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P
orous, high surface area nanostruc-
tured carbon-based materials play vi-
tally important roles in research and

industry,1,2 in products as wide ranging as
filtration systems,3 poison control,4 and
supercapacitors, and other alternative energy
technologies.5�7 Boron nitride (BN) forms
bonding configurations similar to carbon
and may serve as an alternative in certain
applications. While sharing many of the
same robust mechanical and thermal prop-
erties of graphite,8,9 the polar nature of the
boron�nitrogen bond in sp2-bonded BN
makes it an wide band gap insulator,10 with
different chemistry on its surface. For exam-
ple, BN-based materials are significantly
more resistant to oxidation than graphene-
based materials.11 BN also has enhanced
physisorption properties due to the dipolar
fields near its surface.12 High specific surface
area (SSA) BN has been shown to surpass
carbon in its ability to store gases such as
hydrogen13�18 and is a very effective and
reusable cleanup agent for hydrocarbons.19

Like the silica which forms the backbone of
more commonaerogels, BN is optically trans-
parent,20 and porous BN structures have
recently been shown to have small and

adjustable dielectric constants,21 a useful
feature in traditional aerogel applications.
Also, despite their relative chemical inert-
ness, BN surfaces can be functionalized,22,23

allowing for their incorporation into com-
posites,24 as well as their use as scaffolds
for nanoparticles in catalysis and other
applications.25

Previous synthetic routes for BN aerogels
and related mesoscale assemblies have in-
cluded gelation of colloidal BN suspen-
sions,26 templated growth from existing
porous structures such as zeolites27 and
metal foams,21 and various high-temperature
reactions of boron- and nitrogen-contain-
ing compounds.13,14,16,17,28�30 Despite a
number of promising fields of application,
research in this area has been slow due to
the often toxic and volatile precursors in-
volved and the limited synthetic routes to
high-quality BN. Furthermore, these syn-
thesis methods have generally resulted in
compounds of random BN phases and dis-
ordered or turbostratic stacking of atomic
layers. Recent advances in crystalline car-
bon nanotube and graphene-based aero-
gels have shown significant improvement in
the materials performance over amorphous
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ABSTRACT sp2-Bonded boron nitride aerogels are synthesized

from graphene aerogels via carbothermal reduction of boron oxide

and simultaneous nitridation. The color and chemical composition of

the original gel change dramatically, while structural features down

to the nanometer scale are maintained, suggesting a direct

conversion of the carbon lattice to boron nitride. Scanning and

transmission electron microscopies reveal a foliated architecture of

wrinkled sheets, a unique morphology among low-density, porous

BN materials. The converted gels display a high degree of chemical

purity (>95%) and crystalline order and exhibit unique cross-linking structures.
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carbon structures,31�33 suggesting that BN-based ma-
terials may also benefit from increased structural order.
We report here on the synthesis and characterization

of high specific surface area (SSA), low-density aerogels
comprosed locally of few atomic-layer sheets of sp2-
bonded BN. The aerogels were derived from graphene
aerogel precursors and show a high degree of crys-
talline order and chemical purity. Our process uses
only common, nonhazardous reactants; moreover,
it elucidates a remarkable process in which car-
bon nanostructures can be completely converted
to BN while maintaining their macro- and nanoscale
morphologies.
Graphene aerogels, with typical mass densities of

60�150mg/cm3 and SSA of around 1200m2/g, are first
prepared using a previously publishedmethod.33 They
are then placed together with boron oxide in a gra-
phite crucible and heated rapidly in an induction
furnace under nitrogen flow. At sufficiently high tem-
peratures, the graphene sheets of the starting aerogel
react with boron oxide and nitrogen to form sp2-
bonded BN, nominally according to the equation

B2O3 þ 3CþN2 f 2BNþ 3CO (1)

This reaction, one of the earliest known synthetic
routes to pure BN,34 is widely used in industry35,36

and has been previously used in the conversion of
other forms of nanostructured carbon.37,38 At tempera-
tures above 1500 �C, the boron oxide is believed to
react purely in the vapor phase and BN is found to be
the only solid product.39 Our operating temperature is
in the range of 1600�1800 �C in order to provide
sufficient vapor pressure of boron oxide to allow the
reaction to occur at a reasonable rate and to ensure a
highly pure BN aerogel. Moreover, our attempts at
conversion at lower temperatures tend to result in gels
with very low surface area. In addition, we take extra
care to avoid contact between the aerogel and liquid
boron oxide, so as to prevent any potential damage to
the pore structure from capillary forces.

