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a b s t r a c t

Nanocrystalline boron nitride (BN) was synthesized via a simple thermal decomposition–nitridation
route by the reaction of hydrated ammonium tetraborate (NH4HB4O7·3H2O) and metallic magnesium
powders in an autoclave at 650 ◦C. The crystal phase, morphology, grain size, and chemical composition
of the as-prepared products were characterized in detail by X-ray powder diffraction (XRD), energy dis-
vailable online 29 March 2011

eywords:
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persion spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), field-emission scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and high-resolution transmission electron
microscopy (HRTEM). The products were also studied by FT-IR and the thermogravimetric analysis (TGA).
Results revealed that the as-synthesized nanocrystalline were h-BN, and they had diameters within
100 nm. They had good thermal stability and oxidation resistance in high temperature.
-ray diffraction

RTEM
hermogravimetric analysis

. Introduction

Boron nitride (BN) has attracted intense interest due to its
any unique physical and chemical properties, such as low density,

igh temperature stability, high thermal conductivity, high melt-
ng point, low dielectric constant and chemical inertness. Owing to
hese properties, boron nitride can be used as lubricants, electrical
nsulators, refractory and so forth [1–5].

Boron nitride (BN) has several different phases: such as cubic
c-BN), hexagonal (h-BN), wurtzite (w-BN), and rhombohedral (r-
N) etc. [6–8]. Among them, h-BN has a similar carbon graphite-

ike structure. In hexagonal structure, the interlayer interactions
re weak (van der Waals type) and the intralayer interactions are
trong (covalent B–N bonds (sp2)) [9]. So boron nitride (BN) is often
eferred to as “white graphite” [10].

Traditionally, many approaches have been developed for prepa-
ation of BN, such as the direct reaction of boron and nitrogen [11],

nd the carbothermic reduction of boric oxide [12]. In addition,
ther methods have also been developed to prepare BN [13–16].
ecently, some new methods have been used to synthesize boron
itride. Ma et al. [10] prepared nanocrystalline boron nitride by
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the reaction of NaBH4 and NaN3 in an autoclave at 600 ◦C. Li et al.
[17] reported that hexagonal BN (h-BN) particles were prepared by
using BBr3, NH4Br and metallic Na as reactants in stainless steel
autoclaves at 450 ◦C for 24 h. Zhang et al. [9] prepared high-purity
and bulk-quantity boron nitride spheres at 1400 ◦C via a simple
polymer-chemical route.

In this paper, we use NH4HB4O7·3H2O as boron source and
nitrogen source, metallic Mg powders as reductant. Nanocrystalline
hexagonal boron nitride has been synthesized via a simple ther-
mal decomposition–nitridation route by the reaction of hydrated
ammonium tetraborate (NH4HB4O7·3H2O) with metallic Mg pow-
ders in an autoclave at 650 ◦C for 8 h. Compared to the previous
methods, this simple route has the primary advantage, i.e., B and N
sources from a single cheap safe precursor NH4HB4O7·3H2O.

2. Experimental

All of the manipulations were carried out in a dry glove box with flowing
nitrogen gas. In a typical experiment, 0.02 mol (about 4.57 g) analytical grade
NH4HB4O7·3H2O and 0.11 mol (about 2.64 g) analytical grade metallic Mg powders
were put into a mortar, followed by mixing these powders thoroughly. Then the mix-
ture was put into a stainless steel autoclave. After sealing under argon atmosphere,

the autoclave was heated at 650 ◦C for 8 h, followed by cooling to room tempera-
ture in the furnace. The obtained product from the autoclave was washed several
times with absolute ethanol, dilute HCl aqueous solution, distilled water to remove
the impurities. Finally the product was washed three times with absolute ethanol to
remove water. The final product was vacuum-dried at 60 ◦C for 12 h. White powders
were obtained.

dx.doi.org/10.1016/j.jallcom.2011.03.109
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mjh820@ustc.edu
dx.doi.org/10.1016/j.jallcom.2011.03.109


H. Zhang et al. / Journal of Alloys and Co

B
l
o
K
J
E
a
s
w
r
e
i
t
o
t
c

The EDS spectrum in Fig. 3 further demonstrates that the prod-
Fig. 1. XRD patterns of the as-prepared samples and standard pattern.

