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Abstract

Boron nitride powders in the nanometric range were
synthesized by laser driven reactions in BCl,-NH,
mixtures. The gaseous reactants were separately
introduced in the beam of a high-powered continuous
wave CO, laser. The powders with high specific
surface area (up to 230m?* g~ ') present the turbo-
stratic structure as characterized by TEM. The evolu-
tion towards the hexagonal structure by heating the
powders up to 1920 K under nitrogen flow was
followed by XRD. One BN powder has been fully
characterized by infrared and Raman spectroscopies
regarding bulk structure and identification of surface
species as well.

Bornitrid ( BN ) Pulver mit Nanometer-Korngrifien
werden mit Hilfe eines CO, Dauerstrichlaser durch
Pyrolyse aus dem Gasgemisch BCl;—NH 5 gewonnen.
Die Pulver mit hochspezifischer Oberfliche (bis zu
230m? g~ ') weisen eine ‘turbostratische' Struktur
auf, wie eine TEM-Analyse es gezeigt hat. Die
Entwicklung hin zur hexagonalen Struktur durch
Erwérmung des Pulvers auf 1920 K unter Stickstoff’
wird von XRD gefolgt. Eines der BN Pulver konnte
durch Infrarot- und Ramanspektroskopie vollstindig
charakterisiert werden, wobei auferdem chimisor-
bierte ‘Oberfliichengruppen’ identifiziert wurden.

Par pyrolyse de mélanges gazeux de BCl; et de NH 5,
introduits séparément dans le faisceau d'un laser CO,
continu, on synthétise des poudres nanométriques de
nitrure de bore. La surface spécifique des poudres peut
atteindre 230m*g~'. Une analyse MET met en
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évidence une structure turbostratique. L’évolution vers
la structure hexagonale par chauffage des poudres
sous flux d'azote jusqu'a 1920 K est suivi par DRX.
On a caractérisé complétement une poudre de BN par
spectrométrie infrarouge ( FT-IR) et Raman, de plus
les groupements chimisorbés en surface ont été
identifiés.

1 Introduction

An attractive and innovative method for the
preparation of ultrafine powders was initiated by
Flint & Haggerty.! Gaseous or volatile precursors
were pyrolyzed with a CO, laser. This process was
mainly used for the synthesis of nanoscale Si-based
powders: Si, SiC, Si;N,, Si/C/N composites'+? using
gaseous precursors. Recently liquid Si-based precur-
sors have been injected into the laser beam as fine
droplets of an aerosol.?* Boron-containing powders
were also synthesized: B and TiB,,” B,C® and BN.”
In this paper are presented some results concerning
the laser synthesis of boron nitride from BCl,-NH
mixtures and its full characterization by infrared
(FT-IR) and Raman spectroscopies regarding bulk
structure and identification of surface species as well.

2 Experimental

The experimental device is pictured in Fig. 1 and has
already been described.” The two reagents—BCl,
and NH;—have absorption bands near the emission
line of the CO, laser in the 10-6 um range. The
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Fig. 1. Schematic of the irradiation cell (total length = 280 mm).

reagents are introduced separately in the laser beam
because they react at room temperature to give a
white solid adduct. The nozzle systems with different
gas outlet geometries are shown in Fig. 2. Best results
are obtained with nozzles 2b and 2d.

The powders were analyzed and characterized by
X-ray diffraction (XRD), transmission electronic
microscopy (TEM) and electron diffraction in the
TEM; particle size was calculated from BET surface
area determination. The O, content was obtained
from energy dispersive spectroscopy (EDS) in TEM
equipped with a low element detector and using a
ratio technique with SiO, and Si;N, standards.®

The infrared spectra were recorded on a Nicolet
5DX spectrometer using two sampling methods.
Firstly, the bulk spectrum was obtained from
standard KBr pellets (concentration 0-2-0-5wt%).
Secondly, as the surface investigation required a
large amount of powder, pure boron nitride was
pressed into grid-supported pellets (Inox grid from
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Gantois, Saint-Dié, France) for better handling and
heat spreading. In either method, the recording
range is from 4000 to 400cm ™! with a 4cm™!
resolution.

