) of the anhydrous Y;(SO4); phase by self-dispersion of powder particles
due to the volatilization of water molecules. With further heating, a two-stage thermal
decomposition of the anhydrous sulfate occurs with the release of volatile components.
The following two endo-effects observed in the DSC curve are broadened: their onsets
are at 787 and 1033 °C, and the maxima are at 984 and 1132 °C, respectively. They are
accompanied by mass losses of 27.47% and 13.77%. First, during the volatilization of SO3,
oxysulfate Y,0,(504) is formed according to the reaction: Y»(SO4)3 = Y20,(SOy4) + 25057
The Y,0,(504) oxysulfate was obtained by annealing Y,(SO4)3 at 1000 °C for 5 h. Its
powder diffraction pattern is similar to those of EuyO,(SOy) [42]. At the second stage
of decomposition, either SO, + O, or SOj3 volatilizes as a gas phase according to one of
the reactions: Y,0,(S504) = Y203 + SO»71T + 0.5 Ox71 or Y7,0,(504) = Y,03 + SO371. As a
result of decomposition, in both cases, Y,O3 yttrium oxide remains in a solid phase. This
interpretation of the peaks at temperatures of 787 and 1033 °C is in good agreement with
the calculation of mass loss, according to which 26.25 and 13.12 wt.% are lost during
decomposition, respectively.

[ {8/

120 - J -0.25
heating
—24%

80 - —=0.75
—
=]
E
=

on cooling : L-1.75E

hczningf 1132 °C a
033 ‘8
il 1033
cooling  787°C Ji60°c
0 i A" 4 — ‘—2.75
267°C 325°C
297°C
-40 3.75

0 400 800 1200
Temperature (°C)

Figure 4. DSC and TG data for Y»(SO4)3*8H,O.

HTXRD study of (Y1_xEuy)»(S04)3*8H,0 solid solutions. Three homogeneous samples
(Y1-xEuy)2(S04)3*8H,0 with x = 0, 0.17, 0.5 were studied by HTXRD. Firstly, these samples
were heated up to 600 °C. Then, the solid solutions were cooled and reheated to 600 °C.
Figure 5 shows phase transformations of (Y g3Eug.17)2(504)3, as an example. Solid solutions
(Y1-xEuy)2(504)3*8H, 0O remain stable up to about 120 °C with increasing temperature. In
all three samples, we observed a similar pattern.
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®Y,;Eu,,(50,),*8H,0

Second heating

400

200

@ Y.xEu, ,(80,),

26 ‘29 &eg 26 20, deg 28
Figure 5. Thermal phase transformations of (Y g3Eug.17)2(SO4)s.

During the first heating of (Y1_»Euy)2(504)3*8H,O from room temperature to about
120 °C, no sharp changes in the HTXRD pattern were observed. Within the region of
120-160 °C, peaks of this phase decrease and weak peaks of (Y1_Euy)»(SO4); sulfates ap-
pear; hence, there exists a two-phased region. Above 160 up to 300 °C, the (Y1_Euy)2(SO4)3
solid solutions are formed, the peaks position and width decrease, peaks intensities in-
crease (left insert in Figure 5). Above 300 °C, we observed a homogeneous (Y1_xEuy)2(SO4)3
solid solutions. After cooling, the sulfates absorb an insignificant amount of water again
(right insert in Figure 5). During the second heating up to 80 °C, the indistinct peaks
of (Y1-xEuy)2(504)3*8H,0 are preserved as well. The dehydration and formation of ho-
mogeneous (Y1_,Euy)2(504); sulfates are observed in the temperature range of 80-120
°C. Above 120 °C and up to 600 °C, only peaks of (Y1_Euy)2(SO4)3 solid solutions are
observed (Figure 5).

3.4. Thermal Expansion of (Y1_yxEuy)2(504)3 Solid Solutions

Temperature dependencies of unit cell parameters and volume of (Y1_xEuy)2(504)3
solid solutions are shown in Figure 6. All unit cell parameters decrease with increasing
temperature, which indicates contraction along all directions as well as volume, i.e., the
so-called negative thermal expansion—an intriguing phenomenon—since most compounds
expand with increasing temperature. Compounds with thermal expansion are very rare.
The structure is most weakly contracted along the a axis, especially with contraction in
all directions. The dependencies were approximated by a quadratic polynomial function.
The equations and eigenvalues of the thermal expansion tensor calculated at several tem-
peratures are given in Tables 3 and 4. It is noteworthy that the eigenvalues of negative
thermal expansion in all directions increase with increasing temperature by one and a half
times. According to [43-45], the volumetric thermal expansion of the samples x = 0, 0.17
and 0.50 belongs to giant negative thermal expansion («; = —7(3), &, = —15(3), 0. = —22(2),
oy = —44(2) - 1076 °C~1 at 500 °C for YEu(SOy)3).
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Figure 6. Temperature dependencies of unit cell parameters for (Y1_,Euy)>(SO4)3 solid solutions.

