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ABSTRACT The possibility of doping the KGd,F; matrix with ytterbium and erbium ions by introducing yttrium
ions with a concentration of 25 mol.% was confirmed and the conditions were determined for the synthesis of
anti-Stokes phosphors based on single-phase KGdsF~:Yb,Er solid solutions. The dependences were revealed
of the sizes of coherent scattering regions, crystal lattice parameters, and energy yield of luminescence on
the temperature and duration of heat treatment. Heat treatment conditions were determined to ensure the
achievement of intense anti-Stokes luminescence. As a result, effective phosphors KGdsF~:Yb (20.0 mol.%),Er
(4.0 mol.%) with an energy yield of up-conversion luminescence of 3.80 % were developed. Disordering of the
crystal structure (transition from cubic to tetragonal modification) at a temperature of 600 °C was recorded,
corresponding to the rule of Ostwald steps.
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1. Introduction

Anti-Stokes phosphors based on fluoride matrices doped with lanthanide ions, due to a combination of unique op-
tical properties, are widely used for the anti-counterfeiting labels [1-7], increasing the efficiency of solar panels [8—11],
bioimaging [12—15], and in vivo nanothermometry [16-21], sorting of plastic waste [22, 23], etc. Currently, the most
widely studied matrices are based on -NaYF, [12,24-28], 5-NaGdF, [2,29,30], SrF5 [21,31-34] and BaF- [35]. Solid
solutions in the KF—GdF3 system have been poorly studied [36], but interest in them is due to the fact that matrices based
on this system are characterized by lower phonon energy compared to other fluorides, which can lead to an increase in the
luminescence quantum yield. One of the key factors determining the efficiency of anti-Stokes luminescence is the size of
the coherent scattering regions [29, 30], since it determines the surface/internal volume ratio of crystallites. As a rule, an
increase in particle size helps to increase the luminescence intensity. In addition, the effect of the perfection of phosphor
particles on the luminescence light output was noted, which manifests itself in the magnitude of microstrains [37]. Thus,
optimization of synthesis conditions, including temperature and duration of heat treatment, is an important task to achieve
maximum efficiency of anti-Stokes phosphors.

In the present article, we report the results of the investigation of the conditions for the synthesis of anti-Stokes
KGdyF7:Yb,Er phosphors with a high energy yield and confirm the possibility of doping the KGdyF7 matrix with ions of
rare earth elements of the yttrium subgroup with a molar concentration of up to 25 %.

2. Materials and methods

The starting materials were: Gd(NOs3)3-6H20 (99.99 mass %, Lanhit), Y(NO3)3-6H20 (99.99 mass %, Lanhit),
Yb(NO3)3-6H50 (99.99 mass %, Lanhit), Er(NO3)3-5SH20 (99.99 mass %, Lanhit), KF-2H,O (pure grade, Chemical
plant of fluorine salts, Russia), CH3CH(OH)CHj; (extra-pure grade, Chimmed) and bidistilled water. The content of crys-
talline hydrate water in rare-earth elements (REE) nitrates was determined using thermogravimetric analysis, calcining
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the initial crystalline hydrates of nitrates of rare earth elements to 1000 °C. Based on the results of the analysis, the con-
tent of crystalline hydrate water in nitrates was determined: Gd(NO3)3-5.8H20, Y(NOj3)3-10.7H20, Yb(NO3)3-5.1H20,
Er(NOs3)3-4.5H50. A series of syntheses of a solid solution of the composition K(Y ;Gd; _,)2F7 was carried out according
to the reaction:

22Y(NOs) - 10.7Hy0 + 2(1 — 2)Gd(NOs)s - 5.8H,0 + 7TKF — K(Y,Gd;_,)2F7 | +6KNO3 + (9.82 4 11.6)H,0.

REE nitrates were dissolved in 280 ml of bidistilled water to a concentration of 0.08 M and placed in one 500 ml
polypropylene reactor. In the second reactor, potassium fluoride was dissolved in 40 ml of bidistilled water, taken with
a 25 % excess in comparison with stoichiometry and a molar concentration of 16.4 M, which was added dropwise to the
solutions of rare earth nitrates. The resulting suspension was stirred at room temperature on a magnetic stirrer for 2 hours,
followed by decantation of the mother liquor. The precipitate was washed twice to remove unreacted salts with a 9:1
mixture of isopropyl alcohol and bidistilled water. The absence of nitrate ions was confirmed by a qualitative reaction
with a 1 % solution of diphenylamine in concentrated sulfuric acid. The precipitate was dried at 45 °C. The mass yield of
the reaction was 89 %.