A vacuum line allows thermal treatment (up to
870K) of the samples in order to obtain better
evidence of the surface species and of their reactivity
under different pressures of controlled atmosphere.
All experiments are run in situ, inside the sample
chamber of the spectrometer.

The Raman scattering measurements were carried
out on a Dilor microprobe with a double mono-
chromator and using the 514-5nm Ar ion laser
radiation. Under the microscope, each analyzed spot
gives the same spectrum, proving the powder to be
homogeneous on this scale.

D, (from Alphagaz, 99-99% pure) underwent no
further purification and methanol (from Prolabo,
Normapur) was dried on molecular sieves prior to
use.

The change in the structure (turbostratic —
hexagonal) was followed by XRD after thermo-
gravimetric analysis (TGA) under flowing N,
between 1270K and 1920K using the model
STA409 from Netzsch, Selb, Germany.

3 Synthesis and Bulk Characterization

3.1 Laser synthesis

The experimental conditions and the connected
results are summarized in Table 1. The overall
reaction is:

BCl, + NH, — BN + 3HC!

and an excess of NH; reacts with HCl to give NH,Cl
as by-product. NH,Cl formed in the hot zone as gas
phase diffuses through the cell and condenses into
solid form on the cold walls of the reactor. No
indication of a flame temperature (> 1220K) from
hot particles as Refs 1-5 is given by the optical
pyrometer, even if a high white luminous zone is
formed at the intersection of the laser beam with the
reactant gases. The plunging tubing which leads to

Table 1. Results on BN powder synthesis, according to
experimental parameters: flow rate, laser power and irradiation
nozzle geometry

Run Flow rates Laser  Irradiation Yield  Sgpy
(em?/min)  power  geometry (g/h) (m*/g)
W

NH, BCl,

2 500 100 600 a 388 —
3 500 100 400 b 40 185
13 180 80 600 d 74 85
16 400 100 400 d 23 234
17 400 100 400 d 23 141
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Fig. 3. TEM photograph of BN particles with corresponding
electron diffraction pattern.

the collection chamber is obstructed by the depo-
sition of BN-NH,Cl mixtures. Improvements are
expected by heating all the collection device at a
temperature greater than the sublimation tempera-
ture of NH,Cl, namely 631 K. NH,Cl is eliminated
from the solid mixture by water washing or by
heating under flowing nitrogen at 770-870 K.
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The particle size calculated from BET measure-
ments varies from 11 to 31 nm.

The oxygen content determined by EDS is
7+ 2wt% in a powder which has been water-washed
then dried at 350 K. Equivalent values were obtained
for other BN powders prepared from pyrolysis of
BCl,~NH;, mixtures.® The effect of the surface area
on the oxygen content did not appear significant
within the experimental conditions reported here.

3.2 TEM analysis

On the low magnification image obtained by TEM
as shown in Fig. 3 it appears that grain filaments
wound in balls form fine particles which are
characteristic of the graphite-like turbostratic
structure. The high-resolution image shows the
atomic planes separated by a 0-35 nm distance. The
corresponding electron diffraction pattern has only
three rings of the hexagonal lattice: 002, 100 and 110,
five rings being missing.

The turbostratic structure is derived from graph-
ite: the stacking of flat B;N; hexagons, still nearly
parallel, is no longer regular with respect to the
alternate alignment of the atoms in the different
planes.!®!! Nevertheless, the short-range order is
the same as in the hexagonal crystallization.