The obtained sample was analyzed by powder X-ray diffraction (XRD) on a
ruker D8 Advance X-ray powder diffractometer using Cu K-� radiation (wave-

ength � = 1.54178 Å) and X-ray photoelectron spectra (XPS) analysis was performed
n a AXIS ULTRA DLD X-ray photoelectron spectrometer, using Monochrome Al
a as the excitation source. The morphology of the sample was examined on a

EOL JSM-6700F scanning electron microscope at an accelerating voltage of 10 kV.
nergy dispersive spectrometry (EDS) analysis of the product was carried out on
n OXFORD INCA instrument attached to the scanning electron microscopy in the
canning range of 0–20 kV. The microstructure and morphologies of the samples
ere also obtained from transmission electron microscopy (TEM) images and high-

esolution TEM (HRTEM) images were recorded on a FEI Tecnai F-20 transmission
lectron microscopy at an acceleration voltage of 200 kV. Fourier transformation
nfrared spectroscopy (FT-IR) spectra were obtained using a Shimadzu IR-400 spec-
rometer by using pressed KBr disks. The thermogravimetric analysis was performed

n a thermal analyzer (Model: Q600) below 1000 ◦C in air at a rate of 10 ◦C min−1

o study its thermal stability and oxidation behavior. All the measurements were
arried out at room temperature.

Fig. 2. SEM images of the as-
mpounds 509 (2011) 6616–6620 6617

3. Results and discussion

3.1. X-ray diffraction

Fig. 1 shows the XRD patterns of the as-prepared samples and
the standard pattern of BN. The pattern (a) is about the product pre-
pared by the reaction of NH4HB4O7·3H2O and Mg powders under
650 ◦C and 8 h. In the pattern (a), there are four obvious diffrac-
tion peaks on this pattern. And all these diffraction peaks ((0 0 2),
(1 0 0), (1 0 1) and (1 1 0)) at different d-space can be indexed as
hexagonal boron nitride (BN). The refinement gives the cell con-
stants (a = 2.504 Å, c = 6.668 Å), which is consistent with the value
reported in the literature (a = 2.504 Å, c = 6.656 Å) (JCPDS card no.
34-0421). No evidences of impurities such as B, B2O3, other boron
nitrides, can be found in this XRD patterns. It should be noted that
the disappearance of some weak peaks (such as 50.149◦ 2-theta and
55.164◦ 2-theta) existing in standard h-BN spectra may indicate
the imperfect crystallization of the final product. The discrepancy
between the observed and the theoretical peak positions is most
probably caused by the defects and the curvature of the layered
structure [9].

3.2. Scanning electron microscopy

The morphology of the prepared BN samples was investigated
by field emission scanning electron microscopy. Fig. 2(a) and (b)
shows typical SEM images of the BN sample. They reveal that the
BN sample consists of particles within 100 nm in diameters. These
particles exhibit slightly agglomerated particle morphology due to
the ultrafine size of the sample.

3.3. EDS spectrum and XPS spectra
uct prepared at 650 ◦C for 8 h is composed of nearly stoichiometric
B and N (the atomic ratio of B to N was estimated to be 46.48:53.52),
without the contamination of oxygen.

prepared BN samples.
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Fig. 3. EDS spectrum of the as-prepared h-BN sample.

The composition and purity of the as-synthesized BN nanopar-
icles are further investigated by XPS. Fig. 4 shows the results of the
PS spectra. They show that the sample surface consists of nitrogen,
oron, carbon and oxygen, with binding energies of N 1s, B 1s, C 1s
nd O 1s at 395.5, 190.89, 281.95 and 529.85 eV, respectively. The C
s and O 1s peaks indicate that there exists a small amount of impu-
ity elements such as C and O due to the adsorption of CO2, H2O and
2 on the surface of the sample. The B 1s peak at 190.89 eV and the
1s peak at 395.5 eV indicate BN, in good agreement with those in

he literature [18]. The quantification of B 1s and N 1s peaks con-
rmed that the atomic ratio of B:N was 1.07:1, which closely agrees
ith the stoichiometric composition of BN. This result is consistent
ith the XRD and EDS pattern presented above.

.4. TEM images and SAED pattern

The morphologies and microstructures of BN were further
nvestigated by TEM and SAED. Fig. 5(a) shows a typical TEM image
f the prepared BN superstructures.

The image shows that it consists of particles that have an average
iameter of 100 nm.

The particle is further confirmed by the HRTEM image presented
n Fig. 5(b). As shown in the image, the adjacent lattice fringes have
core break, which are in accord with the analysis of the XRD pat-
ern presented above. The SAED pattern of BN samples is Fig. 5(c).
n this pattern, two obvious diffraction rings can be found. These
ings can be indexed as (0 0 2) and (1 0 0). And the SAED pattern of
he sample can also confirm the crystallinity of BN, in which the
iffraction ring diameters again correspond well to the hexagonal
N structure.

