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Abstract—Reaction between vanadium and boron powders in the stoichiometric ratio 1 : 2 at a temperature
of 800°C, argon pressure of 4 MPa, and reaction time of 32 h in Na,B,05 and KCl ionic melts has been stud-
ied by X-ray diffraction, energy dispersive X-ray analysis, scanning electron microscopy, X-ray photoelectron
spectroscopy, frustrated total internal reflection IR spectroscopy, thermal analysis, and elemental analysis.
The results demonstrate that, independent of the composition and nature of the melts, the reaction yields
phase-pure vanadium diboride nanoparticles with an average diameter near 90 nm.
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INTRODUCTION

Vanadium diboride, VB,, has a high melting point
(~2745°C); thermodynamic stability; high hardness,
strength, and wear resistance; chemical stability, cor-
rosion resistance, etc. Owing to this, it has found a
variety of industrial applications and is used in the fab-
rication of vanadium boride—air batteries [1—5]. In
modern materials research, the interest in Group IV
and V metal borides has considerably increased with
the advent of nanoparticulate materials based on these
borides, because the physicochemical, physicome-
chanical, and other properties of such materials differ
significantly from those of bulk materials [6, 7]. In
connection with this, the development of new effec-
tive methods for the preparation of vanadium boride
nanoparticles is a topical issue.

VB, can be prepared by the following methods:
direct elemental synthesis (high-temperature sinter-
ing), borothermal reduction of various vanadium
oxides and salts, carbothermal reduction of vanadium
and boron oxides, mechanochemical synthesis, and
plasma synthesis in a low-temperature plasma flow
[8—18].

Sintering is a simple method capable of ensuring
vanadium boride synthesis at a high rate [8]. However,
VB, thus prepared has the form of a fused sinter cake
containing vanadium oxide and boron oxide impuri-
ties. As shown by Wei et al. [9], rather coarse VB, pow-
der, with a particle size under 300 nm, can be prepared
by the borothermal reduction of NH,VO; in the range

900—1000°C under an argon atmosphere in a
NaCl/KCl ionic melt or with no melt according to the
reaction schemes

6NH,VO, + 22B

1
— 6VB, + 6NH; + 5B,0; + 3H,0, M
V,0; +7B — 2VB, + 3BO, ?2)
V,0; +2C + B,C — 2VB, + 3CO. 3)

Vanadium diboride powder can also be prepared by
the borothermal reduction of vanadium oxide, V,0;,
in vacuum above 1500°C by reaction (2) [10] or via a
boron carbide route at a temperature of 1500°C in an
argon atmosphere by reaction (3) [11].

Kim et al. [12] proposed a mechanochemical pro-
cess for the synthesis of vanadium diboride in a high-
energy ball mill according to the reaction scheme

VCl, + 2LiBH, + LiH
— VB, + 3LiCl + 4.5H,.

The VB, powder obtained after lithium chloride
removal ranges in particle size from 15 to 60 nm.

Yeh and Wang [13] studied vanadium borides with
the compositions V;B,, VB, V;B,, V;B,, V,B;, and
VB,, prepared by self-propagating high-temperature
synthesis from vanadium and amorphous boron pow-
ders. Vanadium boride nanopowder with a particle
size of ~36 nm can be prepared by mechanochemical
combustion of a mixture of Mg, V,0s, and B,0; in a
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high-energy ball mill [14]. Shi et al. [15] obtained VB,
nanoparticles 50 to 100 nm in size by reacting VCl,
with NaBH, and Mg at a temperature of 650°C in a
steel autoclave reactor. VB, nanoparticles ~10 nm in
size can be prepared by reacting VCI; with NaBH, in a
eutectic mixture of anhydrous lithium and sodium
chlorides in a quartz reactor at a temperature of 900°C
[16]. Using high-energy disintegration in modern
milling—crushing devices, one can obtain fine pow-
ders of various compounds, including VB, [18].

Each of the above-mentioned methods has its own
advantages and disadvantages. Some of them ensure a
high production rate, others make it possible to obtain
vanadium diboride nanoparticles of stoichiometric
composition and particular size at relatively low tem-
peratures, etc.

As an alternative approach to the synthesis of VB,
nanoparticles, we propose a so-called “currentless”
process. Basic to this approach is “currentless” vana-
dium transport to boron in ionic melts with various
chemical compositions and structures (anhydrous
sodium tetraborate or potassium chloride) using a
technique developed previously for the synthesis of
TiB, nanoparticles [19]. Owing to specific features of
their structure and properties, the use of ionic melts as
reaction media makes it possible to obtain metal
borides in the form of fine powders.