3.3 Raman and FT-IR characterization
Characterizations by Raman and IR spectroscopies
have been focused on sample 17 of Table 1.
Crystallized hexagonal BN (h-BN) has D64/4 space
group symmetry and the irreducible representation
for the normal modes is:'%13

[ =2E,(R) + 2B, (inact) + 4,(IR) + E, (IR)

The two Raman modes in a highly oriented crystal
are observed at 1366-2 and 51-°2cm ™ '. Whereas the
high-wavenumber band corresponds to B and N
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Fig. 5. Infrared spectrum of t —+—
BN powder (in KBr pellet, 4000 3600 3200

concentration 0-2 wt%).
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Fig. 6. Evolution of the XRD pattern with temperature: a,
350K (after washing); b, 1270K; ¢, 1470K; d, 1670K; ¢, 1870K;;
f, 1920K; g, commercial powder.
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atoms moving against each other in a plane, the low-
wavenumber frequency is due to the whole planes
sliding against each other, the reason for such a
difference being the large anisotropy of inter- and
intraplaning bonds.!? This latter frequency no
longer exists in microcrystalline powders. The
Raman spectrum of the present sample (Fig. 4)
presents the high wavenumber band (1372cm ™ 1),
notably broader than in well-crystallized boron
nitride as a result of the decrease of the ordered
domains.

As for the infrared spectrum (Fig. 5), both
absorption frequencies (1410 and 809cm™!) are
close to the ones of h-BN (1373 and 816 cm ™ 1),4 by
virtue of the similar short-range order which is
infrared sensitive. The higher-wavenumber absorp-
tion is assigned to the stretching mode and the lower
one to the deformation mode.'> The broad band
centered at ~3500cm ™! is due to adsorbed surface
species and will be discussed later.

3.4 Evolution of the structure by annealing

The change in the structure after heating treatment
is followed by X-ray diffraction as shown in Fig. 6.
Below 1470K only three diffused reflections are
present, i.e. 002, 100 and 110. The degree of the
ordering in the crystal lattice increases with heating
temperature and the value of the interplanar spacing
in the (002) direction remains greater than the
standard value of a commercial coarse powder (Fig.
7). As explained in Ref. 16 the transition from the
turbostratic structure (two-dimensional) to the well-
ordered hexagonal structure (three-dimensional) is
not related to a microdiffusion phenomenon.
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Fig. 7. Evolution of d,q,, interplanar spacing in the (002)
direction.

4 Surface species analysis

The infrared spectrum of a grid-supported pellet
does not offer large transparency windows. Below
1600cm ! the absorption is due to the skeletal
vibrations whose 2330 and 2550cm ! absorption
frequencies are the associated overtones and/or
combination bands.!®> These last two bands can
hardly be seen in the bulk spectrum (Fig. 5).

A step-by-step activation consists in heating the
sample under vacuum (usually 5x 10~ ®mbar). Then
at each temperature chosen as a stage, the sample is
cooled down to room temperature still under vacuum
prior to recording the spectrum. This procedure
allows the evolution of the absorption bands to
be followed. The tremendous difference (Fig. 8)in the
high-wavenumber region corresponds to the depar-
ture of the physisorbed or weakly chemisorbed
species, i.e. mainly water due to the atmospheric
contamination. Physisorbed water is completely

eliminated at 470 K, clearing the 3000 cm ™! region.
Concomitantly three bands begin to stand out.
The subsequent activation up to 770 K achieves their
profile steadily and the three absorption maximums
can finally be noted at 3658, 3566 and 3432cm ™.

The next step in the characterization of the surface
species 1s deuteration. Indeed, all the hydrogen-
containing groups accessible to deuterium will see
their stretching absorption frequencies shifted
downwards in the ratio of 1-36 (in the harmonic
oscillator approximation). Deuterium added to the
present sample at 770K (160 mbar for 2h and
310 mbar for 3 h) removes the above-mentioned three
bands, although the 3432cm ™! frequency does not
vanish completely (Fig. 9). Three similar bands
appear at lower wavenumbers (2700, 2636 and
2545¢m™ ') in the 1-35 ratio. The obvious conclusion
is that these bands belong to surface species whose
stretching vibrations involve hydrogen atoms.

