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Complex oxides Eu,MeOg (Me-Mo, W), Eu,W,0, were obtained
by a solid-phase reaction between binary oxides. The thermody-
namic and kinetic mechanisms of the reaction processes were
established using a variety of physical-chemical methods. All
compounds obtained in this work crystallize in the low-
symmetry monoclinic system, forming complex framework
structures, which determine a set of very valuable physical-
chemical properties. Comparison of experimental Kubelka-Munk
functions and DFT- calculated absorption spectra shows
adequate agreement and reveals the origin of the fundamental

Introduction

Complex oxides are an attractive material family, as the wide
range of crystal structures they exhibit allows for the finding of
various properties. Among complex oxides, piezo-"® and
thermoelectrics*”  high-temperature  superconductors,® "
magnetic materials,""'? and catalysts">"'* have been discov-
ered. Nevertheless, the potential applications of complex oxides
remain vast and are by no means limited to the areas of
application listed.

a, f, k]

absorption. In addition, the deficiency in DFT calculations in the
part of mutual contribution of CTBs of Mo—O and W—O, from
one side, and Eu—O contributions, from the other side, is
reported. Calculations of absorption spectra are shown to be
superior to band structure analysis in the determination of
optical band gaps. Additionally, luminescent properties of
Eu,MeO; and Eu,W,0, compounds were investigated. These
studies provide a better understanding of the electronic and
optical properties of the compounds Eu,MeOq and Eu,W,0O,,
along with their potential applications in various areas.

Complex oxides formed in binary systems such as Ln,O;:

MeO; (Me-Mo, W) are of particular interest. This group of
compounds has attracted considerable scientific interest follow-
ing the discovery of the LAMOX family of compounds based on
molybdate La,Mo,0,, which exhibit outstanding oxygen con-
ductivity values."*'® Further study of this family of compounds

has enabled the creation of a variety of transport,!
luminescent,”"® and photocatalytic'

19,20]

21 materials based on

them.
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Numerous publications are devoted to the study of
structure and properties of phases in Eu,0;:MeO; (Me-Mo, W)
systems. Namely, the formation processes, crystal structure,
vibrational and luminescent properties of Eu,(MeQ,); (Me-Mo,
W) compounds exhibiting a variety of structural features have
been well and systematically studied.”*>® In contrast, the
compositions Eu,MeO, and Eu,Me,O, are not thoroughly
analyzed, since the main focus is on luminescent properties
without a relation to structure-dependent parameters .’

Hence, this work is devoted to a systematic study of the
thermodynamic and kinetic parameters of solid-phase reactions
for the formation of the Eu,MeQ, Eu,Me,O, (Me-Mo, W)
compounds. In addition, we present the study of their crystal
and electronic structure, vibrational, optical, and luminescent
properties. In the part of optical properties, we pay special
attention to the investigation of the onset of fundamental
absorption in the crystals under discussion. Recently it was
shown that determination of a calculated optical band gap via
the electronic band structure diagram could be a risky approach
that leads to systematic errors. Moreover, it can result in the use
of time- and hardware-consuming simulations.?**” For example,
usage of hybrid functionals that may not be necessary to
achieve good agreement with the experiment. Herein, we
developed this approach with an application to the investigated
materials and obtained conceptual agreement between ab
initio simulated absorption spectra and experimental Kubelka-
Munk functions. Moreover, we found that several improvements
in ab initio simulation techniques may be useful to obtain
quantitative agreement between ab initio simulated absorption
spectra and experimental Kubelka-Munk functions.

Results and Discussion
Thermochemistry of Formation

The study of phase formation in binary oxide systems for the
compositions 1Eu,0;:1Me0O; and 1Eu,05:2MeO; (Me-Mo, W) was
carried out by Differential Thermal Analysis (DTA). In all cases,
heat release corresponding to a one-stage interaction was
recorded (Figure 1). The full DTA/TG curves for the heating and
cooling processes are presented in Figure S1. According to X-
ray phase analysis of the samples subjected to DTA, in the
1Eu,05:1Me0; (Me-Mo, W) and 1Eu,05;:2WO0; systems, such
interaction results in the formation of single-phase samples
Eu,MeO; (Me-Mo, W) and Eu,W,0, (FigureS2 ab,d). The
chemical interactions between binary oxides are represented by
the following Equations (1) and (2):

Eu,0; + MeO;—Eu,MeOy (Me—Mo, W) m

Eu,0; + 2WO;—Eu,W,0, 2)

Interactions in the 1Eu,05:2Mo00; system result in a three-phase
sample consisting of Eu,(MoO,);, Eu,MoQq, and Eu,0, (Figure S2
), with the interaction being described by the Equation (3):
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Figure 1. DTA curves of the interaction of simple oxides for the compositions
1Eu,05:1MeO; (Me-Mo, W) and 1Eu,0;:2WO0;.

