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Abstract

Thin powders and foams of boron nitride have been prepared from molecular precursors for use as noble metal supports in the

catalytic conversion of methane. Different precursors originating from borazines have been tested. The best results were obtained

using a precursor derived from trichloroborazine (TCB) which, after reacting with ammonia at room temperature and then

thermolyzing up to 1800�C, led to BN powders with a specific area of more than 300m2 g�1 and a micrometric spherical texture.

Comparable results were obtained using polyborazylene under similar conditions. Aminoborazine-derived precursors did not yield

such high specific area ceramics but the BN microstructure resembled a foam with a crystallized skin and amorphous internal part.

These differences were related to the chemical mechanism of the conversion of the precursor into BN. Polyhaloborazines and

polyborazines yielded BN through gas–solid reactions whereas aminoborazine polymers could be kept waxy up to high

temperatures, which favored the glassy foam. Catalysts composed of BN support and platinum have been prepared using two

routes: from a mixture of precursor or by impregnation of a BN powder leading to very different catalysts.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The reduction of the volatile organic compound
(VOC) emissions using catalytic combustion, actually a
major problem, is usually solved through an oxidation
using supported noble metals like palladium or plati-
num. This reaction is highly energetic and the catalyst
support, generally alumina or zirconia, has to bear
major thermal constraints [1]. Recently, taking into
account the poor properties of the oxide supports [2],
research has focused on new catalysts bearing active
noble metals, but with adapted supports such as
activated carbon [3], carbides [4] or nitrides [5]. Boron
nitride could be a good candidate because its specific
properties could have potential applications in many
industrial fields [6,7]. BN, under its hexagonal structure,
resembles graphite and its thermal properties and
chemical inertia are very promising for applications
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involving its use under hard conditions. Bulk BN is
prepared by high-temperature reactions of inexpensive
materials [8] but the powders obtained using these
syntheses are not suitable for high surface area support.
Unlike the carbon whose charcoal powder is stable to
moisture, turbostratic BN is very easily hydrolyzed.
High surface area BN substrates have been prepared from
aerogels following a method described in the literature
[9,10]. Recently, finely ground BN powder has been used
as support for noble metal catalysts and has given better
results than traditional metal oxide supports [11].
In the present work, porous boron nitride samples

have been prepared from different molecular precursors.
The nature and treatment of precursors have been
investigated in order to determine accurately the optimal
conditions leading to high surface porous boron nitride
materials suitable for use as catalyst supports. The best
results led to BN powders presenting surface areas of
more than 300m2 g�1. To obtain catalysts two prepara-
tions have been tested: a one-step synthesis from a
precursor containing BN and platinum precursors and a
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sol–gel impregnation of a BN powder prepared pre-
viously. The two syntheses led to very different physical
properties of the samples.
2. Experimental

2.1. General procedure and products

2.1.1. Starting materials

All experiments were performed under an atmosphere
of pure argon using a standard vacuum-line, Schlenk
techniques and an efficient dry box with solvents
purified using standard methods [12]. The starting
materials for the synthesis of polyborazylene,
(NH4)2CO3 and NaBH4 (Aldrich powder grade 99%)
were used as received. The trichloroborazine (TCB) was
prepared from BCl3 (stainless steel bottle Alphagaz,
99.9%) and NH4Cl (Aldrich, ACS reagent 99.5%).
Ammonium chloride was dried under vacuum at 100�C
for 12 h before the synthesis. Methylamine (Fluka,
97%), required for the synthesis of trimethylaminobor-
azine, was used as supplied without further purification.
For platinum impregnation, Pt(II) acetylacetonate
(Strem, 98%) was used with no further treatment.
Ammonium hydroxide used for the sol–gel method was
a 28–30% NH3 solution in water (Aldrich, ACS
reagent).

2.1.2. Characterization
11B, 1H and 13C NMR spectra were recorded on a

Bruker DRX 300, respectively, at 96.26MHz (external
reference Et2OBF3 nondecoupled, with positive values
downfield), 300MHz (reference TMS) and 75MHz
(reference TMS, total decoupling). The chemical shifts
were expressed in ppm. The IR spectra were recorded on
an FTIR Nicolet Magna 550 spectrophotometer in KBr
pellets. The ceramic yields were determined using a
TGA B70 apparatus. DSC analyses were run on a TA
8000 Mettler-Toledo under argon atmosphere. SEM
images were obtained from a Jeol 55 CF (CMEABG
Lyon) and TEM pictures were recorded using a Jeol
2010 (IRC Lyon). X-ray powder diffraction (XRD)
patterns were obtained with CuKa radiation using a
Philips PW 3710/3020 diffractometer equipped with a
monochromator. The BET surface areas were measured
using nitrogen at 77K. All the samples were outgassed
at 673K for 4 h prior to the absorption measurements.
The XPS analysis were performed with an SSI (Surface
Science Instruments) 301 spectrophotometer using a
monochromatic Al Ka Al radiation.

