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Destruction, amorphization and reactivity of nano-BN under ball milling

A.N. Streletskii
L.V. Berestetskaya , K.A. Streletzky

Introduction

Hexagonal boron nitride (h-BN) is analogous to graphite in its
crystallographic parameters. The structure of h-BN is presented by
layers of flat BsN3 hexagons packed in the [001] direction with
alternating nitrogen and boron atoms one over another. There is
a metastable turbostratic BN (t-BN) [1] in which hexagon layers
are located in parallel to each other, but azimuthal disposition of
hexanes is chaotic. The disorder in the disposition of hexagon layers
results in enlarged interlayer distance dpg;.

The mechanical activation of h-BN is promising for production of
superhard cubic BN [2], nanotubes [3], creation of layered compos-
ites [4], etc. The first data about processes taking place under ball
milling of h-BN are given in [2-6]. This paper studies the mech-
anisms of h-BN mechanical activation and the onset of chemical
activity as a result of mechanical treatment.

Experimental techniques

Mechanochemical activation was carried out in a vibration ball mill with vials
and balls made of hardened bearing steel under protective Ar atmosphere. The
ball-to-powder weight ratio was 60:1. The depth of mechanical activation was
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characterized by the dose D of energy supplied to the material under milling
instead of widely used milling time [7]. The dose (J/g) is defined as D=]t, where
] is specific power intensity of the mill and t is milling time. The value of | was
36W/g.

Mechanochemical hydrogenation was carried out in a laboratory vibration mill,
hermetically joined to a vacuum device. The H; absorption was measured by the
pressure fall in known volume [8]. The Ha pressure was (3-5) = 10% Pa. Power inten-
sity of the mill was 1W/g.

Structural characterization of milled samples was performed by X-ray diffraction
(XRD) with monochromatized Cu Ko radiation (DRON-3 device). Values of coher-
ent scattering region (CSR), L, and microstresses, ¢, were calculated on the basis of
the line profile analysis of X-ray spectra using Ref [9]. For very broad lines the L
value was estimated using Sherrer's formula. Specific surface area of the powders
was determined using the low-temperature (77 K) BET Ar adsorption technique.
Measurements by transmission electron microscopy (TEM) were carried out on an
electron microscope Jeol JEM 2000 FX Il. Fourier Transformation Infra Red (FTIR)
spectroscopy measurement used AF-1 instrument. For the Dynamics Light Scat-
tering (DLS) experiments Ar® laser (1W of power at 514.5nm) with multiangle
photometer-goniometer (Bl 2005M) and BI-9000 correlator were used. DLS experi-
ments were performed in methanol suspensions of BN powders. CONTIN algorithm
[10] was employed for analysis of the DLS data. Characteristics of original h-BN
(purity 99%) are described in detail in Section 3.1.

Results and discussion
Characteristics of original h-BN

As was shown by TEM, the original h-BN samples were tablets
(Fig. 1) with diameter of 300-500 nm and thickness of 70-80 nm.



Fig. 1. TEM image and selected area electron diffraction for initial h-BN.

The reflection on selected area electron diffraction pattern cor-
responds to h-BN (Fig. 1) and suggests that the tablets are
monocrystalline. The original h-BN XRD pattern indicates that the
intensity of lines 002 and 004 is essentially higher than in the
standard spectrum (texturing). In addition, lines 002 and 004 are
noticeably widened. The line widening is due only to reduction
in size of L of CSR: L(002/004)=844+15nm, £ (002/004)=0. The
linesinthe direction of [1 0 0] are not widened, allowing to conclude
that L(100)>150 nm.

The value of specific surface area (S) measured by BET of origi-
nal h-BN sample is S=12 m?/g. For flat tablets of thickness h, which
is considerably smaller than the tablet diameter, the geometrical
specific surface area is S~ 2/ph (here p is density). The thickness
estimate based on this formula gives the value of h=71 nm. Thus,
the results on the tablet thickness are confirmed by three indepen-
dent methods.

Therefore, we can conclude that the original h-BN samples are
microcrystalline and have the shape of tablets with diameter of
300-500nm and thickness of 70-80 nm. The flat side of tablets
corresponds to the basal plane [001].

The BN destruction and amorphization under ball milling

Fig. 2 shows the dependence of specific surface area measured
by BET on the dose of mechanical treatment. At the initial stage of
mechanical treatment specific surface area increases with increase
of the dose, reaches maximum of about 400 m?/g (at the dose of
6-8KkJ/g), and then decreases as the dose continues to increase.
Adsorption measurements in the broad interval of pressure have
shown no microporosity at the initial stage of mechanical treat-
ment.