2Eu,0;+ 4Mo0O;—Eu,(Mo0,);+ Eu,MoO, (3)

It is reasonable to presume a two-stage mechanism of the
process. However, according to DTA data, this is a single-stage
process and is not the result of solid-phase decomposition.
Long-term annealing (480 hours) of the 1Eu,0;:22Mo0; composi-
tion at temperatures of 500, 700, and 1000 °C did not result in a
shift in the chemical equilibrium toward the formation of
Eu,Mo0,0,, indicating the instability of this phase throughout
the entire temperature range studied. We assume that the
compound is unstable due to a strong stress in the crystal
structure associated with the deformation of coordination
polyhedra. It is logical to presume that an increase in the
structure density during the transition from Eu,W,0, to
Eu,Mo0,0, leads to a greater distortion of the coordination
polyhedra and stress in the structure, so the latter can no
longer exist.

Table 1 presents the thermal, thermodynamic, and kinetic
characteristics of the formation processes of the complex
oxides. The dependences of the manifestation of heat release
maxima on the heating rate are presented in Figure S3.

A distinctive feature of the studied systems is the formation
of Eu,MeOQg; compounds in a wide temperature range. By
contrast, the formation of the Eu,W,0, compound occurs very
rapidly in the range of only about 10°C. This lability is not
consistent with the high activation energy calculated from
thermal analysis data obtained for different heating rates
(Table 1). This may indicate that the formation of Eu,W,0, at
these fairly high heating rates occurs through a more complex
mechanism than Equation (2) suggests. Hence, we can propose
a two-step process:

Eu,0; + WO;—Eu,WOq (4)

Eu,WO¢ + WO;—Eu,W,0, (5)

However, at high heating rates, the separate consecutive
formation of Eu,WQq and Eu,W,0, does have little time to
occur, and the overall unfavorable process (4-5) proceeds. From
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Table 1. Temperature, thermodynamic and kinetic parameters of the formation of Eu,MeO, (Me-Mo, W), and Eu,W,0, compounds.
Composition Reaction Temperature range AH, kJ/mol Kinetic parameters
of reaction, °C Kissinger equation Ozawa-doyle equation
E, kJ/mol A E,, kJ/mol
1Eu,05:1Mo0;, Eu,0;+Mo0O,—Eu,Mo0; 1010-1125 —37 500 410" 456
1Eu,05:1WO, Eu,0; + WO, —Eu,WO, 945-1065 -32 233 3-10° 245
1Eu,0,:22W0, Eu,0; -+ 2WO,—Eu,W,0, 1035-1045 —24 6250 610% 5947

the thermal effects found (Table 1) it is apparent that the
proposed step (5) is endothermic, 7 kJ/mol; thus, it is not only
kinetically, but also energetically unfavorable. Then, the entropy
of this stage is probably positive. We attribute it with a disorder
associated with the conversion of symmetrical cubic fragments
of [EuQg] to less symmetrical two-capped [EuOg] and three-
capped [EuQ,] trigonal prisms. This phenomenon also corre-
sponds to the transformation of the structure type from
monoclinic base-centered to monoclinic primitive. Furthermore,
this is supported by the fact that this unfavorable rearrange-
ment of the coordination environment around europium is very
diverse, and its activation entropy is very high, as evidenced by
the high pre-exponential factor (Table 1).

Crystal and Electronic Structure

High-resolution diffraction patterns are presented in Figure 2.
All peaks of Eu,(Mo,W)O, compounds were indexed by mono-
clinic cell (C2/c) with parameters close to Ln,MoO,*" and all
peaks of Eu,W,0, were indexed by monoclinic (P2,/c) with
parameters close to Pr,W,0,.“? Therefore, these structures were
taken as starting models for Rietveld refinement, which was
performed using TOPAS 4.2 Sites of Ln ions were occupied
by Eu ions. Refinements were stable and gave low R-factors
(Table 2). Coordinates of atoms and main bond lengths are
presented in Table S1 and Table S2, respectively.

The asymmetric part of the unit cells of Eu,(Mo,W)Og
contains two europium ions (Eu1, Eu2) in special sites (4e, local
symmetry “2") and one Eu3 in a general site (4f), one
molybdenum ion in general Wyckoff site and six O®" ions in
general sites. All Eu ions (Eul, Eu2, Eu3) are coordinated by

Table 2. Main parameters of processing and refinement of the samples.

