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Here we discuss our synthesis of highly crystalline pure boron nitride (BN) and BN—carbon (BN-C)
sheets by using graphene sheets as templates via a carbon-substitution reaction. Typically, these
sheets are several micrometers wide and have a few layers. The composition ratios of BN-C sheets
can be controlled by the post-treatment (remove carbon by oxidation) temperature. We also
observed pure BN and BN-C nanoribbons. We characterized the BN-C sheets via Raman
spectroscopy and density functional theory calculations. The results reveal that BN—C sheets with an
armchair C-BN chain, and embedded C, or C4 units in BN-dominated regions energetically are the
most favorable. © 2011 American Institute of Physics. [doi:10.1063/1.3593492]

Boron nitride (BN) is a synthetic binary compound lo-
cated between the III and V group elements in the periodic
table. However, its polymorphism and mechanical character-
istics are closer to those of carbon compared with other III-V
compounds, such as gallium nitride. Such correspondence
between BN and carbon readily is understood from their
isoelectronic structures.! On the other hand, in contrast to
graphite, layered BN is transparent and is an insulator. Hith-
erto, only a few routes have been reported for synthesizin%
and characterizing BN monolayer or few-layer sheets.'”
Pacilé e al.* reported obtaining a two-dimensional h-BN
with few atomic layers (more than five layers) employing a
micromechanical cleavage method. Han et al. generated
free-standing monolayer and double-layer BN sheets via a
chemical-solution-derived method starting from single-
crystalline h-BN.? Yu ez al.® prepared BN sheets by a chemi-
cal vapor deposition method. Very recently, Ci et al.* used a
chemical vapor deposition method to produce BN—carbon
(BN-C) sheets consisting of randomly distributed domains
of h-BN and C phases, with compositions ranging from pure
BN to pure graphene. These BN-C sheets might have band
gap-engineered applications in electronics and optics, and
properties that are distinct from those of graphene and h-BN.

Previously, we develooped a method to Prepare pure BN
and BN-C nanotubes®™’ and nanopores ! using carbon
nanotubes and active carbon, respectively, as starting tem-
plates via a carbon-substitution-reaction method. Metallic
single-walled carbon nanotubes have been converted into
semiconducting BCN nanotubes by B/N codoping.n_14 In
the present study, we determined that this same reaction is an
efficient route for making BN and BN-C sheets on templates
of graphene sheets. We also studied Raman spectra of the
BN-C sheets experimentally and theoretically to better un-
derstand the chemical bonding of these sheets.

The graphene sheets we used were obtained by a
chemical-solution-derived method starting from graphite
crystals.3’15 The graphite sheets are usually several microme-
ters, wide, and typically the number of layers ranges from a
few to 15 layers. We placed B,0O5; powder in an open graph-
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ite crucible, covered it first with some molybdenum oxide as
a promoterm’17 and then with graphene sheets. The crucible
was held in a flowing nitrogen atmosphere at 1650 °C for 30
min. Thereafter, we collected the product was from the bed
of graphene sheets. The product was then heated in air at
650 °C (sample A) and 600 °C (sample B), respectively, for
30 min to remove the remaining carbon layers, and some
carbon parts from BN-C to obtain pure BN or higher B/C
ratio BN—-C."

Figure 1 is transmission electron microscopy (TEM) im-
ages and electron-energy-loss spectroscopy (EELS) spectra
taken from sample A. Figure 1(a) is a low-magnification
TEM image of several sheets. Figure 1(b) is a high-
resolution TEM image of a four-layer sheet. The interplanar
spacing of the layers is ~0.34 nm. Figure 1(c) is an EELS
spectrum taken from the sheet. The B/N atomic ratio is close
to 1, i.e., consistent with a stoichiometry of BN. EELS spec-
tra taken from different sheets show that most of them are
pure BN and some of them contain pure BN domains and
some BN-C domains with low atomic ratio of C/(B+N
+C). Besides sheets, the product contained nanoribbons. Fig-
ure 1(d) shows a part of a BN nanoribbon whose width is
only about 5 nm.
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FIG. 1. Sample A (a) low-magnification TEM image of several BN sheets;
(b) high-magnification TEM image of a four-layer sheet; (c) an EELS spec-
trum of the BN sheet; and (d) a BN nanoribbon.

© 2011 American Institute of Physics
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FIG. 2. Sample B (a) high-magnification TEM image of a four-layer BN-C
sheet; (b) an EELS spectrum of the BN-C sheet; and (c) a BN-C
nanoribbon.

