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ABSTRACT: The influence of different synthesis routes on the structure
and luminescent properties of KTb(MoO,), (KTMO) was studied. KTMO
samples were prepared by solid-state, hydrothermal, and Czochralski
techniques. These methods lead to the following different crystal structures:
a triclinic scheelite-type a-phase is the result for the solid-state method, and
an orthorhombic KY(MoO,),-type y-phase is the result for the hydrothermal
and Czochralski techniques. The triclinic @-KTMO phase transforms into the
orthorhombic y-phase when heated at 1273 K above the melting point, while
KTMO prepared by the hydrothermal method does not show phase
transitions. The influence of treatment conditions on the average crystallite
size of orthorhombic KTMO was revealed by X-ray diffraction line
broadening measurements. The electrical conductivity was measured on
KTMO single crystals. The orthorhombic structure of KTMO that was
prepared by the hydrothermal method was refined using synchrotron powder X-ray diffraction data. K* cations are located in
extensive two-dimensional channels along the c-axis and the a-axis. The possibility of K* migration inside these channels was
confirmed by electrical conductivity measurements, where strong anisotropy was observed in different crystallographic directions.
The evolution of luminescent properties as a result of synthesis routes and heating and cooling conditions was studied and compared
with data for the average crystallite size calculation and the grain size determination. All samples’ emission spectra exhibit a strong
green emission at 545 nm due to the D, — "F; Tb*" transition. The maximum of the integral intensity emission for the *D, — "F
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emission under 4., = 380 nm excitation was found for the KIMO crashed single crystal.

1. INTRODUCTION

A new generation of light sources has been integrated into a
range of applications, such as efficient solid-state lighting,
backlights and multicolor 3D displays, fluorescent sensors,
etc.'™ In the area of white light solid-state lighting, phosphor-
converted white light-emitting diodes (pc-WLEDs) are a new
and now commonly used generation of light sources. The
advantages of pc-WLEDs are long operation times, restricted
energy consumption, nontoxicity, hiégh luminous efficiency,
ease of fabrication, and cost efficiency.””'* pc-WLEDs are used
as backlights for electronic devices, including portative devices
and medical and building light sources.”> Modern WLEDs
were invented, including the (In,Al)GaN heterostructure chip.
The progress in the field of these semiconductor materials was
an important achievement in the solid-state lighting field that
was made by Nakamura et al."*™'¢

The Mo- and W-based phosphors doped with rare earth
elements are potential materials for pc-WLED applications
(and also for solid-state lasers) due to opportunity to tailor the
luminescence spectral characteristics and their excellent
thermal stability.'” > In the near-UV region, they show
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strong absorption bands due to charge transfer from oxygen to
Mo or W. Different methods can be used to produce Mo- and
W-based phosphors doped by rare earth elements, including

24-27

. . 2728 27,29-31
solid-state, sol-combustion, sol—gel, and

hydrothermal®*~** methods. However, an important feature
of these compounds is that bulk single crystals can be grown by
the Czochralski technique.””~>***~%7 This makes it possible to
measure many physical properties of compounds directly on
single crystals and compare them with properties in the
powder or ceramic forms. The luminescent properties strongly
depend on their crystal structure,”*** preparation method,”’

28—31 32,33,28,38

sintering temperature, grain diameter, crystal

39 34,40
size,”” and morphology.*”
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In this work, we have made an effort to relate the influence
of different synthesis routes on the structure and properties of
KTb(MoO,),. The magnetic susceptibility and electrical
conductivity were measured on a KTb(MoO,), single crystal.

2. EXPERIMENTAL SECTION

2.1. Materials and Sample Preparation. The a-modification of
KTb(MoO,), (a-KTMO) was synthesized from stoichiometric
amounts of Tb,0, (99%, Rushim), K,CO; (99%, Rushim), and
MoOj; (99%, Rushim) by a solid-state reaction in an alumina crucible
at 893 + 10 K for 30 h in air, followed by slow cooling in the furnace
from 893 K to room temperature (Tg). @-KTMO was annealed at
1273 K, followed by quenching from 1273 K to the temperature of
liquid N,.

The synthesis of KTMO (ht-KTMO) was carried out by a
hydrothermal method. Tb,0; (99%, Rushim) and (NH,)¢Mo,0,,
4H,0 (99%, Rushim) were used as the starting raw materials. A
Tb(NO,); solution was prepared by mixing Tb,O, in dilute HNO,
under stirring and heating until the powder was completely dissolved.
(NH,)¢Mo,0,,-4H,0 was dissolved in distilled water with magnetic
stirring at 313 K for 30 min to form an aqueous solution.
Stoichiometric amounts of Tb(NO,); and (NH,)sMo,0,,4H,0
solutions were mixed with magnetic stirring at Ty for 10 min. The
solution was adjusted to pH 7—8 by adding a desired amount of KOH
(5 M) dropwise into the above solutions under vigorous stirring. A
slurry-like white precipitate formed immediately after addition of
KOH. After stirring for 1 h, this mother liquor was poured into a
Teflon-lined autoclave until two-thirds of the volume of the autoclave
was occupied. Finally, the autoclave was sealed into a stainless-steel
tank and kept at 473 K for 12 h under constant magnetic stirring, then
air-cooled to Ty. Afterward, the residual was centrifuged, washed with
deionized water and ethanol, and dried in air at 333 K for 8 h.
ht-KTMO was successively annealed at different temperatures (773,
893, 1033, 1143, and 1273 K) for 12 h in air and then slowly cooled
in the furnace from the high temperature (773, 893, 1033, and 1143
K) to Ty or quenched from 1273 K to Ty (Table S1 of the Supporting
Information). The annealing temperatures were chosen based on the
differential scanning calorimetry studies.

