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Abstract: New triple molybdates LixNa; _,CaLags5(MoOy)3:Er®*0.05/Yb?*0.45 (x = 0, 0.05, 0.1, 0.2, 0.3)
were manufactured successfully using the microwave-assisted sol-gel-based technique (MAS). Their
room-temperature crystal structures were determined in space group I4; /a by Rietveld analysis.
The compounds were found to have a scheelite-type structure. In Li-substituted samples, the sites
of big cations were occupied by a mixture of (Li, Na, La, Er, Yb) ions, which provided a linear
cell volume decrease with the Li content increase. The increased upconversion (UC) efficiency
and Raman spectroscopic properties of the phosphors were discussed in detail. The mechanism of
optimization of upconversion luminescence upon Li content variation was shown to be due to the
control of excitation/energy transfer channel, while the control of luminescence channels played
a minor role. The UC luminescence maximized at lithium content x = 0.05. The mechanism of UC
optimization was shown to be due to the control of excitation/energy transfer channel, while the
control of luminescence channels played a minor role. Over the whole spectral range, the Raman
spectra of LiyNaj_yCaLag5(M0QO4)s doped with Er®* and Yb3* ions were totally superimposed with
the luminescence signal of Er®* ions, and increasing the Li* content resulted in the difference of Er3*
multiple intensity. The density functional theory calculations with the account for the structural
disorder in the system of Li, Na, Ca, La, Er and Yb ions revealed the bandgap variation from 3.99 to
4.137 eV due to the changing of Li content. It was found that the direct electronic transition energy
was close to the indirect one for all compounds. The determined chromaticity points (ICP) of the
LiNaCaLa(MoQO,)3:Er**,Yb3* phosphors were in good relation to the equal-energy point in the
standard CIE (Commission Internationale de L'Eclairage) coordinates.
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1. Introduction

Complex molybdates are among the most widely studied oxide materials in modern
electronics and photonics owing to their excellent performances [1-6]. It was noted that
over the past few decades that special research attention was paid to the use of molybdate
hosts in the design of new optical and electronic materials [7-12], and the syntheses of
efficient rare-earth-containing molybdate-based phosphor materials working in the visible
range became a hot topic of solid-state technology because of the possible wide-range
cation substitution and related tuning of physical properties [6,8,11-16].

Recently, the compounds with a scheelite-type structure were proposed as efficient
phosphor hosts [3,10-12,17-20]. As it can be reasonably assumed, in the disordered
scheelite-type structure, the trivalent rare-earth ions could be substituted, at least par-
tially, by different Ln3* ions, and the crystal lattice efficiently could incorporate the ions due
to similar radii of Ln®** ions, and that would increase the limit at the appropriate doping
level. Among rare-earth ions, the Erd* ion can be used for the infrared to visible light
conversion through the frequency up-conversion (UC) process according to its appropriate
electronic energy level configuration. The Yb®* ions co-doping can remarkably enhance the
UC yield, and it is provided by the efficient Yb** — Er®*energy transfer. In this cation pair,
the Er** ion activator is the luminescence center in the UC particles, and the Yb®* sensitizer
increases the UC luminescence efficiency [21-25].

The simple and double molybdate crystals are widely applied in photonic and laser
technologies because of their specific structural, thermal and electronic characteristics, high
chemical stability and excellent spectroscopic properties [3,4,10,26-33]. However, ternary
molybdates are less studied, and only several ternary compounds, including scheelite-type
ones, have been recently considered [12,18,34—40]. For the practical application of UC
photoluminescence in devices and systems, such as three-dimensional displays, lasers,
light-emitting elements and biological detectors, the characteristics, such as the homoge-
neous UC particle size distribution and uniform morphology, need to be reached. Usually,
complex molybdates are prepared by a multistep solid-state reaction method, and it re-
quires high temperatures, long heating process and subsequent grinding. The stages may
occasionally result in a loss of the emission intensity. In comparison, the sol-gel-based
process has some advantages, including high starting atom intermixing, lower calcination
temperature, small particle size and a narrow particle size distribution, which are promis-
ing for good phosphor characteristics. However, a disadvantage of long gelation time is
common for sol-gel process. In comparison to the traditional methods, a very short reaction
time, small-sized particles, narrow particle size distribution and high purity of the final
polycrystalline product are the characteristics of microwave synthesis. Microwave heating
is delivered to the material surface through the convection and/or radiant heating which is
transferred to the material bulk via conduction [3,12,14,41-44]. Thus, the microwave sol-gel
process is an efficient method that yields high-homogeneity powder products, and it is
emerging as a viable alternative approach to the quick synthesis of high-quality crystalline
luminescent materials.

