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bstract

n the present study, our main motivation was to investigate the structural and thermal stability of BN nanoparticles (B1.0N0.9-NPs) produced by
pray-pyrolysis (SP) of borazine at 1400 ◦C by thermogravimetric experiments and X-ray diffraction. We observed that B1.0N0.9-NPs are relatively
table in air below 850 ◦C in which only oxidation of the NP surface proceeded. Above 850 ◦C, the powders started to strongly react with air due
o bulk oxidation. Under nitrogen, they appeared to be less stable than plate-like BN synthesized from borazine at 1400 ◦C through conventional
yrolysis. This is related to the low degree of crystallization of B1.0N0.9-NPs that clearly affects their stability. Using a post-pyrolysis treatment at
400 ◦C, B1.0N0.9-NPs remained stable up to 1600 ◦C similarly to plate-like BN. However, above 1600 ◦C, a relatively fast weight loss occurred for

1.0N0.9-NPs, whereas plate-like BN remained stable up to 1800 ◦C. This indicated that their lower size also affects their high temperature thermal
ehavior.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Hexagonal boron nitride (BN) has received considerable
ttention according to its unique physical and chemical
roperties.1,2 The layered lattice structure of BN provides good
ubricating properties; it is not wetted by most molten metals,
lasses and salts and hence it has a high resistance to chemical
ttack; it displays high dielectric breakdown strength, high
olume resistivity and good resistance to oxidation. Based on
uch properties, it displays extensive applications in fields rang-
ng from optical storage to medical treatment, photocatalysis,
ptoelectronic devices, and electrical insulation. BN also has a
igh thermal conductivity and excellent high temperature resis-
ance which combined to a low density render it an appropriate
andidate for the most recent electronic devices, communication
quipment and lighting apparatuses. However, BN particles
roduced at industrial scales still have a plate-like shape.

onsidering the low filling density and poor processability of
late-like BN, it is desirable to synthesize BN nanoparticles with
mall and uniform particle size. This could permit a much higher
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oading density in plastics or resins used in electronic devices to
ptimize the dissipation of heat while keeping processability of
he nanocomposites. The preparation of BN nanoparticles has
lready been reported in the literature.3–11 In particular, we have
roposed a simple and cost-effective one-step access to BN
anoparticles (B1.0N0.9-NPs) via the SP of borazine under nitro-
en at 1400 ◦C.11 Here, the aim of the present study is to focus on
he thermal stability of B1.0N0.9-NPs by high-temperature TG
xperiments under air and nitrogen and to determine the effect
f the final temperature on their structure by XRD. The literature
ontains numerous studies of BN oxidation12–25 but the thermal
tability of BN nanoparticles has never been studied up to now.

. Experimental  procedure

.1.  Post-pyrolysis  treatments  of  B1.0N0.9-NPs

The process describing the preparation of B1.0N0.9-NPs is
horoughly discussed in our previous paper.11 To study the
volution of their crystallization degree, B1.0N0.9-NPs were

nnealed in a graphitic furnace (Gero Model HTK 8) under
itrogen at 10 ◦C/min up to the desired temperature (in the range
400–1800 ◦C) with a holding time of 1 h, before cooling down
o RT at 10 ◦C/min.

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.09.002
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Fig. 1. SEM picture of B1.0N0.9-NPs.

.2.  Characterization

B1.0N0.9-NPs have been firstly studied by thermogravimet-
ic analyses in dry air (HT-TGA, Mettler Toledo TGA/SDTA
51 equipment; Impurity in H2O: 2000 ppm) in the dynamic
ode from RT to 1000 ◦C using platinum crucibles and hori-

ontal alumina sample holder. Samples were heat-treated with a
eating rate of 5 ◦C/min to 1000 ◦C and kept at this temperature
or 10 min, then cooling down to RT at 20 ◦C/min. The same
xperiments were made in isothermal modes at different tem-
eratures starting from 300 to 1000 ◦C. Samples were heated at

 heating rate of 5 ◦C/min to the desired temperature and kept
t this temperature for 5 h, then cooling down at 20 ◦C/min.
hen, B1.0N0.9-NPs were studied by high-temperature ther-
ogravimetric analysis (HT-TGA, Setaram Setsys evolution
GA equipment) (800–1800 ◦C; heating rates: 10 ◦C/min) using

ungsten crucibles in a nitrogen atmosphere. In parallel, the char-
cterization of the nanoparticles annealed in the temperature
ange 1400–1800 ◦C was carried out by powder X-ray diffrac-
ion (XRD, with Cu K�  radiation PANalytical PW 3040/60
’Pert PRO X-ray diffraction system).

