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Abstract—The products of reaction between TiCly and NaBH, in NaCl/KCI or KBr ionic melts at 973 and
1023 K under an argon pressure of 5 MPa have been characterized by various physicochemical analysis tech-
niques. The results demonstrate that these conditions lead to the formation of TiB, nanoparticles with hex-
agonal symmetry (sp. gr. P6/mmm, AlB, structure) and lattice parameters a = 0.3022—0.3025 nm and ¢ =
0.3214—0.3221 nm. The average diameters of the TiB, nanoparticles evaluated from electron microscopy,
specific surface area, and X-ray diffraction (crystallite size) data for the two synthesis temperatures are ~10
and ~15, ~12 and ~17, and ~5 and ~10 nm, respectively.
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INTRODUCTION

Titanium diboride (TiB,) combines a high melting
point (3498 K), high hardness (=25 GPa), high modulus
of elasticity (=450 GPa), low resistivity (10—30 Q cm),
high thermal conductivity (60—120 W/(m K)), good
chemical stability and corrosion resistance in aggres-
sive gaseous and liquid media, and low density
(4.5 g/cm?), which allows it to find effective applica-
tions in various areas of modern engineering and
industry [1—5]. Recent years have seen a considerable
increase of interest in titanium diboride and related
compounds because they have been used as basic
components for producing nanomaterials with various
and excellent physicochemical, mechanical, and other
properties, differing significantly from the properties
of their microcrystalline analogs (see, for example,
Refs. [6, 7]).

Titanium diboride nanoparticles can be prepared
via the thermolysis of titanium borohydride derivatives
at a temperature of ~488 K [8, 9], for example, accord-
ing to the scheme

Ti(BH,), - nSolv
—* STiB, +0.5B,H, + 4.5H, + nSolv

where Solv stands for dimethoxyethane, tetrahydrofu-
ran, diglyme, triglyme, etc. The TiB, prepared accord-

(1)

ing to this scheme in the form of powder or film is
X-ray amorphous and crystallizes in vacuum after
annealing between 1173 and 1273 K. However, the
described process takes a considerable time and is
multistep, so the resultant TiB, is contaminated with
appreciable amounts of carbon and oxygen. TiB,
nanoparticles can also be prepared through mechano-
chemical interaction of titanium(III) chloride with
lithium hydride and lithium borohydride in a high-
energy mill according to the reaction scheme [10]

TiCl, + 2LiBH, + LiH
—* 3 TiB, + 3LiCl + 4.5H,.

Pan et al. [11] obtained TiB, with a crystallite size
of a few nanometers via ~873-K heat treatment of a
LiBH, + TiO, mixture preactivated in a high-energy
mill. In addition, TiB, nanoparticles can be prepared
through mechanochemical interaction of microcrys-
talline titanium and boron in a high-energy mill [12].
Moreover, titanium diboride nanoparticles can be
obtained by reacting sodium borohydride with TiCl, at
elevated temperatures and pressures [13, 14] or by
reacting Ti with BBr; in the presence of sodium at
673 K [15] and by a carbothermic process [ 16] accord-
ing to the reaction scheme

TiO, + B,0; + 5C—L—TiB, + 5CO, 3)

(2
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as well as via magnesiothermic reduction of mix-
tures of titanium and boron oxides in a NaCl/KCl melt
[17]. Besides, titanium diboride nanoparticles can be
prepared by reacting boron and titanium powders in a
Na,B,0O; ionic melt [18].

Each of the above techniques has its advantages
and drawbacks. Some of them make it possible to
obtain nanoparticles with low impurity concentrations
but at a slow rate; others ensure the formation of tita-
nium diboride nanoparticles with the stoichiometric
composition and tailored size at relatively low tem-
peratures, but require sophisticated apparatus, etc.

The objectives of this work were to examine the
feasibility of formation of TiB, nanoparticles via het-
erophase interaction of TiCl, with NaBH, in
NaCl/KCl or KBr ionic melts and investigate their
physicochemical properties.