Table 3. Temperature dependencies of unit cell parameters for (Y;_,Eux)2(SO4)3 solid solutions as
quadratic polynomials ag +a; x 1073t +a, x 1076 t.

Parameter ay a ar
X =
a(t), A 12.7496(74) —0.185(39) 0.214(47)
b(t), A 9.1350(14) —0.074(22) —0.021(32)
c(t), A2 9.2339(28) 0.095(14) —0.303(17)
V), A3 1075.71(54) —14.7(28) —18.0(34)
x=0.17
a(t), A 12.7791(19) 0.025(45) —0.054(11)
b(t), A 9.1734(65) —0.082(27) —0.025(44)
c(t), A2 9.2684(12) —0.093(51) —0.003(22)
V), A3 1086.44(26) —18.2(13) —8.1(7)
x=0.5
a(t), A 12.8732(26) —0.091(13) —0.001(16)
b(t), A 9.2193(16) —0.124(42) —0.015(31)
c(t), A2 9.3182(61) 0.000(32) —0.206(31)
V), A3 1105.98(69) —23.2(35) —25.1(43)
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Table 4. Thermal expansion coefficients for (Y;_,Euy)2(5O4)3 solid solutions (x 10-6°C -1y,
x T,°C g ap oc wy

300 —4(1) —11(1) —8(3) —23(2)

0 400 —2(3) —10(2) —17(3) —-29(2)

500 —1(3) —8(3) —25(1) —34(3)

300 —-1(3) —11(2) —10(2) —22(1)

0.17 400 -2(1) —11(1) —11(1) —23(1)

500 —2(3) —-12(2) —-11(2) —24(1)

300 —7(3) —14(3) —13(2) —34(3)

0.5 400 =7(1) —15(1) —-17(1) —39(3)

500 —7(3) —15(3) —22(2) —44(2)

3.5. Crystal Structure of (Y1_xEuy)y(SO4)3 Solid Solutions and Thermal Expansion

The Y5(504)3 crystal structure was solved and refined in orthorhombic Pbcm space
group in [41]. The Y5(SO4); crystal structure crystallizes in the Al,(WOy)3 structure type.
There are one independent Y (84) site, two S (84 and 4c) and six O (84) sites in asymmetric
unit. The S atoms are tetrahedrally coordinated by oxygen atoms with S-O bond lengths
1.455-1.459 and 1.448-1.454 A, respectively. The Y site is surrounded by six oxygen atoms
to form YOg octahedra with bond lengths are in 2.20-2.24 A. The Y(SO4)3 crystal structure
is isolated, since the SOy tetrahedra are not connected to each other. The structure is
usually described as a heteropolyhedral framework. The heteropolyhedral framework
consists of corner-sharing SO; tetrahedra and YOy octahedra. Each octahedron is linked to
six tetrahedra, so that it forms a microblock (octahedral-tetrahedral cluster) derived by [46]
(Figure 7).

d1 d2

Figure 7. A schematic representation of microblock hinge (rocking polyhedra). increased and
decreased M-O-T angles are depicted by red and blue lines.

In the Y5(5O4)3 crystal structure, the negative thermal expansion in all those directions
can be described in terms of rocking polyhedra [36]. A detailed description of the negative
thermal expansion of this structure type is given in [33,34]. The authors described the rock-
ing polyhedra of slabs (cf. Figure 8b) of the crystal structure. Now, we describe the thermal
expansion of this crystal structure in terms of microblocks (octahedral-tetrahedral clusters).

In the Y5(SOy4); crystal structure, the corner-sharing with each other Y(SO4)¢ mi-
croblocks can be considered as a hinge unit. Let us consider the mechanism of such a hinge
unit. The O-O edges of rigid SO, tetrahedra and faces of YOg octahedra are the sides of
the hinge, and the O atoms are the corners of the hinge. A schematic representation of
the microblock hinge in terms of rocking polyhedra is shown in Figure 7. M—O-T angles
increased (Figure 7, red lines) and decreased (Figure 7, blue lines). Therefore, the deforma-
tions of this hinge unit are sharply anisotropic, and it leads to a thermal contraction in the
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direction along the z axis of the microblock and thermal expansion in the x and y directions
of the microblock.