Figure 2 are TEM images and EELS spectra taken from
sample B. Figure 2(a) is a high-resolution TEM image of a
single-crystalline four-layer sheet along the [001] direction.
The inset is an image of the fast-Fourier-transform electron-
diffraction patterns that also determine the character of the
single crystal. Figure 2(b) is an EELS spectrum taken from
the sheet in Fig. 2(b). The C/(B+N+C) atomic ratio is 0.42.
The B/N atomic ratio for all spectra is close to 1. Figure 2(c)
illustrates a nanoribbon where both sides are smooth; it is
folded from the middle, revealing its eight layers. EELS
spectrum denoted that it was BN-C with a B/(B+N+C)
atomic ratio of 0.28. The B/N atomic ratio is close to 1.

Analogous with the synthesis of BN and BN-C nano-
tubes and nanopores by the carbon-substitution reaction,>!!
the synthesis of BN sheets from carbon sheets can be ex-
pressed by the following chemical reaction:

B,0;(gas) + 3C(sheets) + N,(gas) — 2BN(sheets)
+3CO(gas). (1)

When the reaction temperature reaches 1500 °C, the
main boron oxide is BZOZ,17 which is mainly formed by the
reaction of B,O5; and CO. The reaction yields small amount
of pure BN sheets, and a mix of BN-C ones with high and
low B/(B+N+C) atomic ratios. The high reaction tempera-
ture makes the produced BN-C sheets still keep high crys-
tallinity. Also present are BN—C sheets with separated BN
and carbon layers or domains in the same layer, just like
BN-C nanotubes.'*!® After oxidation at 600 ° C, most BN-C
sheets become transformed into high B/C ratio sheets or even
pure BN sheets because carbon layers or domains in the
BN-C sheets start to undergo oxidation in air at 550 °C
while oxidation of the BN layers in air begins only at
800 °C."” When the post-treatment temperature is raised to
650 °C, most BN-C sheets become pure BN sheets. This
again confirms that BN-C sheet consists of BN and C do-
mains. The holes and nanoribbons usually are formed during
oxidation.

Figure 3(a) shows the Raman spectrum of sample A of
BN sheets, revealing a clear strong band at 1337 cm™, and
also Raman spectrum for the BN-C sheets of sample B, re-
vealing two strong bands at 1342 and 1572 c¢cm~'. Compared
to the weak D (1350 cm™!) and G (1582 cm™!) bands of the
graphene sheet, "’ they display noticeable red shifts, which
may reflect the C—B and/or C-N chemical bonds in BN-C
sheets of sample A rather than physical interactions between
the graphene sheets and BN ones.

To clarify this issue of BN—C Raman spectrum, we have
used a circumcoronenelike model to mimic single-layer
BN-C sheets. Figure 3(b) shows 11 proposed combinations.
They have near hexagon symmetry and represent three pos-
sible kinds of structures: separated C atoms embedded in a
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FIG. 3. (Color) (a) Experimental Raman spectra of sample A and sample B;
(b) the C (brown), B (purple), and N (blue) skeletons of circumcoronenelike
sheets studied in this work, their labeling map is given in the right-bottom
panel; (c) simulated Raman spectrum of the armchair-connected BN-C spe-
cies (II); (d) calculated relative stability of the BN-C sheets among the
group in (b).

BN sheet (IV, VIII, and IX); carbon clusters in BN (V-VII);
and C-BN linked BN—C sheets (III, X, and XI), in addition
to carbon sheets (I) and BN sheets (II) for reference. The
geometric optimization and harmonic-frequency analysis of
the I-XI BN-C sheets were performed using the hybrid den-
sity functional theory (DFT) B3LYP® together with the
double zeta basis set 6-31G(d).>! In the vibrational simula-
tions, Raman spectra were calculated by convoluting the
scaled DFT frequencies and intensities with a Gaussian line-
shape function of a full width at half maximum of 20 cm™!;
this is the approximate line width of BN-C sheets measured
experimentally. The scaling factor we used was 0.9547 that
is calibrated according to the strongest experimental G band
(1582 cm™!) of single layer graphene sheet based on the
corresponding theoretical mode of the circumcoronene (I).
This factor is very close to the suggested universal one of
0.9614 for the B3LYP/6-31G(d) method.”* The scaling tech-
nique largely diminishes the errors due to the size and
H-boundary effects in the circumcoronenelike molecular
model. Consequently, highly accurate spectra are obtained.
All electronic structure calculations were made using the G09
program package.23