EXPERIMENTAL

Starting chemicals. Sodium borohydride of
99.5+% purity was prepared through recrystallization
of a crude substance from a 1 N NaOH solution and
dried under a vacuum of 0.133 Pa at 373 K. In addition,
we used off-the-shelf OTT-O TiCl,, which was vac-
uum-distilled over copper turnings before synthesis;
reagent-grade KCI, NaCl, and KBr; and high-purity
(99.998%) argon (Russian Federation Purity Standard
TU 2114-005-0024760-99). As a source of 99.999+ %-
pure hydrogen, we used a self-contained laboratory-
scale hydrogen generator containing hydrided LaNis
and TiFe intermetallic phases as working materials. Its
operating principle was described in detail previously
[19, 20].

Characterization techniques. The phase composi-
tion of the synthesized TiB, nanoparticles was deter-
mined by X-ray diffraction on a DRON-3 diffractom-
eter (diffracted-beam monochromator). X-ray dif-
fraction patterns were collected in step scan mode with
CuK,, radiation in the angular range 20 = 20°-90°,
with a scan step of 0.02° and a counting time per data
point of 4 s. In X-ray diffraction data processing by the
profile analysis method, we used Burevestnik soft-
ware. Unit-cell and fine-structure parameters were
evaluated using eight reflections. Instrumental broad-
ening was assessed from the linewidth of a LaB refer-
ence standard (SRM 660b). The average crystallite
(coherent scattering domain) size D was evaluated
using the method of second moments.

The thermal properties of the nanoparticles were
studied by simultaneous thermal analysis in a Netzsch
STA 409 PC Luxx thermoanalytical system in combi-
nation with a QMS 403 C Aéolos quadrupole mass
spectrometer at a constant heating rate of 10 K/min
under flowing argon in the temperature range from
293 to 1273 K.
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The powders were also examined by electron
microscopy and energy dispersive X-ray analysis on a
Zeiss Supra 25 field emission scanning electron
microscope equipped with an INCA x-sight X-ray
spectrometer system. Electron micrographs were
obtained at low electron beam accelerating voltages
(~4 kV). At such accelerating voltages, the contribu-
tion of the substrate to the measured signal was negli-
gible, if any. Energy dispersive X-ray analysis was car-
ried out at an accelerating voltage of ~8 kV.

To more accurately determine the qualitative sur-
face composition of the titanium diboride powders, we
measured their X-ray photoelectron spectra on a
PHOIBOS 150 MCD electron spectrometer system.
The specific surface area (.5) of the samples was deter-
mined by BET analysis of krypton adsorption data
obtained at liquid-nitrogen temperature after remov-
ing volatile impurities from the solid phase under a
vacuum of 1.3 X 1073 Pa at a temperature of 373 K. The
cross-sectional area of an adsorbed krypton atom was
taken to be 19.5 x 10~2 m?. The relative error of deter-
mination was within £10%. From the .S measurement
results, we evaluated the average particle size of TiB,
under the assumption that the particles were spherical
in shape, using the well-known formula d, = 6/(YS),
where d, is the particle size and 7y is X-ray density.

Boron, titanium, chloride and bromide ions, and
oxygen were determined by standard analytical tech-
niques and energy dispersive X-ray analysis. Hydrogen
was determined using a CHNS/O Vario EL cube Ele-
mentar analyzer. The pressure in the system was mea-
sured with certified reference manometers of accuracy
class 0.4.

Experimental procedure. TiCl, was reacted with
NaBH, in NaCl/KCIl or KBr ionic melts as follows: A
silica ampule containing titanium tetrachloride,
sodium borohydride, and a 50 mol % NaCl + 50 mol %
KCI or KBr eutectic mixture was placed in a stainless
steel autoclave reactor under a high-purity argon
atmosphere. Next, the autoclave reactor was cooled to
173 K, evacuated for 5 min, filled with argon at a pres-
sure of 5 MPa, and heated for a predetermined time at
a temperature of 973 or 1023 K. The reaction tempera-
tures (973 and 1023 K) were chosen based on the melt-
ing points of the 50 mol % NaCl + 50 mol % KCI
(931 K) or KBr (1007 K) eutectic. The argon pressure
in the autoclave reactor, 5 MPa, was above the critical
pressure for TiCl, (p, = 4.57 MPa), and NaBH, was
added in large excess with respect to TiCl, (1 : 10 molar
ratio).

