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Introduction

Porous materials such as activated carbons, zeolites, silica
gels, and inorganic oxides are of great interest because of
their potential applications in adsorption, catalysis, separation,
purification processes, optics, electronics, etc.1-6 In recent
years there has been growing interest in the development of
mesoporous materials with tailored pore structures.7-19

Among these materials, mesoporous carbons have attracted
considerable attention because of their remarkable properties,
such as high specific surface areas, large specific pore
volumes, chemical inertness, and good chemical and me-
chanical stability.13-19 Mesoporous carbons can be easily
prepared by template methods where mesoporous metal
oxides are used as templates. They have also been used as

templates for the synthesis of various mesoporous oxides
such as MgO, Al2O3, and TiO2.20,21

Hexagonal boron nitride (BN), which structurally re-
sembles graphite, is an insulator exhibiting a band gap of
ca. 5.5 eV, chemically inert, and thermally stable up to 1600
°C.22,23 It is an excellent candidate for high temperature and
protective coating applications.22-24 It has also been found
that partial substitution of BN by carbon would alter its
hardness and electronic properties.23 Due to these particular
characteristics, many efforts have been focused on the
preparation and application of BN and BCN (boron carbon
nitride) nanomaterials.25-32 BN and BCN nanotubes can be
easily prepared via substitution reaction utilizing carbon
nanotubes as templates.25-32 By constructing BN and BCN
structures, exhibiting ordered arrays of channels, novel
applications could emerge: from catalysis, to molecular
separations and sorption of very bulky molecules, and to the
fabrication of semiconductors, semiconducting nanowires,
and low dielectric devices. Recently, Han et al. have reported
the preparation of disordered porous activated BN using
activated carbon as a template.33 However, this material
displays very low specific surface area and pore volume.
Very recently, Vinu et al. have successfully reported the
preparation of well-ordered mesoporous carbon nitride
materials using mesoporous silica as a template.34 However,
there has been no reports on the preparation of BN and BCN
using the subsititution reaction method. In the present
communication, we report for the first time the preparation
of mesoporous boron nitride (MBN) and mesoporous carbon
nitride (MBCN) with a very high surface area and pore
volume. The materials were fabricated via substitution
reactions at high temperatures (1500 to 1750°C), using a
well-ordered hexagonal mesoporous carbon as a template and
boron trioxide as a boron source. The mesoporous carbon
materials were prepared using mesoporous silica as a
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template and sucrose as a carbon source.13,16 We found that
the specific surface area, specific pore volume, and pore
diameter of the MBN and MBCN materials are much higher
when compared to those observed in activated BN and BCN
materials.33

Experimental Section

The method for the preparation of MBN is as follows: 20 mg
of mesoporous carbon template was heated together with 400 mg
of B2O3 in a flow of nitrogen (inlet flow 3 L/min and outlet flow
2 L/min) at 1750°C for 45 min. The mesoporous carbon template
was placed above a cleaned graphitic crucible containing B2O3.
The heating was carried out in a vertical induction furnace. The
reaction temperature was monitored using an optical pyrometer with
the accuracy of(10 °C. The MBCN with different carbon contents
were prepared by heating 20 mg of mesoporous carbon with 200
mg of B2O3 in a flowing nitrogen at 1450-1550 °C for 30 min.
These samples were labeled MBCN(X) whereX denotes the reaction
temperature. The MBN and MBCN were analyzed using JEOL-
3000F and JEOL-3100FEF field emission high-resolution transmis-
sion electron microscopes equipped with a Gatan-766 electron
energy-loss spectrometer (EELS) and an in-column Omega Filter,
respectively. The EELS line-scan technique was employed in
addition to the standard EELS mode. The samples were prepared
by crushing the as-synthesized flakes in an agate mortar, mixing
them with ethanol, sonication, and spreading the resultant mixture
on a holey carbon film supported on a Cu grid. The textural
parameters of the samples were obtained by nitrogen adsorption-
desorption isotherms measured at-196 °C on a Quantachrome
Autosorb 1 sorption analyzer. All samples were outgassed for 3 h
at 250°C under vacuum (p < 10-5 hPa) in the degas port of the
adsorption analyzer. The specific surface area was calculated using
the BET model. The pore size distributions were obtained from
the adsorption branch of isotherm using the corrected form of the
Kelvin equation by means of the Barrett-Joyner-Halenda method.