Compound Eu,MoOq Eu,WOq¢ Eu,W,0,
Sp.Gr. C2/c Q2/c P2,/c

a A 16.57463(12) 16.4536(3) 7.59554(6)
b, A 11.22378(8) 11.22533(18) 9.73002(8)
¢ A 5.44560(4) 5.43273(9) 9.17275(7)
B° 108.2478(4) 107.7034(7) 107.7640(3)
v, R 962.009(12) 955.89(3) 645.601(9)
V4 8 8 4

20 interval, ° 7-140 7-140 7-140
Ruer % 3.79 2.80 3.38

R. % 2.85 2.00 2.38

Rexpr % 232 1.47 1.54

I 1.64 191 2.20

Rg, % 0.72 0.67 0.91

eight 0>~ ions forming [EuOy] cubes. The Mo ion is coordinated
by five O*" ions, forming a trigonal bipyramid (Figure 3a). The
asymmetric part of the Eu,W,0, unit cell contains two europium
ions, two tungsten ions, and nine O?~ ions, all in general sites.
The Eul ion is coordinated by eight O*~ ions forming bicapped
trigonal prism [EuQg]. The Eu2 ion is coordinated nine-fold by a
tricapped trigonal prism [EuQ,]. All tungsten ions are coordi-
nated by six 0%~ ions forming [WOq] octahedra (Figure 3b).
Scanning electron microscopy (SEM) data indicates that
polycrystalline samples of Eu,MeOg; (Me-Mo, W) compounds
(Figure 4a, b) are predominantly formed by particles with a size
of 0.5-1 um, which are combined into agglomerates. The
particles are predominantly faceted and exhibit a monoclinic

L 200{ @ Eu,M00, N 2501 p) Eu,WO, L 2501
':w “ :w
€ €200+ € 200
3 150+ 3 3
(@] o (&)
o «"150 o150
21001 = =
® @ ® i
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il 50 et T
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Figure 2. Difference Rietveld plot of Eu,MoQ; (a); Eu,WOs (b); Eu,W,0, (c). (Red dots — experimental pattern Y, black line — calculated pattern Y, grey

line — difference Y,-Y.., green bars — Bragg peaks).
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motif in their shape. A sample of the Eu,W,0, compound
a) (Mo,W)O, (Figure 4c) is formed by larger particles with sizes from 2 to
5 um, in the structure of which a faceting and monoclinic motif
can also be traced. Such a difference in particle size may be
associated with a significant difference in the kinetic parameters
of the formation processes, as well as with a difference in the
diffusion mechanisms accompanying the interaction at the
interface.

Figure 5 presents the Raman and infrared spectra of the
investigated compounds, with vertical ticks denoting the
calculated wavenumbers. Considering that Eu,MoO; and
Eu,WOQs are isostructural, similarities in their vibrational spectra
are obvious. However, a transition metal is surrounded by five
b Eu10, Eu30, Eu20, oxygen ions (forming a trigonal bipyramid) in Eu,MeQg, whereas
C.j_,a in Eu,W,0, it is surrounded by six oxygen ions (forming an
octahedron), the spectra of these compounds differ signifi-
cantly. The high-wavenumber (between 800 and 900 cm™)
high-intensity lines in the Raman spectra of Eu,MeO, are
associated with Me-O symmetric stretching (Figure 6a). The
region of 670-770cm™' is associated with antisymmetric
stretching in trigonal bipyramids (Figure 6b). A similar high-
wavenumber range in the infrared spectra corresponds to the
same types of vibrations, but these vibrations are antisymmetric
relative to the lattice. In other words, while part of the
polyhedra undergoes compression, then the another part
undergoes expansion. The strong high-intensity band at

a)
Eu,MoOgq
2 AR (A AT e e
2
2o
e
= Eu,WO,
(1]
5
14 TNHE T r e e
Eu,W,04
LT e AR A A R ]
T T T T T
0 200 400 600 800 1000
Wavenumber, cm™'
Eu,MoO,
errn 1 I Il
(0]
2
3 Eu,WO,
I}
2
< [ I Il
Eu,W,04
1 I A I A I 1
T T
400 600 800 1000

Wavenumber, cm™’

Figure 5. Raman (a) and infrared (b) spectra of Eu,MoQg, Eu,WO, and
Eu,W,0,. The wavenumber positions of vibrational modes are shown by

Figure 4. SEM images of Eu,MoQq (a), Eu,WO, (b), Eu,W,0, (). black bars
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Figure 6. Geometric representation of vibrations discussed in the text for
Eu,WOq (a), Eu,M00, (b) and Eu,W,0, (c-e).

876 cm™' in the Raman spectra of Eu,W,0, is associated with
W—0O stretching in [WO4] octahedral. In particular, Figure 6¢
shows an example of antisymmetric W—O stretching. This
example specifically demonstrates how these vibrations pro-
ceed, considering that the [WOq] units are interconnected with
each other. The presence of such structural features results in
the appearance of characteristic bands, for example at
641 cm™', as presented in Figure 6d.

