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ABSTRACT: NaSrR(BO3)2 (R = Ho−Lu, Y, Sc) compounds
were obtained for the first time. Their structures exhibit disordered
positions of Sr2+ and Na+ atoms while RO6 polyhedra are
connected through the BO3 groups. Large distances between R
atoms and high transparency in the range of 250−900 nm make
them promising for phosphor applications. A pathway to obtain
single crystals was shown by growing NaSrY(BO3)2 and NaSrYb-
(BO3)2 by the top seeded solution growth method with Na2O-
B2O3-NaF flux.

■ INTRODUCTION

Today, a large portion of the scientific community is aimed to
obtain environmentally friendly light sources and phosphors
with applications in the near-infrared range (800−820 and
900−980 nm).1−6 Borates are among the promising candidates
due to their high chemical, thermal, and radiation stabilities
and wide transparency range. Recent discoveries of alkaline
and/or alkaline earth borates have resulted in use of higher
concentrations of rare earth elements to achieve high
luminescence efficiency.7−11

New NaBaSc(BO3)2 and NaBaY(BO3)2 compounds were
obtained by means of (Ba2+/Na+) replacement in Na3R(BO3)2
and Ba3R(BO3)3.

12,13 It was established that NaBaR(BO3)2, R
= Sc, Y have order−disorder polymorphic transitions at 775 ±
20 °C and 375 ± 30 °C, respectively. New high-temperature
polymorphic modifications are solid solutions based on
(Ba,Na)2R(BO3)2, R = Sc, Y, which are characterized by a
disordered distribution of Ba and Na atoms and a halved c axis.
The discovery of three cationic borates initiated a large

number of works on their doping with REE atoms14−17 and
opened a tremendous field of isomorphic substitutions in the
positions of 1+, 2+, and 3+ ions for various combinations.
Thus, in subsequent works, the following compounds KBaR-
(BO3)2,

18,19 KCaR(BO3)2,
20 Li3Ba4Sc3B8O22,

21 Li-
BaTb2(BO3)3,

22 KSrY(BO3)2,
23 NaSr4La3(BO3)6,

24 and
K7MIIRE2(B5O10)3

25−27 were discovered. Another motivation
for this study is the fact that borates containing sodium are one
of the most popular phosphors.28−33 For example, Na3R-

(BO3)2 (R = Y, La, Nd, Gd) crystallizing in the R3 space group
has a low concentration quenching of luminescence.31−33

In the present investigation, we report the synthesis, growth
of the bulk crystals, and luminescent properties of NaSrR-
(BO3)2 compounds. A discussion of the two crystal structures’
thermal and optical properties is given.

■ EXPERIMENTAL SECTION
Powdered samples of NaSrR(BO3)2 (R = Ho−Lu, Y, Sc) were
prepared by the method of the two-stage solid-state synthesis in a Pt
crucible. In the first stage, stoichiometric mixtures of pure raw
Na2CO3, SrCO3, H3BO3 and R2O3 reactants in molar ratios of 1:2:4:1
were heated at 650 °C for 5 h to decompose Na2CO3, SrCO3, and
H3BO3. In the second stage, the mixtures were ground in an agate
mortar, pressed into pellets, and heated again at 900 °C for 12 h until
the complete disappearance of initial reagents, checked by powder
XRD.

The scheme of the solid-state reaction can be suggested as follows:

Na CO 2SrCO R O 4H BO

2NaSrR(BO ) 6H O 3CO
2 3 3 2 3 3 3

3 2 2 2

+ + +

= + +
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Using Na2O-B2O3-NaF flux,34 NaSrR(BO3)2 (R = Y, Yb) crystals
with a transparent area of 5 × 5 × 5 mm3 were grown. A charge for
the growth experiment comprised of presynthesized NaSrR(BO3)2 (R
= Y, Yb) and Na2CO3, H3BO3, NaF in a molar ratio of 3:5:5:6. A Pt
crucible with the charge was heated to 700 °C and held a day to
achieve melt homogenization. Then, the temperature was decreased at
the rate of 2 °C day−1 from 700 °C to 600 °C. After that, the furnace
was cooled to room temperature at the rate of 15 °C day−1.
Powder X-ray diffraction patterns of the NaSrR(BO3)2 (R = Ho−

Lu, Y, and Sc) powdered samples were obtained with the XRD 7000
(Shimadzu, Japan) diffractometer in Bragg−Brentano geometry using
Cu Kα radiation at room temperature (Figure S1) and at 600 °C with
heat chamber equipment (Figure S2). The crystal structure of β-
NaSrY(BO3)2 was refined by thr Rietveld method which was
performed using TOPAS 4.2.35 The crystal structure of KSrY(BO3)2