In the present study, the LixNaj_yCaLag 5Erg 05Ybg 45(M0QO4)3 compounds with the
fixed Er** and Yb3* contents and x = 0-0.3 were synthesized by the microwave sol-gel
method, and the structural and spectroscopic properties were evaluated to determine the
effects of Li* substitution for Na*. Previously, the scheelite-type NaCaLa(MoO4)3:Er,Yb
solid solutions were observed and the rare earth element ratio (LagsErg5Ybg45) was
determined as optimal to reach strong UC emission [45]. Thus, in the present work,
only this rare earth element ratio was selected, and a wide variation of the Li/Na ratio
was implemented to elucidate the solid solution range and related spectroscopic effects.
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The synthesized products were characterized by scanning electron microscopy (SEM),
X-ray diffraction (XRD) analysis and energy-dispersive X-ray spectroscopy (EDS). The
spectroscopic properties were comparatively evaluated using Raman spectroscopy and
photoluminescence (PL) measurements.

2. Experimental Methods
2.1. Preparation of Chemical Solutions and Phosphor Products

LiNO;3, La(NO3)3-6H,0O, Ca(NO3),-4H,0, NapMoOy-2H,O of purity 99.0% (Sigma-
Aldrich, St. Louis, MO, USA) and (NHy)sMo70,4-4H,0 (Alfa Aesar, Haverhill, MA, USA)
of purity 99.0% were employed as the starting reagents. Additionally, for the precise doping
levels, Er(NO3)3-5H,0 and Yb(NO3)3-5H,0O in purity 99.9% (Sigma-Aldrich, USA) were
applied. Normal citric acid (CA) at purity 99.5% was used as received from Daejung Chem-
icals Company, Republic of Korea. As to other chemical reagents, NH;OH (A.R.), ethylene
glycol (EG, A.R.) and distilled water (DW) were available to approach the transparent
chemical solutions.

The nominal compositions of the LixNa;_,CaLa(MoO4)3:Er®* 05/ Yb?* 45 samples syn-
thesized in the experiment are listed in Table 1. For the Li-free composition, NaCaLag 5(M0O4)3:
Er®*.05/Yb%* 45 ((@) NCLM:EY) 0.4 mol% Ca(NO3),-4H,0, 0.2 mol% Na;MoOy4-2H,0 and
0.171 mol% (NH4)sMo70,4-4H,O were dissolved in one 250 mL. For the second compound,
Li0.05Na0.95CaLa0_5Er0_05Ybo_45(MOO4)3 ((b) LiNCLM:EY—0.0S), 0.4 mol% Ca(NO3)2'4H20,
0.19 mol% NayMoQOy-2H,0, 0.02 mol% LiNOj3, and 0.171 mol% (NHy)sMo;0,4-4H,0O were
used. For the third composition, Lig1NaggCaLags5Erg o5Ybg 45(M0O4)3 ((c) LINCLM:EY-0.1),
0.4 mol% Ca(NOj3),-4H,0, 0.18 mol% NayMoO,4-2H,0, 0.04 mol LiNO3 and 0.171 mol%
(NH4)6Mo070,4-4H,0O were employed. For the fourth compound, Lip;Nag gCaLag 5Erg g5 Ybg 45-
(MoOy)3 ((d) LINCLM:EY-0.2), 0.4 mol% Ca(NOj3),-4H,0, 0.16 mol% Na;MoO4-2H,0,
0.08 mol% LiNOj3 and 0.171 mol% (NH4)sMo070,4-4H,O were applied. For the fifth com-
pound, LiogNaO.gCaLa0.5EI‘0.05Yb0.45(MOO4)3 ((e) LiNCLM:EY—O.3), 0.4 mol% Ca(NO3)2-4H20,
0.14 mol% NayMoO4-2H,0, 0.12 mol% LiNO3 and 0.171 mol% (NH4)¢Mo70,4-4H,O were
mixed. Each reported reagent mixture was dissolved in a Pyrex glass with the addition
of 80 mL 8M NH4OH and 20 mL EG. In another 250 mL Pyrex glass, the solution of the
rare-earth compounds in a fixed stoichiometry of 0.2 mol% La(NO3)3-6H,0O, 0.02 mol%
Er(NOs3)3-5H,0 and 0.18 mol% Yb(NO3)3-5H,O was prepared by the addition of 100 mL
distilled water. Subsequently, the individual two chemical solutions in each sequence for
(a)-(e) were co-mixed slowly in a 450 mL Pyrex glass.