The intricate geometry of the polyhedra, coupled with their
interconnection, presents challenges in graphical interpretation.

3
s Total
w
e L/V\N\/\/V’\/\. Eu
2
g A A~ A Mo
©
c
o
s MM 0
F
o

A AANINANAM N OT08

06
e AN NN NN
T T T T
0 200 400 600 800 1000

Wavenumber, cm™!

Figure 7. Total and partial phonon density of states in Eu,M00O;.

Phonon Density of states
E
w

T T T T
0 200 400 600 800 1000

Figure 8. Total and partial phonon density of states of Eu,W,0,.
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One approach to addressing this is to utilize the phonon
density of states. Figure 7 represents that only oxygen ions
located in the [MoO] polyhedra of Eu,MoO, vibrate in the
region of 670-840 cm™". The region between 270 and 570 cm™'
in Figure 7 is also characterized by displacements of 06, which
indicates vibrations of oxygen in the [EuO,] polyhedra. Figure 7
clearly shows that peaks lower 100 cm™' in Raman spectra
(Figure 5a) of Eu,Mo0Qq are translations of the heaviest ions (Eu).
Phonon density of states for Eu,WOj, is shown in Figure S4.

The unit cell of Eu,W,0, contains nine independent oxygen
ions, and the phonon density of states for each of them is
presented in Figure 8. Here, the O atoms are labeled in
accordance with Table 2, with the same notation being used in
Figure 6d. Thus, it is evident from Figure 8 that the geometry of
vibration shown in Figure 6d corresponds to peaks for the 09,
04, and O3 ions. As an example, we show which ions contribute
to the formation of the peak at 520cm™' in the Raman
spectrum of Eu,W,0, Two bands for O3 and O4 ions can be
observed in Figure 8; thus, the corresponding spectral line is
associated with the movements of ions belonging to two [WO,]
octahedra. In particular, Figure 6e demonstrates the corre-
sponding geometric representation.

Figure 9 shows the electronic structure. The path along
high-symmetry points of the Brillouin zone should be chosen as
follows: I'-C | C,-Y,-'-M,-D | D,-A-T" | L,-I"-V, which is shown in
Figure S5. Based on the results of the meta-GGA method, the
minimum value of electronic transitions is calculated to be
1.7 eV. However, this value underestimates the experimentally
observed band gap. To address this discrepancy, the ‘scissors’
operator with a value of 1.3 eV was employed, and the resulting
band structure is depicted in Figure 9. As europium is a
lanthanide element, the spin up and spin down states are
represented by different colors. According to Figure 9, we can
consider Eu,Mo0Q; as an indirect band gap semiconductor. It
should be noted that the magnitude of indirect and direct
transitions is very close; however, the value of the direct optical
transition (I'-T") differs slightly in magnitude from the indirect
one.

—————— —
eta-GGA+U with scissors operator (1.3 eV

—— spin up
—— spin down:

Energy, eV

Figure 9. Electronic structure of Eu,MoOq.
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The total electronic density of states (DOS) and the partial
DOS are presented in Figure 10. Figure 10 shows that the top of
the valence band of Eu,Mo00q is formed by the p-electrons of
oxygen. The group of electronic branches between 3 and 4 eV

(%]
o
% . —s$—p d——-ofF Eu
% | spinup ~ B P A —
2 | spindown
(2]
)
a] Mo
o
T T T T T T T T
-1 0 1 2 3 4 8 6 7
Energy, eV

Figure 10. Total and partial density of electronic states for Eu,MoO.

2400
a) Eu,MoO,
2000 - )d N
E,S=337eV
16004 — Exp.
(5:1\ —— meta-GGA
E 12004 ------ Corrected
<
800
400
0 T T T T

T T
25 3.0 3.5 4.0 4.5 5.0 55 6.0
Photon Energy, eV

84 b) Eu,MoO4
Egi =3.13eV
CTB
Eu 5d
6 .
fm
L ,
€4
Exp.
2] p
—— meta-GGA
_JJ ------ Corrected
O T T T T

T T
25 3.0 3.5 4.0 45 5.0 55 6.0
Photon Energy, eV
Figure 11. Kubelka-Munk function of Eu,M00, modified for direct band gap

(a) and for indirect band gap (b) in comparison with meta-GGA calculations
and with those corrected in part of Mo CTB probability.
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is formed by the d-electrons of molybdenum. The subsequent
group of bands in Figure 9 represents hybridized d—Mo and
p—O electrons, as well as contributions from the d-electrons of
europium, which can be found in this region. Based on the
calculated band structure, the spectral dependencies of the
absorption coefficients were determined and compared with
experimental Kubelka-Munk functions. Figure 11 presents Ku-
belka-Munk functions (KMF) modified for direct and indirect
band gaps. In particular, the experimental band gap values are
Egd:3.37 eV and Eg‘:3,13 eV. Comparison of the experimental
KMFs with calculated absorption spectra transformed by the
Tauc procedure and with DOS (see Figure 10) shows that the
experimental fundamental absorption band contains contribu-
tions which can be easily assigned to transitions to Mo 4d states
(in the range of 3-4.5eV) and to Eu 5d states (in the range
above 4.5 eV).

