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ABSTRACT

An activated carbon template substitution reaction has been used to synthesize activated boron nitride (BN). The resulting material is characterized
by scanning electron microscopy, high-resolution transmission electron microscopy, electron energy loss spectroscopy, and surface area
analysis. The activated BN microstructure is similar to that of the starting activated carbon template. The specific surface area, total pore
volume, and average pore radius of template-derived activated BN are 168 m2/g, 0.27 cm3/g, and 32.2 Å, respectively.

Porous solids have applications ranging from adsorbents to
purification chromatographic packing to support structures
for catalytic processes. A wide variety of porous solids exist,
including zeolites, pillared clays, porous polymeric solids,
and porous carbon.1 Among these, porous carbon, often
called activated carbon, displays exceptional porosity, ex-
tended surface area, universal adsorption capability, high
adsorption capacity, and a high degree of surface reactivity.
In the broadest sense, activated carbon can be defined as an
amorphous carbon-based material with a high degree of
porosity and an extended interparticulate surface area; often
the microscopic structure can be visualized as stacks of flat
aromatic sheets cross-linked in a random manner.2 Activated
carbon is currently the most economic and popularly used
porous solid.2

Hexagonal boron nitride (BN), a material structurally
closely related to graphite, has an attractive combination of
chemical, thermal, and electrical properties. The utility of
activated carbon suggests that an analogous “activated” BN
exhibiting a high degree of porosity and an extended
interparticulate surface area might be of scientific and
economic importance. Although conventionally produced
film and particle forms of BN are nonporous,3 some
progress4-6 has been made in synthesizing enhanced porosity.
Unfortunately, the associated synthesis routes for enhanced-
porosity BN typically employ borane-based molecular pre-
cursors, which are both expensive and highly toxic, making
these routes unattractive for high volume production.

We here explore an alternate method for activated BN
synthesis. It has been previously shown that BN7 and
BxCyNz

8-10 nanotubes can be efficiently produced via a
substitution reaction involving carbon nanotubes as tem-
plates.11,12Carbon nanotubes and activated carbon have high
specific surface areas where the reactant gases (such as boron
oxide and nitrogen) can reach. Based on such similarities,
we here suggest and successfully demonstrate that the
substitution-reaction is suitable for efficiently synthesizing
activated BN using activated carbon as a template.

The activated carbon used in this study was obtained
commercially from Calgon. The substitution reaction was
performed in a horizontal, high-temperature furnace. B2O3

powder (Alfa g 99.99%) was placed in an open graphite
crucible and then covered with activated carbon. The crucible
was held in a flowing nitrogen atmosphere at 1580°C for
45 min. After the reaction, the BxCyNz intermediate product
was collected from the bed of porous carbon.

To determine appropriate experimental parameters for
further processing of the intermediate product, we investi-
gated the effect of an oxidizing environment on the pure
starting activated carbon and on the BxCyNz intermediate
product. Figures 1a and 1b respectively show thermogravi-
metric analysis (TGA 7, Perkin-Elmer) results for the
activated carbon and the BxCyNz intermediate product. The
behaviors of the activated carbon and the BxCyNz intermediate
product are similar to those of the carbon nanotubes and
BxCyNz nanotubes, respectively.12 These results suggest that
the BxCyNz intermediate product is most effectively depleted
of carbon between 500°C and 700°C.

Thus, our BxCyNz intermediate product was generally
further processed by heating in air at 600°C for 30 min to
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remove any possible remaining carbon and/or convert any
synthesized BxCyNz to pure BN.12 The final resulting samples
and starting materials were characterized by conventional
scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HRTEM) using a Philips
CM200 FEG equipped with a parallel electron energy-loss
spectroscopy detector (EELS, Gatan PEELS 678). The
surfaces of the materials were investigated by nitrogen
porosimetry (Quantachrome Autosorb-1 series). Surface area
measurements were obtained by means of the Brunauer-
Emmet-Teller (BET) method.13 The pore size distributions
were analyzed by the Barrett-Joyner-Halenda (BJH)
method.14

Figure 2 shows SEM images of the starting material and
BN product. Figures 2a,b show results for the activated
carbon starting material for two different magnifications,
while Figures 2c,d show corresponding results for the BN
material. At the∼1-10µm size scale, the carbon-based and
BN-based materials have very similar morphologies.

Figure 3 shows HRTEM images, again for the starting
material and product. Figures 3a-c show results for activated
carbon at successively higher magnification, while Figures
3d-f show corresponding results for the product BN
material. At the 80 and 20 nm size scales, the BN-based
product is strikingly similar in morphology to the activated

carbon template. The matrix of both samples consists of a
uniform, isotropic microtexture.

Subtle differences between the carbon starting material and
the BN-based product are revealed at high magnification,
as seen in comparing Figures 3c and 3f. Here the BN-based
material shows slightly more “graphitization”, i.e., the degree
of activation for the BN system appears less than that of the
activated carbon template. Figure 3c shows the pores of
activated carbon to be mostly slit-shaped spaces between
twisted aromatic sheets.1 Figure 3c also shows that there are
small amounts of graphitic ribbons. A fast Fourier transform
(FFT) of the image in Figure 3c is shown as an inset, which

Figure 1. The TGA is heated from room temperature to 1000°C
in an 80% N2/20% O2 (by volume) atmosphere at a rate of 3°C/
min and then held at 1000°C for 2 h. (a) Plot of the mass of
activated cabon versus temperature and reaction time. The mass of
the activated carbon starts to decrease at about 500°C, drops to
about 9% of its original value between 450°C and 580°C, then
remains constant up to 1000°C. The final remaining material
consists of impurities. (b) Plot of the mass of BxCyNz intermediate
product versus temperature and reaction time. The mass of the
BxCyNz intermediate product decreases between 550°C and 700
°C. In this temperature region, the sample mass decreases by about
12%. Above 700°C, the mass begins to increase and stabilizes
after the sample is held at 1000°C for short time.