Fig. 3a shows a microphotograph and microdiffraction pattern
for the BN sample activated under the dose of 2.2 kJ/g. Apparently,
the activated sample consists of long “rods” with 5-25 nm thick-
ness. Selected area electron diffraction (SAD) patterns of the phase,
formed during the ball milling (Fig. 3a), is characterized by the pres-
ence of the diffraction rings of polycrystalline boron nitride. The
calculated interstitial distances for ring-type reflections are: 3.33,
2.16, 2.07 and 1.82 A, which is in good agreement with the hexag-
onal boron nitride parameters. For the sample under the dose of
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Fig. 2. Specific surface area of BN under ball milling.

4.3KJ/g, the rods are significantly smaller (most rods are thinner
than 5nm). For this dose the SAD patterns show reflexes of poly-
crystalline boron nitride and an amorphous halo (primary data are
not shown). Finally, for the sample under the dose of about 22 kJ/g
(Fig. 3b) SAD corresponds to almost completely amorphous mate-
rial.

Fig. 3. TEM image and selected area electron diffraction for mechanically activated
BN under the dose of 2.2 (a) and 22 (b) k]/g.



Table 1
Comparison of the rod thickness obtained by TEM, BET and DLS techniques.

N Dose (kJ/g) TEM BET DLS
1 2.2 5-25nm 10nm -
43 <5nm 6 nm 5.5nm

It is natural to assume that, in the absence of micropores, spe-
cific surface area is the external surface of the rods. Under the
assumption that rods length considerably exceeds their thickness
the specific surface area S is found to be about 4/ph. Table 1 com-
pares h values, calculated using this formula with the data of TEM.
Clearly a satisfactory agreement is observed.

XRD patterns of mechanically activated BN under various doses
are presented in Fig. 4. As doses of mechanical treatment increase,
the BN lines widen. The lines 00 2 and 0 0 4 are widened much more
than the line 100. For the dose of 2.2 k]/g the CSR size estimated
using Sherrer’s formula for the line00 2 was L(0 0 2) ~ 30 nm and for
the line 100 it was L(1 0 0)> 130 nm. The anisotropy of roentgen line
widening could indicate that rods are crystallographically oriented
and their long side has a direction [100].

Under higher doses of mechanical activation, at the stage of
reduction of specific surface two broad maxima are observed on
diffractograms. The CSR formal estimation for diffractogram 7 in
Fig. 4 results in L(002) ~ 1.2-1.5nm.

Additional confirmation that the entire activated material at low
doses consists of long rods is obtained from the Dynamic Light Scat-
tering (DLS) spectroscopy. This method yields the translational and
the rotational diffusion coefficients (D¢, Z, respectively) of parti-
cles in solution (and/or suspension) from which the distribution of
the apparent hydrodynamic radius and the shape of particles can
be deduced. The shape of the size distribution function at differ-
ent scattering angles for activated sample with the dose of 4.3 kJ/g
reveals that: (1) BN particles have strongly anisotropic shape, (2)
D =3.97 x 1072 m?2/s and &=289.4s"1, (3) the rigid rod scatter-
ing model [11] suggests that the rods of the 450 nm in length and
5.5nm in diameter is one possible solution that produces the val-
ues of = and Dy, that are similar to experimental values. The value
of 5.5 nm for sample 2 in Table 1 is similar to the values obtained
from other methods.

In summary, mechanical treatment in the ball mill can be
divided into two stages: under doses up to 6-8 kJ/g monocrystalline
tablets of h-BN are cleaved to nanocrystalline rods, specific sur-
face of which reaches hundreds of m2/g; under higher doses the
amorphization processes start to appear and reduction of specific
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Fig. 4. X-ray diffraction patterns of BN after mechanical activation. Diffractograms
correspond to doses: 0(1), 2.2 (2), 4.3(3), 6(4), 8.6 (5), 25 (6) and 32(7) kJ/g.
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Fig. 5. FTIR spectra of initial h-BN sample (1) and ball milled samples with doses of
6.5 (2) and 22 (3) k]/g as compared with the model FTIR pattern for B,03 (4).

surface begins. By the moment when amorphization processes are
dominant transversal dimension of “nanorods” is less than several
nanometers.

It was found that the mechanical treatment causes a shift of XRD
lines 002 and 0 04 towards small angles in addition to their widen-
ing. Also, the lines become anisotropic in shape (Fig. 4) under the
treatment. The shift of lines 002 and 004 towards small angles
points to the increase in the dyg; distance between basal planes
in BN. By the dose of 10k]/g, the distance estimated by position of
line 0 02 maximum, dgg>, increases from 0.3343 to 0.3365 nm. The
anisotropy of the line 00 2 indicates possible formation of several
fractions, differing by the extent of lattice “swelling”. It appeared
that the shape of line 002 can be described satisfactory with the
assumption of three or four fractions present. The more pronounced
the lattice “swelling” is in a fraction, the wider the line in this
fraction is.