The DFT calculations show that all eleven species are
stable and form hexagonal skeletons, consistent Ci et al.’s
recent observation.” However, those species give different
characters of Raman spectra in the 1300—1650 cm™! range.
Although the hydrogen atoms and their edge effect often
results more complicated spectra in the simulations, we are
able to identify those peculiar features of each species re-
gardless of some weak and/or spurious bands. This is par-
tially due to the fact that the C impurity-related C—N bonds
often produce much stronger Raman intensities so that the
edge effect fades out. Roughly, the isolated C atom doped
B,N,_;—C sheet (IX) gives a similar Raman spectrum as
does a single-layer BN sheet. Predictably, it is a typical
1346 cm™! band in addition to a strong one at 1406 cm™'.
The latter is enhanced by the edge effect. The effect over-
whelms the specific E,, mode obtained at 1365.5 cm™! be-
cause a pure BN sheet has rather weak Raman intensities.
Since the C impurity introduces only the C—-B bonds into the
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BN-C sheet (IX), the results may imply that the C-B bonds
have a similar Raman intensity contribution as the B-N
bonds in BN sheets. Nevertheless, the Ezg mode has a strong
infrared intensity that can be easily recognized. Compared to
the experimental value of 1370 cm~! for h-BN sheets, the
theoretical frequency is in excellent agreement within an er-
ror of 4.5 cm™'. This just verifies the molecular model used
in this work. On the other hand, the isolated C atom doped
B,_;N,—C produces a new Raman band at 1490 cm™! that is
a fingerprint for the formation of C-N bonds in BN-C
sheets, such as IV, VIII, and XI. Furthermore, if a C-N
zigzag chain is generated, as in XI, the typical Raman band
will occur at 1341 cm~!. That is, the persistence of both
1341 and 1490 cm~' Raman peaks are the characteristic fea-
tures for the zigzag C-N chain in BN-C sheets. Similarly,
the characteristic Raman peaks are 1337 and 1534 cm™' for
the BN-C sheet X with a zigzag C-B chain. If the zigzag
C-B/N chain is embedded within BN sheets, the 1337 c¢cm™!
Raman peak will exhibit a blueshift to 1362 cm™' with a
band near 1530 cm™'. In particular, the embedded C, (V)
and benzene Cg (VI) units will be presented by a unique
Raman peak at 1548 cm™! that is smaller than the G band of
graphene sheet. Although none of the DFT Raman spectra
discussed above match the experimental one in Fig. 3(b), we
found that the armchair-linked BN-C sheet (III) produces a
similar Raman spectrum as shown in Fig. 3(c). It clearly
illustrates two strong peaks at 1344 and 1570 cm™'. The
1570 cm™ band also includes two noticeable shoulders. The
agreement between theoretical simulations and experimental
results is within 2.0 cm™'. Compared with the G band of a
pure carbon sheet, the 1570 cm™! band reveals a big redshift
of 12 cm™!. Therefore, this combined experimental and the-
oretical investigation may well offer a concrete evidence for
the chemically bonded BN-C sheet, especially via the
C-B/N arm chair connectivity. We were very interested in
why the armchair-linked BN-C structure is detected easily.
To answer this question, we undertook a statistical analysis
within this group of BN-C sheets using the binding-energy
(EbA) fitting approach,

EbA = 2 naEa - EA = E naBDaB (2)
a af

for each species A. Here E, and E,, refer to the DFT energies
of molecule A and atom «, respectively. n, is the number
of atoms a while n,g is the number of the a—f bonds in A.
D, are the average bond strengths of the a—f bond in this
group of simulated species. They are obtained in electron
volt as Dgc=5.785, Dcg=4.814, Dcy=4.314, and Dgy
=5.122, which can be used to determine the relative stability
of each species. Figure 3(d) shows our results, where a nega-
tive binding energy means a less stable species among the
group. Clearly, the most stable BN-C sheet is III with an
armchair linked C-B/N structure. In other words, the arm-
chair linked structure is energetically preferable so that there
is relatively large fraction in BN—C sheets, or higher Raman
intensities. Furthermore, Fig. 3(d) shows that the occurrence
of embedded C, and benzene Cgq units is likely. This finding
does support the experimental observations by Krivanek
et al.* and Ci et al.” In addition, the weaker C-B and C-N
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bond strengths relative to C—C are consistent with the red-
shift of the Raman peak around 1580 cm™'.

In summary, we prepared BN and BN-C sheets using
graphene sheets as templates via a carbon-substitution reac-
tion. We also found BN and BN-C nanoribbons in the prod-
uct. Expectedly, these sheets will have special physical and
chemical properties and great potential for applications in
microelectronic, photonic, catalysis, and composite materi-
als.
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