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Abstract 

A series of single crystals of Ni3-xCoxB2O6 compounds with the kotoite structure and with 

different concentrations of transition metal ions (x = 0; 0.19; 0.6; 0.93 and 2) were obtained. The 

lattice parameters and atomic coordinates were determined using X-ray diffraction. The 

theoretical calculations using the WIEN2k package predict that nickel ions tend to occupy the 4f 

crystallographic position, while cobalt ions tend to occupy the 2a crystallographic position. The 

study of the diffuse scattering spectra and comparison of the Racah parameters for the 

compounds Ni3B2O6 and Co2NiB2O6 provides experimental evidence that nickel ions occupy 

crystallographic position 4f. 

 

Introduction 

Recently, oxyborates M3B2O6 (where M are Co, Ni, Mn) have attracted great interest due 

to their potential use as anode materials for lithium-ion and sodium-ion battery cells [1-7]. There 

have been a number of studies which show oxyborate Ni3B2O6 to be a highly promising anode 

material for sodium-ion batteries [1, 2, 3, 6, 7]. These studies were carried out on ceramic 

samples. The Ni3B2O6 electrode is known to have a reversible capacity of 428,9 mAh g
-1

 at 200 

mA g
-1

. Even at a very high current density of 2000 mA g
-1

 the specific capacity of Ni3B2O6 

remains to be equal to 304,4 mAh g
-1

 [1]. Although Ni3-xCoxB2O6 oxyborates with the kotoite 

structure have long been known, and the structural, optical and magnetic properties of Ni3B2O6 

and Co3B2O6 have widely been studied, there is little information on the solid solutions of Ni3-

xCoxB2O6. However, the study of the Ni3-xCoxB2O6 solid solutions can provide a key to the 

solution of some fundamental problems. In particular, both isostructural kotoites Ni3B2O6 and 

Co3B2O6 are antiferromagnetic, but the easy axis of magnetization is different, with one being 

directed along the c axis in Ni3B2O6, and the other along the b axis in Co3B2O6[8]. The 

investigation of the lattice dynamics of Ni3B2O6 shows several new phonon modes to appear at 

the antiferromagnetic ordering temperature [9], while in Co3B2O6 such effects are not observed 
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[10]. The studies in [11,12] report on the synthesis of the compounds Co2NiB2O6 and 

CoNi2B2O6, and present the information on the crystal structure and crystal lattice constants. 

However, the physical properties of these compounds have not thoroughly been studied yet. 

The existence of cobalt and nickel kotoites, as well as, the information on the synthesis of 

the compounds Co2NiB2O6 and CoNi2B2O6 make it possible to form a great number of Ni3-

xCoxB2O6 solid solutions with the kotoite structure with different concentrations of nickel and 

cobalt ions. Obtaining Ni3-xCoxB2O6 solid solutions is difficult due to the fact that cobalt ions can 

change their valence state and they can be crystallized in the Co3BO5 ludwigite phase. Thus, in 

order to obtain crystals of the kotoite phase Ni3-xCoxB2O6 from a flux, it is necessary to control 

the valence of cobalt cations as well as to investigate the stability of this phase upon changing 

the Co/Ni ratio in the flux. In the present study, we have made an attempt to obtain a number of 

Ni3-xCoxB2O6 compounds with the kotoite structure with different concentrations of transition 

metal ions, to study the crystal structure of the obtained compounds by theoretical and 

experimental methods, as well as to reveal the distribution of transition metal ions over the 

crystallographic positions. 

 

Crystal growth. 

The present study is devoted to crystallization of Ni-Co borates in the flux system based on 

Bi2Mo3O12-B2O3, diluted with Na2CO3 carbonate, with the aim of obtaining Ni3-xCoxB2O6 solid 

solutions with the kotoite structure. The flux system under study had the form: 

 

 3232

323221232

5.05.0)2(.%

8.0.)%100(

OBOCoxNiOCoOxmassn

OqCoOpBONaOMoBimassn




   (1) 