The KGdsF7:Yb(20.0 mol.%),Er (4.0 mol.%) phosphors were obtained according to the reaction:

1.52Gd(NO3)s - 5.8Hy0 + 0.40Yb(NO3)s - 5.1H,0 + 0.08Er(NOs)s - 4.5H,0 + 7TKF —
KGd1A52Yb0.40EI‘O.08F7 \L +6KN03 + 11216H20

The synthesis technique is similar to the technique used to synthesize K(Y,Gd;_,)2F7 solid solutions.

3. Experimental section

The X-ray diffraction patterns were carried out on a Bruker D8 Advance diffractometer with CuKa radiation. The
lattice parameters were calculated using the Topas 4.2 software. The sizes of coherent scattering regions were calculated
using the DIFFRAC.EVA V2.1 software. Microphotographs were taken on an Amber GMH scanning electron microscope
(Tescan, Czech Republic) at an accelerating voltage of 1 kV using a secondary electron detector. To determine the
chemical composition of the samples, an Oxford Instruments X-MAX detector with an accelerating voltage of 20 kV was
used. The average diameter of the agglomerates was determined in the ImageJ 1.52a program based on 100 particles. Heat
treatment temperatures were selected based on differential scanning calorimetry (Netzsch STA 449 F3 Jupiter, Germany)
and thermogravimetric analysis (MOM Q-1500 D). The energy yield (EY, %) of anti-Stokes luminescence was determined
using a LESA-01 fiber-optic spectrometer (BIOSPEC, Russia) using an integrating sphere (Avantes, the Netherlands). The
error in determining the energy yield of anti-Stokes luminescence was 0.02 %.

4. Results and discussion

When producing phosphors, the practically important concentration of the dopant is the doping of rare earth elements
up to 25 mol.%, since a further increase leads to concentration quenching and to the multiphase nature of the sample.
The use of yttrium makes it possible to simulate any doping of rare earth elements with the yttrium subgroup. In order
to confirm the possibility of doping the KGdsF7 matrix with ytterbium and erbium ions with concentrations of 20 and 4
mol.%, respectively, a solid solution was synthesized with the nominal composition KGd; 5Y 5F7. The X-ray diffraction
pattern of the synthesized sample is presented in Fig. 1, the results of calculation of the lattice parameters are given in
Table 1. When using a stoichiometric amount of KF for the synthesis of a solid solution (Fig. 1a), two-phase samples are
formed: a phase based on KGd; 5Y 5F7 and GdF5. The formation of GdFs is associated with the leaching of potassium
by water [38]. The lattice parameters are close to the data on the JCPDS card #00-057-0574 for KGdyF7. To prevent
potassium leaching, a 25 mol.% excess of KF was used in subsequent syntheses (Fig. 1b), resulting in single-phase
samples.

Micrographs of KY( 5Gd; 5F; sample show spherical agglomerates (Fig. 2a) with an average particle size of 152 nm
(Fig. 2b). According to EDX, the sample contains a slightly elevated content of gadolinium (KYq 47Gd; 53F7), which,
however, is within the error limits of the chosen method for determining the chemical composition.

As a result, a procedure was determined for the synthesis of single-phase solid solutions KY,Gd; —,F7, in which the
concentration of the doping component was 25 mol.%, which proves the possibility of doping the matrix with ytterbium
(20 mol.%) and erbium (4 mol.%) ions.

