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Abstract
Objective: Sodium scandium double borate (NaScB2O5), whose crystal structure was solved by Backer and Held in 2001, 
remains a poorly explored compound. The crystal structure has wide channels that may suggest the ionic conduction of 
sodium ions. Based on this, the aim of the study was to investigate the ionic conductivity of this compound, as well as to 
study its thermal behavior, measure the IR spectrum, and calculate the electronic structure by quantum chemical method.
Experimental: The synthesis of sodium scandium double borate (NaScB2O5), was achieved using a solid-state reaction 
method. NaScB2O5 was explored by using thermal analysis, IR spectroscopy, ionic conductivity, theoretical estimates of 
activation energy, ion transport pathways, and ab initio calculations of the electronic structure.
Conclusions: Rietveld method was engaged: monoclinic symmetry (sp. gr. P21/c), a = 7.2460(2) Å, b = 9.7887(3) Å, c = 5.9289(2) 
Å, β = 71.318(1) °, Z = 4, V = 398.37(2) Å3, Rwp = 2.81, GOF = 1.64. NaScB2O5 borate is characterized by incongruent melting 
at 1090 °C. The calculated ab initio IR spectrum of NaScB2O5 exhibited a high degree of consistency with the experimentally 
obtained IR spectrum. The calculated energy barrier for oxygen ion migration, determined to be 0.998 eV, exhibits a 
reasonable degree of agreement with the experimentally determined activation energy of 0.9 eV. The title compound 
exhibits an ionic conductivity of 0.6·10–3 S/cm at 1023 K. The band gap was about 6.83 eV.
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1. Introduction
Borates have a unique set of physicochemical 

properties, which determines their significant 
potential for research in various fields. They 
are excellent starting materials for optical 
applications. Due to their crystallographic 
diversity, wide range of optical transparency, 
and unique properties, borates have been widely 
recognized as nonlinear optical materials in 
the ultraviolet (UV) and deep UV region [1–
7]. The following nonlinear optical crystals are 
currently used commercially: β-BaB2O4 [8] and 
LiB3O5 [9]. In addition to the above, the following 
nonlinear optical crystals are of particular 
interest to materials scientists: CsLiB6O12 [10], 
KBe2B2O3F2 [11], Sr2Be2B2F7 [12], and BiB3O6 [13]. 
Centrosymmetric borates such as α-BaB2O4 
[14], Ca3(BO3)2 [15], Ba3YB9O18 [16], Ca(BO2)2 
[17] having high birefringence are promising 
materials for light polarization in the deep-UV 
range of the spectrum.

Pyroborates containing the [B2O5]
4– anionic 

group were first structurally characterized in 1950. 
[18]. Pyroborates can be divided into two classes: 
alkaline-earth pyroborates A2B2O5 (A = Mg, Ca, Sr 
(alkaline-earth metals)) [19], Li3.366Mg0.317B2O5 [20], 
BaMnB2O5 [21], and transition metal pyroborates 
MM ′B2O5: Co2-xNixB2O5 [22], Ni1.5Zn0.5B2O5 
[23], Co1.5Zn0.5B2O5 [23]. In addition, there are 
pyroborates of alkali Li2PbB2O5 [24] and rare earth 
metals Pr2(B2O5)(MoO4) [25]. Borates containing 
pyroborate group – [B2O5]

4– can be considered as 
one of the most promising for light birefringence 
in the deep UV range [26]. For high birefringence 
it is necessary that borate triangles in the [B2O5]

4– 
group are coplanar, i.e. lie in the same plane.

Our scientific interest was attracted by sodium 
scandium double pyroborate (NaScB2O5) [27], 
the crystal structure of which is solved on single 
crystals, but the other properties and characteristics 
have not been investigated. For light polarization 
(birefringence) problems, this double borate is 
not suitable because the torsional angle between 
the planes of borate triangles is about 30°, which 
is unacceptable for significant birefringence. The 
presence of channels in the crystal structure of this 
borate implies high ionic conductivity. Therefore, 
the aim of the present work was to study the 
ionic conductivity of this compound, as well as to 
study its thermal behavior, characterize it by IR 

spectroscopy and calculate its electronic structure 
by a quantum chemical method.

