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a b s t r a c t

Chemical interaction and phase transformations in the B–BN system have been in situ studied by X-ray

diffraction with synchrotron radiation at pressures up to 5.3 GPa and temperatures up to 2800 K using

multianvil press. New rhombohedral boron subnitride B13N2 has been synthesized by crystallization

from the B–BN melt at 5 GPa. The structure of B13N2 belongs to the R-3m space group (a ¼ 5.4455(2) Å,

c ¼ 12.2649(9) Å) and represents a new structural type. The subnitride is an individual compound and

not a solid solution, in contrast to boron carbide. Besides, the formation of two other boron-rich B–N

phases denoted as ‘‘B6N’’ and ‘‘B50N2’’ has been observed. Their structures seem to be much more

sophisticated and have not been even resolved to present time.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Boron-rich solids give a rise to a large group of refractory
compounds with unique crystal structures and interesting
physical and chemical properties related to the strongly covalent
and electron-deficiency character of their chemical bonds [1,2].
Phases with structures related to a-rhombohedral boron (a-rh
boron) include boron carbide B4C and boron suboxide B6O, that
combine lightness, strength, high hardness and wear resistance,
chemical inertness, high melting point as well as high cross-
section for neutron absorption [3–5]. The high pressure synthesis
of new phases with boron-like structures may lead to novel
materials with advanced properties exceeding those of B4C and
B6O. For example, in literature there are some speculations on the
probable metallic conductivity of the B6N phase [6].

The existence of boron subnitride B6N was first suggested by
Condon et al. [7] in the work devoted to the kinetics of the boron
reaction with nitrogen. Later, the synthesis of the B–N films
containing subnitride ‘‘B4N’’ was reported by Saitoh et al. [8];
however, neither structure nor composition of the synthesized
compounds have been established [7,8]. Hubert et al. [9] reported
the high-pressure solid-state synthesis of boron subnitride
‘‘B6N0.92’’ by reacting amorphous boron and hexagonal graphite-
like boron nitride (hBN) at 7.5 GPa and �2000 K. Based on the
ll rights reserved.
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EELS data, the authors claimed the B6N0.92 composition [9];
however, according to our recent results [10], the diffraction
pattern reported in [9] cannot belong to any B6O-like or B4C-like
structure.

In the present work, we have in situ studied the chemical
interaction and phase relations in the B–BN system at pressures
up to 5 GPa and temperatures up to 2800 K. The new boron
subnitride B13N2 has been synthesized by quenching of the B–BN
melt at 5 GPa and characterized by X-ray powder diffraction,
Raman spectroscopy, transmission electron microscopy (TEM) and
electron energy loss spectroscopy (EELS).
2. Experimental

A powder of b-rh boron [11] or amorphous boron (claimed
purity 99.99%, Alfa Aesar) has been mixed with hBN (claimed
purity 99.8%, Johnson Matthey GmbH) in several B:BN molar
ratios (from 21:1 to 2:1). A starting mixture has been pressed into
a pellet, enclosed in a hBN capsule and placed inside a graphite
resistance furnace of the high-pressure cell assembly. The high
pressure–high temperature syntheses have been carried out using
a multianvil X-ray system MAX80 at beamline F2.1, HASYLAB-DESY.
The experimental set up has been described elsewhere [12].
Energy-dispersive data has been collected on a Canberra solid
state Ge-detector with fixed Bragg angle 2y ¼ 9.12(4)1 using a
white beam collimated to 60�100mm2 (vertical by horizontal)
and the detector optics with 2y acceptance angle of 0.0051, which

www.sciencedirect.com/science/journal/yjssc
www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2009.03.003
mailto:vls@lpmtm.univ-paris13.fr
mailto:kura@lpmtm.univ-paris13.fr


ARTICLE IN PRESS

15 20 25 30 35 40 45

*
*

**

*

*
**

*

**
*

*
*

**

****
*

*

*

*

*

*
*

*

*

B 6O

B 6O

B 6O

B 6O
B 6O

B 6O

2θ (CuKα1)

Fig. 1. Powder diffraction pattern of a sample of amorphous boron quenched from

2570 K and 5.3 GPa. The stars represent the diffraction lines of b-rh boron.
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Fig. 2. Sequence of energy-dispersive diffraction patterns of mixture of b-rh boron

and hBN (molar ratio 5:1) taken in situ at 5.0 GPa and different temperatures.
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ensures a high resolution of the observed diffraction patterns.
With the storage ring operating at 4.44 GeV and 150750 mA,
diffraction patterns have been collected for 1–2 min in real time.
The detector has been calibrated using the Ka and Kb fluorescence
lines of Cu, Rb, Mo, Ag, Ba, and Tb. The sample pressure has been
determined from the lattice constants of highly ordered hBN using
corresponding equation of state [13].