The samples were grown in air at atmospheric pressure using a resistant furnace equipped with 

silicon carbide heaters. The concentration of the crystal-forming oxides n, molar coefficients p 

and q, starting temperature Tstart for obtaining single crystal samples and the corresponding nickel 

content x are given in Table 1. The fluxes were prepared by successive melting of the powder 

mixture of system (1) in a platinum crucible (V = 100 cm
3
) at temperature T = 1100°C in the 

following order: first, the mixture B2O3 - Bi2O3-MoO3 was molten, then Na2CO3 was introduced 

in portions (in writing the first system, use was made of Na2O due to the decomposition of 

carbonate into oxide and carbon dioxide at high temperatures), and further, Co2O3 and Ni2O3 

were successively added in portions. The trioxides Ni2O3 and Co2O3 were used instead of the 

dioxides NiO and CoO, respectively, for the flux preparation due to the temperatures of the 

decomposition of trioxides to (II,III) oxides and, finally, to dioxides being low (the highest one is 

T = 905-925°C for the reaction 2Co3O4 → 6CoO + O2↑). Thus, at the preparation stage the flux 

system should contain only bivalent cations of Co and Ni. Then, due to the presence of the MoO3 
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and Na2O solvent components the valence state of Co cations can be stabilized following the 

mechanisms discussed in [13, 14]. 

After the decomposition of all the components, the fluxes were kept at T = 1100°C for 

three hours. After the stage of homogenization, a high temperature crystallizing phase (HTCP) 

corresponding to each composition of system (1) and the parameters of the flux were determined. 

The detailed description of the procedure is given in [15]. Then, there followed the crystal 

growth: after another homogenization of the flux at T = 1100°C, the temperature in the furnace 

was first decreased at a high rate, 100°C/h, and then, slowly at a rate of 4°C/day. After 24 hours, 

the flux was removed from the crucible, the obtained crystals were taken from the crucible and 

the remainder of the flux was also removed by etching in a 20% solution of nitric acid. 

Table 1. The parameters of flux system (1). 

Stage x p q n, % Tstart, °C Crystal structure 

1 0.25 0.6 0.5 12  ludwigite 

2 0.44 0.56 0.45 13.64 950 ludwigite 

3 0.58 0.53 0.42 15  kotoite 

4 0.7 0.51 0.29 12.9 900 ludwigite 

The nickel content x in the flux changed from 0 to 0.7. The addition of nickel oxide into 

flux system (1) followed four stages, with the visual observation of the substance being 

crystallized; after the second and fourth additions, two successive samples were taken for each of 

the additions. With the nickel content x = 0.25 and 0.44, crystallization of black elongated 

crystals was observed, corresponding to the phase of ludwigite Co
3+

Ni
2+

2-xCo
2+

xBO5. In the case 

of adding large amounts of nickel oxide (at 0.58 up to 0.7), it was possible to see joint 

crystallization of black elongated crystals corresponding to the ludwigite phase and that of green 

isometric crystals corresponding to the kotoite phase. Thus, despite the chosen small 

concentrations of nickel, the appearance of joint crystallization along with the ludwigite phase 

indicates the proximity of the phase boundaries for the obtained compositions and gives evidence 

for the existence of the Co-Ni kotoite phase in the narrow concentration range. 

Thus, due to the proximity of the kotoite/ludwigite phase boundaries, flux system (1) needs 

to be finalized to obtain Ni-Co kotoites. The desired borates Ni3-xCoxB2O6 contained only 

bivalent transition metal cations unlike Co
3+

Ni
2+

2-xCo
2+

xBO5 ludwigites. Therefore, it was 

necessary to minimize the quantity of trivalent cobalt cations in the flux. A new flux system for 

growing Ni3-xCoxB2O6 was the following: 
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 

 32

3221232

)3(.%

6.14.1.)%100(

OBxCoONiOxmassn

OBONaOMoBimassn




   (2) 

The concentration of the crystal-forming oxides n was varied in the range of 5-10%, the 

corresponding cobalt composition x was changed in the range of 0-1.33. In contrast to system 

(1), system (2) included the following changes: Co2O3 was removed from the solvent, and the 

portions of Na2O and B2O3 were increased. However, the ratio Na2O/B2O3 was decreased 

significantly, reducing the possibility of the presence of sodium oxide which is not coupled by 

chemical bonds in borax Na2B4O7. Due to the possibility of the formation of intermediate 

chemical bonds such as in delafossite NaCo
3+

O2, the amount of Na2O oxide in the flux in the 

“pure” form can significantly influence the probability of the presence of Co
3+

 cations, including 

the crystallizing phase. 