EXPERIMENTAL

Starting chemicals. Vanadium powder 10 to 15 um
in particle size was prepared as follows: off-the-shelf
vanadium powder was activated by heating at 900°C in
a vacuum of 1.3 x 107! Pa and then subjected to five
hydrogenation—dehydrogenation cycles as described
elsewhere [20, 21]. The residual hydrogen content of
the powder was within 1.0 x 1073% and the residual
oxygen content did not exceed 3.0 x 1073%. As a
source of 99.999+%-pure hydrogen, we used a self-
contained laboratory-scale hydrogen generator con-
taining hydrided TiFe and LaNis intermetallic phases
as working materials. Its operating principle was
described in detail previously [22, 23]. In our prepara-
tions, we also used reagent-grade potassium chloride
and high-purity (99.998%) argon (Russian Federation
Purity Standard TU 2114-005-0024760-99). Com-
mercially available amorphous boron (B 99A, Russian
Federation Purity Standard TU 1-92-154-90) 10 to
20 um in particle size was held in vacuum at a residual
pressure of 1.3 x 107! Pa at a temperature of 300°C.
Anhydrous sodium tetraborate was obtained by holding
commercially available reagent-grade Na,B,O; - SH,O in

a vacuum of 1.3 X 10~! Pa at a temperature of 350°C.

KRAVCHENKO et al.

Characterization techniques. The phase composi-
tion of powder samples was determined by X-ray dif-
fraction on an ADP-2 diffractometer (monochroma-
tized CuKk,, radiation). The lattice parameters of VB,
were determined with an accuracy of 0.0003 nm or
better. Using X-ray powder diffraction data, we esti-
mated the crystallite size along the normal to an Akl
plane, D,,,, by the Scherrer formula:

Dy = kk/ BiCOS 6,

where k is the anisotropy coefficient (which was taken
to be 0.9 in this study), A is the X-ray wavelength
(Acuk, = 1.54178 A), 8 is the diffraction angle, and B is
the full width at half maximum of the diffraction peak
(in radians).

IR frustrated total internal reflection (FTIR) spec-
tra were measured in the range from 500 to 4000 cm™!
using a PerkinElmer Spectrum 100 Fourier transform
spectrometer and a Vertex 70V spectrometer, both
equipped with accessories for taking reflection spectra.

The powders were characterized by simultaneous
thermal analysis in a Netzsch STA 409 PC Luxx ther-
moanalytical system in combination with a QMS 403
C Aéolos mass spectrometer at a constant heating rate
of 10°C/min under flowing argon in the temperature
range from 20 to 1000°C.

The samples were also examined by electron
microscopy and energy dispersive X-ray (EDX) anal-
ysis on a Zeiss Supra 25 field emission scanning elec-
tron microscope equipped with an INCA x-sight
X-ray spectrometer system. Electron-microscopic
images were obtained at low electron beam accelerat-
ing voltages (~4 kV). At such accelerating voltages, the
contribution of the substrate to the measured signal
was negligible, if any. EDX analysis data were col-
lected at an accelerating voltage of ~8 kV. Electron
micrographs of the VB, powder samples with various
particle sizes were processed as an array of particles to
give the particle size distribution using the Image-Pro-
Express 4.0 program.

X-ray photoelectron spectra were measured using a
PHOIBOS 150 MCD electron spectrometer system.
The specific surface area (.5) of the samples was deter-
mined at liquid nitrogen temperature using a Quadra-
sorb SI analyzer. Hydrogen, oxygen, and chlorine
were determined using a CHNS/O Vario Micro cube
element analyzer. Boron and vanadium were deter-
mined by standard analytical techniques and EDX
analysis.

Experimental procedure. Stoichiometric amounts
of the V and B powders were mixed with sodium tetra-
borate and potassium chloride in a vibratory mill (50-
cm? grinding vessel, vanadium balls, ball-to-powder
weight ratio of 1 : 1, 10-mm vibration amplitude, fre-
quency of 28 Hz) under an argon atmosphere at room
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Table 1. Results of reaction between V and B powders (molar ratio of 1 : 2) at a temperature of 800°C, argon pressure of 4 MPa,

and reaction time of 32 h in Na,B,0 and KCl ionic melts

. Chemical composition of the | Phase composition of the Lattice parameters, nm
Tonic melt . .
reaction products reaction products B c
N32B4O7 VB2.01 VB2 02998 03045
KCl VB, o, VB, 0.3002 0.3039

temperature until complete homogenization of the
mixture (8 h). Next, a weighed amount of the resultant
mixture was loaded into a corundum crucible, which
was then placed in a steel autoclave reactor. The reac-
tor was pumped down to a residual pressure of 1.3 X
10! Pa, filled with argon at a pressure of 4 MPa, and
maintained at a temperature of 800°C for a preset
time. Next, the reactor was cooled to room tempera-
ture and the reaction mixture was withdrawn. The sin-
ter cake was comminuted, and the resultant powder
was sequentially washed with distilled water, ethanol,
and acetone. Next, the ampule was pumped down to a
residual pressure of 1.3 x 10~! Pa and filled with argon.
The synthesized powder was again placed in the reac-
tor, exposed to flowing hydrogen under a pressure of
5 MPa at 100°C, evacuated at room temperature to a
residual vacuum of 1.33 x 10~! Pa, and withdrawn
from the reactor in an argon atmosphere. All subse-
quent manipulations with the vanadium diboride thus
prepared, including sampling for analyses, were car-
ried out under an argon atmosphere.