.5. FT-IR spectra

Fig. 6 shows the FT-IR spectra of the particle BN sample at room
emperature. Two strong peaks around 1385 and 795 cm−1could
e observed clearly for the sample, which are assigned to the B–N
tretching vibrations and B–N–B bending vibrations, respectively
19,20]. A weak peak around 3421 cm−1 could be attributed to the

oisture absorbed on the surface of the sample.

.6. Thermogravimetric analysis

To investigate the thermal stability and the oxidation resistance
f the as-prepared nanocrystalline BN, A typical TGA/DTA was car-
ied out at temperatures below 1000 ◦C under flowing air. Fig. 7

hows the TGA/DTA curves of the sample. From the TGA curve, we
an find that the weight of the product has not changed significantly
elow 900 ◦C except a slight water weight loss on the surface. But
he quantity of the adsorbed water is very small. As the temperature
eeps on rising from 900 ◦C to 950 ◦C, there is an obvious weight
396 398 400 402

Binding Energy / eV

Fig. 4. XPS survey spectrum of the as-prepared h-BN sample.

gain during the process, indicating that the BN sample is oxidized

into B2O3 and nitrogen oxides. This can also be confirmed by the
DTA curve of the sample, shown in the Fig. 7. In this DTA curve,
there is a big exothermic peak at 940 ◦C relative to the extensive
oxidation of the sample. Around 1000 ◦C B2O3 is evaporating exten-
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Fig. 5. (a) TEM image, (b) HRTEM image and (c) SA
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Fig. 6. FT-IR spectra of the BN sample.

ively [21], which counteracts the weight gain due to the oxidation
f BN, so the weight levels off. Thus, B2O3 evaporation results in

he final weight gain less than the theoretical one (41.67%) [22].
hese indicate that the prepared BN has good thermal stability and
nti-oxidation property under 900 ◦C.
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Fig. 7. TGA/DTA curves heated in flowing air for the BN sample.
ED pattern of the as-prepared h-BN sample.

In our experiments, as the temperature rose, NH4HB4O7·3H2O
could decompose generating NH3 and H2O gases and B2O3. So the
pressure in the autoclave may be very high. At the reaction tem-
perature, B2O3, NH3 and metallic magnesium powders could react
with each other to produce BN. The high pressure in the auto-
clave would be helpful for reducing the reaction temperature and
enhancing the reaction speed. The produced H2O gas could react
with Mg powders producing H2 gas. Therefore, the possible thermal
decomposition–nitridation route might be expressed as follows:

NH4HB4O7·3H2O → NH3 + 2B2O3 + 4H2O (1)

B2O3 + 3Mg → 2B ∗ + 3MgO (2)

2H2O + Mg → Mg(OH)2 + H2 (3)

Mg(OH)2 → MgO + H2O (4)

2B ∗ + 2NH3 → 2BN + 3H2 (5)

And the total reaction process can be represented as the follow-
ing:

2NH4HB4O7·3H2O + 11Mg = 2BN + 11MgO + 3B2O3 + 11H2 (6)

In the reaction, the prepared B2O3 would react with H2O into
HBO2 or H3BO3. HBO2 (or H3BO3) and MgO would be removed
through HCl aqueous solution and distilled water. The final product
was nanocrystalline BN.

In this route, the B source has not made the most of utility. In
order to make the full use of the B source, we optimize the synthesis
method, i.e. NH4Cl as other N source. BN can also be produced by
the reaction of 0.01 mol NH4HB4O7·3H2O, 0.12 mol Mg powders
and 0.03 mol NH4Cl in an autoclave at 600 ◦C for 8 h. Fig. 1(b) is the
XRD pattern of the as-prepared sample with new route, it shows
that the product is also hexagonal BN. Fig. 2(c) is the SEM image
of the new route BN sample, it can be observed that the sample
mainly consists of particles within 100 nm in diameters.

4. Conclusion

In summary, nanocrystalline BN has been prepared via a sim-
ple thermal decomposition–nitridation route by the reaction of
hydrated ammonium tetraborate (NH4HB4O7·3H2O) with metal-
lic Mg powders in an autoclave at 650 ◦C for 8 h. The product has
the nanocrystalline h-BN structure, it consists of particles within
100 nm in diameters, and the product has good thermal stability
and oxidation resistance below 900 ◦C.
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