Table 1. Abbreviations and chemical compositions for the LiyNaj_yCalLag5Erg g5 Ybg 45(M0QO;,)3 samples.

Abbreviation Chemical Composition
NCLM:EY NaCaLag 5Erg 05 Ybg 45(M0QOy4)3
LiNCLM:EY-0.05 Lig 05Nag 95CaLag 5Erg 05 Ybg.45(M0O4)3
LiNCLM:EY-0.1 Lig1NaggCaLag 5Erg g5 Ybg 45(M0Oy)3
LiNCLM:EY-0.2 Lig»NaggCaLag 5Erg 5 Ybg 45(M0Oy)3
LiNCLM:EY-0.3 Lip3Nag7CaLag5Erg g5 Ybg.45(M0O4)3

The co-mixed solutions were vigorously stirred and adjusted to pH = 7-8 using CA and
8M NH4OH. At this time, the molar ratio of CA to the full employed cation metal ions (CM)
would be recommended to reach at 2:1. The solutions were slowly heated up to 80-100 °C
before microwave treatments. At this stage, the final solutions of about 20-30 mL in volume
appeared to be highly transparent sol formations in 450 mL Pyrex glasses. Then, the resul-
tant solutions were moved into a microwave oven (Samsung Company, Republic of Korea,
frequency of 2.45 GHz and maximum power of 1250 W). The parameters of the microwave
process applied in the present experiment can be found in previous studies [36,38,45]. After
the microwave treatment, the black gels dried at 120 °C were ground and annealed at 850 °C
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for 16 h in the air atmosphere. The main synthesis steps are shown in Scheme 1. After
the annealing stage, the obtained (a) NCLM:EY, (b) LINCLM:EY-0.05, (c) LINCLM:EY-0.1,
(d) LINCLM:EY-0.2 and (e) LINCLM:EY-0.3 powder samples exhibited light pink colors.

LiNO3, N32M004'2H20 s La(NO3)2'6H20, Er(NO3)3'5H20 ’

(NHy)sMo,0,,4H,0, Yb(NO,);'5H,0 , Citric Acid
Ca(NO,),-H,0, dissolved in

EG and 8M NH,OH, and stirring

dissolved in distilled water and

stirring

y

[ Co-mixed stirring and adjust pH =7-8

|

Cyclic microwave operation 1250W, 2.45GHz for 30min

Sol formation

{
[ Ultrasonic radiation
'
Drying at 120°C

Gel formation

|

Heat-treatment at 850°C for 16h

'
LiNa; ,CaLa(Mo0O,);:Er3*/Yb3"
Upconversion Phosphors

.

Scheme 1. Flow chart for the synthesis of LixNaj_,CaLa(MoOy)3:Er3* /Yb3* UC phosphors by the
microwave sol-gel method.