RESULTS AND DISCUSSION

Table 1 summarizes the present results on reaction
between vanadium and boron powders in the molar
ratio 1 : 2 at a temperature of 800°C, argon pressure of
4 MPa, and reaction time of 32 h in Na,B,0; and KCI

ionic melts.

According to the chemical and EDX analysis data,
the vanadium diboride prepared under the described
conditions had the composition VB, ,_, ¢;. X-ray dif-
fraction characterization showed that the synthesized
vanadium diboride powders (hexagonal symmetry, sp.
gr. P6/mmm) were single-phase: we did not detect any
significant amounts of impurity phases (Fig. 1). The
lattice parameters of the samples (Table 1) agree rather
well with those reported for VB, in the literature: a =
0.2994—2998 nm and ¢ = 0.3048—3056 nm [24].
Scherrer analysis of nine reflections in the range 26 =
10°—110° showed that the crystallite size Dy, in the
VB, particles obtained in Na,B,0; and KCI ionic
melts was ~80 and ~85 nm, respectively. The amor-
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phous component of VB, shows up as a halo centered
at 20° (the halo may also be due in part to the substrate
on which the sample was produced).

According to the scanning electron microscopy
data, the vanadium diboride powders prepared in the
ionic melts indicated above consist of particles differ-
ing in shape, some of which are nearly spherical, with
an average diameter of ~90 nm in both ionic melts
(Fig. 2, Table 2). The particle diameter evaluated from
the measured specific surface area of the VB, powders
prepared in Na,B,0; and KCl ionic melts (S = 12.5 and

13.1 m?/g, respectively), under the assumption that the
particles are spherical in shape (theoretical density of
VB,, 5.066 g/cm?) is ~95 and ~90 nm, respectively.

Table 2 compares the average diameters of the VB,
particles evaluated from the X-ray diffraction, specific
surface area, and electron microscopy data. It follows
from these data that, independent of the chemical
composition and nature of the ionic melts, the average
diameter of the VB, powder particles is near 90 nm.
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Fig. 1. X-ray diffraction patterns of VB, powder particles
prepared by reacting amorphous boron with vanadium in
(1) Na,B407 and (2) KCl ionic melts.



Fig. 2. Electron micrographs of VB, powder particles pre-
pared by reacting amorphous boron with vanadium in
(a) Na,B407 and (b) KCl ionic melts.

During heating of the vanadium diboride samples
from 20 to 1000°C in an argon atmosphere, we did not
detect any noticeable changes attributable to heat
release or absorption or weight loss. To more accu-
rately determine the qualitative surface composition of
the vanadium diboride powders, we measured their
X-ray photoelectron spectra. The results demonstrate
that the major component of the powders is VB,: the V
2p;,, binding energy is 512.6 eV and the B 1s binding
energy is 188.6 eV, which agrees with previously

KRAVCHENKO et al.

reported data [25, 26]. In addition to the lines charac-
teristic of vanadium diboride, there are weak lines cor-
responding to boron oxides (boric acid), vanadium
oxides, and elemental boron (191.5, 516.8, 532.8,
529.7, and 186.9 eV); that is, the surface layer of the
vanadium diboride particles up to ~40 A in thickness
contains small amounts of vanadium oxides, boron
oxide or boric acid, and elemental boron inclusions.

The X-ray photoelectron spectroscopy and IR
spectroscopy results lend support to the former
assumption: according to previous work [27, 28], the
position of the B 1s peak at 188.6 eV corresponds to
B,0;. The FTIR IR spectra of the powders are essen-
tially identical to the spectrum of phase-pure boric
anhydride [29], without features characteristic of
H;BO; (3200, 1450, or 1196 cm™!) [30].

Thus, according to ideas formulated by Ilyush-
chenko et al. [31], the observed B transport to V in the
Na,B,0, or KClI ionic melt can be accounted for by
the formation of lower valence ions, B?*, according to
the reaction scheme

B+2B, < 3B, (35)

These ions then react with vanadium to form VB,
according to the scheme

3B, +V 5B, +VB,. (6)

CONCLUSIONS

We have studied reaction between vanadium and
boron powders in the stoichiometric ratio 1 : 2 at a
temperature of 800°C, argon pressure of 4 MPa, and
reaction time of 32 h in Na,B,0, and KCl ionic melts.
The results demonstrate that, independent of the
composition and nature of the melts, the reaction
yields phase-pure vanadium diboride nanoparticles
with an average diameter near 90 nm.

Table 2. Average diameter of the VB, particles prepared by reacting V and B powders (molar ratio of 1 : 2) at a temperature
of 800°C, argon pressure of 4 MPa, and reaction time of 32 h in Na,B,0, and KCl ionic melts

. Average particle diameter evaluated Average particle diameter evaluated
Ionic melt . Dy, nm
from electron microscopy data, nm from S data, nm
N32B407 ~9O ~80 ~95
KCl ~90 ~85 ~90
INORGANIC MATERIALS  Vol. 55 No. 5 2019
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