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Abstract
Boron-doped carbon was prepared by the high-temperature reaction of B2 O3 with the highly ordered pyrolytic graphite (HOPG).
In order to reveal the eect of the boron doping on the HOPG structure, several experimental tools were employed such as X-ray
photoelectron spectroscopy (XPS), X-ray diraction (XRD), scanning tunneling microscopy (STM), and atomic force microscopy
(AFM). While the interlayer spacing of the graphite plane remains virtually unchanged, the boron doping makes the graphite plane
of HOPG more disordered. Both the STM and the AFM studies show that the boron-doped HOPG surface is deformed not only in
its bonding geometry, but also in its electronic structure. The overall results imply that the boron atom is substituted for the carbon
atom rather than is intercalated into the graphite layers. Ó 2001 Elsevier Science B.V. All rights reserved.
Keywords: Boron-doped carbon; Scanning tunneling microscopy (STM); Atomic force microscopy (AFM); X-ray photoelectron
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1. Introduction
A lot of attention has been paid to the boron-doped
carbon materials due to not only the interesting fundamental aspects such as their electronic and structural
properties, but also the plausible application such as a
high-temperature oxidation protection for carbon composites and as an anode material for Li-ion batteries.
Several research groups [1±7] showed that the boron
atom could substitute for the carbon atom in the
graphite structure and promote the graphitization of
pyrolytic graphite. It has been also reported that boronsubstituted carbons showed greater reversible capacities
and enhanced anode performance because the doped
boron acts as electron acceptor and therefore alters the
electronic properties without any large distortion of the
crystal lattice [1,9,20].
Lowell [10] previously reported that the boron-substituted graphite could be prepared by heating the
graphite with B4 C at high temperature with the maximum boron content being 2.35 at.%. Recently, there have
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been numerous reports [1±9] on the substitutional boron
synthesis using with the chemical vapor deposition
(CVD) method, which can systemically control the
amount of substituted boron. Furthermore, the technique has contributed to the various studies for characterizing the boron-doped carbons. For example, Way et
al. [11] conducted a detailed characterization of a series of
systematically prepared samples dependent on the boron
concentration using X-ray diraction (XRD), auger
electron spectroscopy (AES), and X-ray absorption
spectroscopy (XAS). Additionally, Endo and co-workers
[1,6±8] investigated that the electrochemical properties of
the boron-doped graphitized materials depend on the
structural geometry and chemical composition of the
carbon materials. Consequently, it was shown that Li is
intercalated at higher potential and the cycle eciency is
improved in the B-doped carbons [9,11±13].
Although much eort has been put into the characterization of the boron-doped graphite, there is still
limited information on its structure [14,15]. In this paper, we employed several structure-sensitive experimental tools to investigate the structure of the boron-doped
highly ordered pyrolytic graphite (HOPG). The eect of
the boron doping on the atomic structure of HOPG
would be discussed in terms of the boron-doping mode.
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2. Experimental
2.1. Sample preparation
HOPG (Structure Probe, PA) was freshly prepared
by cleaving with an adhesive tape. Boron doping was
accomplished by mixing HOPG with 10 wt% B2 O3
particles and then heat-treatment in the furnace under
the high purity of Ar gas (99.999%) to 2600 °C for 1 hr
[21].
2.2. Characterization of the boron-doped HOPG
Surface analysis by XPS (Thermo VG Microtech,
UK) was performed by irradiating the sample with
Mg Ka X-ray (1253.6 eV). The boron content was
roughly estimated to be 5 wt% by the analysis of XPS
signal, which might involve the experimental errors [22].
An XRD measurement was done with a synchrotron
radiation at the beamline 3C2 of the pohang light source
(PLS).
STM images were obtained in constant current mode
with Topometrix TMX2000. An electrochemically
etched Pt/Ir wire (Molecular Imaging, AR) was used as
the STM tip. Atomic force microscopy (AFM) experiments were conducted in contact mode using a V-shaped
silicon nitride cantilever (Topometrix, CA). All images
are presented un®ltered.
3. Results and discussion
In order to con®rm the presence of the doped B in the
carbon structure and to estimate the electronic eect of
the doping, the XPS measurement is performed. Fig. 1
shows the XPS of the HOPG with and without B doping. The C 1s peak for the B-doped HOPG at 284.4 eV
appears at slightly lower binding energy than that of the
pure HOPG at 284.6 eV (Fig. 1(a)). This minute but
detectable shift is probably related to the lowered p
electron density in the B-doped HOPG, which might be
caused by the chemical bonding of C atoms with the
electron de®cient B atom. The lowering of the binding
energy with the B doping was also observed in the previous reports [1,7]. We also note that the C 1s peak
becomes slightly wider upon B doping, which might
result from the structural disorder induced by the B
doping, as will be discussed in more detail in the following.
Fig. 1(b) shows the B 1s peak for the B-doped HOPG
at about 188 eV, whereas the pure HOPG shows no
peak. Several kinds of boron compounds can contribute
to the XPS response. It was proposed that the B cluster
gives rise to the component at 186.5 eV, the B atom
connected to other B as B4 C at 187.6 eV, and the B atom
substituted into the carbon structure at 188.8 eV [3±5].

Fig. 1. (a) XPS C 1s spectra and (b) B 1s spectra of HOPG (dashed
line) and B-doped HOPG (solid line).