2.2. Synthesis and characterization of precursors

Boron nitride preparations start usually from bor-
azinic (BN)3 precursors [6,7]. Among these compounds,
three types of precursors have been studied according to
the starting borazine.

2.2.1. Precursor I

P I was prepared from trichloroborazine (TCB) and
contained 15–20% weight TCB linear polymers. TCB
and its polymers were known to yield BN through high-
temperature reactions [14]. TCB was prepared using the
standard method [13] and was recovered with an 80%
yield. The elemental analysis clearly showed the
presence of polymers by lowering of the chlorine
percentage: theoretical for Cl3B3N3H3 (MW 183.83): B,
17.63; H, 1.63; N, 22.83; Cl, 57.91; experimental: B,
19.6; H, 1.6; N, 27.4; Cl, 51.2.

2.2.2. Precursor II

P II was a polyborazylenic polymer obtained from
thermolysis of ammonia-borane NH3BH3. It is a
mixture of stacked borazine cycles bounded by linear –
BH2–NH2– chains and its conversion into BN has been
widely studied. P II was prepared using the classical
method of pyrolysis from NH3BH3 in glyme [15]. The
borazine was not distilled but rather polymerized in situ,
directly yielding a polymer [15,16]. The presence of
organic moieties in the polymer was confirmed by the
elemental analysis (in wt%): B=23.0; N=45.8; H=7.1;
C=18.0; the oxygen content could not be measured in
the presence of boron and was calculated to be about
6wt%.

2.2.3. Precursor III

P III was obtained from trialkylaminoborazine
(RNH[BNH])3. Several alkyl groups and crosslinking
advancements have been tested in a previous work [17]
and more convenient results were obtained from a low
crosslinked polymer where the alkyl was methyl groups.
Trimethylaminoborazine (MAB) was prepared by reac-
tion between trichloroborazine and methylamine [18].
To obtain P III, MAB underwent a thermal crosslinking
under an argon stream. The polymerization of MAB
evolved methylamine; each methylamine molecule
evolved corresponded to an intercycle bonding. The
polymerization was carried out following the standard
process described [19]. For P III, the ratio of the
quantity of amine evolved versus the amount of
monomer was 0.5, which led to a polymer with glass
transition Tg=85.5�C and a ceramic yield of 55% at
1000�C. The elemental analysis was (in wt%): B=23.5;
N=47.8; H=7.2; C=18.8; oxygen could not be
measured in the presence of boron but amounted to
less than 3%. P III was a glassy compound and could be
melted, so it has been used to obtain thin and long BN
ceramic fibers [20]. The starting molecules used for the
synthesis of the precursors are given in Fig. 1.
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Fig. 1. Starting molecules for the synthesis of the precursors. P I:

trichloroborazine, P II: borazine and P III: trimethylaminoborazine.

Fig. 2. TGA evolution during the reaction of P I with ammonia.
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2.2.4. Preparation of platinum catalysts supported by

high specific surface BN

From mix precursors containing BN and noble metal

precursors: One of the aims of this work was to prepare
directly noble metals supported on BN powder in a one-
step synthesis. P I seemed to be the most promising, as
reported in the Results section. Consequently, a synth-
esis has been performed by reaction between P I and an
organic platinum precursor. The required quantity of
platinum acetylacetonate was dissolved in ethylacetate
and the corresponding quantity of P I was added. The
solution was refluxed for 12 h and the solvent removed.
Acetylacetone was displaced by the precursor, and a
solid precursor containing platinum was recovered. This
mixture was treated following the ceramization condi-
tions of P I.

Using sol–gel impregnation: To an isopropanol sus-
pension of high surface BN prepared from P I (150mL
of isopropanol per gram of BN powder), the necessary
quantity of acetylacetonate of platinum was added. The
ligand was displaced using a concentrated ammonium
hydroxide (5mL per gram of BN powder). The solvent
was removed after 12 h of reaction under reflux. After
drying under low pressure, the catalyst was activated at
400�C for 2 h under a hydrogen flow.