. Results  and  discussion

Recently, we successfully demonstrated that B1.0N0.9-NPs
ith a relatively low crystallization degree could be obtained by

he SP of borazine at 1400 ◦C in a nitrogen atmosphere (Fig. 1).11

We speculated that the poor crystallinity of the BN phase
nd/or the small size of powders may affect the thermal stability

f these nanomaterials, and therefore their application. In order
o provide information on their thermal stability, we investigated
he thermal behavior of B1.0N0.9-NPs in air up to 1000 ◦C (in

c
w
a

Fig. 2. HT-TGA of B1.0N0.9-NPs (RT-1000 ◦C, dry air, P = 1 atm).

ynamic and isothermal modes), then in a nitrogen atmosphere
p to 1800 ◦C.

.1. HT-TGA  of  B1.0N0.9-NPs

.1.1.  Thermal  behavior  under  air
It is known that BN is oxidized into boric oxide when

xposed to oxygen and moisture at intermediate temperatures
800–900 ◦C).12–26 In the case of B1.0N0.9-NPs, it would result
n the formation of boric oxide according to Eqs. (1) and (2).

B1.0N0.9(s) +  3O2(g) →  2B2O3(l) +  1.8 N2(g) (1)

B1.0N0.9(s) +  3H2O(g) →  B2O3(l) +  3H2(g) +  0.9 N2(g) (2)

It should be mentioned that NO2 (g) may form as a by-product
s well.16

In order to elucidate the thermal behavior of B1.0N0.9-NPs at
igh temperatures, thermogravimetric analyses were first con-
ucted under dry air (P  = 1 atm) in a dynamic mode from RT to
000 ◦C (Fig. 2).

In the absence of moisture, boron nitride is known to be
table up to 800 ◦C.23,24 Here, we observed that B1.0N0.9-NPs
emained stable up to 250 ◦C, temperature from which the
eight continuously increased up to 850 ◦C (3.7 wt%). A sec-
nd weight gain occurred from 850 to 960 ◦C (1.5 wt%) and a
hird step corresponded to a fast weight loss at 960 ◦C to reach a
otal weight gain of 27 wt% at 1000 ◦C. We can identify two
egimes of oxidation: a first from 250 to 850 ◦C concerning
he reaction of oxygen with the NP surface probably form-
ng a passivating boron oxide layers which acts as a protective
oating (because it is solid with a density of 1.85 g/cm3 up to
10 ◦C, then becoming liquid with a density of 2.46 g/cm3)25

nd a second regime in the temperature range 850–1000 ◦C
here either oxidation of the bulk particles proceeded by dif-

usion of oxygen through liquid boron oxide23,24 or interface
eaction23 occurred between the boron oxide layer and the par-
icle. Under isothermal mode (dwelling time of 5 h, Fig. 3), it is

lear that oxidation process remained slow below 800 ◦C (low
eight gain), whereas a larger two-step weight gain occurred

bove and especially at 900 ◦C. Isothermal TGA curves allowed
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Fig. 3. Isothermal HT-TGA of B1.0N0.9-NPs (dry air, P = 1 atm).

istinguishing the two oxidation regimes: a first domain with
 poor weight gain most probably resulting from an induction
ime due to oxidation of the NPs surface, followed by a sec-
nd domain with a faster weight gain due to bulk oxidation.
t is interesting to observe that the weight gain (32.5 wt%) of
1.0N0.9-NPs (d0 0 2 = 3.68 Å) recorded at 900 ◦C is consider-
bly higher than those found for BN specimens with different
nterplanar distance from 3.33 Å (+5 wt%) to 3.67 Å (+22 wt%)
fter exposure to dry air at 950 ◦C for 3 h.19 In the latter case,
xidation reaction reach a plateau after 3 h of exposure to
ry air.