2.2. Characterization

The structural properties of the synthesized powder products LixNaj_,CaLag 5Erg g5 Yb 45-
(Mo00Qy4)3 were determined using an X-ray (D/MAX 2200, Rigaku, Tokyo, Japan) diffrac-
tometer equipped with the Cu K« radiation (A = 1.5406 A) source. The scans were carried
out over the diffraction angle range of 20 = 5-90° at room temperature. The 20 size step
was 0.02°, and the counting time was as long as 5 s per step. For the Rietveld analysis,
the TOPAS 4.2 software package was used [46]. The micromorphology of the synthesized
particles was observed using scanning electron microscopy (SEM) (JSM-5600, JEOL, Tokyo,
Japan). The photoluminescence spectra were acquired at room temperature using a spec-
trophotometer (Perkin Elmer LS55, Beaconsfield, UK). In the measurements, the samples
were excited at 980 nm. The Raman scattering measurements were implemented using a
LabRam Aramis (Horiba Jobin-Yvon, Palaiseau, France) device with the spectral resolution
of 2 cm~!. The 514.5 nm line of an Ar ion laser was exploited as an excitation source
and the power on the sample surface was kept at the 0.5 mW level to avoid the possible
sample decomposition.
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2.3. Quantum-Chemical Calculations

Quantum-chemical calculations were carried out within the framework of density
functional theory (DFT) [47-49] using the CASTEP (Cambridge Serial Total Energy Package)
code [50]. The meta-generalized gradient approximation (meta-GGA) and RSCAN [51]
(improved version of SCAN [52]) functional were chosen. The on-the-fly generated norm-
conserving pseudopotentials [53] with a cutoff energy equal to 800 eV were used for all
investigated compounds. The Brillouin zone (BZ) was sampled according to the Monkhorst—
Pack scheme [54] with the 4 x 4 x 5 k-point mesh that provided separation of k-points
equal to 0.05 A~1. Considering that the structural site of Ca ion was occupied by a mixture
of Na, Li, Ca, La, Er and Yb ions with the total occupancy equal to 1, the mixed ion was
simulated within the virtual crystal approximation [55]. The tolerance for ground-state
wavefunctions founding was chosen to be 2 x 107 eV. Pulay density mixing scheme was
chosen for electronic minimization.

3. Results and Discussion
3.1. Particle Morphology and Phase Composition

The SEM patterns of the synthesized powder samples are shown in Figures 1 and S1
(see Supplementary Materials). In general, the particle morphologies are similar for all
samples. The particles are partly coalescent due to the material diffusion between the
grains, and this is typical of oxides subjected to a high temperature annealing [9,56,57]. In
all SEM patterns, the biggest grains were ~5-7 um in size. For comparison, in Figure 1,
the SEM patterns are shown for pure NCLM:EY and LiNCLM:EY-0.3 with the highest
Li content. In both samples, big grains were mixed with low-sized grains. However, in
Figure 1b, the presence of partly faceted big grains is evident and the quantity of low-sized
particles was lower. Thus, the presence of Li in the intermediate gels stimulated the grain
growth and faceting.

e

- 3": -

o

Figure 1. SEM patterns recorded for (a) NCLM:EY and (b) LINCLM:EY-0.3.

The XRD patterns recorded for the samples are presented in Figures 2 and S2. All
peaks were well indexed by the tetragonal cell (space group I4; /a) with the cell parameters
close to CaMoOy4 (COD 9009632) [58]. There were no alien peaks detected in the patterns,
and it meant that all samples were in the pure phase state. Therefore, the CaMoO; crystal
structure was taken as a starting model for the Rietveld refinement. The Ca ion site
was considered as that occupied by Na, Li, Ca, La, Er and Yb ions (Figure 3) with fixed
occupancies according to nominal compositions. The refinement was stable and gives low
R-factors (Table 2, Figures 2 and S2). The coordinates of atoms and main bond lengths are
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listed in Tables S1 and S2, respectively. The linear increase in cell volume per average ion
radii IR (Na/Li/Ca/La/Er/Yb) proves the suggested chemical compositions (Figure 2c).