2.3. Conversion of the precursors into boron nitride

The conversion of the molecular precursors into
boron nitride required ceramization under an ammonia
flow. Ammonia was used as a reductive atmosphere, and
its ability to replace halo or amino groups on the
borazine framework was well known [20,21]. Ammonia
was also a curing reagent in the borazine polymerization
[16]. So, for the preparation of BN from molecular
precursors, it was usual to perform a low temperature
ceramization, up to 600�C at least, under an ammonia
flow. The conversion of each precursor into BN has
been studied using TGA up to 1000�C in order to
optimize the ceramization conditions and the properties
of the obtained ceramic. The measurements were
realized in a pure ammonia flow up to 650�C and then
under nitrogen. The three tested compounds exhibited
original behaviors related to their formulation and their
reactivity towards ammonia. Taking into account the
TGA analysis, a standard procedure was established to
treat the precursors.
High surface BN powders are known to be very
reactive, like thin films [22], so a high-temperature
stabilization of the powders was carried out up to
1800�C (heating rate 600�Ch�1 under nitrogen atmo-
sphere). This treatment decreases the porosity [10], but
the utilization of BN under the experimental conditions
for catalytic applications requires a very stable support.
3. Results and discussion

3.1. Conversion of precursor into BN

3.1.1. Ceramization of the precursor P I

The conversion of TCB into BN was well known [14],
but the reaction leading to high area BN through a
reaction direct with ammonia had to be investigated.
When TCB was heated under an ammonia flow, the
melting of this compound at 88�C lowered the reaction of
the gas phase. The conversion of solid P I into boron
nitride under an ammonia flow is given in Fig. 2. To avoid
the melting of TCB, the reaction with ammonia was
performed at room temperature on a finely ground
precursor. The first step of the reaction was the addition
of ammonia to the precursor. This reaction was rapid at
the beginning, but like all gas/solid reactions it was slowed
down by kinetic considerations. The reaction was run for
more than 15h in order to reach the limit of the addition,
which occurred when 6molecules of ammonia were added
to one of TCB. This corresponds to 2 NH3 for each BCl
group of the precursor. When the addition was completed,
the temperature was raised. Very little of the fixed
ammonia was lost when heating up to 350�C. The
reaction of ammonia with TCB led to a very stable
complex. At 400�C, a white compound, which was
characterized as NH4Cl, was deposited on the silica tube
of the TGA apparatus. Then, the weight loss slowed down
to a value very close to the theoretical ceramic yield of
TCB of 40%. This reaction of the ceramization is given in

Cl3B3N3H3solid þ 6NH3gas-½ðNH3Þ2CIBNH�3solid
-3NH4Clgas þ 3NH3 þ 3BNsolid: ð1Þ
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The fixation of ammonia on TCB was accompanied by
a severe dilatation of the solid. This reaction involved only
solids or gas and led to a white pre-ceramic BN. The i.r.
spectrum of this powder showed beside the BN bands
1385 and 795 cm�1 a broad band at 3400 cm�1 character-
istic of the remaining NH groups. This pre-ceramic was
very air sensitive and was required to be kept under an
inert atmosphere.

3.1.2. Ceramization of precursors P II and P III

The behavior of precursors P II and P III was tested
under ammonia under the same experimental conditions
as those used for precursor P I. No significant reaction
took place at room temperature, and Fig. 3 shows the
results of a ceramization. For both precursors, the
reaction was very slow up to 100�C. For precursor P II,
the reaction with ammonia became very significant in
the range of temperature from 200 to 300�C. The total
weight loss for precursor P II was more important than
expected (the boron content of the polymer was
consistent with a ceramic yield of 52%, while the weight
loss reached 55%). This could be explained by a
stripping off of volatile borazine from the precursor
[23]. P III ceramization is consistent with the published
results [20,21]. The role of ammonia in the stripping of
the amino moieties is essential and up to 1000�C, NH2

groups remained bonded to the cycles of the turbostratic
BN which was also very air sensitive. The following
equation summarizes the different reactions of the
ceramization of P III:

ððNMeÞ3½BNH�3Þnsolid þ 3nNH3gas

-ðNH2Þ3½BNH�3Þnsolid þ 3nMeNH2gas

-3nNH3gas þ 3nBNsolid ð2Þ

The chosen experimental steps for the conversion of
the polymers into BN were:
Precursor P I was reacted for 48 h at room tempera-

ture with ammonia in a graphite crucible. Then the
temperature was raised up to 1100�C with a heating rate
Fig. 3. Ceramization of precursors P II (curve with circles) and P III.
of 100� Ch�1. The ceramization was performed up to
650�C under pure ammonia and then under nitrogen.
For the precursors P II and P III, the room temperature
treatment was omitted.