.1.2.  Thermal  behavior  under  nitrogen
The high-temperature behavior of as-prepared B1.0N0.9-NPs

as then investigated by HT-TGA under nitrogen in the
50–1800 ◦C temperature range (Fig. 4) to assess the thermal
tability and the overall weight changes which occur.
Data were compared with those corresponding to home-made
late-like BN particles prepared via a multi-step process from
orazine and derived polyborazylene at 1400 ◦C under nitrogen
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imilar to the process described in Ref.27 It was shown that
1.0N0.9-NPs exhibited a quasi-continuous weight loss up to
100 ◦C (1.3 wt%). A heat treatment at temperatures higher than
600 ◦C resulted in a two-step decomposition associated with

 final weight loss measured at 1800 ◦C of 2.7 wt%. In compar-
son, plate-like BN particles obtained from the same molecular
recursor at the same final temperature demonstrated stability
ver the considered temperature range. As a consequence, we
uggested that the weight loss between 200 and 1100 ◦C could
e assigned in a major part to the evolution of H2 due to a remain-
ng part of hydrogen in B1.0N0.9-NPs explained by uncompleted
orazine decomposition during SP. It is in good agreement with
he chemical analysis experiment performed on B1.0N0.9-NPs in

 previous study giving hydrogen content lower than 1 wt%.11

his hypothesis was confirmed by the TGA performed on
he same NPs after annealing at 1400 ◦C for 2 h (Fig. 4),
imulating the heat-treatment to prepare plate-like BN. In these
onditions, the behavior of these “post-treated” B1.0N0.9-NPs
s very close to that of the plate-like BN up to 1600 ◦C
ut remained similar to that of the starting NPs for higher
emperatures. This is also the case of B1.0N0.9-NPs post-treated
t 1800 ◦C: they systematically showed decomposition above
600 ◦C.

The thermally induced degradation of the material at elevated
emperatures is usually a function of chemical composition,
rystallization state and surrounding atmosphere. In the present
rticle, a first important issue of the lack of stability of B1.0N0.9-
Ps lies in their crystalline perfection. Studies of BN have
emonstrated that the crystalline perfection of the BN phase
s mainly controlled by the final temperature of the process and
hat temperatures above 1400 ◦C need to be applied to crystal-
ize the BN phase.27–31 The extremely fast heating rate involved
y SP (∼102 ◦C/s), and the short residence time at 1400 ◦C (3 s)
ustifies the low crystallization degree of B1.0N0.9-NPs. This
learly explains the relatively fast and strong weight change
bove 850 ◦C during TG experiments. A second important issue
f the lack of stability of B1.0N0.9-NPs probably comes from
heir small size. Indeed, recent publications showed that the
ecrease of the size of micropowders strongly reduced the ther-
al stability of bulk materials in a nitrogen environment.32

ecreasing the particle size from values >315 �m to values
32 �m involved a shift in the temperature of thermal decom-
osition in a nitrogen environment from 1900 ◦C to 1680 ◦C
or SiBCN phases. This is confirmed in our study by compar-
ng the thermal stability under nitrogen of B1.0N0.9-NPs and
late-like BN particles and also by comparing the oxidation
ehavior under isothermal conditions of B1.0N0.9-NPs and that
f BN specimens19 for a similar interplanar distance. According
o the work of Economy et al.,19 the weight gain of B1.0N0.9-
Ps should be less than 22 wt% (d0 0 2 = 3.67 Å). With a weight
ain of 32.5 wt% (d0 0 2 = 3.68 Å) after exposure at 900 ◦C for

 h in our case, it is clear that the small size increases the ther-
al and chemical reactivity of B1.0N0.9-NPs. A third important
ssue of the lack of stability of B1.0N0.9-NPs concerns the spe-
ific surface area which should be as low as possible. The BET
pecific surface area (SSA) of B1.0N0.9-NPs was measured to be
4.6 ±  0.7 m2/g).11
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ig. 5. X-ray diffractograms of as-prepared B1.0N0.9-NPs (a), samples heat
reated at 1400 ◦C (b), 1600 ◦C (c), 1700 ◦C (d), and 1800 ◦C (e).