Samples have been gradually compressed to required pressure
at ambient temperature, and then diffraction patterns have been
collected at the stepwise (�50 K) temperature increase. Pressures
at different temperatures have been found from the p-V-T data on
highly ordered (P3 ¼ 0.9870.02) graphite-like hexagonal boron
nitride using the thermoelastic equation of state suggested in [12].
The sample temperature up to 2200 K has been measured by a
W3%Re–W25%Re thermocouple. Above 2200 K the power–tem-
perature calibration curve has been linearly extrapolated to the
high-temperature region (up to 2800 K). After heating, the
samples have been quenched by the switching off the power
(the initial cooling rate was about 400–500 K/s).

The recovered samples have been analyzed by powder X-ray
diffraction using G3000 TEXT (Inel) and D5000 (Siemens) powder
X-ray diffractometers in a Bragg–Brentano geometry employing
CuKa radiation. The alignment of goniometers and calibration of
linear detector have been performed using high purity silicon
(a ¼ 5.431066 Å) and the standard sample of LaB6 (a ¼ 4.15695 Å).
Unit cell parameters have been derived from the LeBail profile
refinement procedure [14] performed using the GSAS computer
program [15]. Highly ordered hBN has been used as an internal
standard.

Microstructure and phase composition of the samples have
been studied by TEM-EELS using a JEM 2010HR (JEOL) transmis-
sion electron microscope equipped with a GIF2000 (GATAN)
parallel electron energy loss spectrometer. ELLS spectra have been
collected from the regions less than 10�10 nm2, i.e. the
established composition corresponds to the individual crystalline
grains whose structure can be recognized by selected area
electron diffraction.

The Raman scattering measurements have been performed at
300 K using a Dilor XY system with the 514.5 nm Ar+ ion laser as
excitation source. The scattered light has been collected in the
backscattering geometry using a CCD detector. The spectrometer
has been calibrated using the G25 phonon of Si (Fd-3m). The
incident laser power has been 50–75 mW. No modifications in the
Raman peaks have been observed within the laser power range
used in our experiments.
Above 2080 K two diffraction lines corresponding to the ‘‘B6N’’ phase arise; at

2380 K the lines of b-rh boron are almost disappeared due to the melting, and

finally at 2600 K, the ‘‘B6N’’ melts.
3. Results and discussion

Our preliminary experiments have revealed that the oxygen
contamination plays an important role when amorphous boron is
used as starting material for reaction with boron nitride. Fig. 1
shows a powder diffraction pattern of amorphous boron quenched
from 2570 K and 5.3 GPa. Intensive lines of B6O together with the
reflections of b-rh boron are clearly seen which is indicative of the
partial oxidation of amorphous boron and its transformation into
thermodynamically stable b-rh boron.

X-ray powder diffraction patterns of all B-BN samples contain-
ing amorphous boron (molar ratios B:BN from 21:1 to 5:1)
quenched from 2300 to 2600 K at �5 GPa show lines of a B6O-like
phase. The remarkable variation of the lattice parameters, within
0.07 Å for a-parameter and 0.05 Å for c-parameter, allows one to
conclude that the synthesized phase is the B6(N1�xOx)1�y solid
solution. Most probably, at high temperatures amorphous boron
has been oxidized to B2O3 by the adsorbed water and/or oxygen
[16]; and the molten boron oxide interacted with boron and hBN
resulting in the formation of B6(N1�xOx)1�y.

In contrast to amorphous boron, in high-pressure cell b-rh
boron is stable to oxidation up to its melting point, and, therefore,
the oxygen impurities in resulting samples can be drastically
reduced. That is why, to synthesize an oxygen-free boron
subnitride, we have used b-rh boron as starting material.

The typical sequence of the powder diffraction patterns taken
in situ during the heating of the mixture of b-rh boron and hBN
(molar ratios B:BN from 6:1 to 4:1) at 5 GPa is presented in Fig. 2.
At temperatures above 2080 K, two diffraction lines appear that
could be interpreted as those of a B6O-like phase (herein and after
called ‘‘B6N’’). In the 2100–2300 K range this phase may be
quenched down to ambient conditions; and its powder diffraction
pattern (Fig. 3) shows two fine well-formed lines close to the 10 4,
0 21 and, for some samples, 110 reflections of the B6O-like lattice,
while the expected 10 1, 0 0 3 and 0 12 reflections are very weak
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(about 10 times less intensive than expected for the phases with
structure related to a-rh boron). Similar powder diffraction
patterns have been reported by Hubert et al. [9] for the phase
‘‘B6N0.92’’ in the quenched samples of the mixture of amorphous
boron with hBN from 7 GPa and 2000 K. According to our in situ

observations, in the case of amorphous boron as a starting
material, at 5 GPa the diffraction lines of ‘‘B6N’’ appear already at
about 1600 K. The structure of ‘‘B6N’’ phase has not been resolved
so far and should be related to a new boron modification
stabilized by nitrogen and/or oxygen contamination [10].