2. Experimental
For solid-phase synthesis of double borate, 

the following reagents were used: Na2CO3 (h.p.), 
Sc2O3 (h.p.), H3BO3 (h.p.). Prior to synthesis, the 
carbonate and oxide were annealed at 500 °C for 
8 h to remove extracted moisture. The reaction 
mixture of the starting components Na2CO3, Sc2O3, 
and H3BO3 in the ratio of 1:1:4, respectively, was 
homogenized in an agate mortar and annealed at 
300 °C (heating rate 1 °C/min) for 24 h in a muffle 
furnace to remove volatile reaction products: CO2 
and H2O. After annealing, the reaction mixture 
was homogenized and annealed at 500 °C for 24 h, 
followed by X-ray diffraction analysis (XRD) of the 
mixture. Further, stepwise annealing was carried 
out at 500-600 °C for 5 h and finally at 750–
800 °C for 20 h with intermediate grindings until 
equilibrium was reached. The single-phase nature 
of the reaction product and the achievement of 
equilibrium were monitored by XRD.

D8 ADVANCE (Bruker AXS) and DM-20 
(TONGDA) diffractometers with CuKα-radiation 
were used for XRD. The following imaging 
conditions were used: Bragg–Brentano geometry, 
scanning range from 8 to 80° by 2Θ with a step of 
0.02°, room temperature.

Rietveld refinement [28] was performed using 
the TOPAS 4.2 [29, 30] software suite.

An STA 449 F1 Jupiter thermal analyser 
(NETZSCH) was used for thermogravimetric 
(TG) and differential scanning calorimetric 
(DSC) characterization of the title compound. 
The thermal analysis was carried out in the 
temperature range of 200–1200 °C in an argon flow 
at a rate of 10 °C/min, using platinum crucibles. 
The use of Pt–PtRh thermocouple increased the 
accuracy of temperature measurement to ±1°.

The theoretical evaluation of activation 
energy and ion transport pathways was carried out 
by the SoftBV program [31]computational tools 
are sought to accelerate materials discovery by 
computational predictions. Here are introduced a 
set of computationally inexpensive software tools 
that exploit the bond-valence-based empirical 
force field previously developed by the authors to 
enable high-throughput computational screening 
of experimental or simulated crystal-structure 
models of battery materials predicting a variety of 
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properties of technological relevance, including 
a structure plausibility check, surface energies, 
an inventory of equilibrium and interstitial sites, 
the topology of ion-migration paths in between 
those sites, the respective migration barriers 
and the site-specific attempt frequencies. All of 
these can be predicted from CIF files of structure 
models at a minute fraction of the computational 
cost of density functional theory (DFT using bond 
valence sum maps (BVS).

For studying the electrical conductivity, 
the ceramic disks of NaScB2O5 (∅ = 10 mm, 
h  =  1.6  mm) were prepared by pressing the 
powder at 1 kbar and sintering at 1073 K for 4 h. 
For preparing the electrode, the disk surface 
was coated with colloidal platinum, followed by 
annealing for 1 h. The electrical conductivity was 
measured by the two-contact method (impedance 
meter Z-1500J, frequency range 1 Hz – 1 MHz, 
temperature range of 473–1023 K, heating and 
cooling rates of 2 K/min). The activation energy 
values were calculated from the slope of the 
straight lines corresponding to the Arrhenius 
dependence in lg(σT) – (103/T) coordinates.

Ab initio calculations were performed using 
the VASP software package [32] based on density 
functional theory (DFT). A pseudopotential 
approach with basis functions in the form of 
plane waves was used in the calculations. The 
kinetic energy limit is 400 eV. A 2 × 1 × 2 grid of 
wave vectors centered at the Γ point was used 
for integration over the Brillouin zone. The 
positions of the atoms were displaced by the 
relaxation of the cell with a force of no more 
than 0.001 eV/Å. The Perdew–Burke–Ernzerhof 
exchange-correlation functional (PBESol) [33] 
was used to calculate the electronic structure of 
NaScB2O5. The IR spectrum was calculated in VASP 

using the procedures included in the Phonopy 
code [34]. The HSE06 hybrid functional [35] was 
used to calculate the electronic density states. The 
graph of electronic density states was generated 
in [https://github.com/QijingZheng/pyband].

3. Results and discussion
3.1. Crystal structure

The Rietveld method was applied to identify 
the target phase and its purity. The crystal 
structure of ScB2O5 is known and described in [27], 
the positions of atoms and their displacements 
were not specified. All reflexes in the diffractogram 
were assigned to the monoclinic sodium scandium 
double borate NaScB2O5 (pr. gr. P21/c) [27] with low 
unreliability factors: Rwp = 2.81 %, Rp = 2.12 %, 
Rexp = 1.71 %, χ2 = 1.64, RB = 1.59 %. Figure 1 shows 
the experimental, calculated, and difference 
diffractograms of NaScB2O5. The parameters of 
the NaScB2O5 unit cell were refined in this work 
in comparison with the data of [27] are presented 
in Table 1.

