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Metal-boron alloys contain a boron covalent framework
providing typical high chemical, mechanical, and thermal
stability, which allows important applications, for example, for
diborides (NbB,) and hexaborides (CaBg) as refractory
materials.l'! New properties also arise from alloying; a prime
example is the superconductivity of magnesium diboride,
which exhibits the highest critical temperature (39 K) among
classical superconductors.? Hexaborides are also relevant
because of their field emission properties® and their potential
for thermoelectricity (CeBg).! Moreover, transition-metal
borides are drawing attention as efficient (de)hydrogenation
catalysts that can accelerate, for instance, emission of hydro-
gen from ammonia-borane or borohydrides within energy-
harnessing devices based on hydrogen technology.’! Appli-
cations in hyperthermia, information storage, thermoelectric-
ity, and catalysis would benefit from scaling down to the
nanometer range, which could bring, as for all nanomaterials,
modified, enhanced, and even novel properties that arise
from the finite particle size. To date, only a few nano-
structured borides have been reported. This paucity arises
mainly because M-B systems are typically synthesized at high
temperatures above 1100°C.) Nanoscale materials have been
obtained at lower temperatures (25-100°C), but at the
expense of crystallinity and stability, and such approaches
yield pyrophoric compounds without applicability.’! The
scarce reported procedures for nanostructured crystalline
systems rely on physical®® or chemical methods,”) and none
of them is demonstrated to be generally applicable to the wide
and rich family of borides. Moreover, the majority of
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crystalline metal borides has not yet been approached at the
nanoscale, such as hard (HfB,) or ultrahard (MoB,) materials,
catalysts, and ferromagnetic compounds (FeB). The develop-
ment of a reliable, versatile, and general synthesis procedure
towards such systems is therefore still eagerly demanded.

One requirement to obtain such nanostructures is the use
of relatively mild temperatures, which are still high enough to
trigger crystallization but low enough to avoid excessive grain
growth, ideally in the range 500-900 °C. Then, development of
a solution route instead of standard solid-state reactions may
contribute to full kinetic accessibility of the reaction space,
which includes control of nanocrystal size and shape.!'”
Because of the thermal instability of organic solvents in
such conditions, we turned to inorganic molten salts, which
are readily available and safe to apply at the targeted
temperatures.

Herein we present the use of such salt melts for the first
general synthesis of metal boride nanocrystals. The method is
based on a one-pot ionothermal process which is simple and
relies on medium temperature, atmospheric pressure, and
environmentally friendly solvents. Applicability to a wide
range of compounds, formation of novel nanostructures, and
control over the nanocrystal size and the material texture are
demonstrated. Processing of the nanoparticles within borosi-
licate glass-ceramic composites and tuning of the material
conductivity are finally described.

Solid metal chlorides as metal precursors and sodium
borohydride as the boron source and reductant were selected
in order to avoid oxygen- and moisture-containing species,
which could yield side reactions."!! The eutectic LiCI/KCI
(45:55 wt.) mixture was chosen as a cheap, sustainable, water-
soluble and low-melting-point solvent (355°C) to trigger
reactions in the liquid state."? The powders were mixed at
room temperature and heated under argon flow. After
cooling and solvent removal by water washing, black powders
were recovered. Various systems were examined to assess the
relevance of the procedure for hexaborides (CaB4 CeBy),
tetraborides (MoB,), diborides (NbB,, HfB,), and lower
borides (FeB, Mn,B). We focus below on NbB, and CaB, as
proofs of concept, then we assess other technologically
relevant compounds to demonstrate the generality of the
approach.

XRD patterns (see the Supporting Information) indicate
that diboride NbB, and hexaboride CaB, are obtained at 900
and 800°C, respectively, as pure crystalline phases when an
excess of boron precursor is used for NbB, (initial Nb/B < 1:4)
or a stoichiometric amount for CaBg (initial Ca/B <1:6).
Refined cell parameters for NbB, are a=3.096 A and ¢ =
3.298 A, a clear downwards and upwards shift in comparison
to stoichiometric bulk NbB,, thus indicating a boron-rich
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compound with B/Nb ~2.1.1%1 The refined cell parameter for
cubic CaBy is 4.144 A, in agreement with the literature.®
Broadened reflections that result when the initial amount of
boron is increased highlight a strong decrease of the crystallite
size from 7 (Nb/B =1:4) to 3 nm (1:8) for NbB, and 16 (Ca/
B=1:6) to 10 nm (1:12) for CaB, according to the Scherrer
formula. Brunauer-Emmett-Teller analysis of the N, sorption
isotherms provides specific surface area values of 25 (Nb/B =
1:4) and 120 m?g™" (1:8) for NbB,, in agreement with the
decreased crystallite size. CaBy is obtained with 10 m?g~" (Ca/
B=1:6) and 80 m?’g ' (1:12). To our knowledge, such high
values were never reported for metal borides (e.g. 16 m*g ™!
for NbB,) and, taking into account the high densities, can
compare favorably with common high-surface-area materials
used especially for catalysis."*! Scanning electron microscopy
(see the Supporting Information) and transmission electron
microscopy (TEM, see Figure 1 and the Supporting Informa-
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Figure 1. TEM pictures of niobium diboride nanocrystals obtained at
900°C with NbCl;/NaBH,=1:4 (a, c) and 1:8 (b, d, e). Corresponding
SAED pattern (c) and Fourier filtered HRTEM zoom (e) are shown as
insets. The black arrows (c, d) highlight an amorphous matrix
embedding the particles.