RESULTS AND DISCUSSION

Figure 1 shows a photograph of a precursor gra-
phene aerogel alongside a converted BN aerogel. The
converted sample has maintained its original size and
macroscopic shape. There is, however, a dramatic
change in color from black to white, which is uniform
throughout the cross section of the sample. The BN
aerogel is somewhat more fragile and brittle than its
graphene-based precursor. While eq 1 would imply an
increase in the mass upon conversion, we observe
instead a small degree of mass loss, of around 10%,
which is consistent with other studies of conversion of
graphitic materials to boron nitride.39 This may be due
to the formation of cyanogen, which begins to proceed
rapidly at these temperatures, especially for high sur-
face area materials.40

Figure 2 is a scanning electron microscope image
showing the mesoscale structure of the BN aerogel
assembly. The foliated architecture is very similar to
that of the starting graphene aerogel.32,33 Thin sheets
several tens of micrometers on a side are found
crumpled together, forming slit-shaped macropore
structures. As in the case of graphene aerogels, these
structures are stable despite being only a few atomic
layers thick owing to the relatively high stiffness of few-
layer BN sheets.41,42

Figure 3 shows a series of transmission electron
microscopy (TEM) images of the starting graphene
aerogels (a and c) and the converted boron nitride
samples (b and d). Additional images can be found in
Figures S1 and S2 of the Supporting Information. In
some regions, two or more sheets are found lying atop
one another, as in the left part of Figure 3a.We find that
the morphology on the 100 nm scale has not been
significantly altered upon conversion to BN. In both
cases, thematerial is composed ofwrinkled sheetswith
facets on the order of hundreds of square nanometers
and several atomic layers thick.

Figure 1. Photographof a precursor graphene aerogel (left)
and a converted BN aerogel (right). The color of the aerogel
undergoes a significant color change, from pitch black to
bright white, indicating a major change in the chemical
composition. However, the overall macroscopic geometry
of the samples remains unchanged. Samples shown have
roughly square cross sections. Scale bar is 5 mm.

Figure 2. SEM image of a BN aerogel. The structure is
composed ofmany ultrathin, wrinkled sheets severalmicro-
meters long and folded into each other, forming slit-shaped
macropores. Scale bar is 5 μm.
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Figure 3c shows a high-magnification image of the
larger area shown in 3a. The lattice fringes seen
throughout the sample are due to portions of the
graphene aerogel's sheets oriented perpendicular to
the electron beamor to sections of the sheets that have
folded onto themselves, as has been previously ob-
served in single-layer graphene.43,44 These features
reveal that the sheets of the graphene aerogel are
made up of two to three atomic layers on average.
Interlayer spacing is found to vary widely, ranging from
0.37 to 0.43 nm; it is consistently found to be larger
than 0.335 nm, which is that of highly crystalline
hexagonal graphite.
Analogous features in the converted BN aerogel

appear straighter and more ordered than those of
the graphene aerogel. In Figure 3d, we see atomically
straight edges 40 nm and longer, whereas such fea-
tures are at most 10 nm in the graphene aerogel
precursor. Interestingly, in addition to improving the
crystalline order, the conversion process appears to
increase the thickness of the sheets, which now num-
ber six to eight atomic layers on average. In the case of
the BN aerogel, the interlayer spacing is found to
be to be 0.331 ( 0.003 nm and is highly consistent

throughout the sample. This interlayer spacing is con-
firmed by the gels' X-ray diffraction (XRD) spectrum,
shown in Figure S3, and is consistent with both hex-
agonal and rhombohedral boron nitride. Moreover, the
appearance of rounded edge terminations at the ends
of these linear features indicates that at least some of
these structures are extended, vertical facets standing
perpendicular to the average plane of the sheet.
Figure 4 shows a high-magnification TEM image of a

cross-link in a converted BN aerogel. The sheets here
form a “Y” junction, wherein neighboring sheets share
one or more atomic layers. Some layers extend fully
from one sheet to the next, while others overlap by
several nanometers. Such junctions tend to be found in
regions of the sample where two sheets lay atop one
another. Additional examples of these junctions of
varying geometries are shown in Figure S4. The aerogel
thus appears to be an interlaminated structure, where
shared, sp2-bonded layers of BN form the cross-links
between the sheets.
The elemental composition and in-plane bonding

structure of the BN aerogel are analyzed via electron
energy loss spectroscopy (EELS). The resulting spec-
trum, shown in Figure 5a, shows a distinct nitrogen K