However, the transition probabilities implemented in the
DFT code used do not allow choosing such a scaling coefficient
between the calculated absorption and experimental KMF that
would equally satisfy the Mo and Eu charge transfer bands. The
green lines in Figure 11 show the result of the above
mentioned probability correction. In particular, a pair of
Gaussians simulates CTB contours, with the probability of
transitions to Mo 4d states being provisionally multiplied by 10.
This procedure does not claim to achieve an agreement
between experiment and calculations, but rather demonstrates
the potential possibility to obtain such agreement when more
advanced simulation packages (if such exist) are used.

Figure 12 presents the calculated electronic band structure
for Eu,WO;. Since Eu,WOQs is isostructural to Eu,MoQq, the path
through the high-symmetry Brillouin zones is chosen in a similar
manner to the molybdate discussed previously. From Figure 12,
it can be derived that this tungstate is a wide-band gap indirect
semiconductor, with a small difference between the indirect
and direct transitions. The difference between the direct
transition at the Y, point and the optical transition is only
apparent in the second decimal place. To achieve the best
agreement with the experimental data, a scissors operator of
0.6 eV was applied.

7 — "_“’—;‘ - E —— ——

—_=

Eu,WQ4: meta-GGA+U with'scissorsoeratof( .6eV)

I

i

|
|
I

spin up
—— spin down
©13.72eV

14 37ev

M,D D,A T L, TV,

r €Y% T

Figure 12. Calculated electronic band structure of Eu,WOj.
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The total and partial DOS of Eu,WO, are shown in Figure 13.
It is evident from the figure that the contribution of O—p
electrons is dominant in the valence region below the Fermi
level. Meanwhile, d-electrons of tungsten mainly contribute the

Eu,WO, Total
0
2
2 ——s——p——d——f Eu
5 | SPnup —— e
2 | spin down N
[2}
G
[a} W
/\/\ o
T T T T | T T T
-1 0 1 2 3 4 5 6 7
Energy, eV

Figure 13. Total and partial density of electronic states for Eu,WOq.
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Figure 14. Kubelka-Munk Function of Eu,WO, modified for direct band gap

(a) and for indirect band gap (b) in comparison with meta-GGA calculations
and with those corrected in part of W CTB probability.
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bottom of the conduction band. Additionally, we can note that
hybridization of electronic states between W and O takes place,
which is associated with the presence of tungsten-oxygen
structural units.

The calculated Eu,WO, band structure was used to compute
the spectral dependence of the absorption coefficient, which
was then compared to the experimental Kubelka-Munk func-
tions. Figure 14 presents the Kubelka-Munk functions (KMF) of
Eu,WO, modified for direct and indirect band gaps. Experimen-
tal band gap values are Egd:3.59 eV and Egi:3.85 eV which are
in a fair agreement with the data in Figure 12. Comparison of
the experimental KMFs with the calculated absorption spectra
transformed using the Tauc procedure and with the DOS (see
Figure 13) shows that the experimental fundamental absorption
band contains contributions that can be attributed to transi-
tions to W 5d states (in the range of 4-5 eV) and to Eu 5d states
(in the ranges near 4 eV and above 5 eV). As previously stated,
the transition probabilities implemented in the DFT code used
do not allow us to select a scaling coefficient between
calculated absorption and experimental KMF. Thus, green lines
in Figure 14 show the result of the correction of probabilities
mentioned above. In particular, a pair of Gaussians simulates
CTB contours, with the probability of transitions to W 5d states
being provisionally multiplied by 8.33. This procedure, as in the
case of Eu,Mo0Q, does not purport to obtain an agreement
between experiment and calculations but merely illustrates the
potential possibility to obtain such agreement in case of using
more advanced (if such exist) simulation packages. The ‘scissors’
operator was not used in the case of Eu,WO, though the
simultaneous use of scissors operator and probability correction
would probably further improve the consistency between the
experimental KMF and the calculations.