Results and Discussion

Figure 1a-f shows HRTEM images of the mesoporous
carbon, MBCN, and MBN materials. The inset shows the
corresponding diffraction pattern (DP) of the ordered chan-
nels. The MBCN materials exhibit (Figure 1b-c) well-
ordered mesoporous structure identical to the mesoporous
carbon template, while MBN (Figure 1d) shows a less
ordered mesoporous structure. Higher magnification of the
image of the MBCN material (shown in Figure 1e) clearly
displays the well-ordered mesoporous BCN layers with local
interlinking of crystalline BCN layers. This indicates that
the mesoporous carbon walls, which were previously amor-
phous, are completely transformed into the crystalline BCN
walls during the substitution reaction. However, the magni-
fied image of MBN (Figure 1f) shows a disordered BN
framework with highly crystalline layers of BN. Elemental
mapping studies of MBCN (Figure 2b-d) constructed using
a standard three-window procedure (slit width 20 eV) reveal
that the material is indeed composed of B (Figure 2b), C
(Figure 2c), and N (Figure 2d). The traces of other elements
were not detected using this technique. It can also be seen
from the elemental mappings that the B, C, and N species
are homogeneously distributed in all parts of the sample.

The elemental composition and the structure of MBN and
MBCN were analyzed by EEL spectroscopy. The EEL

spectra of MBCN (Figure 3) clearly show the presence of
the K-shell excitation shells of carbon, boron, and nitrogen,
while the spectrum for MBN depicts only the presence of K
edges corresponding to B and N. Sharpπ*-peaks (left-hand
sides of the B and N K-shell excitation edges) and the shape
of σ*-bands (right-hand sides of the edges) are characteristics
of the sp2-bonding character of B and N atoms of the layers.
The boron-to-nitrogen ratio calculated from the EEL spec-

Figure 1. HRTEM images of mesoporous (a) carbon, (b) MBCN(1450),
(c) MBCN(1550), and (d) MBN; (e) high magnification image of MBCN-
(1550); and (f) high magnification image of MBN. Inset shows the
corresponding diffraction pattern.

Figure 2. (a) HRTEM image of MBCN(1450). (b-d) Elemental maps of
B, C, and N, respectively.
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trum corresponding to MBN is 1.0( 0.05, which is in good
agreement with the BN stoichiometry. The absence of the
carbon signal in the MBN sample could be attributed to the
high reaction temperature and the oxidation atmosphere used
in the process. EELS analyses also show a variation of the
carbon content as a function of synthesis temperature.

Figure 3 also displays the EELS spectrum of MBCN(1450)
and MBCN(1550) samples prepared at different synthesis
temperatures. It can be clearly seen from the figure that the
intensity of C K-shell excitation edges increases as the
reaction temperature is lowered. In particular, we observed
that as the synthesis temperature decreases to 1550 and 1450
°C, an increase of the carbon content was observed (8.0 and
20.1 at. % for 1550 and 1450°C respectively). From Figure
3, it is also possible to note that both MBCN samples reveal
the characteristic B and C ionization edges corresponding
to a graphite-like sp2-bonded network with B/C ratio ranging
from 0.08 to 0.2. The fine structure of the edges is mainly
attributed to the 1s-π* electron transition.

Elementary composition of MBN and MBCN samples
were also analyzed by XPS technique. The XPS survey
spectrum of MBN shows sharp signals for B and N and does
not show any peaks for other elements except O (Figure 1S,
see Supporting Information). It is a well-known fact that XPS
is very sensitive toward O and the signal for O mainly comes
from the moisture, ethanol, or atmospheric O2 adsorbed on
the surface of MBN. The overall boron-to-nitrogen ratio of
MBN obtained from the XPS analysis is 0.94, which is very
close the value obtained from the EELS. The XPS survey
spectrum of MBCN(1450) shows four sharp signals for B,
N, C, and O (Figure 2S, Supporting Information). The
following elemental composition was obtained for the
MBCN(1450) sample: B21.1C37.7N23.0O18.2.

The morphology of the mesoporous carbon, MBN and
MBCN(1550) was also studied using a high-resolution
scanning electron microscope (SEM). Figure 4 displays the
SEM images of the original mesoporous carbon, as well as
the MBN and MBCN(1550) materials. The appearance of
the MBN and MBCN(1550) is almost similar to that of the
mesoporous carbon; not only due to the fact that all of them
exhibit monodispersed rod-like morphology but also in their
length and diameter. This surprising similarity in the surface
morphology of all samples confirmed that the surface
morphology of the mesoporous carbon is retained in the
MBN and MBCN samples, even when the synthesis tem-
perature occurred above 1750°C.