Figure 3. TEM images of original graphene aerogel (a,c) and converted BNaerogel (b,d). The lower-magnification TEM images
(a,b) show that both aerogels are porous with feature sizes of about 30 nm. The higher-magnification TEM images (c,d) show
that the aerogels comprise layered structures, indicated by the parallel, dark fringes. Upon conversion to BN, the layered
structures become more crystalline with sharp transitions between the facets (d), compared to the more meandering layers
observed in the graphene aerogels (c). In addition, the averagenumber ofwall for the constituent sheets increases from2 to 3
in the case of the graphene gels to 6�8 for the BN gels. Scale bars are 200 nm (a,c) and 10 nm (c,d).
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edge at 401 eV and boron peaks arising from π* and σ*
states at around 188 eV, which are indicative of well-
ordered, sp2-bonded BN.45,46 Importantly, the absence
of any carbon K edge at 284 eV confirms that the
original graphene aerogel has been completely con-
sumed in the conversion process. The boron to nitro-
gen atomic ratio for this sample is 0.97( 0.14, while the
carbon content is less than 5%.
The dramatic change in the chemical composition

and crystalline order upon converting graphene aero-
gel to BN aerogel is also evident in the Raman spectra
of the respective materials, shown in Figure 5b. The
graphene-based material shows strong D (1329 cm�1)
and G (1582 cm�1) peaks with weak, broad D0 and G0

features, as observed previously for other graphene
aerogels synthesized by a similar method.32 After
conversion to BN, these peaks are entirely absent and
replaced by a single peak at 1366 cm�1, as is also
observed in reference samples of pyrolytic hexagonal
BN.41 There is no noticeable shift in the peak, as is
expected for BN sheets more than four layers thick.20

This E2g peak is due to the same in-plane phonons that
give rise to the G peak in graphene. The fwhm of
14 cm�1 is indicative of highly crystalline sp2-bonded
BN. The small increase in peak width from 9.1 cm�1 is
likely related to shortened phonon lifetimes due to the
nanoscale wrinkles in the sheets of the aerogel.47

The increase in crystalline order, as well as the
increase in the wall thickness compared to the gra-
phene precursor, is also seen in the conversion of other
nanostructured carbon materials37,38 and appears to
be a consequence of the specifics of the conversion
reaction. The increase in the number of layers making
up the BN aerogel, coupled with the small decrease in
density, is corroborated by a reduction of the SSA. For
one particular sample, the mesopore surface area
(2�50 nm pore width) derived from nitrogen adsorp-
tion isotherms, shown in Figure S5, and calculated
using the Brunauer�Emmett�Teller (BET) model,48 is
reduced from 1158m2/g for the graphene precursor to
431 m2/g for the BN aerogel.
The increase in sheet thickness, along with the

preservation of the macro- and mesoscale features of
the gel, suggests a mechanism for the conversion
process. We propose that the graphene aerogel serves
as a sacrificial template, such that the boron oxide is
reduced and immediately nitridated on its surface,
forming a sheet-like BN structure that mimics the
original graphene architecture. Evidence of surface
formation of BN has been seen in other studies, where
similar preservation of surface morphologies is ob-
served,49 and where nanocrystallites are seen to dec-
orate the surface of activated carbon and graphite
when the amount of boron oxide is limited.50 In our
case, boron oxide vapor can be reduced on both sides
of the two- or three-layer thick graphene sheets.
Returning to eq 1, we conclude that the process of

Figure 5. (a) Electron energy loss spectrum taken from a
converted BN aerogel. The strong peak near 200 eV is
attributed to boron, with edge features consistent with
sp2-bonded BN; the peak near 400 eV is attributed to
nitrogen. Noticeably absent is any distinguishable fea-
ture near 290 eV which would indicate the presence of
carbon. The calculated ratio of boron to nitrogen is nearly
1:1, and the carbon concentration is below the resolution
of the spectrometer (<5%). (b) Raman spectrum of the BN
aerogel (solid line) and the graphene-based precursor
(dotted line). The graphene aerogel spectrum shows
broad peaks for the D and G bands in graphene, as
observed in previous reports of graphene aerogel syn-
thesis. The BN spectrum shows a single sharp peak at
1366 cm�1, indicating that the BN aerogels have highly
crystalline sp2 bonding.