The comparison with vibration frequencies in
boron nitride deposits on one hand'” and of surface
groups in mixed oxides on the other hand'®!° as
well as previous findings on a different boron
nitride® make quite clear the assignments:

—3658cm ' to v(OH) stretching vibration in
B-OH surface groups ((OD) at 2700cm ™ 1);
—3566 and 3432cm”' to asymmetric and
symmetric modes in B-NH, surface groups

(v(ND,) at 2636 and 2545¢cm ™ 1),

These results show the hydrolysis of the surface.
However, imido groups B,—~NH are not present on
the surface, unlike on another boron nitride from a
different preparation process.?° In this case this lack
may be due to the excess of NH; during the reaction.

Fig. 8. Step-by-step activation
(see text). Infrared spectra at

+ + | different temperatures: a, room
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temperature; b,470K; ¢, 670K;
d, 770K.
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a
Fig. 9. Deuteration of acti-
vated boron nitride. Infrared
spectra: a, pure activated
sample; b, deuterated sample; c,
difference spectrum (b — a). The

b\AJ
negative bands correspond to

-

disappearing species and the = + +
positive bands to appearing 400D 3600 3200
species.

Asalready noticed in several cases, the OH surface
groups are easily deuterated, whereas under the
same conditions, the isotopic exchange does not
complete in the NH, groups.?! ~23

The action of methanol molecules characterizes
the lability of the OH surface bonds. 5mbar of
CH,OH are added to the sample at room tempera-
ture for 45min (Fig. 10(a) and (b)). A subsequent
evacuation removes the gaseous species and the
weakly hydrogen-bonded methanol. The difference
spectrum (Fig. 10(c)) clearly displays the changes
occurring on the BN surface: a couple of bands appears
at 2960 and 2880cm ™! with a strong broad band
centered at ~3550cm ™! while v(OH) at 3690 cm ~*
decreases. These bands, created as soon as methanol
is added, are assigned to v(CH) stretching vibrations
in the CH; groups,*® whereas the broad
~3550cm ™! band corresponds to the WOH) vibra-

"
+

2800 2400 2000 1600 1200 800 400

WAVENUMBERS (CM-1)>

tion frequency of the surface bonds involved in a
hydrogen bond with methanol. Heating up to
770K under vacuum causes a gentle but incom-
plete decrease of the v(CH) bands along with the
elimination of the 3500cm ™' band and a partial
recovering of the v(OH) and v(NH,). The reverse
behavior of both v(CH) bands on one hand and of
the WOH) band on the other hand as well as the
thermal stability of the new-formed species prove

the methoxylation of the surface:?%2°

B—OH + CH,0H — B—OCH, + H,0

A closer look to the spectra shows that the positive
and negative bands appearing in the v(NH,) region
on the difference spectrum are nothing else but a
frequency shift and/or a broadening of the two
v(NH,) bands, possibly due to an environmental
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Fig. 10. Mecthoxylation of BN.
Infrared spectra: a, pure acti-
vated sample; b. after adding
CH;OH (5mbar. 45min); c,
after pumping out at room
temperature for 30 min (differ-
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modification, the neighboring groups changing from
OH to OCH,.'3

5 Conclusion

The pyrolysis process in a CO, laser beam can
supply ultrafine boron nitride powder. The turbo-
stratic structure is characterized by TEM, infrared
and Raman analysis all together. The species present
on the surface show the hydrolysis but excess NH; in
the preparation procedure prevents imido groups
B,-NH from forming. It is worth mentioning that,
according to the synthesis process, boron nitride
powder may have different surface states even
though the bulk structures are very similar. There-
fore. it must be kept in mind that any application

ence spectrum); d. after pump-
ing out at 770K for 60min
(difference spectrum).

1200 8OO A0Q00

involving surface species does imply a careful choice
of the material’s formation process.
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