3000+ NCLM:Er,Yb (100%!
@

[

§2ooo-

>

3 1000-

9 °

= ol U hlLA o

£
r——t v —
L | I A1 AN AT ORI ]

20 40 60 80
20, Degrees
(@)
sl Na,Li, ,CLM:Er,Yb (100%)
23000
>
3 _
© 2000
>
s .
§1000;
= _ :
II IrI | IIII IIIIIIIIIIII III||IIIIIIIIIIIIIIIIIII
20 40 60 80
20 , Degrees
(b)
316.0
Na,,, Li CLM:0.05Er,0.45Yb
. 315.5
o<‘
2 315.01
=
S 314,51
o)
©3140f ¢
x=0.3
313.5

115 116 117 118 119
IR(Na/Li/Ca/La/Er/Yb), A
(@
Figure 2. Rietveld difference patterns obtained for (a) NCLM:EY and (b) LINCLM:EY-0.3, (c) cell
volume dependence on x in the LixNaj_yCaLag 5Erg g5Ybg45(M00y)3 solid solutions. Measured

points are given in red, calculated profile—in black, difference profile—in grey, and calculated peak
positions are shown by segments in green.
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(Na/Li/Ca/La/Er/Yb)O,

Figure 3. Crystal structure of scheelite-type LiyNaj_,CaLag 5Erg g5 Ybg 45(M0Oy)3 crystals.

Table 2. Main processing and refinement parameters of the (Na; _,Liy)Ca(Lag 5Erg 05 Ybg 45)(M0Oy)3 samples.

Space Cell Parameters (A), Cell Ry, Rp (%)
Compound Group z Volume (A%) 0
a=52452 (1)
NCLM I41/a 4 c=11.4731 (4) 10'9141 12'04
V =315.65 (2) :
Nag 95Lig 05CLM: a=52432 (1) 9.26,1.93
0 0RE Da5Yh I41/a 4 ¢ =11.4690 (3) 10
e V =315.30 (2) :
Nag gLio.1 CLM: a=52418 (2) 11.10, 2.95
0.05Es D45Yh I41/a 4 ¢ =11.4646 (4) 112
e V =315.01 (2) :
Nag sLig2CLM: a=52405 (1) 11.22,2.82
0.0LEs Ba5Yh I41/a 4 c=11.4609 (3) o
e V =314.75 (1) :
. a=52364 (1)
Nag7Lig3CLM: 10.11, 2.64
0 005% 003 prevs T41/a 4 c=11.4494 (3) ot
R V =313.94 (2) :

Further details of the crystal structures may be obtained from Fachinformationszen-
trum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-808-666; E-mail:
crystdata@fiz-karlsruhe.de; http:/ /www.fiz-karlsruhe.de/request_for_deposited_data.html,
accessed on 5 February 2023) on quoting the deposition numbers: CSD 2117700-2117704.

The dependence of the unit cell volume on the average ion radius of the cations mixed
in the Ca?* site of the LiyNa;_,CaLag 5Er5Ybg 45(M0Qy)3 solid solutions is shown in
Figure 4. For comparison, the cell volume values in CaMoQOy [58], NagsLag5MoO4 [59]
and Naj /3Cay /3La( x—y)/3Erx/3Yby/3M0Oy [45] scheelites are also shown. As can be seen,
the previously obtained points of CaMoOy, Nay,3Cay/3Laq xy)/3Erk/3Yby,3M00Os and
Nag 5Lag 5M0oO, were well fitted by the linear function general for the scheelite-type structures.
Additionally, the points related to the Nay /;3Ca; /3Laq5,/3Erg 05,/3 Ybg.45/3M004 composition, as
obtained in [45] and in this study, practically coincided, and that verifies high reproducibility
of sol-gel microwave synthesis in the application to complex molybdates. However, the
points related to Li-containing compositions Li,,3Na(;_)/3Cal.ag 5,3Erg 5/3Ybg 45/3M0O4
form a new branch going strongly away from the straight line general for Li-free scheelites.


http://www.fiz-karlsruhe.de/request_for_deposited_data.html

Crystals 2023, 13, 362

8 of 15

For the first time, this structural effect was detected and considered in detail in [39], and
it was attributed to a very small radius of the Li* ion in reference to the radius of Na*
ion. Thus, in the present work, this unusual structural effect was observed in one more
molybdate system.

340
Na,La, MoO,

330 i Na1l3ca11’3La(1-x-y)l3EerSYbyl3MOO4

<«
2 a0 :
E . x=0.05. o
Tg x=0 3 x=0.2 x=0.1 x=0 x=g.;y
— y=
Q
O 310- \x=0.05
CaMoO . y=0.45
- Na(1-x)ISLixl3ca1f3LaO.SI3ErD.DSYb0.45MOO4
300 .