“Swelling” of the mechanically activated BN lattice has also been
confirmed by FTIR spectroscopy. The FTIR spectra of original h-BN
sample have two bands at ~820 and ~1370 cm~! (Fig. 5). According
to [12], the band with the maximum at 1370 cm~! corresponds to
in plane vibration and the band at 817 cm~! corresponds to out-of-
plane vibrations. Fig. 5 shows that the mechanical activation results
in a shift of the band from 820cm~! towards low frequencies by
about 20 cm~!. The shift of this band is indicative of the increase in
the interlayer distance dyg; [13].

Mechanical activation also results in appearance of new bands
in FTIR spectra at 1030, 1500, and 3150 cm~. Control experiments
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Fig. 6. Consumption of H, during ball milling of BN. H, pressure is (3-5) 104 Pa.



Table 2
The depth (e, %) of BN + H, O reaction at different temperatures.

Dose (kJ/g) a1 (T=20°C) ay (T=70-90°C)
2.2 3 -
6.5 5 13

22 3 36

32 17 56

have shown that the appearance of new bands at 1500 and
~3200cm~! may be attributed to B,Os. Boron oxide emerges in
the samples, probably, as a result of the activated BN hydrolysis by
water vapors from atmosphere during storage (see Section 3.4).

Mechanochemical hydrogenation of BN

Fig. 6 shows the dependence of the amount of absorbed hydro-
gen molecules on the dose of mechanical treatment. The rate of
hydrogen absorption is nearly constant up to the doses of about
8KJ/g and then it slightly decreases with the increase of the dose.
Maximum amount of absorbed hydrogen under experimental con-
ditions is 0.8 wt%.

Under the dose of 8KkJ/g the specific surface area appears to
be equal to S=250m?/g and the amount of absorbed hydro-
gen molecules is N=1.3 x 1021 molecules/g. This corresponds to
the surface filling N/S with about 1 x 1015 hydrogen atoms per
cm?, i.e. the filling is close to monolayer type of filling. After
hydrogen chemosorption, the BN (band 2600 cm~1) and NH (band
3086cm~1) groups formation was observed by FTIR method. It
can be assumed that hydrogen interacts with disrupted bonds of
-B---N-, that inevitably appear upon cleavage of boron nitride par-
ticles with formation of “nanorods” according to the reaction

-B—N- — -B--:N- + Hy — -BH + HN- (1)

Upon heating of hydrogenated samples to 800°C the gases of H,
and NHj; are released.

Hydrolysis of mechanically activated h-BN

Original boron nitride is chemically inert, including its zero sen-
sitivity to oxidation up to 1000 °C. After mechanical activation BN
acquires the ability to interact with water at room temperature
according to the reaction

2BN + 3H,0 — B,03 +2NH31, (2)

Ammonia formation was registered organoleptically and by
chemical analysis. The appearance of B, 03 was confirmed by obser-
vation of absorption bands in FTIR spectrum at 1500 cm~! and in the
region of 3000-3500 cm~1. The depth of the reaction 2 (determined
by gravimetric technique) increases as the dose of mechanical treat-
ment increases. It reaches 56% at the dose of 32 k]/g (Table 2). The
difference between results obtained with cold and hot water in

Table 2 is probably due to formation of the glass-like modification
of boron oxide, which is practically insoluble in cold water and is
soluble upon heating above 60°C.

The most disordered part of activated boron nitride is involved
in the reaction 2 with water. The XRD line of BN observed before
the hydrolysis does not disappear after interaction with water, but
becomes narrower.

Conclusions

Two processes take place during mechanical treatment of h-BN
monocrystals. At the initial stage of mechanical treatment, the main
process is cleavage of boron nitride plates in the plane (001) and
formation of crystallographically oriented nanodimensional rods.
The external specific surface of the rods reaches 400 m2/g.

The particle cleavage stimulates boron nitride hydrogenation
(reaction 1) with formation of -BH and HN- groups in a concen-
tration similar to monolayer. The detailed mechanism of amazing
processes of “oriented” cleavage requires further investigation.

The second process happening during the mechanical treatment
is disordering of the BN crystalline structure. This is revealed in
the increase of interlayer distance dgg>, registered by XRD and FTIR
techniques. It is possible that the lattice “swelling” is due to the
processes of shifting along the plane (00 1), resulting in the loss of
mutual orientation of these planes and boron nitride transition to
the turbostratic and amorphous structures. Amorphization of BN is
accompanied by the emergence of chemical activity during interac-
tion with water (reaction 2). As a result of mechanical activation the
depth of reaction 2 is near 60% even at 100 °C, whereas for hydrating
of non-activated BN the temperature has to be raised to 1000°C.
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