tion) indicate that samples are homogeneously composed of
nanoparticles embedded in an amorphous matrix of 2 nm
thickness. NbB, nanocrystals exhibit diameters of approxi-
mately 10 and 5 nm for initial ratios of Nb/B=1:4 and 1:§,
respectively, in agreement with XRD. These values are one
order of magnitude lower than those previously reported.’
The smallest CaBg nanoparticles obtained to date, with 10 nm
diameter, are also evidenced (see the Supporting Informa-
tion).®™ For all of the investigated metal-boron systems, the
nanoparticles are single crystals. XRD and electron micros-
copy demonstrate that size tuning can be effectively achieved
by adjusting the boron-source concentration. Although in-
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depth study of the reaction pathway will require further work,
the decrease of the particle size that results when the
concentration of one reactant is increased can be easily
comprehended in the framework of classical crystal growth
theory as a nucleation-driven phenomenon. Indeed, a higher
precursor concentration leads to a higher nucleation rate, a
higher number of nuclei for the same amount of material, and
thus to smaller nanoparticles.®

Elemental analysis of a NbB, sample for initial Nb/B =1:8
yields a Nb/B ratio of approximately 0.14 (1:7) (Ca/B =0.10
(1:10) for CaBg obtained for initial Ca/B =1:12) and high-
lights an excess of boron in the material, thus indicating that
the amorphous component observed by TEM is mainly
composed of boron. The Nb, B, and O contents for initial Nb/
B=1:8 lead to O/B,,=0.7 within the amorphous phase,
which suggests that this compound is made of partially
oxidized amorphous boron. This hypothesis is confirmed by
Fourier transformed infrared (FTIR) spectra, which exhibit
typical bands of B—O stretching modes at 1195, 1350, and
1450 cm™! (see the Supporting Information),!'” while no Nb—
O band is observed.™™ Moreover, the ''B solid-state magic-
angle spinning NMR spectrum (see the Supporting Informa-
tion) gives clear evidence of BO, groups at approximately 6 =
0 ppm, while a broad signal between 6 =25 and —40 ppm
corresponds most probably to BB, groups in the amorphous
phase and crystalline NbB,. To provide further evidence of
the nature of this component, selective etching was performed
in a hydrogen peroxide solution, resulting in the dissolution of
the nanoparticles while the amorphous matrix was main-
tained (see the Supporting Information).'”’ Comparison of
the energy-dispersive X-ray analysis spectra before and after
leaching shows that this matrix contains solely boron and
oxygen, in agreement with elemental analysis and FTIR and
NMR spectral data for the initial sample. These different
techniques indicate that the matrix is made of partially
oxidized amorphous boron. Attempts to dissolve this com-
pound selectively were unsuccessful to date because of the
known higher chemical inertness of amorphous oxidized
boron versus crystalline metal borides.'"”! The matrix could,
however, provide interesting benefits, for example, for
thermoelectrics by decreasing the thermal conductivity of
boride composites.”” It is also important to note for further
evaluation of the properties that dissolution of the nano-
particles while the amorphous part is maintained shows that
the nanocrystal surface is accessible to potentially reactive
solutes. This point is of premium importance to evaluate the
catalytic and electrochemical properties of the as-obtained
metal boride nanocrystals.