Figure 2. SEM images of starting activated carbon (a, b) and
product activated BN (c, d). The overall morphologies of the staring
material and product are similar.

Figure 3. TEM images of starting activated carbon (a-c) and
product activated BN (d-f). The insets in (c) and (f) show FFT
diffraction patterns of the corresponding high-resolution images.
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reveals broad fuzzy rings corresponding to the largely
amorphous structure of the activated carbon. The corre-
sponding HRTEM image of Figure 3f shows that the BN-
based product has more and larger crystalline structure
ribbons than the starting activated carbon. The inset of Figure
3f shows the FFT of the associated image. This again shows
evidence for fizzy rings corresponding to significant amor-
phous structures of the activated BN product, although
angular structure in the FFT indicates that the amorphization
is not as complete as for activated carbon. XRD measure-
ments were performed which support the conclusion that the
BN product has more crystalline structure than the starting
activated carbon.

EELS spectra were recorded during HRTEM characteriza-
tion to confirm the stoichiometry of starting materials and
products. Spectra were obtained using a probe beam with a
diameter of 5-10 nm. A typical EELS spectrum for the
activated carbon starting material is shown in Figure 4a; it
reveals the expected distinct C-k edge at 284 eV. A typical
EELS spectrum for the product, shown in Figure 4b, indicates
two distinct absorption features, one starting at 188 eV and
the other at 401 eV, corresponding respectively to the known
B-k and N-k edges. The experimental error of about 10%
is due mainly to background subtraction when the EELS
spectra are analyzed. The extracted atomic B/N ratio is close
to 1. Hence most of the porous structures of the products
are pure BN. On the other hand, a minority of EELS spectra
taken from some product areas indicate the presence of B,
N, and C (Figure 4c). This suggests that there exists some
porous BxCyNz in the sample. They/x + z atomic ratio is
found to be smaller than 0.25, while the B/N atomic ratio is
usually close to 1, implying the carbon content averaged over
the whole final product is quite low. No pure carbon area
has been detected in the product materials.

The pore structures of the starting activated carbon and
the porous BN have been examined via nitrogen absorption
experiments to determine the BET surface area, total pore
volume, and the average pore. The results are presented in

Table 1. The surface area of the activated BN is 168 m2/g,
exceeding by at least a factor of 3 that reported for porous
BN, whose specific surface area is 50 m2/g, produced by
the borane-based molecular precursor method.6 Total pore
volume and average pore radius for the activated BN differ
from corresponding parameters for activated carbon by about
a factor of 2.

The following chemical reaction is proposed for the
conversion of porous pure BN through complete substitution
of C atoms by B and N atoms:

Similar to the carbon nanotubes, the spacing among the
porous structures of activated carbon is large enough for the
passage of N2 and boron oxide vapor, so the above chemical
reactions apply to the entire sample volume. BN nanotubes
made by the substitution reaction using carbon nanotubes
as templates have a much higher crystalline structure than
that of starting carbon nanotubes. Similarly, the activated
BN assumes the starting porous carbon structure, but has a
higher crystalline structure and has more crystalline structure
ribbons. During the high-temperature reaction, some pore
structures might be collapsed to some degree. In the activated
BN product, there are some crystalline structure BN sheets;
these are also found in the product of BN nanotubes made
by the conversion of carbon nanotubes. The above factors
help explain the differences between surface areas, average
pore radius, and total pore volume of the starting material
and product.

The Pauling electronegativites of boron and nitrogen in
hexagonal BN are 2.0 and 3.0, respectively. The Pauling
electronegativity of carbon in graphite is 2.5. Therefore, the
(de-)hydriding properties of BN are expected to be different
from graphite due to the dissimilar local electronic structure.15

Recent experiments have indicated that nanostructured
hexagonal BN and BN nanotubes have favorable hydrogen
storage properties.15,16It is anticipated that the activated BN
reported here is also a good candidate for hydrogen storage
and also for other porous materials applications.

In summary, the substitution reaction route has been
demonstrated as an efficient synthesis route to synthesize
activated BN and BxCyNz. This simple and easily scalable
substitution reaction method could, in principle, produce BN
and BxCyNz in any quantity.
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Figure 4. EELS core electron K-shell spectra for (a) the starting
activated carbon, and (b, c) the BN-based product. The spectrum
in (b) indicated BN in a 1:1 ratio, while (c) indicates BxCyNz with
x/z ) 1 andy/(x + z) ) 0.25 ratios.

Table 1. N2 Porosimetry Data for Porous BN and Starting
Porous Carbon

sample
BET surface
area (m2g-1)

total pore
volume (cm3g-1)

average pore
radius (Å)

porous C 779.0 0.5465 14.03
porous BN 167.8 0.2699 32.16

B2O3 + 3C(porous)+ N2 f 2BN(porous)+ 3CO (1)
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