108 110 112 114 116 1.8
Average ion radii IR(Na/Li/Ca/La/Er/Yb), A

Figure 4. Unit cell volume per averaged ion radii IR(Na/Li/Ca/La/Er/Yb) of CaMoOy,
(green) [58], Naj/3Cay/3Laq_x—y)/3Erk/3Yby/3M0Oy (red) [45], NagsLagsMoO, (blue) [59] and
Lix/3Na(1,X)/3CaLa0A5/3Ero_05/3Yb0,45/3M004 COlTlpOUI'ldS.

3.2. Upconversion Properties

The UC emission spectra of Naj_yLixCaLa(MoOy)s:Er,Yb (x =0, 0,05, 0.1, 0.2 and 0.3)
phosphors excited at 980 nm at room temperature are shown in Figure 5. Under the
excitation at 980 nm, Yb?* ions were excited to the 2Fs /2 state. A pair of excited Yb3* ions
transferred their excitation to a single neighboring Er®* ion, thus exciting that Er>* ion to
the 21y, /2 state. Furthermore, this excitation can be distributed to lower-lying 45, /2 and
4F;, states. As a result, the upconversion emission of the samples under study exhibited
the emission composed of two strong green bands and one weaker red band of the Er3*
ion, namely the 2111/2 — 4115/2, and 483/2 — 4115/2 bands in green and 4F7/2 — 4115/2 band
in red. The variation of peak intensities of green and red bands, as well as the variation of
integral intensity of UC luminescence over the whole spectrum, showed similar behavior
on the variation of Li/Na ratio, as seen in Figure 6, all of these dependencies maximizing
at comparatively low Li content x = 0.05. The Li* ion incorporation into the lattice of hosts
instead of larger ions was efficient for manipulating the crystal field affecting the ions
positioned within the second coordination sphere of the Li* ion or even onto more distant
ions. This crystal field manipulation had led to the variation of luminescence of doping ions
positioned in the second coordination sphere of the Li* ion (see, e.g., [39]. It is highly likely
that Li* ions did not severely alter the local symmetry of the rare-earth ions in the lattice, but
they enabled useful crystal field variations. According to Figure 2c, the cell volume of the
solid solution under study monotonically decreases upon the Li* content. Thus, in the first
approximation, we can expect the monotonical increase in crystal field strengths on Er3* and
Yb3* ions. This increase can affect either oscillator strengths in the radiative recombination
channels or the efficiency of upconversion excitation process. Hence, there are two ways
to optimize the upconversion luminescence, namely (1) to control the full probability
of energy transfer from Yb ions to Er ions in the excitation channel or (2) to control the
oscillator strengths in the emission channel in order to increase radiative recombination rate
against non-radiative one. The similarity of the concentration dependence of upconversion
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luminescence (Figure 6) shows that the effect of Li* incorporation acts through the efficiency
of excitation channel, while changes in the oscillator strengths at luminescence channels
lead to a practically unobservable effect.

26 . , ; , . . .
2Tz
24| .
=: 0
& 2.2+ — x= N
~ 483 — x=005
%} o — x=0.1 |
5 — x=02
] — x=03
= 18} 1
-]
=
g 16+t NajsLiyCaLa(MoO4)3::Er,Yb -
g
E 14} b
=
.|
o 1.2 J
)
- “Fin
17 ]
08 5
0.6 &_,J

400 450 500 550 600 650 700 750 800
Wavelength, nm

Figure 5. Upconversion luminescence spectra of Naj_yLiyCaLa(Mo0Oy)3:Er, Yb. The starting levels
for the transitions to the *I;5 /2 ground state are indicated.

600 T T T T T
L - 213112 i
500 *Sar2 1
- 4Fp

-« Integral

Luminescence, a.u.