Figure 4. High-resolution TEM image of a cross-link in a BN
aerogel. The atomic layers of BN extend uninterrupted from
all three aerogel sheets, showing that these extended
structures are held together by covalent sp2 bonds. Similar
structures of varying geometries are found throughout the
BN aerogel samples. Scale bar is 5 nm.
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carbothermal reduction followed by nitridation results
in an increase of sheet thickness of approximately four-
thirds since three unit cells of the graphene lattice are
replaced by four of the sp2-bonded BN. Subsequently,
these sheets either fold on themselves, doubling their
thickness and creating the vertical facets six to eight
layers thick seen in our TEM images, or pair with their
neighbors, forming the cross-linking structures dis-
cussed above. Alternately, it is possible that these folds
and cross-links are already present in the graphene
aerogel and coalesce and are reinforced by the con-
version process.
Finally, it should be noted that formation of BN via

carbothermal reduction of boron oxide is typically
surface-passivated,37 and thus conventionally addi-
tional promoters such as various metal oxides are
necessary to obtain appreciable conversion yield.51,52

Here this is not the case. The exceptionally high SSA of
our starting graphene aerogels lends itself particu-
larly well to the conversion process, and as such, no
additional promoters are here necessary to take the
reaction to completion. Nor is it necessary to purify
the product by, for example, burning off residual
carbon in air;53 to our knowledge, this work is the first

demonstration of the complete conversion of a macro-
scopic, monolithic graphitic structure to boron nitride.

CONCLUSIONS

The successful, complete conversion of porous crys-
talline graphene material to similarly structured BN by
means of an inexpensive and nontoxic process opens
numerous possibilities in the research and develop-
ment of new nanostructured BN materials. The grow-
ing number of applications for porous BN demands
new methods for synthesis. The work presented here
demonstrates that the mesoscale architecture as well
as the nanoscale morphology of porous materials can
be well maintained through conversion to BN and can
lead to unique interlinking structures. This work also
helps elucidate some of the details of the carbothermal
reduction process. Further control of carbon�BN con-
version can lead to advances in fabrication of nano-
scale electronics, where BN has been shown to be an
ideal substrate for graphene-based devices,54 and to
development of BN/graphene heterostructures, a topic
of intense current research.55 Purely two-dimensional
circuits using BN as a dielectric barrier are also being
actively explored.56

METHODS
Synthesis of Graphene Aerogels. Graphene oxide powder (Cheap

Tubes Inc., 0.2 g) is mixed with deionized water (16.7 mL) in a
20 mL glass vial and sonicated to reach a smooth liquid con-
sistency. Ammonium hydroxide (3.3 mL, 28 wt % solution) is
added and mixed well. The vial is sealed and heated at 85 �C for
40 h, resulting in a monolithic hydrogel. The gel is then soaked
sequentially in deionized water and high-purity isopropyl alco-
hol. Solvent is removed by supercritical CO2 drying. The aerogels
are thengraphitized via firing for 3 h at 1100 �C under argon flow.

Conversion of Graphene Aerogels. The conversion occurs in a
5 cm diameter by 10 cm tall cylindrical graphite crucible, shown
schematically in Figure S6. The aerogels are supported in the
middle of the crucible by a graphite cup with holes drilled in the
bottom to allow for proper flow of the reactant gases. About
10 g of boron oxide powder (Alfa Aesar A11707) is placed at the
bottom of the crucible, which is then heated under nitrogen
flow (1500 sccm) in a radio frequency induction furnace to
between 1600 and 1800 �C. We find that it is important to
premelt the powder to eliminate adsorbed water and prevent
overbubbling and damaging the sample. Nitrogen is introduced
through a central tube which in turn mixes well with the boron
oxide vapor andhelps to carry it upward toward the aerogels. The
conversion is run long enough to allow for all of the boron oxide
to evaporate; under these conditions, the evaporation rate of
boron oxide is between 200 and 500 mg/min.

Determination of Interlayer Spacing. Starting fromahigh-resolution
TEM image, the grayscale values of the pixels along a line
transecting the given fringes are plotted. For two to three
fringes, the resulting curve is fitted to a set of Gaussians using
a Levenberg�Marquardt algorithm. For four or more fringes, a
discrete Fourier transform is taken using a fast Fourier transform
(FFT) alogrithm. The resulting spectrum displays a distinct
Fourier peak superimposed on a 1/f background. The quoted
values and precision for interplanar spacing correspond to the
center and width of the peak, respectively.

Characterization. TEM images are collected on a JEOL JEM 2010
microscope operating at 80 kV. Samples are prepared by sus-
pending thematerials in isopropyl alcohol via ultrasonication and

then drop-casting onto holey carbon grids; alternately, the grids
are simply rubbedgently against a cleaved surface of thegel. EELS
is performed using a Phillips CM 200 TEM operating at 200 kV and
equippedwithaGatan imaging filter. Raman spectra are collected
on a Renishaw inVia spectrometer using a 633nmexcitation laser.
Nitrogen adsorption isotherms are measured using a Micromeri-
tics ASAP 2010 porosimeter. XRD is performed using a Bruker D8
Advance X-ray diffractometer using Cu KR radiation.
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