The crystal structure of NaScB2O5 (Fig.  2a) 
consists of slightly distorted octahedrons [ScO6], 
which form zigzag chains along the “с” axis, 
connecting through common edges. These 
chains are joined together through pyroborate 
groups [B2O5] and distorted tetrahedra [NaO4]. 
Each pyroborate group is connected to five [ScO6] 
octahedra and three [NaO4] tetrahedra. The 
pyroborate group consists of two planar triangles 
[BO3] joined through a common oxygen vertex with 
a rotation angle of about 40°. Figure 2b illustrates 
a projection onto the (20) plane showing the “wide 

Table 1. NaScB2O5 unit cell parameters 
in comparison with [27]

Sp. Gr. monoclinic P21/c [in 
this work]

monoclinic  
P21/c [27]

a, Å 7.2460(2) 7.2339(6)
b, Å 9.7887(3) 9.7966(6)
c, Å 5.9289(2) 5.9233(5)
α, ° 90 90
β, ° 71.318(1) 71.483(8)
γ, ° 90 90

V, Å3 398.37(2) 398.0
Fig. 1. Rietveld plot of NaScB2O5 – experimental (red), 
calculated (black), difference (grey), reflections (green)
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channels” filled with sodium cations. The crystal 
structure of NaScB2O5 was constructed according 
to the data [27] in the Diamond 3.2 program.

3.2. Thermal properties
Fig. 3 shows the heating and cooling curves 

of NaScB2O5 in the temperature range from 200 
to 1200 °C. The endothermic effect at 1090 °C 
corresponds to the melting temperature of the 
double borate. Three endotherms corresponding 
to the crystallization of NaScB2O5 decomposition 
products are observed on the DSC cooling curve, 
which can be considered as an indirect confirmation 
of the incogruent melting of this borate. The 
diffractogram of NaScB2O5 after melting is presented 
in the supplementary materials (S1), which shows 
the reflexes of the following compounds: ScBO3 
[01-079-0097], Sc2O3 [00-005-0629], and Na2Al2B2O7 
[00-053-1124]. The melting of NaScB2O5 for XRD 
was carried out in a corundum (Al2O3) crucible, 
which caused the interaction of the borate melt 
with the crucible material, so the diffractogram 
showed reflections of double aluminum and 
sodium borate (Na2Al2B2O7). XRD results of samples 
annealed at temperatures (700, 750, 800, 850, 900, 
950 °C) showed the presence of the NaScB2O5 
phase only, which indicates the thermal stability 
of NaScB2O5 at these temperatures.

3.3. Conductivity measurements
3.3.1. The theoretical evaluation of activation 
energy and ion transport pathways

Potential barriers and ionic transport 
pathways of sodium and oxygen were evaluated 

using valence force sum maps. According to 
calculations, the total electrical conductivity 
of NaScB2O5 may include contributions of both 
sodium and oxygen ions (Table 2), indicating 
the three-dimensional conductivity of these 
ions in the crystal structure of the studied 
borate. However, the barrier of two-dimensional 
conductivity of sodium (0.936 eV) is comparable 
to the energy barrier of three-dimensional 
conductivity of oxygen (0.998 eV), while 
the analogous one for sodium ions is much 
lower (1.246 eV). The energy profile along the 
sodium ion pathway is shown in Fig. 4, and the 
calculated isosurfaces of the energy barriers of 
sodium and oxygen ions are shown in Figs. 5 
and 6.

Fig. 2. Crystal structure of NaScB2O5 (a); b – crystal structure projection of NaScB2O5 onto the ((201)) plane (b)

Fig. 3. DSC curve recorded for NaScB2O5
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3.3.2. Experimental measurements  
of the electrical conductivity

The temperature dependence of the electrical 
conductivity is presented in Fig. 7 in Arrhenius 
coordinates. The dependence obtained is close to 
linear. The conductivity varies from 0.6·10–7 S/cm 
(300 °C, Ea = 0.7 eV) to 0.6·10-3 S/cm (750 °C, 
Ea = 0.9 eV). Figure 8 shows the impedance spectra 
of the double borate. The obtained Z′(Z″) 

Table 2. Calculated energy barrier values 
of  testing ions in NaScB2O5 

Testing ions Energy barrier, eV Dimension 
of conductivity

Na+

0.856 1D [0,0,1]
0.936 2D (1,0,0)
1.246 3D

O2–
0.629 1D [1,0,–1]
0.998 3D

Fig. 4. Energy profile along the route of sodium transport in the NaScB2O5 structure

Fig. 5. Calculated isosurfaces of activation energies of sodium ion transport in the NaScB2O5 structure

Fig. 6. Calculated isosurfaces of activation energies of oxygen ion transport in the NaScB2O5 structure
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interdependence is typical for ionic conductors 
with blocking electrodes; the line in the low-
frequency region corresponding to the ion 
transport blocking electrodes also indicates the 
ionic character of the conductivity.