The high temperature crystallizing phase of system (2) was the phase of Ni3-xCoxB2O6 

borates with the kotoite structure in a wide temperature range (at least 40 °C). The saturation 

temperature of the flux varied within 840-900°C, depending on the concentration x. Four out of 

the obtained single crystals Ni3-xCoxB2O6 with the cobalt concentration x = 0, 0.5, 1.125 and 1.33 

were formed from flux system (2). Thus, five compositions of Ni3-xCoxB2O6 were obtained. The 

images of these single crystals are presented in Fig. 1. 

 

Figure. 1. The images of Ni3-xCoxB2O6 single crystals with the kotoite structure: x = 0 (a),  

x = 0.5 (b), x = 1.125 (c),  x= 1.33 (d),  x = 2.3 (e) (the cobalt concentrations are given with 

regard to the flux composition). 

Structure and composition of the compounds 

The obtained single crystals were studied with a table top scanning electron microscope 

Hitachi TM-4000Plus at an accelerating voltage of 20 kV. The elemental mapping was 

performed using an X-ray detector Bruker XFlash 630Hc. The spectra were analyzed with the 

software Quantax70. All the samples were homogenous in the composition. To test the 

homogeneity, the spectra from different areas of the crystals were compared for all the groups of 

samples.  
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The concentration of cobalt ions of the four samples refined by scanning electron 

microscopy along with their concentration in the flux are presented in Table 2. As is seen in the 

table, there is a qualitative agreement between the composition in the flux and the real nickel and 

cobalt content in the compounds, however, the real nickel content exceeds the one in the flux, 

which emphasizes the difference in the distribution coefficients of nickel and cobalt oxides in the 

fluxes used: the lower solubility of nickel oxide results in larger content of this element in the 

crystal [15]. 

In addition, we used the X-ray fluorescence analysis to estimate the concentration of  

cobalt and nickel ions in the crystals. Characteristic X-ray spectra were obtained using a local X-

ray fluorescence spectrometer MC50M (Amtertek, Russia) and additional PXRF software. The 

accelerating voltage of the X-ray source was 30 kV with the current of 20 μA, and exposure time 

of 100 s. Calculation of the element concentrations was carried out based on the Sherman 

fundamental parameter method [16] with the correction of matrix effects based on the values of 

the integral intensities of the main lines (100% normalization). The obtained results are also 

presented in Table 2. As one can see from the table, both methods give similar concentrations of 

cobalt ions in the compounds. The crystal structure of the single crystal samples was studied by 

the method of x-ray diffraction at room temperature using a diffractometer SMART APEXII 

(Mo Kα, λ=0,7106 Å). The study of the crystal structure of all the Ni3-xCoxB2O6 compounds 

showed the space symmetry group to be Pnnm(58). The lattice constants and atomic coordinates 

are presented in Table 3.  

Table 2. The comparison between the real composition of the obtained samples and the 

composition in the flux for each sample. 

Sample 

no. 

Co concentration in 

the flux 

Co concentration  in the crystal 

scanning electron 

microscopy 

X-ray fluorescence 

analysis 

S1 0.5 0.19 0.16 

S2 1.125 0.60 0.56 

S3  1.33 0.93 0.86 

S4  2.3 2 1.99 
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Table 3. The lattice constants and atomic coordinates of the compound Co3-xNixB2O6 with the 

kotoite structure. 

Compounds S1 S2 S3 S4 

Lattice constants 

a (Å) 4.4708(2) 4.4813(5) 4.4917(6) 4.5149(2) 

b (Å) 5.4107(3) 5.4294(5) 5.4314(8) 5.4582(3) 

c (Å) 8.3247(4) 8.3573(8) 8.3789(12) 8.4269(5) 

Atom Position Atomic coordinates (x/a; y/b; z/c) 

Co/Ni 4f 
0; 1/2; 

0.81571(5) 

0; 1/2; 

0.81539(5) 

0; 1/2; 

0.81522(4) 
0; 1/2; 0.81438(4) 