.2.  Structural  changes  of  B1.0N0.9-NPs  during
eat-treatment  under  nitrogen

Structural changes have been monitored by X-ray diffraction
XRD; Fig. 5). Fig. 5 shows the 13–85◦ X-ray diffractograms
ecorded at RT for the 1400, 1600, 1700, and 1800 ◦C heat-
reated samples

The XRD patterns of 1400 ◦C (Fig. 5b) and 1600 ◦C (Fig. 5c)
eat-treated samples do not exhibit any fundamental changes in
erm of resolution compared to that of as-prepared B1.0N0.9-
Ps (Fig. 5a). The corresponding XRD patterns show very
road peaks at the h-BN (0 0 2), (1 0 0)/(1 0 1)/(0 0 4) and (1 1 0)
ositions corresponding to nanosized BN. In particular, the
0 0 2) peak slightly shifts to lower angles in such samples
nd the (1 0 0), (1 0 1) and (0 0 4) peaks merge into a single
road peak (Fig. 5a) pointing to the fact that the BN phase
emained poorly crystallized and exhibited a turbostratic organi-
ation. For the 1700 ◦C heat-treated sample (Fig. 5d), the (0 0 2)
eak at 25.30◦ sharpened indicating that the crystallite size
ecame larger in the c-axis direction, although the shoulder-
haped broad feature remained on the low-angle side of the
eak. This was also shown on the sharper (1 0 0)/(1 0 1)/(0 0 4)
eak for which it is interesting to observe the gradual sepa-
ation of the (0 0 4) peak from the (1 0 0)/(1 0 1) peaks. The
ncrease of the heat-treatment temperature to 1800 ◦C resulted
n an increased resolution of the X-ray diffractogram (Fig. 5e).

e can clearly distinguish the symmetric (0 0 2), (1 0 0)/(1 0 1),
0 0 4) and (1 1 0) peak positions. According to the sharpening of
he (0 0 2) and (1 0 0)/(1 0 1) peaks, we suggested that the crys-
allite size continuously increased in the c- and a-axes directions
rom 1400 to 1800 ◦C. However, no clear peaks corresponding to
1 0 2) and (1 1 2) planes were observed. These findings tended
o demonstrate that B1.0N0.9-NPs annealed at 1800 ◦C still have

 turbostratic structure. However, it should be mentioned that
he very fine crystallite sizes considerably broaden the XRD

attern (Fig. 5) and XRD observations need to be completed
ith HRTEM observations to conclude on the structural organi-

ation evolution in the temperature range 1400–1800 ◦C under
itrogen. HRTEM are under investigations.
ramic Society 32 (2012) 1867–1871

.  Conclusions

In the present study, our main motivation was to investi-
ate the high temperature thermal behavior of BN nanoparticles
B1.0N0.9-NPs) produced by spray-pyrolysis of borazine at
400 ◦C. We observed that B1.0N0.9-NPs are relatively stable
n air below 850 ◦C in which only oxidation of the NP surface
roceeded. At 850 ◦C, they started to react most probably due
o bulk oxidation.

Under nitrogen, they appeared to be less stable than plate-like
N synthesized from borazine at 1400 ◦C through conventional
yrolysis. This is mainly due to the spray-pyrolysis (SP) pro-
ess which is used to produce B1.0N0.9-NPs. They are produced
ith a low crystallization degree that clearly affects their stabil-

ty. Using a post-pyrolysis treatment at 1400 ◦C, B1.0N0.9-NPs
emained stable up to 1600 ◦C similarly to plate-like BN. How-
ver, above 1600 ◦C, a relatively fast weight loss occurred for
1.0N0.9-NPs, whereas plate-like BN remained stable, indicat-

ng that their lower size also affects their high temperature
hermal behavior.
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