Figure 15 represents the calculated electronic structure for
Eu,W,0,. The path along the high symmetry points of the
Brillouin zone was chosen as follows: G—Z—D-B—G—A-E—Z-C,-
Y,—-G, which is illustrated in Figure S6. In this case, the meta-
GGA + U model was used and no scissors operator was applied.
According to Figure 15, the following electronic transitions can
be listed: a direct G—G transition to a highly dispersive branch

spin up

—— spin down

Energy, eV

3.33eV

Figure 15. Electronic structure of Eu,W,0,.
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in the bottom of the valence band (3.33 eV), an indirect C,-Z
transition (3.43 eV), and a direct G—G transition equal to 3.56 eV.
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Figure 16. Total and partial density of electronic states for Eu,W,0,.
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Figure 17. Kubelka-Munk function of Eu,W,0, modified for direct band gap

(a) and for indirect band gap (b) in comparison with meta-GGA calculations
and with those corrected in part of W CTB probability.
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The total and partial density of states (DOS) calculated for
Eu,W,0, can be seen in Figure 16. An analysis of Figure 16
revealed that below the Fermi level O—p electrons predom-
inantly influence the valence region. Likewise in Eu,WOQ,, the
lower part of the conduction band is primarily affected by d-
electrons of W. Furthermore, we want to emphasize that the
density of electronic states below the Fermi level differs
between Eu,W,0, and Eu,WO, indicating variations in the
configuration of the WO, structural units and contributing to a
decreased band gap value in the case of Eu,W,0,.

The band gap values for Eu,W,0, that can be extracted
from Figure 15 are quite close to the experimental values of the
direct band gap Egd:3.65 eV and the indirect band gap Eg‘:
3.2 eV, which are presented in Figure 17 together with meta-
GGA calculations of the absorption spectrum. In the case of
Eu,W,0,, we applied the correction, which required a multi-
plication of the probability of the transitions to the lowest W 5d
states by a factor of 4.8. In addition, several minor corrections
were applied to the upper subbands to obtain the corrected
curve in Figure 17.

Luminescent Properties

The luminescent properties of Eu’" ions doped in different
molybdate and tungstate hosts and the possibility of control-
ling the excitation spectra in order to adjust them to the range
of efficient generation of GalnN LEDs were studied before.*"
The excitation spectra of the host studied in that paper
contained charge transfer bands of [MoO,] and [WO,] groups
suitable for pumping by LEDs, which loosens the LED wave-
length stability requirements arising in the case of pumping via
narrow f-f lines of Eu*" ion. It was established that the charge
transfer band (CTB) edge can be tuned between 300 and
480 nm using lattice engineering. In particular, it was found
that the phosphors Me1Me20,:Eu** (Mel - Ca, Sr, Ba; Me2 -
Mo, W) with the absorbing group [M20,] are characterized by
CTB below 330 nm while Ln;MoO,,: EU** (Ln - Y, Gd) with the
absorbing group [MoO,] have CTB edge at 480 nm.**

In the present study, Eu,MeQq crystals were investigated
that are the limiting case of Ln,MoOgEuW** (Ln—Y, Gd) for Eu
content approaching 100%; both of them contain [MoOs]
absorbing groups which are characterized by 400 nm CTB edge
in the case of Ln,MoO4Eu®". Excitation spectra for emission
wavelengths at °D,—’F, transition are presented in Figure 18.

The CTB in Eu,Mo0Qq is similar to that observed in Ln,MoOq:
Eu’". The specific feature of Eu,MoQg is the presence of
additional CTB belonging to 0>~ — Eu®*, which should not be
observed in Ln,MoOgEu®*" due to the low Eu’" content. The
CTB in Eu,WOQq is of lower amplitude than for Eu,Mo0Q, and is
shifted to the shorter wavelengths, with a maximum at 310 nm.
The CTB in Eu,W,0, is even weaker than in Eu,WO, and exhibits
two maxima, despite two inequivalent positions of W in the
crystal structure of Eu,W,0, are of similar geometry being
coordinated by 8 oxygen atoms. Therefore, we can assign the
longer-wavelength CTB in Eu,W,0, to the [WO4] group and the
shorter-wavelength band to Eu®** - 0" CTB.
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Figure 18. Excitation spectra for emission wavelengths at °D,—’F, transition
at room temperature.

The excitation spectra of three investigated crystals undergo
different modification upon cooling to 77 K. The example of
such modification for Eu,MoOQg is presented in Figure 18a. Upon
cooling, the bands corresponding to the f-f transitions of the
Eu®* ion undergo a reduction of longer-wavelength compo-
nents, which can be explained by the devastation of thermally
populated upper energy levels of the spin-orbit-split ground
state that noticeably contribute to the excitation spectrum only
at room temperature. Additionally, CTB experiences similar
reduction of the longer wavelength component; the mirror
counterpart of this phenomenon is well-investigated for the
case of heating the crystals containing the absorbing group
VO, This type of CTB was employed for thermometry™
with the sensitivity of 3313/T% which is greater than a lot of
thermometers based on paired emissions of down-converting
rare earth ions. For Eu,Mo00Qq, the CTB to a discrete f-f line ratio
can be used for thermometry, too. The most temperature-
dependent part of the CTB in Eu,MoQq lies in the wavelength
range of 420-440 nm.