Figure 8. Interpretation of Y,(5O4); thermal contraction based on the [34] data. (a) Y»(SO4)3 crystal
structure in ac projection in comparison with the figure of negative thermal expansion tensor (300 °C),
(b) slab of Y5(SO4)3, (c,d) changes in the branched chain with increasing temperature. Small arrows
show the rotations of the polyhedra and the compression and extension of the branched chains.

But in this case, in the Y,(SO4); crystal structure, the mechanism of thermal deforma-
tions is complicated by the fact that the microblocks in the crystal structure are already
distorted, and the M—O-T angles (Y1-O5-5S1 = 144.9(2)° and Y1-O4-52 = 154.1(2)°) are
far from 180°. In addition, the hinge mechanism described above explains the negative
thermal expansion in only one direction well.

Based on the data and conclusions obtained in [34], it is known that of all the structural
units, the tetrahedron S20,4 changes its position most strongly with changes in temperature.
As shown in Figure 8c, this tetrahedron rotates counterclockwise. This rotation of the S204
tetrahedra and, to a lesser extent, the S10, tetrahedra results in the microblocks being
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stretched along their axis of extension and slightly compressed in perpendicular directions.
These microblocks are not connected in a column, but through tetrahedrons, as shown
in Figure 8c, becoming a branched chain of two microblocks. Therefore, the rotation of
the tetrahedra, in addition to increasing the microblock, leads to the fact that the links of
this chain (microblocks) shift relative to each other (Figure 8c,d). Hence, the entire chain
becomes shorter. This thermal behavior of the microblock and the branched chains can
explain the thermal contraction of the Y5(5O4)s crystal structure in all directions.

Refinement of the YEu(SO,); crystal structure at 400 and 500 °C shows complete
correspondence to the Al,(WOy)3 structure type. The (Y,Eu)1 site is octahedrally coordi-
nated by oxygen atoms and (Y,Eu)1-O bonds are in the ranges of 2.168-2.411 (400 °C) and
2.172-2.463 A, respectively. The S1 and S2 sites are surrounded by four oxygen atoms
to form tetrahedra with bond lengths that vary in the ranges of 1.365-1.468 (400 °C) and
1.394-1.497 A (500 °C) for the S1 site, and 1.393-1.444 (400 °C) and 1.391-1.503 A (500 °C)
for the S2 site. Structural refinement revealed a strong distortion of the S20, tetrahedron
from 0.002 (25 °C) to 0.018 (400 °C) and 0.039 (500 °C) [47], apparently due to the S2
atom being located in a special site. This confirms data from [34] on some rotation of the
tetrahedron, leading to negative thermal expansion. The M—-O-T angles in microblocks
vary in the ranges of 141.8(4)-136.3(6)° (Y1-O5-51) and 161.0(3)-160.9(5)° (Y1-O4-S2) with
increasing temperature from 400 to 500 °C. The distance between the activator ion sites
is slightly reduced. For example, the closest distances between Y1 sites are reduced from
499t04.98 A.

3.6. Photoluminescence Properties

Luminescence spectra obtained with excitation at a wavelength of 375 nm at different
temperatures for (Yo g3Eug.17)2(SO4)3 phosphor are shown in Figure 9a. In the spectra, all
bands correspond to radiative transitions of Eu®* ions. The CIE chromaticity coordinates
(x =0.622, y = 0.377) correspond to the red color (Figure 9b). Obviously, the intensity of the
luminescence bands practically does not change up to a temperature of 500 °C. The change
in the local environment can be estimated by the asymmetry ratio, which is determined as
the integral intensity ratio of radiative transitions °Dy-"F, to °Dy-’F; for Eu3* ions.

CIE 1931
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Figure 9. Luminescence spectra for (Yo g3Eug 17)2(504)3 phosphor at different temperatures during
heating upon 375 nm excitation (a). Chromaticity diagram (b).

3.7. Anti-Thermal Quenching of Luminescence and Crystal Structure

Figure 10 shows the graphs of the dependence of the luminescence quantum yield and
the asymmetry coefficient of the europium environment. Red and blue triangles indicate
values during heating and cooling, respectively. It is clearly seen that in the temperature
range from 150 to 500 °C the symmetry of the europium ions environment does not change,
which indirectly indicates the constancy of the phase. At the same time, with an increasing
temperature in this range, a monotonic increase in the quantum yield of luminescence is
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observed. Such temperature dependence is anomalous and is most likely associated with a

negative thermal expansion.
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Figure 10. Temperature dependencies of quantum yield (a) and asymmetry ratio (b) under heating
(red triangles) and cooling (blue triangles) conditions for (Y g3Eug,.17)2(SO4)3 phosphor.