Co/Ni 2a 1/2; 1/2; 1/2 1/2; 1/2; 1/2 1/2; 1/2; 1/2 1/2; 1/2; 1/2 

O1 8h 

0.2019(3); 

0.2982(2); 

0.63995(17) 

0.2020(3); 

0.2982(2); 

0.63992(16) 

0.2013(2); 

0.29748(19); 

0.63961(13) 

0.1996(3); 

0.2956(2); 

0.63897(14) 

O2 4g 
0.7466(4); 

0.1755(4); 1/2 

0.7478(4); 

0.1766(4);1/2 

0.7475(3); 

0.1771(3); 1/2 

0.7483(4); 

0.1788(3); 1/2 

B 4g 
0.0427(8); 

0.2457(6); 1/2 

0.0422(7); 

0.2457(6); 1/2 

0.0432(5); 

0.2457(4); 1/2 

0.0439(6); 

0.2457(5); 1/2 

Figure 2 presents the concentration dependences of the lattice parameters, where x is the 

concentration of cobalt ions. The black squares denote the experimental data obtained by 

scanning electron microscopy, while the red circles denote the results obtained by the X-ray 

fluorescence analysis.  The concentration dependences are in good agreement with the Vegard 

law for solid solutions. 
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Fig. 2. The dependences of the lattice parameters a, b, c on the concentration x of cobalt ions.  

Cationic ordering of transition metal ions. First-principles calculation. 

It is impossible to distinguish between nickel and cobalt ions using X-ray diffraction as 

they have the same electronic configuration. In order to specify the distribution of transition 

metal ions over crystallographic positions, we calculated the energies of various cation-ordered 

configurations based on the first energy principles. Similar calculations were used to search for 

the most stable ordering of Mg/Fe in site A and Si/Al in site B in the FA50 bridgmanite [17] or 

to study the impacts of cation ordering on changes in the electronic structure in double 

perovskites [18] and to study the structural principles and energies of A-site ordered AA'B2O6 

double perovskites [19]. The calculation of the energy of various configurations for the 

Ni2Co(BO3)2 and Co2NiB2O6 compounds was performed by the FP-LAPW+lo method [20, 21] 

using the Wien2K software package. The exchange-correlation energy was calculated using 

LSDA [22] and GGA-PBE [23] with additional Hubbard correlation coefficients describing the 

local electron-electron repulsion associated with 3d bands of Ni, Co (LSDA U and GGA-

PBE+U) [24, 25]. The electron configuration of the atoms used in our calculations was: [Ar] 3d
8
 

4s
2
for Ni, [Ar] 3d

7
 4s

2
 for Co, [He] 2s

2
 2p

1
for B and [He] 2s

2
 2p

4
for O. All the calculations were 

made using the experimental lattice constants and atomic coordinates. 

The unit cell of kotoite includes 6 transition metal atoms. In Figure 3 these are indicated by 

the blue circles, with the atoms numbered 1 and 2 corresponding to crystallographic position 2a, 

and those with numbers 3-6 corresponding to crystallographic position 4f. The Co2NiB2O6 

compound has two nickel ions and four cobalt ions in the unit cell, while the Ni2Co(BO3)2 

compound has four nickel ions and two cobalt ions in the unit cell. In the solid solution 

Ni2,5Co0,5(BO3)2 there is only one cobalt ion in the unit cell.We distributed nickel and cobalt ions 

in different ways over positions 1-6 (Fig. 3) and calculated the total energy of the crystal. 
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Fig. 3. The crystal structure of kotoite. The positions of transition metal ions are denoted by the 

blue circles and numbered as 1-6. Positions 1 and 2 correspond to crystallographic position 2а 

while positions 3, 4, 5 and 6 correspond to crystallographic position 4f.   

Tables 4, 5 and 6 show the calculation results for several different cation-ordered 

configurations for Co2NiB2O6, Ni2Co(BO3)2 and Ni2,5Co0,5(BO3)2. In Co2NiB2O6 the cation-

ordered configuration (№ 6) with the minimum energy is shown in Figure 4a. As is seen from 

the Figure, nickel ions tend to occupy the 4f position, and in addition, in such a way so as to be 

as far apart from each other as possible. In Ni2Co(BO3)2 the cation-ordered configuration (№ 1) 

with the minimum energy is shown in Figure 3b. There, cobalt ions tend to occupy the 2a 

position.  In Ni2,5Co0,5(BO3)2 the single cobalt ions also tend to occupy the 2a position. 