The polycrystalline materials used for the KTMO single-crystal
growth were prepared by a solid-state reaction. A stoichiometric
mixture of the raw materials (K,COs, Tb,O, (spectroscopic purity
>99.995%), and MoO;) was placed in a Pt crucible and annealed at
773—823 K for 15 h to decompose the carbonate. Then the mixture
was grinded, homogenized, and heated at 1173 K for 15 h in air. The
synthesized polycrystalline samples of KTMO were melted in a 40 X
40 mm? diameter Pt crucible using a 17 kHz frequency induction
furnace. A small nonoriented KTMO single-crystal bar was used as a
seed. The growing temperature was accurately determined by
repeated seeding trials. A KTMO colorless transparent crystal with
up to a 10 mm diameter and 20 mm length was grown at 1373 K by
the Czochralski (CZ) technique at a pulling rate of 0.5—1.5 mm/h
and a rotating rate of 50 rpm in a slightly oxidizing atmosphere. The
images of the KTMO crystal grown by the Czochralski technique
under either daily light or excitation (~380 nm) are shown in Figure
1.

The slice, having a surface of 10 mm X 10 mm and a thickness of
2 mm, was cut perpendicular to the b-axis and then optically polished
to obtain parallel faces. Impedance spectroscopy (IS) measurements
were performed on a polished crystal plate with a size of 8.8 mm X 8.3
mm X 1.3 mm (Figure S1 of the Supporting Information).

2.2. Characterization. Scanning electron microscopy (SEM)
observations were performed using a Tescan VEGA3 scanning
electron microscope equipped with an Oxford Instruments X-Max
50 silicon drift energy-dispersive X-ray spectrometry (EDXs) system
with AZtec and INCA software. Prior to the SEM examination, the
specimens were coated with a thin layer of carbon. The elemental
composition of KTMO prepared by different techniques was
measured at 10 points of each sample. The EDX analysis results
were based on the Ky, Tb;, and Moy lines. Figures S2 and S3 of the

ams
et
J

T T i

L1

-

o=

i
1
1 L

Figure 1. Images of the KTb(MoO,), single crystal under (a) daily
light and (b) the excitation (~380 nm).

Supporting Information show representative SEM-EDX spectra and
SEM images of the KTMO samples.

Particle sizes for KTMO prepared by solid-state and hydrothermal
techniques were determined in an isopropyl alcohol/aqueous
suspension (20:80) mixture using a CILAS 1180 laser diffraction
particle size analyzer in the range from 0.04 to 2500 ym. All analyses
were performed five times.

Powder X-ray diffraction (XRD) patterns for the phase analysis
were collected on a Thermo ARL X’TRA powder diffractometer (Cu
Ka radiation, A = 1.5418 A, Bragg—Brentano geometry, Peltier-cooled
CCD detector). The XRD data were collected at Ty over the 5°—70°
20 range with steps of 0.02°. To determine the lattice parameters, the
Le Bail decomposition*' was applied using JANA2006 software.**
The coherent scattering regions, which are usually considered to be
equal to the crystallite sizes, were determined from the Scherrer
equation.” LaBs (SRM 660c) was used as a line-shape standard to
determine the instrumental broadening.

Synchrotron XRD data for KTMO prepared by hydrothermal
technique were measured with a large Debye—Scherrer camera at the
BL15XU beamline of SPring-8.**** The intensity data were collected
between 1.048° and 60.842° at 0.003° intervals in 26, and the incident
beam was monochromated at 4 = 0.65298 A. The sample was packed
into a Lindemann glass capillary (inner diameter 0.1 mm), which was
rotated during the measurement. The Rietveld analysis was performed
using JANA2006 software.*

2.3. Physical and Chemical Properties. A NETZSCH STA
Jupiter 449 thermal analyzer operated in air was used to study the
temperature dependence of the weight and the thermal behavior of
samples prepared by the solid-state and hydrothermal techniques. The
thermal analysis was performed on powdered KTMO samples placed
in Pt crucibles with lids at 303—1273 K at a rate of 3 K/min in a
heating and cooling cycles. The typical sample weight was about
30 mg.

The magnetic susceptibility, y = M/H, of ht-KTMO was measured
on a dc SQUID magnetometer (Quantum Design, MPMS XL)
between 2 and 350 K in applied fields of 100 Oe and S kOe (1 Oe =
10°/4z Am™) under both zero-field-cooled (ZFC) and field-cooled
on cooling (FCC) conditions. Isothermal magnetization curves were
recorded at 2 and 300 K in applied fields from 0 to 70 kOe.

Photoluminescence excitation (PLE) and emission (PL) spectra
were recorded using a LOT-Oriel MS-257 spectrograph equipped
with a Marconi CCD detector and a 150 W Xe arc as an excitation
source. The powder samples were placed into an optical cryostat
Cryotrade LN-120. Photoluminescence spectra of all samples were
recorded in similar experimental conditions to compare the relative
emission intensity and reduce the error. The initial ht-KTMO was
used as a reference. The integral emission intensities of ht-KTMO in
the region of the D, — "F; Tb** transition were taken as 100%, and
the luminescence intensities of the other samples were normalized to
the former.
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Electrical conductivity (6) was measured alternately in different
crystallographic directions by a P-SX impedancemeter (OOO,
Electrochemical Instruments, Russia) using the double-contact
method in a frequency range from 1 Hz to 500 kHz with an applied
oscillation voltage of 10 mV in the temperature range of 773—1073 K
in air. A Pt paste was put alternately on the flat parallel surfaces of the
crystal plate. After applying the paste, the sample was kept in a drying
oven at 400 K for 20 min to dry it. Additional annealing was
accomplished at 1073 K for 60 min in air to ensure the good electrical
contact between sample and the metal electrodes. The measurements
were performed during cooling, with isothermal holding at each
temperature for at least 30 min. The temperature was controlled by a
Pt/Pt—10% Rh thermocouple inside the cell, which was placed close
to the sample. After measurements along one of the crystallographic
directions, the Pt electrodes were cleaned using a diamond=coated
needle file, and a similar deposition procedure was carried out in a
different crystallographic direction.