23

was used as the starting model for refinements with K+ replaced by
Na+ ion. All ions were refined with isotropical thermal parameters;
moreover all O2− ions were refined with one thermal parameter in
order to reduce the number of parameters. There are two sites
occupied both by Sr and Na atoms in the asymmetric part of the unit
cell and both of them were occupied by Sr/Na ions in our model. The
p(Na) and p(Sr) occupancies were refined within linear restriction
p(Sr) + p(Na) = 1 for each site. Final refinements were stable and
gave low R-factors. Summary data about the XRD, data-collection
parameters, the structure refinement, and difference Rietveld plot of
NaSrY(BO3)2 are listed in Table S1 and Figure S3, whereas final
atomic coordinates and equivalent isotropic displacement parameters
are reported in Table S2. In addition, lattice parameters of α- and β-
NaSrR(BO3)2 were obtained by the LeBail method36,37 within the
GSAS-II program (Tables S3 and S4).
The chemical composition of the obtained crystals (Na-Sr-R

relationships) was approved by X-ray fluorescent analysis using an
XRF 1800 (Shimadzu, Japan).
The DSC (differential scanning calorimetry) curves of the

NaSrR(BO3)2 crystals were measured with the scanning thermal
analyzer 449 F5 Jupiter (Netzsch, Germany) in shared research
facilities for multielemental and isotope studies of the SB RAS. In
total, 50 mg of powdered NaSrR(BO3)2 sample was heated in a
platinum crucible with argon as a shield gas from room temperature
to 1300 °C at the rate of 10 K min−1. An empty Pt crucible was used
as the standard.
Diffuse reflectance spectra of NaSrR(BO3)2 powders were recorded

at room temperature using a Cary 100 (Varian, Australia)
spectrophotometer with a diffuse reflectance accessory DRA-CA-30I
(Labsphere, USA) in the range of 200−900 nm and by a FTIR
spectrometer Nicolet 6700 (Thermo Fisher Scientific, USA) in the
range of 11000−400 cm−1. The optical band gap width was estimated
by the Tauc38 method for a nonstraight-band semiconductor. Also the
absorption spectrum differentiation (DASF) method was used, which
does not require taking into account the type of optical transitions.39

Raman spectra were collected by using a confocal Raman
microscope InVia (Renishaw, U.K.) with a spectral resolution of 1
cm−1 equipped with a Leica optical microscope (with a 50×
objective) and a Peltier cooled Si detector, under 100 mW CW
Nd:YAG laser excitation, operating at 532 nm, in the range of 100−
3200 cm−1.
High-resolution luminescence spectra of powdered NaSrR(BO3)2

were collected using the same InVia Raman microscope under the
excitation with a 532 nm at 5% power and 50% defocus in the range
of 540−1060 nm.
All calculations have been performed within the density functional

theory (DFT) implemented in the VASP package.40,41 The
exchange−correlation interaction was taken into account in the
generalized gradient approximation in the form of the Perdew−
Burke−Ernzerhof scheme.42 The optimization parameters were as
follows: the cutoff energy of the plane wave basis −1000 eV, the
electronic smearing, according to the Gaussian scheme, σ = 0.05 eV,
and k-point grid −4 × 6 × 6 for the low-temperature phase and 6 × 6
× 3 for the high-temperature phase. Densities of states (DOS) were
calculated using 10 × 14 × 14 and 15 × 15 × 9 grids of k-points for

the low-temperature and high-temperature phases, respectively. Also
to obtain more accurate band gaps of NaSrY(BO3)2-P21/m, the
HSE06 hybrid functional43−45 was used.

To calculate the IR spectra, the density functional perturbation
theory implemented in VASP was used. In order to obtain the Raman
spectra, the polarizability tensors for each crystal mode were
calculated using the vasp_raman.py code.46

To examine the dynamic stability of low-temperature and high-
temperature phases of NaSrY(BO3)2, molecular dynamic (MD)
simulations were performed. The MD simulations were carried out in
the isothermal−isobaric NPT ensemble (N, the number of particles;
P, pressure; and T, temperature). The Langevin thermostat was used
to control the frequency of the temperature oscillations during the
simulations. The time step was set to 1 fs, and the total simulation
time was 10 ps. The low-temperature phase was approximated by the
supercells containing 264 atoms, which are a 2 × 3 × 2 supercell of
the unit cell used. For the high-temperature phase, an orthohexagonal
cell with 264 atoms was used.