The heating of the B–BN mixtures above 2380 K is accom-
panied by the disappearance of the b-rh boron lines due to the
boron melting (Fig. 2). The quenching of the samples having
the B6N and B5N compositions from 2400 to 2600 K leads to the
formation of the well-crystallized rhombohedral boron subnitride
phase with structure related to a-rh B and general stoichiometry
B12+xN2+y. X-ray diffraction patterns of the well-powdered
quenched samples (Fig. 4) shows the lines corresponding to a
B6O-like lattice, namely, 10 1, 0 0 3, 0 12, 110, 10 4, 0 0 21, 0 2 4,
3 0 3, 0 18, 1 2 5, 2 2 0, 131, 2 2 3, 217, 119 and 13 4. The lattice
parameters have been found to be a ¼ 5.4455(2) Å and
c ¼ 12.2649(9) Å (trigonal syngony, hexagonal axis, space group
R-3m), which are intermediate between those of boron suboxide
B6O (a ¼ 5.367(2) Å, c ¼ 12.325(3) Å according to JCPDS no.
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Fig. 3. Powder diffraction pattern of a mixture of b-rh boron and hBN (the molar

ratio 5:1) quenched from 2300 K and 4.7 GPa. The stars represent the diffraction

lines of b-rh boron.
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Fig. 4. Powder diffraction pattern of a mixture of b-rh boron and hBN (the molar B:BN ra

of b-rh boron, while the triangles on the right figure correspond to the B13N2 lines.
87–1143) and boron carbide B13C2 (a ¼ 5.633(8) Å, c ¼ 12.164(2) Å
according to [17]), see Fig. 5a. The variation of lattice parameters
of the as-synthesized B12+xN2+y subnitride in all our experiments
has not exceeded 70.002 Å for a-parameter and 70.001 Å for c-
parameter, which allows us to conclude that the resulting phase is
an individual subnitride and not a solid solution.

The structure of B12+xN2+y has been determined by Rietveld
refinement of powder diffraction data collected at ambient
conditions (Fig. 6, Table 1). The satisfactory refinement has been
achieved only in the case of the R-3m starting unit cell containing
two symmetrically independent boron atoms of the 18h Wickoff
position, one independent nitrogen atom of 6c position and one
boron atom of 3b position. The phase has a structure similar in
some respect to those of a-rh B [18], B4+zC1�z [17,19], and B6O
[19,20]. The B12+xN2+y phase features distorted B12 icosahedra
linked by N–B–N chains, giving rise to a three-dimensional
framework. The similarity is greatest to B4+zC1�z, which has
the same unit cell, space group, and atom sites as the subnitride.
The site occupancies of the atoms of each crystallographic type
are close to unit, so the synthesized phase has the B13N2

stoichiometry.
According to the TEM observations, the synthesized phase

occurs as aggregates with clearly visible (average size 200 nm)
grains. The morphology typical for trigonal crystals may be easily
recognized. From the EELS data the stoichiometry of B12+xN2+y

phase has been determined to be B671N, which is in good
agreement with B13N2 composition, established by Rietveld
refinement of X-ray powder diffraction patterns. The three
strongest diffraction rings of the selected area electron diffraction
(SAED) patterns, i.e. 0 0 3, 10 4, and 0 2 1 have been used to
recognize the B13N2 particles. According to the data of TEM-EELS,
B13N2 phase contain only nitrogen and boron. No detectable
amounts of oxygen or carbon have been observed.

In some experiments, reddish microcrystals of pinacoidal habit
with size up to 50mm have been observed after quenching on the
phase boundary between a B–BN (or boron) sample and hBN
capsule (Fig. 7). According to selected-area electron diffraction,
they are the single crystals, if not twins, of B13N2.

The Raman spectra of the B13N2 microcrystals (Fig. 8) are
similar to those of B6O and B4C [19]. One can observe the inter-
icosahedral modes above 950 cm�1, the intra-icosahedral modes
between 400 and 950 cm�1 and the modes with wavenumber less
then 400 cm�1 that are, most probably, librational (involving
rotation of icosahedra, etc.). All the lines above 600 cm�1 are
2θ (CuKα1)
5 50 55 60 65 70 75 80

x12

tio 5:1) quenched from 2600 K and 4.9 GPa. The stars represent the diffraction lines
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Fig. 6. Rietveld analysis and structure of rhombohedral boron subnitride B13N2. Since the B13N2 phase crystallizes by peritectic reaction together with b-rh boron, ‘‘B50N2’’

and hBN, all four phases have been used for the Rietveld full profile refinement of the X-ray powder diffraction pattern of B13N2.