After confirming the possibility of doping the KGdyF7 matrix with yttrium ions with a concentration of 25 mol.%,
the single-phase anti-Stokes KGdF7:Yb (20.0 mol.%), Er (4.0 mol.%) phosphors were synthesized. Since the synthesis
was carried out from the aqueous phase, special attention was paid to determining the heat treatment regimes that ensure
the removal of physically and chemically bound water. The presence of water and hydroxyl ions leads to quenching
of luminescence [43, 44]. According to differential scanning calorimetry and thermogravimetry, smooth weight loss
(A = 0.09 wt.%) occurs in steps and ends at a temperature of 340 °C (Fig. 3). An exothermic peak is observed on the
DSC curve at a temperature of 600 °C, probably corresponding to a phase transition.
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FIG. 1. X-ray diffraction patterns of samples of KGd; 5Y¢.5F7 solid solutions: a — KY 5Gd; 5F7 with
a stoichiometric amount of KF; b — KY( 5Gd; 5F; with a 25 % excess of KF; ¢ — card JCPDS#00-057-
0574, corresponding to the KGdyF7 phase. The red dot marks the reflections of the GdFs phase

TABLE 1. Crystal lattice parameters of KY( 5Gd; 5F7 samples prepared at different potassium fluoride concentrations

Sample Lattice parameters, A
code in Composition Amount of KF
Flg 1 K(Ydelfz)gF} GdF3
a = 6.6513(91)
a KY ¢ 5Gd; 5F7 a=>5.7366(2) | b=6.9696(51) | Stoichiometric amount of KF
¢ = 4.3790(37)
b KY.5Gd; 5F7 a =5.7337(1) 25 % Excess of KF
KGdyF; B
¢ JCPDS #00-057-0574 a =5762(2)

b a0-

Ky, ,=d, F,

100 150
Length, nm

a a0 200

F1G. 2. SEM micrographs (a) and particle size distribution (b) for the sample of KY( 5Gd; 5F~
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F1G. 3. DSC-TG data for the KGdsF7:Yb,Er sample

To identify the nature of the exothermic effect at 600 °C and determine the heat treatment temperature that ensures
the production of the most effective phosphors of the composition KGdoF7:Yb(20 mol.%), Er(4 mol.%), and taking into
account papers [33, 38], we selected the temperatures 500 and 600 °C. The heat treatment of anti-Stokes phosphors was
carried out using two methods. In the first case, when the specified temperature was reached, the sample was immediately
removed from the oven. In the second case, it was kept at this temperature for 4 hours.

X-ray diffraction patterns of KGd;F7:Yb(20 mol.%),Er(4 mol.%) samples after heat treatment at temperatures of 500
and 600 °C with exposure for 0 hours and 4 hours are shown in Fig. 4.

For the samples annealed at 500 °C (0 h) (Fig. 4a) and 500 °C (4 h) (Fig. 4b), the X-ray diffraction patterns
correspond to the cubic structure of KGdaF; (JCPDS #00-057-0574) with a slight shift in the X-ray reflections compared
to JCPDS #00-057-0574 due to the substitution of gadolinium ions by ytterbium and erbium ions [34], which have smaller
radii. After heat treatment at 600 °C (0 h) (Fig. 4d), a change in the crystal structure from cubic to tetragonal is observed,
which is completed by heat treatment for 4 h (Fig. 4e). This process is explained by the ordering of the structure according

to the Ostwald step rule [40]. Calculations of lattice parameters and coherent scattering regions (CSR) are presented in
Table 2.
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FI1G. 4. X-ray diffraction patterns of KGdyF7:Yb(20 mol.%),Er(4 mol.%) powders prepared under dif-
ferent heat treatment conditions: a — 500 °C, 0 h; b — 500 °C, 4 h; ¢ — JCPDS #00-057-0754; d — 600 °C,
0 h; e — 600 °C, 4 h; f — X-ray diffraction pattern of sample Ky 33Gdg.g7F2.33 with a tetragonal crystal
lattice from the article [39]
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TABLE 2. Crystal lattice parameters of KGdsF7:Yb (20 mol.%), Er (4 mol.%), samples prepared under
different heat treatment conditions

Heat Heat CSR Composition accordin
treatment | treatment | Sp. group Lattice parameters, A ’ P & EY*, %
° . nm to EDX
T,°C duration, h
500 0 Fm-3m a = 57341(2) 47 KGd1,4ngQ.39Er0,07FG'85 0.40
500 4 Fm-3m a = 57382(2) 56 KGd1_48Yb()V38EI'0_07F6,79 0.54
600 0 P4/mmm | a = 40630(4), Cc = 57250(6) 67 KGd1_48Yb0.38EI'0_07F6_79 1.10
600 4 P4/mmm | a = 40242(1), Cc = 58253(3) 79 KGd1,4ngo_38Ero,07FG,79 3.80
JCPDS #00-057-0574 | Fm-3m a = 5.762(2)
*[39] P4/mmm a =4.061, c = 5.853