3. RESULTS

3.1. Element Composition and Grain Size Distribu-
tions. The compositions were found to be close for all samples
and were in the range of 23.30—24.61, 23.82—24.68, and
51.44—52.47 at. % for K, Tb, and Mo, respectively. Results of
the EDX analysis are summarized in Table S2 of the
Supporting Information and prove that composition of samples
corresponds to the target stoichiometry KTb(Mo0Q,),. Figure
S4 of the Supporting Information shows the particle size
distributions of KTMO prepared by solid state and hydro-
thermal methods.

3.2. DSC Study. Figures 2 and 3 show fragments of the
DSC curves for KTMO prepared by the solid-state reaction (a-
KTMO) and the hydrothermal technique (ht-KTMO)
obtained at a 3 K/min rate in a heating—cooling cycle. The
DSC curves for a-KTMO reveal a single peak at 1260 K
(heating mode) and another at 1213.5 K (cooling mode)
(Figure 2). The former is most likely associated with melting,
while the latter is most likely associated with the crystallization
of KTMO.

Similarly peaks at ~1254 (heating) and 1212 K (cooling) at
the DSC curve for the ht-KTMO sample correspond to the
melting and crystallization of the y-KTMO phase (Figure 3).
However, additional peaks were also observed, such as a wide
peak at T,;, ~ 1033 K on the heating cycle and two narrow
ones at Tp;, ~ 1238 and 1131 K on the heating cooling cycle,
respectively.

3.3. XRD Characterization. Parts of the powder XRD
patterns of KTMO prepared by different methods, followed by
annealing at different temperatures and cooling conditions, are
shown in Figure 4. The unit cell parameters of the KTMO
samples that were calculated using Le Bail decomposition are
listed in Table SI of the Supporting Information.

In accordance with the XRD data, triclinic a-KTMO
transforms into the orthorhombic y-phase via quenching
from 1273 K (above the melting point) to the temperature
of liquid N, (Figure 2). The conversion from the scheelite-type
a-KTMO to the orthorhombic y-phase results in an increase
(~8%) in the unit cell volume (V/Z) for KTMO (Table S1 of
the Supporting Information). The annealing of h-KTMO (y-
phase) at 773 K and a further increase in the treatment
temperature up to 1273 K do not lead to the transformation of
the orthorhombic y-phase into the triclinic a-phase or the
monoclinic f-form. Nevertheless, the annealing of ht-KTMO
at 773 K leads to an insignificant decrease in the unit cell
volume (~0.4%) due to the reduction of the b-parameter.
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Figure 2. Fragments of DSC curves for a-KTb(MoO,), obtained by a
solid-state reaction at 893 K in the temperature ranges of (a) 400—
1273 K and (b) 1073—1273 K in successive heating (1) and cooling
(2) cycles.

When changing the annealing temperature from 773 to 1143
K, the g, ¢, and V unit cell parameters slightly increase, while
the b parameter remains almost unchanged (Figure S5 of the
Supporting Information). The overall change in the cooling
conditions from slow cooling in the furnace to quenching from
a high temperature to the temperature of liquid N, also does
not lead to a phase transformation of the y-phase.

It should be noted that the use of the Bragg—Brentano
geometry for X-ray diffraction experiments led to the
observation of a strong preferred orientation along the b-axis.
This feature of the powder XRD patterns was observed when
the a-phase was quenched from T above the melting point,
when, ht-KTMO was annealed above 1033 K, and when a
single crystal was grown by the Czochralski method (Figure 4).

Crystallite sizes of y-KTMO samples were estimated from
the observed line broadening on the XRD patterns by Debye—
Scherrer’s equation (neglecting the microstrain in the
crystal).”’ The Scherrer equation is

Dy = KA/ (Bcos )

where Dy, is the crystallite size, hkl are the Miller indices, K is
the crystallite-shape factor (K is usually equal to 0.9), 1 is the
wavelength, By is the full-width at half-maximum (FWHM) of
the X-ray diffraction peak, and @ is the Bragg angle. The 130,
112, 042, and 150 reflections were used for the peak
broadening measurements. The FWHM was corrected for
instrumental broadening. Figure S displaces parts of the
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Figure 3. Fragments of TG and DSC curves for ht-KTb(MoO,) in
the temperature ranges of (a) 400—1273 K and (b) 1073—1273 K in
successive heating (1) and cooling (2) cycles. Dotted lines show the
annealing temperatures of the samples studied by XRD.

powder XRD patterns in the 26 range of 21-31° for the
orthorhombic y-KTMO prepared at different conditions, and
the dependence of the average crystallite size was calculated by
the Scherrer equation from 130, 112, 042, and 150 reflections
of y-KTMO samples from the treatment temperature and
cooling conditions. The influence of annealing and cooling
conditions on the crystallite size was calculated using the
Debye—Scherrer equation for 130, 112, 042, and 150
reflections and is separately shown in Figure S6 of the
Supporting Information.

3.4. ht-KTb(MoO,), Crystal Structure. The ht-KTMO
(y-phase) crystal structure was refined using the Rietveld
method from synchrotron powder XRD data. The data for the
KY(MoQ,), structure were used as a start model for the
refinement.”® The refinement results of the ht-KTMO
structure are given in Table 1. Tables S3 and S4 of the
Supporting Information include atom coordinates and selected
interatomic distances. Figure 6 shows the fragments of the
synchrotron XRD patterns. The CCDC deposition number is
2065395.