Table 1
Results of the Rietveld refinement of atomic coordinates and fractions.

No. Atom Wickers index x y z Fraction

1 B 18h 0.1725(14) �0.1725 0.0371(13) 1

2 B 18h 0.1198(7) �0.1198 0.8834(8) 1

3 N 6c 0 0 0.3744(13) 1

4 B 3b 0 0 0.5000 1.00(2)

The refined parameters are given in bold. R-3m, a ¼ 5.4455(2) Å, c ¼ 12.2649(9) Å,

Z ¼ 3, D ¼ 2.666 g cm�3, no. of reflections: 11, RF
2
¼ 0.02645.
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usually attributed to vibrations of the atoms of boron-rich
icosahedra [14]. The fine feature just below 500 cm�1 corresponds
to the symmetric stretching of the N–B–N chains and the narrow
line just above 500 cm�1, to the motion of icosahedron about
nitrogen atom [19].
Over the whole p-T range under study B13N2 crystallizes in
mixture with b-rh boron, a phase similar to boron-rich tetragonal
subnitride B50N2 (‘‘B50N2’’, a phase with structure of hypothetical
I-t boron) [21] and hBN (Fig. 4). The amount of the B13N2 phase in
relation to B50N2-like phase increases with a higher BN content in
the starting mixture; however, synthesis of single-phase B13N2

seems to be impossible because its formation at 5 GPa occurs
according to the Lþ hBN$B13N2 peritectic reaction.

The powder diffraction pattern of the well-crystallized ‘‘B50N2’’
phase is very similar to that of B50N2 [21], but not the same.
Reflections 2 0 0, 10 1, 111, 0 0 2, 3 11, 3 2 1, 411, 31 2, 4 31, and
6 0 0 are present; however, the 110 line is absent. The lattice
parameters of ‘‘B50N2’’ have been found to be a ¼ 8.8044(7) Å,
c ¼ 5.0395(6) Å (P4nnm or P-4n space group), which remarkably
differ from those of boron subcarbide B50C2 (a ¼ 8.753 Å,
c ¼ 5.093 Å) and boron subnitride B50N2 (a ¼ 8.634 Å, c ¼ 5.128 Å)
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Fig. 7. Optical microscope pictures of B13N2 microcrystals with size of about 50 mm grown on the boundary between liquid boron and hBN at 2670 K and 5.3 GPa (a: �10,

b: �50).
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Fig. 8. Raman spectrum of the B13N2 microcrystal grown on the boundary

between liquid boron and hBN at 2670 K and 5.3 GPa. The B4C and B6O Raman

spectra15 are shown for comparison.
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[21]. The a-parameter of the ‘‘B50N2’’ phase observed in our
experiments is higher, while c-parameter is smaller (Fig. 5b); that
is indicative of a higher atomic radius of the atoms linking the
icosahedra in comparison with carbon and nitrogen. These atoms
are, most probably, the B atoms that substitute a number of N
atoms in the B50N2 lattice. According to our crystallographic
simulations using PowderCell program [22], the substitution of
nitrogen for boron in the B50N2 unit cell [21] leads to the
disappearance of the 110 line. Since the formation of ‘‘B50N2’’ has
been never observed during the remelting of pure boron (a-rh or
b-rh) at the same p-T conditions, one may suggest that the
synthesized phase is nitrogen-doped I-t boron, i.e. B50(N1�xBx)2

whose structure has been stabilized at high pressure.
4. Conclusion

New rhombohedral boron subnitride B13N2 has been synthe-
sized from the mixture of b-rh boron and hexagonal graphite-like
boron nitride at �5 GPa and 2300–2600 K. B13N2 crystallizes from
the B–BN melt according to the peritectic reaction and has a
structure related to a-rh boron. Raman spectra are in a good
agreement with established structure and similar to the spectra of
other boron-rich compounds. At the same time, a boron-rich
phase with unknown structural type forms at �5 GPa and
2100–2300 K, i.e. at temperatures below the B–BN melt formation.
Besides, in the samples synthesized at �5 GPa and temperatures
higher than 2100 K a new nitrogen-boron phase with I-t boron
structure has been observed, that is, most probably, nitrogen-
doped I-t boron, whose structure has been stabilized at high
pressure. Rhombohedral subnitride is predicted to be superhard
[23,24] and may have metallic conductivity [6]. Unfortunately, the
B13N2 crystallization by peritectic reaction in the studied p-T range
did not allow us to study such properties so far.
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