With increasing temperature and time of heat treatment, a slight increase in lattice parameters and CSR values was
revealed. DSC-TG and X-ray diffraction data allow us to conclude that the detected exo-effect at 600 °C corresponds to a
change in structure from cubic to tetragonal. The X-ray diffraction pattern retains the main X-ray reflections corresponding
to the cubic structure, but additional peaks with lower intensity appear which corresponds to the ordering of the crystal
lattice. Note that the equilibrium modification KGdsF7 is characterized by a tetragonal system, the crystal lattice of which
is derived from the fluorite structure [41].

Scanning electron microscopy data for samples subjected to heat treatment under various conditions confirm the
results of DSC-TG and XRD. Rounded agglomerates with an average diameter of about 145 nm are visible in the images
of samples annealed at a temperature of 500 °C (Fig. 5a,b). In samples that were annealed at 600 °C a change in
morphology is observed with simultaneous sintering of agglomerates to micron size.

According to the results of energy dispersive analysis (Table 2), an overestimation (by 3 %) of the potassium content
in all samples was revealed compared to the stoichiometric one. The content of ytterbium and erbium, within the error of
the determination method, corresponds to the nominal.

For the KGd,F7:YDb (20.0 mol.%), Er (4.0 mol.%) samples, anti-Stokes luminescence spectra were recorded (Fig. 6)
and the energy yield was estimated using an integrating sphere (Table 1). In the luminescence spectra, characteris-
tic luminescence bands of erbium are observed in the red and green regions of the spectrum, which correspond to the
*Fg/2 —"115/2 and *Hyy/2,*S3/2 =115, transitions of erbium, respectively. The most intense band was recorded at
670 nm.

The data obtained indicate a significant increase in the efficiency of anti-Stokes luminescence with increasing temper-
ature and time of heat treatment due to an increase in both particle size and ordering of the crystal structure. The highest
value of the energy yield of anti-Stokes luminescence (3.80 4= 0.02 %) was recorded for a sample with a tetragonal crystal
lattice after annealing for 4 hours at 600 °C. The achieved energy yield of anti-Stokes luminescence is 2.25 times higher
than that presented in the literature [33], which is due to the ordering of the crystal structure of the phosphor.

Note that both cubic and tetragonal modifications of KGdsF~ should contain clusters of the GdgFs7 type [42] with
a size of about 1.5 nm. The close arrangement of Yb/Er cations in these clusters ensures efficient energy transfer and
contributes to obtaining a high light output of anti-Stokes luminescence.

5. Conclusion

A single-phase solid solution with a fluorite structural type of composition KY( 5Gd; 5F7 was synthesized by us-
ing the co-precipitation from aqueous solutions technique while varying various synthesis parameters. An optimized
procedure for the synthesis of a solid solution of the specified composition involves a dropwise addition of 25 % ex-
cess potassium fluoride to a solution of rare earth nitrates, followed by washing with a 9:1 mixture of isopropyl alcohol
and bidistilled water. Using the proposed method anti-Stokes phosphor powders of KGdsF7:Yb(20 mol.%),Er(4 mol.%)
were synthesized for which an increase in the sizes of coherent scattering regions, lattice parameters, and energy yield
of up-conversion luminescence is observed with increasing duration and temperature heat treatment. The heat treatment
temperature (600 °C) has been determined at which ordering of the KGdaF7:Yb(20 mol.%),Er(4 mol.%) structure occurs,
which consists in a change in the structural type from cubic to tetragonal. The highest energy yield of up-conversion
Iuminescence (3.80 %) was recorded for a sample with a tetragonal crystal lattice (P4/mmm, a = 4.024 A, ¢ =5.825A).
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FI1G. 5. SEM micrographs of a KGdsF7:Yb (20 mol.%),Er(4 mol.%) sample after heat treatment under
various conditions: a — 500 °C, 0 h; b—500 °C, 4 h; ¢ — 600 °C,0h; d - 600 °C, 4 h
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F1G. 6. Luminescence spectra of KGdsF7:Yb(20 mol.%),Er(4 mol.%) samples after heat treatment
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