3.5. Physical Properties. Figure 7 presents plots of y and
' (ZEC and FCC curves) against temperature for it-KTMO.
No noticeable difference was found between the curves
measured under the ZFC and FCC conditions. Between 200
and 350 K, the ™' vs T curve shows an almost linear behavior
and can be fitted by the Curie—Weiss equation. The
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Figure 4. Parts of the powder XRD patterns of KTb(MoO,), samples
that were prepared by a solid-state reaction at 893 K (1), followed by
annealing at 1273 K and quenching with liquid N, (2); prepared by
the hydrothermal method (3), followed by annealing at 773 K (4),
893 K (S), 1033 K (6), or 1143 K (7) and slow cooling in the furnace
to room temperature; prepared by hydrothermal method, followed by
annealing at 1273 K and quenching to room temperature (8); and
grown by the Czochralski technique (9).

experimental effective magnetic moment of 9.625(3) g
corresponds to the expected value for Tb** (9.50—9.72
ug).” Isothermal magnetization curves recorded at 2 and
300 K in applied fields from 0 to 70 kOe are shown in Figure 8.

To study the electrical conductivity anisotropy of the
KTMO single crystal, the conductivity of the sample was
measured in different crystallographic directions. Figure S7 of
the Supporting Information shows typical impedance re-
sponses for the KTMO single crystal at 973 K depending on
the crystallographic direction. The impedance spectra consist
of high-frequency (~100 Hz to 500 kHz) and low-frequency
parts. The high-frequency part looks like a semicircle arc and
corresponds to the bulk conductivity properties of the crystal,
whereas the low-frequency impedance response (frequencies
lower than 100 Hz) characterizes charge transfer processes
through the electrode—electrolyte interface.”® To provide a
better fit of the semicircle arc in the whole temperature range
under study, an equivalent electrical circuit consisting of
resistance (R) connected in parallel with a constant-phase
element (CPE) was used. The CPE admittance in the
Boukamp notations’ can be represented as Q = Qu(j®)",
where Q, is a proportionality factor and the n index is related
to the phase angle. The n-value changes slightly from 0.86 to
~1, demonstrating a weak dispersion in the distribution of the
relaxation times. The Q, (~107'° F/cm) value corresponds to
an apparent geometric capacitance of the sample. The bulk
resistance (R,,) was obtained as a right-end extrapolation of the
high-frequency arc on the real axis, as shown in Figure S7 of
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Figure S. () Parts of the XRD patterns in the 26 range of 21—31° for
orthorhombic y-KTb(MoO,), prepared by the following different
methods: a solid-state reaction at 893 K, followed by annealing at
1273 K and quenching to liquid N, (1); the hydrothermal method
(2), followed by annealing at 773 K (3), 893 K (4), 1033 K (5), or
1143 K (6) and slow cooling in the furnace to room temperature; and
the hydrothermal method, followed by annealing at 1273 K and
quenching to room temperature (7). (b) dependence of the average
crystallite size of y-KTb(MoO,), samples from the treatment
temperature and cooling conditions.

the Supporting Information. The obtained R;, value was used
to calculate of the specific conductivity of the sample according
to the following equation:

11

o=
R, S

where [ is the thickness of the sample and S the area of the
sample.

The conductivity 6 was calculated from the impedance
spectra for the KTMO different crystallographic directions,
and the results are shown in Figure 9 as an Arrhenius plot.
Linear dependences of log 6T vs 1000/ T were observed for all
directions. The conductivity demonstrates a strong anisotropy
0141/ 011/ 61 = 1500—3000/1/70—100 (depending on temper-
ature) in different crystallographic directions over the whole
temperature range. The activation energy (E,) also depends on
the measurement direction (Figure 9).

Table 1. Crystallographic Data for y-KTb(MoO,),

crystal data

sample preparation hydrothermal technique at 473 K

crystal system orthorhombic
space group Pbcn

lattice parameters:

a (&) 5.09318(3)

b (A) 18.2552(2)

¢ (A) 8.00765(4)
V (A% 744.529(8)
formula units, Z 4

color white

density (g/cm?) 4.62029(5)

data collection

diffractometer BL15XU beamline of SPring-8
radiation/wavelength (1, A) Synchrotron/0.65298
20 range (deg) 2.889—60.842
Step scan (26) 0.003
L. 517963
no. of points 19318
refinement
refinement Rietveld
background function Legendre polynomials, 15
terms
preferred orientation function, hkl direction =~ March—Dollase, 0kO
no. of reflections (All/Obs.) 610/609
no. of refined parameters/refined atomic 50/24
parameters
R and R, (%) for Bragg reflections (Ry/Ry,) 2.60/2.59 and 4.35/4.35
Rp, Ryp ; Reyp 229, 3.53, 0.62
goodness of fit (ChiQ) 571
maximum/minimum residual density 1.07/-1.20
(e x A7)
CSD deposition number 2065395
= TR e
0.81
Pl
wn ]
5 0.6_g
E F
0.44
0.2
1
0.0
0.1 1 (O I | L TR
0.04+ et o]
-0.11
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Figure 6. Parts of the experimental, calculated, and difference
synchrotron XRD patterns for ht-KTb(MoO,), prepared by the
hydrothermal technique. The peak positions of possible Bragg
reflections are shown by tick marks.

Figures 10—12 show the photoluminescence excitation
(PLE) and emission (PL) spectra for KTMO. The PL
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Figure 7. (a) Magnetic susceptibility, , and (b) inverse magnetic
susceptibility, y, curves for ht-KTb(MoO,), (y-phase) measured in
the ZFC mode at 100 Oe and the FCC mode at 100 Oe and S kOe.
The fit to the Curie—Weiss law is given on the y~'(T) curve by the
solid red line with p.g = 9.625(3)ug and 0 = +0.8(2) K.
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Figure 8. Isothermal magnetization curves, M vs H, at T = 2 (1) and
300 K (2).

spectrum of ht-KTMO annealed at 1143 K and that of the
KTMO crashed single crystal at 300 K under excitation at the
"Fg — D, transition of Tb** (~380 nm) are shown in Figure
10. The PLE spectra of KTMO samples with an orthorhombic
structure that were recorded by monitoring the 545 nm
emission of Tb*>" are shown in Figure 11a. A broad excitation
band at the 200—350 nm range and a group of sharp lines at

1.0

Ea=0.62 eV

log T, S*K/cm
&

30 Ea=0.59 eV ]
. b -
0.90 1.00 1.10 1.20 1.30
1000/T, K!

Figure 9. Temperature dependence of the conductivity in different
crystallographic directions of the KTb(MoO,), single crystal.
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Figure 10. Photoluminescence emission (4., = 380 nm) spectra of
y-KTb(Mo0O,), at room temperature for ht-KTb(MoO,), annealed at
1143 K (1) and the KTb(MoO,), crashed single crystal (2). The
electronic transitions for the main emission peaks are indicated. All
PL spectra were normalized on the initial #=KTb(MoO,), intensity
value. Both samples are measured under the same conditions.