Next, the reactor was cooled to room temperature,
and the reaction products were evacuated for an addi-
tional 0.5 h. After the reactor was opened under an
argon atmosphere, the reaction products were washed
sequentially with cooled distilled water, acetone, and
ethanol and then held for 5—6 h at 313 K and a residual
vacuum of 0.13 Pa. Next, the resultant powder was
INORGANIC MATERIALS Vol. 56
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Table 1. Conditions and results of reaction between TiCl, and NaBH, in a NaCl/KCl or KBr ionic melt and without it

Phase co_mposition of the a, nm ¢, nm | Synthesis temperature, K Synthesis time, h Ionic melt
reaction products

TiB, [13]* 0.3032 0.3229 973 12 -

TiB, [14]* 0.3027 0.3213 1020 10 -

TiB, 0.3023 0.3214 973 7 NaCl/KCl

TiB, 0.3022 0.3221 1023 NaCl/KCl

TiB, 0.3025 0.3215 1023 KBr

* TiCly was reacted with NaBH, with no NaCl/KCI of KBr ionic melt.

again placed in the reactor, exposed to flowing hydro-
gen from a hydrogen storage alloy at a pressure of
5 MPa and temperature of 373 K as described by Fokin
et al. [21], again pumped down to a residual pressure
of 0.133 Pa at room temperature, and withdrawn from
the reactor under an argon atmosphere.

RESULTS AND DISCUSSION

Table 1 summarizes our results on reaction between
TiCl, and NaBH, in NaCl/KCl or KBr ionic melts
under an argon pressure at a reaction time from 5 to 7 h.
According to the chemical and energy dispersive X-ray
analysis data, the synthesized titanium diboride had
the composition TiB, 520 01-003, Without detect-
able amounts of chloride or bromide ions or hydrogen.
According to X-ray diffraction characterization
results, the titanium diboride nanoparticles have hex-
agonal symmetry (sp. gr. P6/mmm, AlB, structure)
(Fig. 1a). Their lattice parameters (Table 1) are consis-
tent with data reported in Refs. [13—15, 18] and agree
with the lattice parameters indicated in the ICDD
PDF-2 X-ray diffraction database (Fig. 1b). We did
not detect any significant amounts of impurity phases.

The thermal analysis, X-ray diffraction, and elec-
tron microscopy data showed that, during heating in
an argon atmosphere from 293 to 1273 K, the titanium
diboride nanoparticles prepared as described above
did not undergo any noticeable transformations
related to heat release or absorption, nor did we detect
any changes in particle weight, size, or shape, lattice
parameters, or crystallite size. This points to high ther-
mal stability of the nanoparticles.

Table 2 compares the average TiB, particle diame-
ters evaluated from the present electron microscopy
and X-ray diffraction data and specific surface area
measurement results. Figure 2 shows electron micro-
graphs of TiB, powder particles obtained at 973
(Fig. 2a) and 1023 K (Fig. 2b) in a NaCl/KCl ionic
melt and at 1023 K in a KBr ionic melt (Fig. 2c).
According to the scanning electron microscopy data,
the titanium diboride particles synthesized at tem-
peratures of 973 and 1023 K in NaCl/KCI and KBr
ionic melts were not splintery in shape but nearly
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spherical, characteristic of compounds obtained as a
result of a chemical reaction. The average particle size
of TiB, evaluated from the electron microscopy data
agrees well with the equivalent TiB, particle diameter
determined from the measured specific surface area of
the TiB, powder by the BET method (Table 2). With
increasing synthesis temperature, the particle size of
TiB, increases. The synthesized TiB, nanopowders
were predominantly aggregated.
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Fig. 1. (a) X-ray diffraction pattern of the TiB, powder
nanoparticles and (b) ICDD PDF-2 data (card no. 000-
35-0741).
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Table 2. Average diameter of TiB, particles prepared by reacting TiCl, with NaBH, in a NaCl/KClI or KBr ionic melt or

with no melt at temperatures of 973 and 1023 K

. Average particle diameter from Average particle diameter from
Synthesis temperature, K . D, nm e
electron microscopy data, nm specific surface data, nm
973 ~10 ~5 "2
(5= 115 m%/g)
1023 ~14 ~7 -7
(5= 80 m%/g)
1023 ~15 ~10 ~16
(S=82m?%/g)
973* [13] 10—20 — —
~45
1020* [14] 35-50 ~ 30 5
(§=30m-/g)

* TiCl, was reacted with NaBH, with no NaCl/KCl of KBr ionic melt.