Fig. 2 presents the XRD for the B-doped and the
undoped samples of HOPG. For the undoped HOPG, a
strong peak is observed at 26.495°, which is the diffraction from the 0 0 2 planes. With the B doping, the
full width at half maximum (FWHM) of the XRD peak
for the B-doped HOPG (0.087°) increases as compared
to that of the undoped HOPG (0.067°). It is also observed that 0 0 4 and 0 0 6 lines show the similar tendency. This indicates that the B doping gives more
disorder to the 0 0 2 planes of the HOPG because the

Fig. 2. XRD pattern of HOPG (open circle) and B-doped HOPG
(closed circle).

610

E. Kim et al. / Electrochemistry Communications 4 (2001) 608±612

FWHM value of the XRD peak has a direct relevance to
the crystallinity of the sample [16]. This is in contrast to
the previous results [1,3±6] that the B substitution improves the crystallinity of carbon material. The discrepancy might be attributed to the dierent kind of
carbons investigated.
Generally, the B-doped graphite shows the smaller
d0 0 2 values than the pure graphite [6,11]. It is related to
the depleted p electron density between the graphite
planes, which would lead to shorter interlayer distance
[6]. In our XRD measurements, however, the B doping
makes the interlayer spacing of the HOPG virtually
unchanged. It seems that the B doping has little eect to
the interlayer spacing of the well-ordered pure carbons
such as HOPG, relative to that of the disordered
graphite.
In order to visualize the eect of the B doping on the
surface structure of the HOPG, scanning probe mea-

surements are performed. Fig. 3(a) shows the STM image of the B-doped HOPG, while in Fig. 3(b) is shown
the atomically resolved STM image of the undoped
HOPG for comparison. After the B doping, several
defects appear as randomly dispersed hillocks on the
originally ¯at surface, with their diameter varying from
a few angstroms to several tens of angstroms. As mentioned above, the B atom is likely to substitute into the
graphite layer, reducing the p electron density and
lowering the Fermi level. Consequently, this probably
induces the local distortion in both the topographic and
the electronic structures of HOPG. It is unlikely that the
hillock feature corresponds to the B atom physisorbed
on the basal plane because it is observed even after
cleaving the sample with an adhesive tape.
Fig. 4(a) shows the AFM image of the B-doped
HOPG, while in Fig. 4(b) is shown the atomically resolved AFM image of the undoped HOPG for com-

Fig. 3. STM topographic image of (a) B-doped HOPG and (b) pure HOPG. Constant current mode with a scan rate of 30 Hz, sample bias of 100
mV, and tunneling current of 2 nA.
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parison. Compared to the atomically ¯at surface of the
undoped HOPG, the B-doped HOPG exhibits the hillocks on the originally smooth terrace, which is consistent with the observation in STM. However, compared
with the STM image in Fig. 3(a), the hillock feature
imaged by AFM in Fig. 4(a) is less signi®cant. It is well
established that, while the image contrast in AFM
comes solely from the topography of the surface, one in
STM arises from both the topography and the electronic
density distribution. The more signi®cant hillock feature
in STM imaging of the B-doped HOPG indicates that
the B doping perturbs not only the originally ¯at arrangement of the C atoms, but also the electronic
structure of the graphite plane. The presence of the B
atom, which lacks the pz orbital, would signi®cantly
distort the otherwise well-ordered electronic structure of
the graphite plane, which is composed of the pz orbitals
from the C atoms [17,18].
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With regard to the structure of the B-doped HOPG,
we can propose two possible models. First, the B atom
can intercalate between the graphite planes. If this is the
case, however, the XRD measurement of the B-doped
HOPG should indicate the increased interlayer spacing
because the trapped B atom would lead to weaker
electronic interaction between the graphite planes. In
addition, because the B atom is small enough to ®t into
the graphite planes [19], the ¯at topography of the
graphite plane would not be aected by the intercalation
of the B atom. Contrary to this prediction, our AFM
result shows the topographic deformation of the
graphite plane. Therefore, the intercalation model is not
consistent with our results.
Another possibility is that the B atom substitutes a C
atom in the graphite plane, as already proposed by
several researchers [1±4,6±11]. The B atom, as a point
defect in the graphite plane, would pull the neighboring

Fig. 4. AFM topographic image obtained from (a) the B-doped HOPG and (b) pure HOPG. The scan rate is 134 Hz with the force constant, 0.032
N/m.
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C atoms and deforms the otherwise parallel C±C bonds.
Moreover, the absence of pz orbital in the B atom would
make the pz orbitals from the C atoms less conjugated,
leading to the more disordered electronic structure.
4. Conclusions
The boron-doped HOPG was characterized by X-ray
photoelectron spectroscopy, XRD, and scanning probe
techniques. The XPS measurement shows the slight shift
of the C 1s peak to the lower binding energy, which is
indicative of the C±B bond formation and the lowered
density of p electron in the graphite planes. It is observed from the XRD measurements that the substituted
B atom has no eect on the interlayer spacing of the
graphite planes but makes the graphite plane less crystalline. The locally distorted structure of the B-substituted HOPG is revealed both by the scanning tunneling
microscopy (STM) and by the AFM. It is shown that the
substituted boron induces the electronic as well as the
topographic distortion of the HOPG structure.
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