310—500 nm are visible on the PLE spectra. The influence of
the treatment temperature on the PL spectra of ht-KTMO
under excitation at the Fg — SD; transition of Tb**
(~380 nm) is shown in Figure 11b.

PL spectra of @-KTMO that was prepared by the solid-state
reaction and those of KTMO with an orthorhombic
KY(MoO,),-type structure (y-phase) that was prepared from
a-KTMO by annealing at 1273 K are presented in Figure 12a.
Figure 12b summarizes the influence of synthesis routes, the
structure, and annealing temperatures on the integral emission
intensity of the D, — "F5 Tb** transition for KTMO.

4. DISCUSSION

We have investigated the influence of different synthesis routes
and treatment conditions on the structure and luminescent
properties of KTMO. Three methods used for KTMO
preparation led to the following different results: the triclinic
scheelite-type a-phase was the result for the solid-state
method, and the orthorhombic KY(MoO,),-type y-phase was
obtained by using hydrothermal and Czochralski techniques.
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Figure 11. (a) Photoluminescence spectra of y-KTb(MoO,), with an
orthorhombic KY(MoO,),-type structure at room temperature
showing the excitation (4., = 545 nm) spectra of initial
ht-KTb(MoO,), (1); ht-KTb(MoO,), annealed at 893 K (2), 1033
K (3), and 1143 K (4) and the crashed single crystal (5). (b)
Emission (4., = 380 nm) spectra of initial h#-KTb(MoO,), (1) and
ht-KTb(MoO,), annealed at 893 K (2), 1033 K (3), and 1143 K (4).
All intensities of the PLE spectra were normalized on the "Fg —°D,
transition intensity of Tb**. The inset shows the enlarged region of
the f — f transitions of Eu**. All samples were measured under the
same conditions.

The crystal structures of KR(MoO,), (R = rare earth
elements) can be separated into two extensive groups: a
scheelite-type group and a nonscheelite KY(MoO,),-type
group.”***>% Such a scheme was shown for the first time in
ref 51. However, it was revised later.”****%% The following
three groups of scheelite-type modifications can be distin-
guished: (1) tetragonal or monoclinic phases with random
distribution of K* and R cations,”**~>” (2) triclinic a-phases
(SG P1) with a a-KEu(MoO,),-type structure and ordered K*
and R** up to R = Dy, and (3) monoclinic
incommensurately modulated fB-phases with complete®** or
partial®® ordering of K* and R cations.

Earlier,®" it was shown that A-site cation ordering in
(A", A”),_,BO, (B = Mo, W) scheelites depends on the ionic
radii difference r(A’) — r(A”). In KR(MoO,), phases, the
triclinic @-phase with the scheelite-type structure appears for
Ar = r(K) — r (R) < 049 A (a-phase), while the
incommensurately modulated S-phases appears to occur only
for Ar < 045 A’ The formation of a y-phase with the

—
(€}

10

Intensity (a.u.)

0

Figure 12. (a) Photoluminescence emission spectra (4., = 380 nm) of
KTb(MoO,), for a-KTb(MoOy,), prepared by a solid state-reaction
and annealed at 893 K (1), followed by quenching from 1273 K (2).
The insets show the enlarged region normalized on the intensity
emission spectra in the regions of the D, — ’Fj transition of Tb>*
and the D, — ’F, transition of Eu**. (b) Comparative intensity of
the D, — ’F; Tb*" emission integrated in the spectral region 540—
555 nm of KTb(MoO,), for the following: KITb(MoO,), prepared by
a solid-state reaction at 893 K (1), followed by annealing at 1273 K
and quenching from 1273 (2); initial ht-KTb(MoO,), (3); ht-
KTb(MoO,), annealed at 893 K (4), 1033 K (5), and 1143 K (6),
followed by slow cooling to Tg; ht-KTb(MoO,), annealed at 1273
(7); and the KTb(MoO,), crashed single crystal (8). All emission
intensities were normalized on the ht-KTb(MoO,), intensity value.

KY(MoO,),-type structure starts from Ar = 0.457 A (R = Gd)
and from 0.483 A (Dy) to 0.491 A (Y) for even higher Ar
values.

The orthorhombic y-KTMO structure is like other KY-
(MoO,),-type phas<es.24’46’50 The y-phase KY(MoO,),-type
structures are layered. They contain [TbMo,0;] layers from
MoO, tetrahedra and TbOjg polyhedra, which are perpendic-
ular to the b-axis (Figure 13). Two neighboring [TbMo,0Oq]
layers are detached by a zigzag K'-layer. The distance between
neighboring [TbMo,0Os] layers varies from ~2.7 to ~5.6 A.
The Tb—O distances in the TbOg polyhedra vary from 2.192
to 2.550 A (Table S4 of the Supporting Information).

The structure contains extensive 2D channels along the c-
axis (~4.8 A X ~4 A) and along the a-axis (~5.6 A X ~4 A).
The first six-membered channels are formed by the edge of the
TbOg polyhedron and the O atoms of four MoO, tetrahedra
(Figure 13a), while other eight-membered ones are formed by
the edges of two TbOjg polyhedra and four MoO, tetrahedra
(Figure 13b). K" cations are located in these channels, and K*
transport is possible in them.

https://doi.org/10.1021/acs.inorgchem.1c00597
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00597/suppl_file/ic1c00597_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00597/suppl_file/ic1c00597_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00597?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00597?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00597?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00597?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00597?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00597?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00597?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00597?fig=fig12&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00597?rel=cite-as&ref=PDF&jav=VoR

Inorganic Chemistry

pubs.acs.org/IC

layer

™
(4
o
N
(=]
r=
-]
=
Tl

Figure 13. (a) ab- and (b) be-projection of the ht-KTb(MoO,),
structure. The O atoms are shown as small red spheres.