In many phosphors with anti-thermal quenching of luminescence [6], the two mech-
anisms of anti-thermal quenching are described. The first mechanism is the presence of
positive oxygen vacancies (traps) due to heterovalent isomorphism under doping. As the
temperature increases, the electrons are stored at the trapping level and are subsequently
transferred to the Eu®* ions, resulting in enhanced red emission. The second mechanism is
the reduction of the distance between luminescence centers in the crystal structure due to
negative thermal expansion. It is obvious, that in Y5(SO4)3:Eu* phosphors only the second
mechanism is realized because of Y>*—Eu®* substitution.

The energy transfer between luminescence centers is primarily influenced by the
distance between the sites occupied by the activator ions within the crystal structure.
According to Dexter’s theory [48], an exchange interaction requires a critical distance of
5 A or less. Typically, as doping concentration increases, the emission intensity tends to
decrease, which can be attributed to the dipole-dipole interactions among the Eu®* ions.
The probability of these interactions rises as the distance between the active ions decreases.
The distances between Y sites in different directions of the crystal structure are 4.95, 5.50,
5.70,5.73, and 6.50 A, respectively. Therefore, the energy migration in the Y5(SOy)3:Eu®*
phosphors is three-dimensional.

The critical energy transfer distance R. can be calculated using an equation proposed
in [22]:

R. =~ 2[3V /47x:N];

where x. is the critical doping content, N is the number of sites in the unit cell that can
be occupied by activator ions, and V is the volume of the unit cell. For x = 0.17 solid
solution at 140 °C, the critical energy transfer distance Rc is 5.75 A. The critical distance is
insignificantly decreased with increasing temperature. For example, Rc is 5.74 and 5.73 A
for x = 0.17 solid solutions at 400 and 600 °C.

As discussed in Section 3.3, at room temperature, the distance between these sites is
4.95 A. The Y sites from neighboring chains, which are 5.50, 5.70, and 6.50 A, conversely,
move closer to each other with increasing temperatures. Thus, the probability of dipole-
dipole interactions between the nearest sites with a distance of less than 5 A, which includes
Eu’* ions, increases. The distance between the luminescence centers located further than
5 A decreases, which causes an increase in luminescence with temperature.



Crystals 2024, 14, 1074

13 of 15

References

4. Conclusions

Novel perspective red-emitting (Y1_,Euy)2(SO4)3 phosphors (x = 0, 0.17, 0.33, 0.5,
0.66) exhibiting anti-thermal quenching properties due to negative thermal expansion
were obtained by crystallization from aqueous solutions. The crystal structure of Y,(SO4)3
is characterized as a framework composed of corner-sharing SO, tetrahedra and YOgq
octahedra. The crystal structure of the x = 0.5 solid solution was refined at 400 and 500 °C to
Rp =1.70 and 1.94%, respectively. The rotation of the SOy tetrahedra contributes to negative
volume thermal expansion. The thermal expansion of all samples was analyzed using
high-temperature X-ray powder diffraction, revealing that the negative thermal expansion
is highly anisotropic (o, = —7(3), o, = —15(3), ¢ = —22(2), oy = —44(2) - 1076 °C~1 at
500 °C for YEu(S0Oy4)3). The volumetric thermal expansion of the samples x = 0, 0.17 and
0.50 belongs to a giant negative thermal expansion. The photoluminescence intensity
significantly increases (1.8 times) with temperature, reaching up to 500 °C. The anti-thermal
quenching of Eu®* luminescence can be attributed to thermally enhanced energy transfer
between Eu3* ions, facilitated by the negative thermal expansion of the (Y;_yEuy)2(5O4)3
solid solutions in all non-equivalent directions. (Y1_yEuy)2(SO4)s phosphors can be suitable
for developing optical temperature sensors.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/cryst14121074/s1. Table S1: Structure refinement details and
crystallographic data for YEu(SO,);3 at different temperatures; Table S2: Chemical composition of
(Y1-xEuy)2(SOy4)3 phosphors (at.%).; Figure S1 The Rietveld refinement of the YEu(SO4)3 crystal
structure using powder X-ray diffraction data at 400 °C. The measured data is represented by a blue
line, the refinement fit by a red line and the difference between the data and refinement fit by a
gray line; Figure S2; The Rietveld refinement of the YEu(SO4)3 crystal structure using powder X-ray
diffraction data at 500 °C. The measured data is represented by a blue line, the refinement fit by a red
line and the difference between the data and refinement fit by a gray line.
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