0 1 1 1 1 1
0 0.05 0.1 0.15 0.2 025 0.3

Li Content

Figure 6. Dependences of intensities of individual UC lines and the integral UC intensity on the Li
content in Naj_,LixCaLa(MoOy)3:Er,Yb. The starting levels for the transitions to the 45 /2 ground
state are indicated.
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3.3. Raman Spectroscopy

The spectral signals recorded from Naj_yLixCaLa(Mo0O4)3:Er,Yb (x =0, 0,05, 0.1, 0.2 and
0.3) samples under the excitation of 514.5 nm in the range of Raman-active vibrations are shown
in Figure 7. In scheelite-type molybdates, the Raman bands are typically located from 200 to
900 cm~! and they correspond to rotation (around 200 cm 1), bending (from 300 to 450 cm™1)
and stretching (700-900 cm 1) vibrations of MoOj tetrahedra [3,12,14,18,22,36,38,39,45]. At the
same time, the most intense Raman band of scheelite-type molybdates is associated with
the symmetrical stretching of [MoO,]?~ ions, and this band is commonly located around
880 cm~!. As can be seen in Figure 7, only a very weak peak was observed in this spectral
range in the Raman spectra of Na;_,LixCaLa(Mo0Oy)3:Er,Yb (x = 0, 0,05, 0.1, 0.2 and 0.3)
compounds. Such behavior is associated with the fact that the Raman signal is almost
totally superimposed by the ?Hyy /» and #S3,, luminescence lines of Er** ions. According
to the spectra shown in Figure 7, the variation of peak intensities of ’Hy, /2 bands was
different from the UC intensity dependence presented in Figures 5 and 6.

— NCLM:EY — NCLM:EY-0.05
—— NCLM:EY-0.1— NCLM:EY-0.2
— NCLM:EY-0.3
4
S
2H11a’2 e

Intensity

~—— Raman signal

1 i | v I v ] ' ] ' ] ' 1 '
200 400 600 800 1000 1200 1400 1600
Wavenumber, cm™

Figure 7. Spectral signal from the LixNa;_yCaLag5(Mo0Oy)3: Er3* 05/ Yb3* 45 samples excited by a
514.5 nm laser line. A very weak Raman peak is marked with the arrow.

3.4. Calculation of Band Structure

The primitive cell of scheelite-type LixNa;_xCaLag5Er( 05Ybo.45(M0O4)3 (x = 0-0.3)
compounds is shown in Figure 8a and the corresponding Brillouin zone is presented in
Figure 8b. The path along the high symmetry points of the BZ should be written as: I-X-P-
N-I'-M-515p-T' | X-R | G-M. The coordinates of these points are: I" (0, 0, 0), X (0,0,0.5), P
(0.25,0.25,0.25), N (0, 0.5, 0), M (0.5, 0.5, —0.5), S (0.302, 0.697, —0.302), Sp (—0.302, 0.302,
0.302), R (—0.104, 0.104, 0.5), G (0.5, 0.5, —0.104).

The dominant part of the DFT simulations of scheelite-type structures is related to
CaMoOy [60-62]. Additionally, the calculation of the band structure for CaMoOy4 doped
with one ion can be found in several contributions [62,63]. In this work, we implemented
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the electronic band structure simulation of LixNaj_,CaLag5Erg 5Ybg 45(M0O4)3 (x = 0-0.3)
complex compounds using VCA (virtual crystal approximation). The result of the calcu-
lation for NCLM:EY is presented in Figure 9a. The band gap value for the direct (optical)
electronic transition was 4.0 eV. It should be noted that the obtained values for direct and
indirect band gaps differed in the second decimal place only. According to Figure 9b, the
valence band top of NCLM:EY was formed by the p-electrons of O, while the conduction
band bottom was dominated by the Mo d-electrons. The effects of other cations were minor.
Therefore, the transitions that govern the fundamental absorption edge were of charge
transfer type and occurred due to the transfer of the O 2p electron to the Mo®* ion within
MoOy tetrahedra. The energy states of f orbitals of Yb and Er ions that are responsible for
intraconfigurational f-f transitions and upconversion processes, according to the multiple
experimental studies, were all within the bandgap. The band gap values calculated for
LixNaj_yCaLag5Er( g5 Ybg.45(M0O4); crystals are presented in Table 3. As is evident, the
band gap energy only slightly increased on the Li content increase. An exception was
observed for the LINCLM:EY-0.2 sample. As for this fluctuation, it was revealed that the
specific band gap energy value was induced by a slight variation of the O atom coordinates,
as determined by the Rietveld refinement.