Two TbOg polyhedra share an O—O edge and form infinite
[Tb,0,,], chains, where the Tb—Tb distance in the chains is
4.009 A. The distance between the chains is 5.093 A (Figure
14a). The MoO, tetrahedra separate neighboring [Tb,0,,],
chains. So, the Tb** ordering in the y-phase is 1D. In the zigzag
K*-layer, each K" ion is surrounded by six other K" ions. The
K'—K" distances range from 4 X 4.802 A to 2 X 5.093 A
(Figure 14b).

The difference between the a- and ht-KTMO (y-KTMO)
structures can be better understood by considering the
surrounding of Tb** by neighboring Tb*" cations (Figure
15). Six Tb* cations form six-membered rings in the a-KTMO
structure with Tb*>*—Tb** distances in the range of 3.84—3.96
A. The Tb*' layer can be represented as being constructed
from these rings, and a 2D Tb* network forms as a result
(Figure 15a).

The possible assumption of K* ionic transport along the K*
layers was confirmed by electrical conductivity measurements.
The conductivity demonstrates strong anisotropy in different
crystallographic directions over the temperature range from
773 to 1073 K, and linear dependences of logs(T) vs 1000/T

Figure 14. (a) [TbMo,0;] and (b) K layers in the h-KTb(MoO,),
structure. The O atoms are shown as small red spheres.
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Figure 15. Tb-layers in (a) a- and (b) ht-KTb(MoO,), structures.

were observed for all directions (Figure 9). The conductivity of
KTMO increases with the increasing temperature from 773 to
1073 K along the a-direction from 6.6 X 107* S/cm to 0.88 X
107> S/cm, along the b-direction from 3.7 X 1077 S/cm to 2.5
X 1075 S/cm, and along the c-direction from 2.5 X 1075 S/cm
to 2.7 X 107* S/cm. Thus, the value of the conductivity along
one of the directions is several orders of magnitude higher in
comparison with that one along the other directions, and one
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should speak rather of the 1D character of the K' ionic
transport. A similar strong anisotropy of conductivity was
observed for the single crystal of the K,Fe,O, superionic
conductor in which the conductivity that along a-axis was two
orders of magnitude higher than that along the c-axis, reaching
3.5 X 10* S/cm at 298 K and 5.0 X 10* S/cm at 773 K,
respectively.”

Information about the transport properties of KR(MoO,),
(R = lanthanides), including the orthorhombic KY(MoO,),-
type phases, is missing in the literature. The maximum
conductivity of KTMO equals to 6 = 0.88 X 107> S/cm at T =
1073 K and is close to the K" ion conductivity of the
polycrystalline K,Fe,O, sample (5.0 X 107 S/cm at 298 K)**
and K SbyP,0, (~107* S/cm at 773 K).**

4.1. Thermal Behavior. The DSC study revealed that the
thermal behavior of KTMO samples in the heating—cooling
cycle depends on the synthesis routes (Figure 2 and 3). On the
one hand, the melting and crystallization temperatures for the
ht-KTMO sample are close to the same for those for -KTMO.
The peaks at T,;, ~ 1254 K (heating) and Ty, ~ 1212 K
(cooling) in the DSC curves for h-KTMO correspond to the
melting and crystallization of ht-KTMO, respectively, as well as
that for a-KTMO (T, ~ 1260 K and T, ~ 1213.5 K).

On the other hand the DSC heating—cooling curves of ht-
KTMO exhibit additional peaks in comparison with those of a-
KTMO, including three effects at T, ~ 745 K, Ty, ~ 1033
K, and T, ~ 1238 K on the heating curve and at T, ~ 1131
K on the cooling one. At first sight, the & — ¥ phase transition
(PT) is irreversible. However, the XRD investigation shows
that the quenching of h#-KTMO from the temperature above
the melting point to Ty leads to the appearance of low-
intensity reflections of the a-phase on the XRD patterns
(Figure 4). Thus, the endothermic first-order PT (T, ~ 1131
K) observed on the DSC cooling curve is apparently due to the
y — «a partial transition. This PT is reversible and kinetic in
nature, similar to that for KGd(MoQ,),.**

The nature of other additional peaks is unknown, but the
orthorhombic structure does not change under different
treatment temperatures and cooling conditions (Table S1 of
the Supporting Information). The sample mass decreases
insignificantly (~0.5%) with the increasing annealing temper-
ature up to 1273 K.

4.2. Element Composition and Grain and Crystallite
Sizes. The element composition for our samples prepared by
different synthesis routes is close to that of the nominal
KTb(MoO,), (Table S2 of the Supporting Information). The
experimental effective magnetic moment of 9.625(3) g that
was calculated from magnetic susceptibility measurements
indicates Tb*" (Figure 7).

Granulometric curves characterize a different grain size
distribution for samples prepared by the solid-state reaction
and those prepared by hydrothermal methods (Figure S4 of
the Supporting Information). The bimodal particle size
distribution was found for a-KTMO (14 + 2 (major peak)
and 1 + 0.4 um; Dy5:Dgp:Dgy = <1 pm:<9 pm:<22 pm), while
ht-KTMO was characterized by a trimodal one (8.5 + 1.5
(major peak), 1 + 0.4, and SO + 12 pm; D,y:Dsy:Dyy = <0.7
um:<6.5 pum:<2S pum). Thus, the solid-state method results in
more large particles in the main fraction of the sample (65%
more) compared to the hydrothermal method.