■ RESULTS AND DISCUSSION

XRD patterns of NaSrR(BO3)2 (R = Ho−Lu, Y, Sc) recorded
at room temperature are shown in Figure S1. The absence of
impurities of the initial components was achieved at the
synthesis temperature of 850−900 °C, which is in good
agreement with the work for similar compounds.7,16,19,22,47

Figure 1 presents DSC curves for NaSrR(BO3)2 (R = Ho−
Lu, Y, Sc) compounds. There is an intense endothermic peak
in the temperature range of 1054.8 °C (Ho)−1206 °C (Lu)
corresponding to the melting phenomenon. The compounds
with Y and Ho melt incongruently, while other (Er−Lu) are
congruent. Also, all compounds have a minor endothermic
peak in the temperature range of 457.7 °C (Y)−548.4 °C (Lu)
assumed to be the phase transition. To confirm that, in situ
measurements of the XRD patterns at 600 °C for NaSrR-
(BO3)2 (R = Ho, Er, Yb, and Y) were performed (Figure S2).
Both phase transition and melting temperatures have a
pronounced dependence on the rare earth radius. For example,
the compounds with larger Y and Ho have a lower temperature
than those with Lu and Sc (Figure 1c).
Figure 2a,b shows NaSrR(BO3)2 (R = Yb and Y) crystals

grown from the Na2O-B2O3-NaF flux at ∼700 °C. The single
crystal plates up to 10 mm2 without visible inclusions were
selected (Figure 2c,d); however, the examination in polarized
light has shown multiple boundaries of polysynthetic twinning
(Figure 2e,f), which make the crystals unsuitable for further
study by optical methods. Based on the concentric distribution
of the twin boundaries, we assume them to be produced during
the cooling of the crystals.
Figure 3 presents XRD patterns of different NaSrY(BO3)2

samples. It can be concluded that grown crystals and
synthesized samples have the same diffraction pattern, while
in situ measurements at the temperature above the phase
transition resulted in some rearrangement of the peaks.
Comparison of the obtained patterns with those of related
three-cation compounds showed their principal similarity with
KBaY(BO3)2 and KSrY(BO3)2 for high-temperature α- and
low-temperature β-modifications, correspondingly. The same
behavior was found for all NaSrR(BO3)2 samples. It was
impossible both to quench the high-temperature modification
and to perform direct crystallization of the low-temperature
phase from the flux. Therefore, a further study of the crystals
obtained only by the solid-phase synthesis was carried out.
From powder XRD it is clearly seen (Figure S1) that all

NaSrR(BO3)2 samples are isostructural. We describe their
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structure in the example of NaSrY(BO3)2 compound.
According to Rietveld refinement the low-temperature β-
NaSrY(BO3)2 is isotypic to KSrY(BO3)2 crystallizing with a
P21/m space group (Figure 4). It should be noted that
KSrY(BO3)2 has ordering of K and Sr ions in the asymmetric
part of the unit cell, while in NaSrY(BO3)2 the cation positions
of Na and Sr are disordered. There are two sites with different
Na/Sr occupancies. The first site Na1/Sr1 has a ratio of
0.48(2)/0.52(2) and Na2/Sr2 has a ratio of 0.58(2)/0.42(2).
The chemical formula can be written as Sr0.94(2)Na1.06(2)Y-
(BO3)2. The structure is composed from flat anionic BO3
groups forming corrugated layers located parallel to the [010].
[YO6] octahedra are combined in packages and located
between the layers. Na+ and Sr2+ cations are located in the
interpacket gap near the borate layers and are shifted to one of
them.
The quality of XRD data on high-temperature NaSrR(BO3)2

was not enough for Rietveld refinement. So the structure was

Figure 1. DSC curves of NaSrR(BO3)2 (R = Ho−Lu, Y, Sc)
compounds at the temperature ranges (a) 450−600 °C and (b)
1000−1300 °C and graph of the dependence of the phase transition
and melting temperatures vs radius of the rare earth cation.

Figure 2. NaSrR(BO3)2 (R = Y, Yb) crystals: as grown druze (a,b)
and selected samples under unpolarized (c,d) and polarized light (e,f).