3.2. Characterization of the BN powders obtained

The three precursors led to the formation of porous
powders or foams. The XPS measurements performed
on the three samples were not significantly different.
Photoelectron peaks from B1s, N1s, O1s and C1s were
clearly recognized in the spectra of the three samples.
Fig. 4 shows the XPS spectrum from a sample obtained
from P I. The results of the deconvolution procedure
showed the presence of only one possible boron
chemical state centered at 190.5 eV. No B–C or B–O
bonds were present. For nitrogen, the photopeak at
398.2 eV was also simple and no BNxOy was character-
ized. The presence of carbon and oxygen was related to
superficial contamination. The average sample composi-
tion calculated in wt% was B: 46.3; N: 50.7; C: 1.3; O:
1.7 (Theoretical B: 43.6; N: 56.4). This composition
revealed a nitrogen deficiency which was common when
the composition of boron nitride was performed by XPS
because the high temperatures reached during the
analysis favor the evolution of gaseous nitrogen [25].
The specific areas of the samples obtained from P III

were always smaller than for the samples obtained from
P I or P II. The crystallization of the BN was very low
although a very high temperature had been used. This
was related to the important specific area which
hindered the growth of the crystallites.
The crystallization of the samples was characterized

by the determination of Lc, length along the c-axis, and
La, length along the a-axis, of the graphite-like BN
crystallites [24] (Table 1). Several experiments have been
performed using each precursor, and the results given
here are the most representative. The error on the
specific area was given by the measurement apparatus.
The specific areas obtained were very different depend-
ing on the precursor formulation. It turned out to be
impossible to obtain specific areas of more than
Fig. 4. XPS (0–1100 eV) spectrum of the sample obtained from P I.
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Fig. 5. Specific area of the samples as a function of pore diameter.

Fig. 6. SEM micrographs obtained from (A) sample from P I; (B)

sample from P II; (C) Sample from P III.

Table 1

Characteristics of the obtained powders

Precursor Crystallite size Specific area

Lc (nm) La (nm) (m2 g�1)

P I 1.6 5.4 310.277

P II 1.8 7.2 482.7717

P III 1.6 4.5 58.773
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100m2 g�1 using precursor P III. The specific surfaces of
the samples obtained from the three different precursors
as a function of the diameter of the pores are reported in
Fig. 5.
Although the surfaces were very different, the pore

distribution (measured using the BET technique) seemed
to be comparable, no special enhancement of pore size
could be characterized. Two types of pores were present:
large mesopores from 2 to 20 nm and a microporosity
with pores smaller than 2 nm enhancing the surface. The
microporosity of the sample obtained from precursor P
II was more important than for the other samples, and
the pores seemed to be a little smaller, down to 1 nm, in
a large number. In fact the curves obtained from these
three precursors showed a homothetic repartition. The
main difference pay in the global specific surface, but the
pore diameter distributions were not very different.
This has been explained using SEM images, which are

given in Fig. 6A and B, respectively, for powders
obtained from precursors P I and P II. The samples
prepared from precursor P III always showed the same
microstructure: a smooth external skin covering a more
porous structure (Fig. 6C). This porous structure was
not open and the measured area was lowered.
The same differences have been characterized using

TEM analysis and the microstructures of the ceramics
obtained from the three different precursors were
comparable but with changes in the crystallization and
the crystal distribution in the BN powders.
The samples obtained from P I exhibit a quasifractal

structure and the small spheres characterized using SEM
were in fact composed of a very small and low
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Fig. 7. TEM micrographs: (A) BN powder from P I; (B) BN powder

from P II.