XRD line broadening measurements revealed the influence
of heating and cooling conditions on the average crystallite size
of orthorhombic KTMO. The crystallite size value increased

with the increase in treatment temperature and slow cooling
(Figure Sb, Figure S6 of the Supporting Information). The
average crystallite size increased almost three times with the
increased treatment temperature from 473 to 1143 K. In
contrast, heating to the melting at 1273 K and quenching to Ty
or the temperature of liquid N, leads to a decrease in the
crystallite size.

4.3. Luminescent Properties. The PLE spectra of KITMO
samples with an orthorhombic KY(MoO,),-type structure at
Aem = 545 nm exhibit a broad band at 200—350 nm and a
group of narrow lines at 350—500 nm (Figure 11a). The broad
band is attributed to O 2p — Mo 4d charge transfer from a
ligand to metal transition within the MoO,>~ groups.64 The
excitation spectrum of the initial /+-KTMO exhibits a large
contribution of the charge transfer band (CT band) due to the
high efficiency of the energy transfer mechanism between the
host and the emitting Tb*" ions in comparison with that of
direct excitation. However, the CT band intensity dramatically
decreases with the increase in the ht-KTMO treatment
temperature, and it is the lowest for the crashed single crystal.
Apparently, the annealing temperature influences the relative
intensity of the f — f and CT transitions (Figure 11a). The
particles size increases as the annealing temperature increases
(Figure Sb). It is reasonable to suppose that the absorption
rate of incident radiation rises accordingly with the increase in
crystallite size that is more essential for forbidden f — f Tb**
transitions than for fundamental absorption in the CT band,
which is usually characterized by high absorption coefficients
up to 10° cm™'. However, there are also other effects,
influencing luminescence intensity, as will be shown below.

At the 360—500 nm wavelength, the group of excitation
bands on the PLE spectra at 351, 359, 370, 379, and 488 nm
are ascribed to transitions from Fy to different excited terms
within Tb*". The presence of a low-intensity excitation band at
395 nm, which corresponds to "F, — °Lg transitions in Eu®*
ions in the excitation spectrum of the Tb®" emission, points
out the energy transfer (ET) from Eu®* to Tb*" (Figure 11a,
inset). PL spectra under an excitation of 380 nm show several
groups of sharp lines that are ascribed to the respective
°D, — "F; (J = 3—6) transitions of Tb>* ions, with the most
prominent peak at 545 nm in the spectral region of 480—720
nm (Figure 12a). The band at ~613 nm can be associated with
the D, — ’F, electric dipole transition of Eu’*. It indicates
Eu* ion traces in nominally Eu-free samples. The absence of
the excitation peak at 395 nm and the much lower intensity of
the emission peak at 613 nm in a crashed single crystal
indicates a lower concentration of Eu®* contaminating
impurities in this sample.

It should be noted that the intensive emission of Eu** was
observed under excitation at 380 nm that corresponds to
"Fg — °D; transitions in Tb**. Therefore, we can suppose the
existence of ET between Tb>* and Eu’* ions as well as the
O—Mo CT transition. Thus, Tb*" ions can be an excitation
energy donor in the KTMO host. Further, Tb>" transferred
energy to acceptor Eu®" ions.

The energy of the "Fs — *D; Tb’* transition is higher than
those of the “Fy — °D; and "Fy — D, Eu’* transitions. As a
result, the ET from Tb* to Eu® through nonradiative
processes is possible. Moreover, the energy of the *D, — 71-"'J
(J = 3—6) emission of Tb*" ions corresponds to the energy of
the "Fy; — °D; (J = 0—2) absorption of Eu**. Therefore, the
Tb** — Eu* ET is efficient in general. Earlier, the efficient ET
from Tb*" to Eu’* based on a dipole—dipole mechanism was
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found in Mo- and W-based phosphors.””****™%” Apparently, a
similar mechanism can be supposed for the Tb** — Eu’* ET in
KTMO:Eu.

The influence of the thermal treatment on the PL spectra of
ht-KTMO under excitation at the “Fg — *Dj transition of Tb**
(~380 nm) was studied (Figure 11b). PL spectra of a-KTMO
and KTMO with an orthorhombic KY(Mo0O,),-type structure
(y-phase), which was prepared from a-KTMO by annealing at
1273 K, are presented in Figure 12a. Figure 12b summarizes
the influence of preparation conditions, the structure, and
annealing temperatures on the *D, — ’F; transition band
integral intensity for Tb** emission in KTMO (4, = 380 nm).
The maximum was found for the KITMO crashed single crystal.

As it can be seen in Figure Sb, increasing the treatment
temperature of ht-KTMO from 473 to 1143 K, followed by
slow cooling, leads to an increase of the average crystallite size
from S0 + 10 to 130 + 5 nm. As a result, the °D, — "F; Tb*>*
emission intensity increases ~15 times (Figure 12b). However,
heating above the melting point (Figures 2 and 3) at 1273 K
and changing the cooling conditions from slow cooling to
quenching to Ty leads to an insignificant increase in the *D, —
’Fg Tb*" emission intensity (Figure 12b), while the crystallite
size decreases to almost half from 130 to 60 = S nm (Figure
5b). Moreover, the D, — "F; Tb*" emission intensity of y-
phases prepared from different precursors (a-phase and ht-
KTMO) by melting at 1273 K, followed by quenching to Ty or
the temperature of liquid N,, was almost the same despite the
fact that differences in the crystallite size were observed
(Figure Sb). The average crystallite sizes of the samples melted
at 1273 K (60 + S and 80 + 10 nm) are close to those of ht-
KTMO annealed at 773 K (70 + 10 nm) and 893 K (85 + S
nm), but the D, — ’F; Tb* emission intensity differs
significantly (Figure 12b). As it can be seen in Figure 12b, the
intensity of the brightest sample (treatment temperature of
1273 K) is approximately four times lower than of the crashed
single crystal sample. The higher emission intensity of the
latter sample most likely results from the lower concentration
of structural defects. Thus, despite the fact that an increase of
the annealing temperature leads concomitantly to an increase
of the crystallite size and, as a consequence, an increase in the
luminescence intensity, it is more correct to say that a higher
temperature leads to a decrease in the number of structural
defects, especially during melting. It also manifests in the white
color of the crashed single crystal sample (colorless transparent
crystal), while samples synthesized by hydrothermal and solid-
state methods have a beige color (Table S2 of the Supporting
Information). Nevertheless, the D, — ’F; Tb* emission
integral intensity for the a-phase is ~12 times higher than for
the ht-KTMO, although the color of the samples is almost the
same. The conditions of the hydrothermal experiment are
much softer than those for the solid-state synthesis, which
apparently leads to a larger number of structural defects in the
ht-KTMO.