Energy, eV

S, R\ X g3

(a) (b)

Figure 8. Primitive cell (a) and Brillouin zone (b) of the scheelite-type LixNa; _CaLag 5Erg g5 Ybg 45 crystals.

et et e ] B i IRl
e iRy
PN o : . : : .
i T
s b Mixed atom
B e 5 7]
P R g Mo
. i1 = A
_, 1l st
: < / T T T T T
. 5 .—‘ ) ~10 -5 0 5 10 15
- Energy, eV
B XP N M S§SS, TXRG M
(a) (b)

Figure 9. Electronic band structure (a) and NCLM:EY density of states (b).
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Table 3. Comparison of calculated band gap values for LixNa;_,CaLag 5Erg 05 Ybg 45(M0Oy)3 with
data for several scheelite-type structures.

Compound Source Calc./Exp. Band Gap, eV
NCLM:EY this work calc. 4.00
LiNCLM:EY-0.05 this work calc. 4.02
LiINCLM:EY-0.1 this work calc. 4.12
LiNCLM:EY-0.2 this work calc. 3.99
LiINCLM:EY-0.3 this work calc. 4137
CaMoOy [62] calc 2.95
CaMoOy [60] calc. 3.2
CaMoO,:Eu3t [62] calc 3.35
CaMoO,:Tb3* [63] calc 3.96
CaMoOy [61] calc. 4.64
CaMoOy [63] exp. 3.87
CaMoOy [60] exp. 3.9

4. Conclusions

In the present study, the microwave sol-gel method was successfully employed for
the preparation of the LixNa;_yCaLag 5Er( 05 Ybg 45(M0O4)3, x = 0-0.3, solid solutions. The
compounds were crystallized in tetragonal space group [41/a, and they are typical repre-
sentatives of the scheelite crystal family. However, the specific behavior of the structural
parameters was observed as a function of the Li content. As the similar effect was previ-
ously observed in several related solid solutions with the partial substitution of Li for Na, it
can be concluded that an unusual variation of the structural parameters is a general feature
of complex Li-containing scheelite-type crystals. Evidently, it could be interesting to search
for this effect in other complex scheelites containing big alkaline ions instead of Na.

The upconversion luminescence intensity of LiyNa; _,CaLag5(MoOy)3:Er¥* 05/ Yb**( 45
disordered scheelite is optimized via the variation of Li content. It was demonstrated that,
in contrast to LixNaj_,CaGdgs5Hog 05 Ybg.45(M00Qy)3, which exhibited its non-monotonic
variation of the UC intensity upon the Li content, the material under study was featured
by a single pronounced maximum of UCL at the Li content x = 0.05. The mechanism that
controls the UC intensity was shown to be the variation of probability of energy transfer
from Yb ions to Er ions, while the control of the emission channels played an insignificant
role. Consequently, these Li-containing phosphors doped with Er3* /Yb3* lead to higher UC
emitting efficiency with superior thermal and chemical stabilities overcoming the current
limitations of traditional UC materials. It is emphasized that these new UC phosphors
can be considered as potentially active optical switching and solar cell devices in practical
optoelectronic fields.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst13020362/s1, Table S1: Fractional atomic coordinates and
isotropic displacement parameters (A2) of the (Naj_,Liy)Ca(Lag5Erg o5Ybg.45)(M0oOy)3 samples;
Table 52: Main bond lengths (A) of the (Naj_,Liy)Ca(Lag 5Erg o5 Ybo.45)(M0oO4)3 samples; Figure S1:
SEM patterns recorded for (a) LINCLM:EY-0.05, (b) LINCLM:EY-0.1 and (c) LINCLM:EY-0.2; Figure S2:
Rietveld difference patterns obtained for (a) LINCLM:EY-0.05, (b) LINCLM:EY-0.1 and (c) LINCLM:EY-
0.2. Measured points are given in red, calculated profile—in black, difference profile—in grey, and
calculated peak positions are shown by segments in green.
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