Fig. 8. TEM micrographs: (A) BN powder from P III; (B) view of the

crystallized framework.
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crystallized powder showing nanometric organized
regions surrounding an amorphous core as shown in
Fig. 7A. The nanostructure of the BN powder obtained
from P II (Fig. 7B) is composed of long organized BN
layers built from 5 to 10 layers of BN resembling
nanotubes crossing a poor organized main part of the
sample. This organization could be related to the
framework of the polymer P II composed of stacked
BN cycles bonded by substituted BN chains. This
structure was enhanced by the ammonia treatment and
yield to platelets construction close to the BN structure
of powders obtained by mechanical grinding of classi-
cally prepared BN.
In the foams obtained from P III, the microstructure

was more complex and had to be related to the
heterogeneous structure of the powder as shown in
Fig. 8A and B. Besides crystallized parts in which the
BN layers were clearly present, large amorphous parts
were the main parts of the sample. This amorphous
‘‘derma’’ bounded by a crystallized skin has been
observed in BN fibers prepared from a polyaminobor-
azinic precursor [25]. In this case also, the crystallization
of the external part of BN was related to possibilities of
crystal growing of amorphous BN when oxide allowed
an enhancement of the crystallization [26]. In the case of
BN foams, the pre-ceramic obtained after the chemical
treatment and ceramization up to 1000�C was composed
of large pores which trapped water and oxygen traces as
soon as the powder was in contact with air outside the
furnace. These impurity traces favor the BN crystal-
lization because the boron oxide formed was a crystal-
lization reagent. The crystallized framework of the
macroporous and mesoporous structure could be
observed after annealing up to 1800�C, thermal treat-
ment which enhances crystallization around the pores.
The ‘‘net’’ structure of crystallized BN surrounding
amorphous or turbostratic BN powder is given in
Fig. 8B. An important difference from carbon had to
be pointed out because, unlike the low crystallized
charcoal, very porous and stable, turbostratic BN was
very sensitive to oxidation and hydrolysis. A very high
temperature was required to transform turbostratic BN
powder into h-BN, but this transformation was not only
related to the temperature and the precursor as for
carbon; in this case, the presence of oxide impurity
favors the crystallization.

3.3. Characterization of a PtBN-supported catalyst

As reported in the experimental part, two attempts
were made using different synthesis pathways: a direct
synthesis of platinum supported on BN powder starting
from a precursor mixture (A) and a two-step prepara-
tion from a BN powder obtained from P I followed by
an impregnation using a sol–gel method (B). The XRD
pattern of the two samples are given in Fig. 9. The two
syntheses led to platinum supported by BN. However,
the line width of sample A clearly showed crystallized
platinum mixed with the BN support. Sample B showed
only a very small and broad peak corresponding to the
1 1 1 reflection. The broadness of the peak characterized
disordered platinum unlike the first sample.
To know more about the platinum dispersion on the

boron nitride, elemental analysis and XPS measure-
ments have been performed on the two samples and
results are given in Table 2.
The results clearly show that the sample prepared

using a one-step synthesis exhibits no more platinum on
the surface. Platinum is still present as shown using
elemental analysis but it is scattered into the boron
nitride powder. The effect of this polyprecursors
technique also led to an increase in the crystallization
and a lowering of specific surface of sample A. Although
this method of synthesis was promising, it did not seem
to be convenient for preparing catalysts. On the
contrary, the second synthetic method led to very
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Fig. 9. XRD patterns of the BN-supported platinum samples.

Table 2

Characterization of the platinum-supported samples

Sample Surface Lc Classical measure XPS measurements

(m2g�1) (nm) (wt%) (wt%)

B N Pt

A 110 3.7 4.1 44.4 47.2 0

B 500 1.6 1.6 37.4 44.3 1.5
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scattered platinum on the surface of the powder and this
catalyst should be more preferred.
4. Conclusion

The preparation of high surface area boron nitride
powders and foams from various molecular precursors
has been studied. The highest specific areas were
obtained using the polyborazylenic precursor. However,
the difference in the measured surface area was specially
related to an enhanced micro-porosity of the samples.
Curiously, the foams obtained from aminoborazinic
precursors always exhibited a smaller specific area. This
has been related to the ability of this precursor to melt
and stay in a waxy form at high temperature, which
leads to a composite structure of the powder with a non-
porous crystallized skin of the foam embedding an
amorphous porous structure. Using haloborazinic pre-
cursors, specific areas of more than 300m2 g�1 are
commonly obtained, and the preparation of samples of
10 g of BN powder is classical. A platinum catalyst
supported on a BN powder has been prepared directly in
a one-step synthesis but platinum was scattered inside
the boron nitride powder and was inefficient for
catalysis. Platinum-supported catalysts have been ob-
tained by a more classical sol–gel deposition and highly
dispersed platinum on BN high surface powders have
been prepared.
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