Emission spectra of Eu,Mo00;, Eu,WO, and Eu,W,0, at room
temperature and 77 K are presented in Figure 19. The spectra
are practically independent of the excitation wavelength and
show negligible variations at excitation wavelengths of 333, 393
and 464 nm.
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Figure 19. Luminescence spectra due to emission from °D, state of Europium
ion at room temperature.

In particular, this means that excitation through CTB
eventually leads to the energy transfer terminating at the °D,
state of the EUu’" ion, which is the starting level for the spectra.

The Eu*" ions occupy three inequivalent sites in the C2/c
group, the local symmetry being C, for two of them and C, for
the third one, and two inequivalent sites in the P2,/c group, the
local symmetry for both being as low as C,. These local
symmetries imply both the observability of the ultranarrow
*D,—’F, line (579.54+1.5 nm) and the absence of the inversion
symmetry that induces the electric dipole moment at the
hypersensitive °Dy—’F, transition (605-635 nm). The spectra
presented in Figure 19 are consistent with these predictions.
However, only two of three possible ultranarrow lines can be
detected for both crystals belonging to C2/c group (e.g., at
578.1 and 578.8 nm for Eu,M00;) and only one ultranarrow line
for Eu,W,0, at 580.75 nm. The undetected ultranarrow lines
probably coincide with the detected ones within the spectral
resolution used.

Experimental Section

Synthesis

The synthesis was carried out using solid-state reactions:
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Eu,0;4+ MeO;—Eu,MeOq (6)
Eu,0;4+ 2MeO;—Eu,Me, 0, (7)

For the synthesis, high-purity starting reagents Eu,0; (99.999 %,
RedkiyMetallRF Itd., Ekaterinburg, Russia), MoO; (99.9 %, Vekton lItd.,
St. Petersburg, Russia) and WO, (99.9%, Vekton lItd., St. Petersburg,
Russia) were used. Prior to synthesis, the oxides were annealed to
remove moisture and carbon dioxide for 12 hours. Eu,0; and WO,
were annealed at a temperature of 1000°C, while MoO; was
annealed at 600°C. The oxides were weighed on an analytical
balance with an accuracy of 0.1 mg. The stoichiometric oxide
mixture was thoroughly ground in an agate mortar for 20 minutes,
and then transferred to a corundum crucible. The crucible was
placed in a muffle furnace at 900°C and kept for 12 hours. The
heat-treated sample was thoroughly ground in an agate mortar
and subjected to a repeated heating process for 12 hours. The
degree of conversion and phase composition of the samples were
controlled by X-ray phase analysis.

Physical and Physico-Chemical Methods

The X-ray diffraction (XRD) for phase analysis was performed on a
BRUKER D2 PHASER diffractometer with a linear detector LYNXEYE
(CuK, radiation, Ni filter). The Rietveld refinements of the selected
samples were performed using TOPAS 4.2 software package.** The
powder diffraction data for Rietveld structural analysis collected at
room temperature with a Bruker D8 ADVANCE powder diffractom-
eter (CukK, radiation) and linear VANTEC detector. The step size of
26 was 0.016° and the counting time was 5 s per step.

The crystallographic data are deposited in Cambridge Crystallo-
graphic Data Centre (CSD # 2358351-2358353). The data can be
downloaded from the site (www.ccdc.cam.ac.uk/data_request/cif).

The electron microscopy analysis was carried out on an electron
microscope JEOL JSM-6510LV.

Thermal analysis was carried out in an argon flow using the
Differential Thermal Analysis (DTA/TG) equipment 499 F5 Jupiter
NETZSCH (Netzsch, GmbH & Co. KG, Hamburg, Germany). The
powder samples were inserted into alumina crucibles. The heating
rate was 3 °C/min. For enthalpy determination, the equipment was
calibrated with the use of standard substances, such as In, Sn, Bi,
Zn, Al, Ag, Au, and Ni. The heat effect peaks were determined using
the Proteus 6 2012 software. The peak temperatures and areas in
the parallel experiments were reproduced with an inaccuracy of
less than 3%. The determination of the kinetic parameters was
based on the Kissinger Equation (8)**® in linearized form and on
the Ozawa — Doyle Equation (9):#>*"

b R, AR

1T 1
Tl g E ®
0.4567E

where T is the temperature at the maximum reaction rate, b is the
heating rate, E is the activation energy, A is the pre-exponential
factor, R is the gas constant, and C is the constant.