Information on the textural properties of porous solids are
typically obtained from low-temperature (-196°C) nitrogen
adsorption isotherms, which allow the determination of the
specific surface area, specific pore volume, and mesopore
size distribution. Figure 5 displays the nitrogen adsorption-
desorption isotherms of the mesoporous carbon, MBN,
MBCN(1450), and MBCN(1550). The nitrogen adsorption
isotherms of all the samples are found to be of type IV (as
per the IUPAC classification) and exhibit a H1 type broad
hysteresis loop, which is typical of mesoporous solids. As
the relative pressure increases (p/p0 > 0.4), all isotherms
exhibit a sharp step characteristic of capillary condensation
of nitrogen within uniform mesopores, where thep/p0

position of the inflection point is correlated to the diameter
of the mesopore. For mesoporous carbon, the adsorption
branch of the isotherm shows the point of inflection at
relative pressure value of about 0.35. By contrast, a point of
reflection at a relative pressure of about 0.45 is noticed for
MBN and MBCN samples. The steepness of the capillary
condensation steps observed at high relative pressure in MBN
and MBCN clearly indicates that they are highly mesoporous
and have narrow pore size distribution.

The estimated textural parameters such as specific surface
area, specific pore volume, and pore diameter for all the
samples are compiled in Table 1. The surface area and pore
volume of the MBN and MBCN materials are much lower

Figure 3. EEL spectra of mesoporous BN and BCN materials: (‚‚‚)
MBCN(1450), (- - -) MBCN(1550), and (s) MBN.

Figure 4. High-resolution scanning electron microscopic images of (A)
mesoporous carbon, (B) MBCN(1450), and (C) MBN.

Figure 5. Nitrogen adsorption isotherms of mesoporous carbon, MBCN,
and MBN materials: (O, b) CMK-3, (0, 9) MBCN(1450), (4, 2) MBCN-
(1550), and (3, 1) MBN (open symbols: adsorption; closed symbols:
desorption).
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as compared to the mesoporous carbon template. This is
mainly attributed to the partial pore structural collapse
experienced during the substitution reaction at high temper-
ature.

It can also be seen from the Table 1 that the BET surface
area, mesopore volume, and pore diameter decrease with
decreasing the carbon content in the MBCN samples.
MBCN(1450) and MBCN(1550) materials possess relatively
high surface areas of 740 and 650 m2/g and large pore
volumes of 0.69 and 0.60 cm3/g, respectively. However, the
specific surface area and the specific pore volume of MBN
are 565 m2/g and 0.53 cm3/g, respectively, which are much
higher as compared to activated BN (168 m2/g), which was
recently reported by Han et al.33 The pore size distributions
(PSD), calculated from the adsorption branch of the nitrogen
adsorption-desorption isotherm of MBN and MBCN samples,
using BJH method are shown in Figure 6A. The adsorption
PSD of all samples is uniform but slightly broader than the
PSD of parent mesoporous carbon template.16,19On the other
hand, the BJH desorption PSD gives a bimodal distribution
with the characteristic pore sizes of 2.5 and 4.0 nm in the
MBN and MBCN samples (Figure 6B). The large difference
in the PSD calculated from the adsorption and desorption
branches indicates that the pore structure of MBN and
MBCN samples is not homogeneous and they contain an

appreciable amount of mesopores of irregular shapes. These
pores are responsible for the broad hysteresis loop and
delayed capillary evaporation and could lead to pore blocking
during the desorption process.

Conclusion

In conclusion, we demonstrated the successful synthesis
of mesoporous BN and BCN using mesoporous carbon as a
template. These materials possess high specific surface area
and specific pore volume. To the best of our knowledge,
the synthesis of mesoporous BN and BCN based materials
has not been reported hitherto. Furthermore, these porous
ceramic structures exhibit a large surface area and pore
volume. Thus, we believe that these materials could be used
as catalytic supports operating at high temperature in an
oxidative atmosphere. They could also be used for the
fabrication of batteries and fuel cells because the materials
are chemically inert and quite resistant to oxidation. Finally,
the synthesis of mesoporous materials using a similar
technique could now be extended to the synthesis of other
metal nitrides such as GaN, AlN, and Si3N4.
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Figure 6. BJH pore size distribution of MBN and MBCN materials: (A) adsorption pore size distribution and (B) desorption pore size distribution.

Table 1. Textural Parameters of Mesoporous Carbon, BN, and BCN
Materials

material
ABET

(m2/g)
Vp

(cm3/g)
adsorption,
dp,BJH (nm)

mesoporous carbon 1260 1.1 3.0
MBCN(1450) 740 0.69 3.1
MBCN(1550) 650 0.60 3.1
MBN 565 0.53 2.7
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