Other technologically relevant binary borides were
assessed to demonstrate the generality of the process. Firstly,
hafnium diboride was obtained as an isomorph of niobium
diboride (Figure 2a) with nanoparticles of ca. 50 nm. To our
knowledge, this is the first report on HfB, particles in the
nanometer range.’!! HfB, is an ultra-high-temperature
ceramic with high mechanical strength and thermal and
electrical conductivity, which is currently investigated as a
wear-resistant coating for vehicles and as a diffusion barrier in
microchips. All these applications could strongly benefit from
the downscaling demonstrated herein. Secondly, cerium
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Figure 2. a) TEM picture and corresponding SAED pattern of HfB,
nanocrystals. b) XRD pattern and SEM image of CeBg nanoparticles.
c,e) TEM pictures, d) corresponding SAED pattern, and f) Fourier
filtered HRTEM image of MoB, nanoparticles. HRTEM picture and
corresponding Fourier transforms of g) FeB nanoparticles and h) a
Mn,B nanoparticle. Detailed synthesis parameters are given in the
Supporting Information.

hexaboride CeBy was made as small nanoparticles of 8 nm
diameter according to XRD and SEM (Figure 2b). This size is
again one order of magnitude smaller than previously
reported data.® The design of nanostructured CeBg and
other rare-earth hexaborides could be relevant to the increase
of efficiency in thermoelectrics and information storage.
Ultrahard materials can also be fabricated by the ionothermal
process. Indeed, nanostructured MoB, was synthesized for the
first time as a crystalline compound with nanoparticles of
4 nm diameter (Figure 2c—f). The SAED pattern and the
HRTEM image could only be satisfactorily indexed along
with the typical WB, crystal structure, which was recently
suggested to be metastable.”?! This structure may originate
from the relatively low temperatures used during the
ionothermal process that enables the formation and isolation
of non-equilibrium structures, potentially suggesting the
possibility of synthesizing novel compounds. The synthesis
of crystalline borides from the first transition series was
exemplified by making the monoboride FeB (Figure 2g) and
the lower boride Mn,B (Figure 2h). These two examples are
the first reported cases of FeB and of MnB, nanoscale
systems. In contrast to their pyrophoric amorphous counter-
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parts," these materials are stable upon air exposure and are
expected to exhibit interesting magnetic and catalytic proper-
ties.®™ Occurrence of different stoichiometries in borides of
the first transition series is a complex issue. Especially, Mn,B
is obtained with by-product MnB, as evidenced by XRD. The
question of multiphase occurrence in these systems will be
addressed in further studies.

To evaluate the impact of downscaling on the properties
and to analyze the potential of the as-prepared materials,
conductivity measurements were performed by electrochem-
ical impedance spectroscopy on pressed pellets. NbB, is a
good representative of diborides as highly conductive bulk
metals.”” The conductivity of the NbB, samples obtained for
Nb/B =1:4 and 1:8 reaches 60 % and 5 %, respectively, of the
value for a commercial bulk compound. The material
composed of nanoparticles of 10 nm diameter, in spite of
the amorphous side product, still exhibits excellent transport
properties, while further decrease of the particle size causes a
drop of the conductivity, which is likely related to grain
boundary effects and the higher amount of amorphous boron
phase. A similar behavior is observed with CaBg, which
belongs to the semimetals.¥

Although the boron oxide layer can reduce the electrical
conductivity of these systems, it can also be beneficial for
processing the material. For instance, it acts as a functional-
ized buffer layer for incorporation of the particles into
borosilicate glasses. We adapted a typical sol-gel process
involving acidic catalysis of tetraethylorthosilicate condensa-
tion in the presence of NbB, nanocrystals. After drying the
gels and calcination at 400°C, NbB, is still observed by XRD,
while FTIR spectra (see the Supporting Information) high-
light a strengthening of B—O bands and the appearance of a
characteristic B-O-Si band at approximately 650 cm™', which
accounts for the formation of a borosilicate—-NbB, glass-
ceramic composite. Concentrations of NbB, nanocrystals up
to 20 wt. % are attained. This approach demonstrates the
possibility of processing the metal boride nanoparticles into
glass pieces and layers.

In summary, we developed the first general route towards
nanocrystals of metal borides. This ionothermal process
enables the environmentally friendly one-pot synthesis at
relatively low temperature and atmospheric pressure of
various compounds, most of them being achieved at the
nanoscale for the first time. The use of mild conditions
enables easy adjustment of the particle size and the material
texture. Indeed, various structures of metal borides can be
fabricated, ranging from extended 3D (MB,, MB,), 2D
(MB,), and 1D (MB) boron frameworks to cluster-like
compounds (M,B). We are now embarking on detailed
studies of the mechanistic aspects of the synthesis as well as
of the properties of these new materials. Together with the
ability to process the compounds into composites, the
procedure displays in our opinion unprecedented versatility
and enables us to address a wide range of novel functional
materials.
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