3.4. Infrared spectra
The IR spectrum of sodium scandium borate 

was measured to compare with the spectra of 

Fig. 7. Temperature dependences of electrical conduc-
tivity for NaScB2O5

Fig. 8. The impedance profiles for NaScB2O5 borate 
measured at different temperatures

Fig. 9. The infrared spectra of NaScB2O5, Mg2B2O5 and Li3.366Mg0.317B2O5 [20]
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known pyroborates and the IR spectrum of 
NaScB2O5 calculated by the ab initio method. The 
band at 1323 cm–1 refers to the antisymmetric 
valence vibrations of the BO3 group, whereas 
the bands at 1130, 989 and 856 cm–1 refer to the 
symmetric valence vibrations of the B − O bonds 
in the BO3 group. The bands at about 713, 667, 
607 cm–1 belong to out-of-plane strain vibrations 
of the BO3 group, and the band at 511 cm–1 to 
in-plane strain vibrations. Thus, the IR spectra 
further confirmed the triangular coordination of 
boron found from the crystal structure solution of 
NaScB2O5. In addition, the obtained IR spectrum 
of NaScB2O5 was compared with the IR spectra 
of minerals using the ArDI Internet application 
(https://ardi.fmm.ru/) [36]. As a result of the 
search, the following minerals with similar IR 
spectra were found: Suanite, Shimazakiyite_B117, 
Clinocurcate_B3, and Curcate_B36_B36 (S2). All 
the above minerals belong to borates with the 
B2O5 pyrogroup. Additionally, the IR spectrum of 
NaScB2O5 was calculated by the ab initio method. 
The comparison showed a relatively good match 
between the position of the absorption peaks of 
the calculated spectrum and the experimental 
spectrum (Fig. 10). As can be seen from Fig. 
10, there is a difference in the intensities of 
the calculated and experimental spectra. The 
discrepancy in the intensities between the 
calculated and experimental IR spectra, in our 
opinion, is caused, firstly, by the use of the 
harmonic approximation in the calculation, 
and secondly, by the neglect of temperature 

effects, since the calculation technique implies 
calculation at absolute zero. Nevertheless, the 
figure shows a good match between the calculated 
and measured peak positions, which allowed us 
to interpret the nature of the oscillations.

3.5. Electronic structure
The NaScB2O5 crystal lattice underwent 

relaxation to the total energy minimum. The 
crystal structure of NaScB2O5 was optimized 
with the PBEsol functional. The lattice vectors 
were fixed at values determined experimentally, 
and the atomic positions were relaxed until the 
maximum component of the forces acting on the 
atoms was less than 0.001 eV/Å. After relaxation 
of the geometry, the volume of the unit cell did 
not change, but the atoms were significantly 
displaced from their original positions. The 
maximum displacements of Na atoms were 
0.062 Å, Sc atoms were 0.016 Å, B atoms were 
0.032 Å, and O atoms were 0.054 Å. Then, using 
the optimized crystal lattice, the zone structure 
of the substance was calculated using density 
functional theory with the exchange-correlation 
interaction HSE06. Figure 11 shows the electron 
density distribution of NaScB2O5. The valence 
band ceiling is occupied mainly by O-2p orbitals. 
The bottom of the conduction band consists 
mainly of 4d-orbitals of scandium. The width of 
the forbidden zone is approximately 6 eV.

4. Conclusions
Sodium scandium double borate (NaScB2O5) 

was obtained by solid-phase synthesis. The 

Fig. 10. Measured and calculated infrared spectra of NaScB2O5
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crystallographic parameters of the synthesized 
sample were refined using the Rietveld method. 
The incongruent melting temperature was 
1090 °C. A comparison of the experimental and 
calculated IR spectra showed good agreement 
of the peak positions, which allowed us to 
interpret the nature of the vibrations. The valence 
force sum maps, the energy barriers, and ionic 
transport pathways of sodium and oxygen ions 
were calculated, according to which the three-
dimensional oxygen conductivity (0.998 eV) 
and the two-dimensional sodium conductivity 
(0.936 eV) are considered to be the most probable. 
The experimental conductivity measurements 
agree with the calculated data (Ea = 0.9 eV). 
The ionic conductivity value of NaScB2O5 is 
0.6·10–3 S /cm at 750 °C. The band gap is 6.83 eV.

Supplementary materials to the article are 
published in the electronic version on the journal’s 
website.
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