Earlier, the effect of the treatment temperature and the Eu®**
concentration on the luminescent properties was found for the
NaBi(M0O,),:Eu®* phosphors.”® It was shown that grain
diameters of the samples increase with the calcination
temperature from 973 to 1073 K in the following way: ~7
um at 973 K, 12 ym at 1023 K, and 15 ym at 1073 K.
Simultaneously, the maximum of the red emission intensity
(618 nm) was obtained after heating at 1023 K, while higher
calcination temperatures led to an insignificant intensity
reduction. The relative emission intensity of AEu(MoO,),

(A = Li, Na, and Ag) phosphors increased continuously with
increasing of annealing temperatures from 773 to 1173 K,
while the red emission line (616 nm) intensity from the Dy —
7F, transition for KEu(MoO,), reached a maximum at 1073
K.** The calcination temperature slightly influences the
position of the peaks and the profile of the NaLa(MoO,),:Tb**
PL spectra. However, it greatly influences the intensity of the
main emission peak at 544 nm, which increases with increasing
treatment temperature from 973 to 1173 K.*' The higher
calcination temperature yields better crystallization and a larger
particle size.”"

As demonstrated in Figure 12a, the @ — y phase transition
practically does not change the intensity of the °D, — "F; Tb**
transition. Thus, the difference in the ordering of the Tb**
cations in the triclinic @-phase and the orthorhombic y-phase
(Figure 15) structures does not practically affect the *D, — "F
luminescence intensity. Nevertheless, the @ — y phase
transformation results in the band number changing in the
PL spectra. Sharp lines in the region of 610—625 nm are
connected with the D, — ’F, transitions in Eu**, which was
accidently incorporated into the KTMO samples (Figure 12a).
PL spectra at the D, — ’F, transition range for KTMO:Eu
samples are similar to the PL spectra for KGd,_,Eu,(MoO,),
with triclinic scheelite-type and orthorhombic structures.

Previously, we have shown the relation between the
structure and photoluminescent properties of the a- and f-
modifications in KEu(Mo0Q,),.” It was revealed that a layered
network of Eu’* ions in the a-phase demonstrates a better
luminescence intensity in comparison with 3D Eu®** ion
framework in the f-phase. The @ — f# PT causes modifications
in the splitting of the "F, multiplet.”> However, the study of
the Eu®* concentration dependence and tempering conditions
on the KGd,_,Eu,(Mo0Q,), structure allows us to conclude
that the 5-KGd, 4Eu,4(M00O,), phosphor (synthesized at 1173
K) shows the most intensive red emission in the
KGd,_,Eu,(MoO,), series.”*

5. CONCLUSION

The influence of synthesis routes and treatment conditions on
the structure and luminescent properties of KTMO is revealed.
The following three different synthesis methods were used for
the KTMO preparation: the solid-state method, the hydro-
thermal method, and the Czochralski (CZ) technique. These
methods led to different results. The triclinic scheelite-type a-
phase is the result for the solid-state method, and the
orthorhombic KY(MoO,),-type y-phase is the result for the
hydrothermal and Czochralski techniques. Triclinic a-KTMO
transforms into the orthorhombic y-phase by heating at 1273 K
above the melting point, while KTMO prepared by the
hydrothermal method does not show any phase transitions.
Differences between the thermal behavior of KTMO prepared
by the solid-state and hydrothermal methods was shown by the
DSC study. The influence of heating and cooling conditions on
the average crystallite size of orthorhombic KTMO was
revealed from XRD line broadening measurements using a
Debye—Scherrer equation. The magnetic susceptibility and the
electrical conductivity were measured on a KTb(MoO,),
single crystal. The experimental effective magnetic moment
of 9.625(3) ug corresponds to the expected value for Tb**
(9.50—9.72 ug).

The orthorhombic structure of KTMO prepared by the
hydrothermal method was refined using synchrotron powder
X-ray diffraction data. The structure is layered and contains
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[TbMo,Og] layers perpendicular to the b-direction, and two
adjacent [TbMo,Og] layers are divided by a zigzag K* layer. K*
cations are located in the extensive 2D channels along the c-
axis. The possibility of K* jonic transport along the K* layers
was confirmed by electrical conductivity measurements. Strong
anisotropy in different crystallographic directions over the
temperature range from 773 to 1073 K was revealed, and the
conductivity value along one of the directions in the crystal was
one or two times higher than those along the other directions.
Luminescent properties as a result of synthesis routes and
heating and cooling conditions were studied and compared
with the data for the average crystallite size calculation and the
grain size determination.

The photoluminescence emission spectra of all samples
exhibit an intense green emission at 545 nm due to the
D, — "F5 Tb*" transition. The emission intensity maximum of
the D, — ’Fs transition (1, = 380 nm) was found for the
KTMO crashed single crystal. The presence of an emission
band at ~613 nm on the PL spectrum is associated with the
Dy — "F, Eu®* transition. It indicates the presence of Eu®* ion
traces in nominally Eu-free samples that were obtained by the
solid-state and hydrothermal methods. Thus, the effective
Tb* — Eu®* energy transfer was found, and terbium ions can
be an excitation energy donor in the KTMO host. Further,
Tb*" transferred energy to an acceptor Eu’* ion.
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