Figure 3. Measured XRD patterns of synthesized and grown
NaSrY(BO3)2 crystals and calculated for KSrY(BO3)2 and KBaR-
(BO3)2.
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optimized within the density functional theory (DFT)
implemented in the VASP package. First the algorithm was
successfully verified on β-NaSrY(BO3)2. For high-temperature
modification KBaY(BO3)2 as an initial model with replacement
K-Ba to Na-Sr used. According to calculations, the high-
temperature α-NaSrR(BO3)2 (R = Ho−Lu, Y, Sc) crystallizes
with the R3m space group and are isotypic to KBaY(BO3)2
(Figure 4b). The structure can be described as layered,
consisting of two layers of [BO3]

3− triangles. The oxygen
atoms of these BO3 triangles are distributed in space in such a
way that octahedral voids are obtained, in the centers of which
the REE are placed. In turn, such layers are interconnected by
two sublayers formed by the disordered position of Na+ and
Sr2+ atoms (Figure 4d).
Theory group investigation of phase transition R3m ↔ P21/

m using the ISODISTORT program48 revealed that the
transformation can be described by the emergence of
instability at the (0, 1/2, 1) k5-point (F) of the Brillouin
zone of the high-symmetry R-3m unit cell (hereinafter the
designation of irreducible representations (irrep) and points of
the Brillouin zone are given in accordance with reference
books.49−51 The F2− irrep drives this phase transition, and the

transformation can be written as R m P m3 2 /
F ( )

1
2̅ ←→⎯⎯

η−

, where η is
the critical order parameter. The analysis presents that this

irrep allows a continuous phase transition. Cell parameters of
the monoclinic unit cell can be obtained from the parent phase
unit cell by using matrix: (1, −1, 0); (1, 1, 0); (−1/3, 1/3, 1/
3) with shift of origin (1/3, 1/6, 1/6). It should be noted that
the phase transition leads to charge ordering, asymmetric cell
volume doubling, and splitting of positions. For example, one
Sr/Na site in the R-3m phase splits into two sites for the P21/m
phase. The B site in R-3m splits into two sites also, but the O
site splits into four sites in P21/m, and the Y site does not split
at all.
Since low-temperature and high-temperature phases of

NaSrY(BO3)2 contain the sites partially occupied by Sr and
Na, we have constructed the ordered structural models of
NaSrY(BO3)2 to perform the DFT calculations. In this case,
the symmetry groups change: P21/c → P21/m (for low-
temperature phase), R3m→ R3c (for high-temperature phase).
The local DFT optimization of P21/m and R3c models show

that they retain their initial symmetry and atomic disposition.
Optimized unit cell parameters correctly reproduce exper-
imental ones (Table S5). The performed MD simulations
show that atomic vibrations do not destroy crystal structures of
NaSrY(BO3)2-P21/m at 300 K and NaSrY(BO3)2-R3c at 900
K. During the MD simulations, all BO3 triangles preserve their
geometry (angles and bond lengths), although sufficient

Figure 4. Structures projections of (a) KBaY(BO3)2,
19 (b) KSrY(BO3)2,

47 (c) β- NaSrR(BO3)2, and (d) α- NaSrR(BO3)2.
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wiggles of [BO3]
−3 groups were observed (Figure S4 and

Figure S5).
The calculated Raman and IR spectra are in good agreement

with experimental ones (Figures S6 and S7). The atomic shifts
at vibrations corresponding to the most intense IR and Raman
peaks are shown in Figures 5 and 6. The active modes v2 and v4
in IR; v2, v3, and v4 in Raman; v1, v2, v3, and v4 both in IR and
Raman related to these polyhedra. Figure 5 shows IR spectra of
NaSrR(BO3)2 crystals. BO3 groups vibrations have two main
modes v4 (stretching): 1208 1379 cm−1 and v2 (bending):
734, 782 cm−1. Figure 6 shows Raman spectra with strong
bands corresponding to BO3 asymmetric stretching, stretching,
out-of-plane bending, and bending vibration at 1335, 1525,
937, 710, 786, and 628 cm−1, respectively. The NaO, SrO6, and
RO9 octahedra vibration bands are likely to be located in the
range 124−300 cm−1.
Absorption spectra of NaSrR(BO3)2 (Ho−Lu, Y) in the

range from 190 to 900 nm are shown in Figure 7a. The spectra
for compounds with Yb, Lu, and Y do not have any peaks,
while compounds containing Ho, Er, and Tm show typical

absorption bands corresponding to transitions from the lower
sublevel to the excited state of rare earth cations.
The photoluminescent emission spectra of the crystals are

shown in Figure 7b. The spectrum of the NaSrHo(BO3)2
exhibits characteristic emissions attributed to the transitions in
Ho3+ ions: luminescence lines in the 500−800 nm range due to
emission Ho3+5I8 →