Irrespectively of the site (1 or 2) in the 2a position which the single cobalt ions tend to occupy, 

the full energies are equal. The same applies to the position 4f 

Table 4. The calculated energy values of the cation-ordered configurations in Co2NiB2O6 with 

different distributions of Ni and Co ions over positions 1-6. 

№ 1 2 3 4 5 6 Е(a.u.) 

2a 2a 4f 4f 4f 4f 

1 Co Co Ni Ni Co Co -19236.3642 

2 Ni Ni Co Co Co Co -19236.3402 

3 Ni Co Ni Co Co Co -19236.3529 

4 Ni Co Co Co Ni Co -19236.3518 

5 Co Co Ni Co Ni Co -19236.3672 

6 Co Co Co Ni Ni Co -19236.3688 

7 Co Co Ni Co Co Ni -19236.3688 
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Table 5. The calculated total energies of various cation-ordered configurations in 

Ni2Co(BO3)2. 

№ 1 2 3 4 5 6 Е(a.u.) 

2a 2a 4f 4f 4f 4f 

1 Co Co Ni Ni Ni  Ni -19745.8722 

2 Ni Co Co Ni Ni Ni -19745.8269 

3 Co Ni Co Ni Ni Ni -19745.8264 

4 Ni Ni Co Co Ni Ni -19745.7855 

5 Ni Ni Ni Co Ni Co -19745.7836 

6 Ni Ni Co Ni Ni Co -19745.7828 

 

Table 6. The calculated total energies of various cation-ordered configurations in 

Ni2,5Co0,5(BO3)2. 

№ 1 2 3 4 5 6 Е(a.u.) 

2a 2a 4f 4f 4f 4f 

1 Co Ni Ni Ni Ni  Ni -20000.4249 

2 Ni Co Ni Ni Ni Ni -20000.4249 

3 Ni Ni Co Ni Ni Ni -20000.4130 

4 Ni Ni Ni Ni Ni Co -20000.4130 

 

 

Fig. 4. The most advantageous cation-ordered configuration in Co2NiB2O6 (a), Ni2Co(BO3)2 (b) 

and Ni2,5Co0,5(BO3)2 (c). 

Cationic ordering of transition metal ions. Spectroscopy of electronic excitations in 

cobalt and nickel kotoites. 
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In order to experimentally establish how nickel and cobalt ions are distributed over 

crystallographic positions, it is necessary to carry out an investigation by neutron diffraction; 

however, this method is not such an accessible tool as the X-ray diffraction method. There are a 

number of other studies that may indirectly indicate the occupation of one or another position by 

ions of the same type. The spectral properties of Co3B2O6 in the area of electronic excitations 

were studied in [21], and the spectra of an arbitrarily oriented Ni3B2O6 single crystal in a wide 

temperature range up to 5 K were investigated in detail and analyzed at a high level in [22]. In 

the study by Molchanova it was shown that the absorption spectra of Ni
2+

 ions were split, since 

the nickel ion occupied two crystallographic positions. For each position (2a and 4f), the Racah 

parameters were determined, and the difference in the coefficients turned out to be rather 

significant. In this work, we also examined diffuse scattering spectra for Co2NiB2O6 and 

determined the Racah parameters in order to carry out a comparative analysis with kotoites 

Ni3B2O6, Co3B2O6. 

Diffuse scattering spectra of Ni3B2O6, Co3B2O6 and Co2NiB2O6 were obtained using 

pressed microcrystalline powders on a Shimadzu UV-3600 spectrometer with an integrated 

sphere. The Kubelka-Munk functions of Ni3B2O6, Co3B2O6, and Co2NiB2O6 obtained from the 

diffuse reflectance measurements are presented in Fig. 5. In the spectrum of Co3B2O6 the spin-

allowed transitions from the ground state 
4
T1(

4
F) of the Co

2+
 ion to the

3
T2(

3
F) (1350 nm), 

4
A2(

4
F) 

(690 nm) and 
4
T1(

4
P) (535 nm) excited states are well-pronounced. Splitting of the 

4
T1(

4
F)→

4
T2(

4
F) band can be ascribed mainly to the existence of two non-equivalent Co sites in 

the crystal structure of kotoite, and, to a lower extent, to the distortion of the CoO6 octahedra. In 

the spectrum of Ni3B2O6 the spin-allowed transitions from the ground state 
3
A2(