Table 3. Calculated thermodynamic parameters of reactions (4) and (5) in the temperature range 623—1073 K

. AH,kJ/mol | AS,J/(molK) | AG,kJ/mol | AH,kJ/mol | AS,J/(molK) | AG,kJ/mol
’ ) (5)
623 —135.8 390.4 —-379.0 104.6 399.1 —144.0
673 —135.8 390.3 —398.5 103.7 397.7 —163.9
723 —136.0 390.0 —418.0 102.7 396.3 —183.8
773 —136.3 389.7 —437.5 101.9 395.2 —203.6
823 —136.5 389.3 —457.0 101.1 394.2 —223.3
873 —136.8 389.0 —476.4 100.5 3934 —243.0
923 —137.0 388.8 —495.9 99.9 392.9 —262.7
973 —137.2 388.6 —515.3 99.6 392.5 —282.3

1023 —137.2 388.6 —534.7 99.5 392.4 -301.9

1073 —137.1 388.7 —554.2 99.5 392.4 —-321.5

To more accurately determine the qualitative sur-
face composition of the TiB, nanoparticles, we mea-
sured their X-ray photoelectron spectra. Along with
lines characteristic of titanium diboride (187.5—
187.7 €V, B 1s; 454.2—454.4 €V, Ti 2p;»), there were
weak lines corresponding to boron and titanium oxides
(193.7—193.8, 463.2—463.3, and 468.7—468.2 ¢V), in
agreement with data in the literature.

The novelty of the proposed TiB, synthesis process
is that TiCl, and NaBH, are reacted in an ionic melt.
Compared to reaction between TiCl, and NaBH, with
no ionic melt, this makes it possible to reduce the syn-
thesis time and obtain smaller TiB, nanoparticles
without their consolidation at high temperatures of
reaction between starting chemicals, which is pre-
vented by the presence of a NaCl/KCl or KBr melt.

Chen et al. [13] proposed a feasible reaction for the
formation of titanium diboride nanoparticles in the
temperature range 773—973 K:

TiCl, + 2NaBH, = TiB, + 2NaCl + 2HCI + 3H,. (4)

Below 723 K, TiCl, and NaBH, seem to react
according to the scheme

2TiCl, + 2NaBH,
= TiB, + TiH, + 2NaCl + 6HCL

We calculated thermodynamic parameters of reac-
tions (4) and (5) in the temperature range 623—1073 K
(Table 3). In our calculations, we used reference data
[22]. It follows from the calculation results that the
heat effect and entropy of reactions (4) and (5) are
essentially independent of temperature and that reac-
tion (4) is exothermic, whereas reaction (5) is endo-
thermic. The calculated Gibbs energies of these reac-

(%)
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tions suggest that reaction (4) in the temperature range
in question is more energetically favorable and more
likely than reaction (5).

CONCLUSIONS

The products of reaction between TiCl, and
NaBH, in NaCl/KCl or KBr ionic melts at 973 and
1023 K under an argon pressure of 5 MPa have been
characterized by X-ray diffraction, scanning electron
microscopy, X-ray photoelectron spectroscopy, ther-
mal analysis, energy dispersive X-ray analysis, ele-
mental analysis, and specific surface area measure-
ments. The results demonstrate that these conditions
lead to the formation of TiB, nanoparticles with hex-
agonal symmetry (sp. gr. P6/mmm, AlB, structure)
and lattice parameters a = 0.3022—0.3025 nm and ¢ =
0.3214—0.3221 nm. The average diameters of the TiB,
nanoparticles evaluated from the electron microscopy,
specific surface area, and X-ray diffraction data for the
two synthesis temperatures are ~10 and ~15, ~12 and
~17, and ~5 and ~10 nm, respectively.
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