5S2,
5F5, and

5I4 transitions (∼550, 664,
and 754 nm). The main luminescence band of Er3+ lies in the
IR region of the spectrum ∼1550 nm (4I13/2 → 4I15/2). In
addition to one, there are a number of shorter-wave bands of
lower intensity related to the well-known electron transition
4S3/2 → 4I15/2 at 550 nm, 4F9/2 →

4I15/2 at 656 nm, 4I9/2 →
4I15/2 at 854 nm, and 4I11/2 →

4I15/2 at 956 nm. The sample
with ytterbium has a characteristic emission band in the range
of 950−1050 nm, related to the 2F5/2 →

2F7/2 transition.
Results of the total and partial DOS calculations of

NaSrY(BO3)2-P21/m are presented in Figure 8. The main
portion of the valence band is broad, reaches ∼6 eV, and is
mainly due to contributions of O 2p states. The bottom of the
conduction band is mainly composed of unoccupied 4d states

Figure 5. IR spectra for synthesized NaSrR(BO3)2 crystals and corresponding atomic shifts of BO3 groups.

Figure 6. Raman spectra for synthesized NaSrR(BO3)2 crystals and corresponding atomic shifts of BO3 groups.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c00596
Inorg. Chem. 2022, 61, 7497−7505

7501

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00596/suppl_file/ic2c00596_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00596/suppl_file/ic2c00596_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00596/suppl_file/ic2c00596_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00596?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00596?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00596?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00596?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00596?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00596?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00596?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00596?fig=fig6&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c00596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of Y. The main contributors of upper bands in the conduction
band region are unoccupied Y 3d, B 2p, and O 2p.
According to our PBE calculations, NaSrY(BO3)2-P21/m is

dielectric with an indirect band gap of 3.8345 eV along the Γ−
A direction (Figure 9a). It should be noted that the direct band
gap in the Γ-point is equal to 3.8438 eV. This difference is
small to make a conclusion about the nature of the band gap in
NaSrY(BO3)2-P21/m. Since the use of the PBE functional
usually tends to underestimate the width of band gap, the

HSE06 hybrid functional was also used to calculate band
structures of NaSrY(BO3)2-P21/m. Both methods resulted in
qualitatively the same band structure. The width of the band
gap obtained using HSE06 is equal to 5.4815 eV (Figure 9b)

Figure 7. Absorption (a) and luminescence (b) spectra of NaSrR(BO3)2 (Ho−Lu, Y).

Figure 8. Total and partial DOS of NaYSr(BO3)2-P21/m.
Figure 9. Calculated band structure of NaSrY(BO3)2-P21/m with PBE
(a) and HSE06 (b) functionals. The conduction band minimum and
valence band maximum are denoted by open circles. The Fermi level
is set at 0 eV.
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and coincides well with the experimentally obtained value
(∼5.85 eV).
Theoretical estimation of the band gap by DFT calculations

is consistent with experimental spectra. For example, the
NaYSr(BO3)2 sample (where the yttrium ion has no
pronounced absorption bands in contrast to Tm, Er, Ho)
has the “shoulder” at 350−400 nm at the long-wavelength
region of the spectrum and the absorption edge of the intense
short-wavelength band in the 200−210 nm region (Figure 7).
Experimental estimation of the band gap by the Tauc method
for the long-wave band (assuming an indirect transition) and
for the short-wave band (assuming a direct transition) gave the
values ∼3.2 eV and ∼5.85 eV, respectively. The results
obtained by the DASF method showed ∼3.5 eV and ∼5.85 eV,
respectively. The data for the NaLuSr(BO3)2 sample are the
following: ∼3.0 eV and ∼5.55 eV by the Tauc method and 3.2
and 5.64 eV by the DASF method, respectively.

■ CONCLUSIONS

NaSrR(BO3)2 (R = Ho−Lu, Y, Sc) compounds were obtained
by the solid-state synthesis and flux crystal growth. According
to Rietveld refinement and theoretical calculations, these
crystals belong to P21/m (low temperature) and R3m (high
temperature modification) space groups. Based on DSC
results, phase transition and melting temperatures of these
compounds were found. The diffuse optical reflectance and
luminescent properties of powdered NaSrR(BO3)2 (Ho−Lu,
Y) were studied. The obtained compounds might be
considered as effective IR phosphores or matrixes for creating
hidden, machine-readable fluorescent labels used to protect
securities as well as an active medium for lasers that generate in
a spectral range safe for the human eye (1.5−1.6 μm).
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