The Fourier-transform infrared spectroscopy (FTIR) analysis was
carried out on a Fourier Transform Infrared Spectrometer FSM 1201.
The sample for the investigation was prepared in a tablet shape
with the addition of annealed KBr. Raman spectra were recorded
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using an i-Raman Plus spectrometer at a laser excitation wave-
length of 785 nm.

For the photoluminescence investigations, the sample was mor-
tared, filled into a quartz glass cuvette, and examined at room
temperature and at 77 K (using a special liquid nitrogen-filled
Dewar assembly). The spectra were recorded on a Horiba Jobin
Yvon Spex Fluorolog 3 spectrophotometer equipped with a 450 W
Xe short-arc lamp (USHIO), double-grated excitation and emission
monochromators, a photomultiplier tube (R928P), and a TCSPC
upgrade using the FluoroEssence software. Both the excitation and
emission spectra were corrected for the spectral response of the
monochromators and detector using spectral corrections provided
by the manufacturers. The excitation spectra were additionally
corrected for the spectral distribution of the lamp intensity by use
of a photodiode reference detector.

All density functional theory (DFT) calculations were carried out
using the Cambridge Serial Total Energy Package (CASTEP code).®"
The meta-generalized gradient approximation including the on-site
orbital dependent Hubbard U energy term® and the RSCANF?
functional (an improved version of the SCAN®¥) were selected. The
values of U for lanthanides and Mo were taken as U(f)=7 eV and
U(d)=3.5eV, respectively.*” Norm-conserving pseudopotentials
were generated on-the-fly in CASTEP, with a cutoff energy set to
816.3 eV. The Brillouin zone (BZ) was sampled by the 2x2x4 and
3x2x2 Monkhorst-Pack k-meshes for Eu,(Mo,W)O¢ and Eu,W,0,,
respectively. The convergence criterion for minimization of total
energy was set to be 1x1078 eV.>®

Conclusions

Studying the formation mechanisms and structures of com-
pounds is an important task in modern solid state chemistry, as
it allows us to better understand the patterns associated with
the targeted production of materials with specific properties. In
this study, we accumulate and discuss extensive theoretical and
experimental investigations on the compounds Eu,MoOQg,
Eu,WOQ,, and Eu,W,0,. The presented complex compounds
were obtained from solid-phase reactions between simple
oxides. Thermodynamic and kinetic characteristics were estab-
lished for all reactions, and a mechanism was proposed to
explain their significant differences. The simplicity of the syn-
thesis method ensures its high reproducibility and selectivity.
The compounds were characterized by X-ray diffraction analysis,
vibrational, ultraviolet and luminescent spectroscopy. The
absence of contradictions in the results obtained using research
methods based on various physical principles determines the
reliability of this study. The study has revealed that the
electronic structure of the compounds Eu,WO, and Eu,W,0, is
characterized by a significant contribution of electrons from
different elements, predominantly O—p and W—d, to the valence
and conduction bands, respectively. The hybridization of
electronic states between W and O indicates the presence of
tungsten-oxygen structural units in these compounds. A
comparison between experimental data and calculated absorp-
tion values emphasized the need for transition probability
corrections to achieve the agreement between them. The DFT
calculations demonstrated the significant influence of [WOq]
and [WO,] geometry on the band gap width and electronic
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density of states in Eu,WO, and Eu,W,0, compounds, respec-
tively. Analysis of the luminescent properties suggests the
potential use of the Eu,MeOg and Eu,W,0, compounds as
thermometers in optical thermal sensing. The dependence of
the luminescence spectra on the excitation wavelength opens
up possibilities for controlling and tuning the spectra in various
technological applications. Overall, results of this research
provide a better understanding and utilization of the electronic
and optical properties of Eu,MeOQg and Eu,W,0, compounds in
various scientific and technological fields. Further research and
development may lead to new innovative applications of these
compounds as optical, catalytic, and solid oxide fuel cell
materials.

Supporting Information Summary

The supporting information contains sample diffraction pat-
terns, dependences of heat release maxima on the heating rate,
tables with factional atomic coordinates, and main bond
lengths, Brillouin zones, and total and partial phonon density of
states for Eu,WO.
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Complex oxides Eu,MeO4 (Me-Mo, W),
Eu,W,0, were obtained by a solid-
phase reaction between binary
oxides. The thermodynamic and
kinetic mechanisms of the reaction
processes were established using a
variety of physical-chemical methods.

Calculations of absorption spectra are
shown to be superior to band
structure analysis in the determination
of optical band gaps. In this work, the
experimental data are in good
agreement with the theoretical
models.
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