3
F) of the Ni

2+
 

ion to the 
3
T2(

3
F) (1370 and 1190 nm), 

3
T1(

3
F) (756 nm) and 

3
T1(

3
P) (423 nm) excited states can 

easily be observed. The 
3
A2(

3
F) →

3
T1(

3
P) band of Ni

2+
 is split similarly to the visible band of 

Co
2+

; however, one of the split components is obviously dominant in the case of Ni
2+

. Strong 

splitting is observed in the case of the infrared Ni
2+

 band at the 
3
A2(

3
F) →

3
T2(

3
F) transition. An 

additional narrow peak on the
3
A2(

3
F) →

3
T1(

3
F) band, on the contrary, can be ascribed to the 

contribution from spin-forbidden 
3
A2(

3
F) →

1
E(

1
D). The spectrum of Co2NiB2O6 is merely a 

mixture of individual spectra of the cobalt and nickel kotoites with no signs of the mutual 

influence of the Co and Ni sublattices. 
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Fig. 5. The Kubelka-Munk functions of Ni3B2O6, Co3B2O6, and Co2NiB2O6. The absorption 

bands upon the transitions from the ground state of Ni
2+

 (
3
A2(

3
F)) and Co

2+
 (

4
T1(

4
F)) ions to the 

corresponding excited states are denoted by green and purple, respectively. 

 

The crystal field strength Dq and Racah parameter B can be obtained from the observed 

frequency values of two visible electronic transitions using the well-known technique described, 

e.g. in [23]. The values of Dq and B for Co
2+

 and Ni
2+

 in the kotoite structure appear to be rather 

close to each other: Dq = 790.7 cm
-1

 and B = 864 cm
-1

 for Co
2+

 and Dq = 793 cm
-1

 and B = 

866.6 cm
-1

 for Ni
2+

. The bands in the UV peaking at 254 nm for Ni3B2O6, at 259 nm for Co3B2O6 

and at 250 nm for Co2NiB2O6 can be assigned to charge transfer bands of the metal-to-ligand 

type. It should be noted that the obtained value of the Racah parameter for the nickel ion is close 

to the value obtained in [22] for the 4f position with the local symmetry C2, while it is 

significantly different from the Racah parameter for position 2a with the higher local symmetry 

C2h. Thus, the results obtained can also support the assumption that in the Co2NiB2O6 compound, 

nickel ions occupy position 4f. 

Conclusions 

We studied the conditions of crystal growth of solid solutions Ni3-xCoxB2O6 with the 

kotoite structure. From the flux system based on Bi2Mo3O12-B2O3, which was diluted with 

carbonate Na2CO3, we obtained four compositions of oxyborates with different content of 

transition metal ions. The composition of the compounds was determined using electron 
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scanning microscopy. The crystal structure of kotoite Co2NiB2O6 was resolved using X-ray 

diffraction. The three compounds had the concentration of cobalt ions lower than 1. This would 

allow one to study the orientation of the easy axis in solid solutions of Ni3-xCoxB2O6, depending 

on the concentrations of cobalt ions. One can also trace how the lattice dynamics changes with 

the change in the concentration of cobalt ions. The distribution of magnetic cations over 

crystallographic positions is important for revealing magnetic properties. According to the 

theoretical calculations, nickel ions occupy the 4f crystallographic position, while cobalt ions 

occupy both crystallographic positions. The study of the diffuse scattering spectra and 

comparison of the Racah parameters for the compounds Ni3B2O6 and Co2NiB2O6 also indicate 

that nickel ions occupy crystallographic position 4f.  

Thus, we obtained four compounds of the single crystal Ni3-xCoxB2O6 with different 

concentrations of cobalt ions. The composition and structural characteristics of all the 

compounds were determined. The theoretical and experimental studies show that nickel ions tend 

to occupy the 4f crystallographic position. Apart from the fundamental interest, the obtained 

crystals are a promising anode material for sodium-ion batteries.  
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