
Barrier-free substitutional doping of graphene sheets with boron atoms: Ab initio calculations

Renato B. Pontes,1 A. Fazzio,1,2 and Gustavo M. Dalpian1

1Centro de Ciências Naturais e Humanas, Universidade Federal do ABC, Santo André, SP, Brazil
2Instituto de Física, Universidade de São Paulo, CP 66318, 05315-970, São Paulo, SP, Brazil

�Received 7 August 2008; revised manuscript received 20 October 2008; published 26 January 2009�

Using ab initio methods, we propose a simple and effective way to substitutionally dope graphene sheets
with boron. The method consists of selectively exposing each side of the graphene sheet to different elements.
We first expose one side of the membrane to boron while the other side is exposed to nitrogen. Proceeding this
way, the B atoms will be spontaneously incorporated into the graphene membrane without any activation
barrier. In a second step, the system should be exposed to a H-rich environment, which will remove the CN
radical from the layer and form HCN, leading to a perfect substitutional doping.
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Graphene recently became one of the most studied mate-
rials in the literature due to its potential applications for
novel devices, hydrogen storage, and due to its unique physi-
cal and chemical properties.1–4 Nowadays, simple graphene-
based devices are already feasible, showing that the initial
concepts proposed for graphene can be manufactured.5 On
the other hand, in order for functional devices to be devel-
oped, a more precise ability to manipulate graphene has to be
reached. In order to do that, new functionalization processes
have to be developed. A very effective way to achieve this
functionalization level is through doping. As most materials
have to be doped to build functional devices with them, it is
reasonable to argue that graphene also should be doped in
order to build functional devices with it.

Doping of nanostructures is known to be a very difficult
task.6,7 This difficulty comes from a combination of energetic
and kinetic effects. The same happens for graphene with few
successful cases of substitutional doping. It is known that
defects can be created by ion irradiation8 and impurities can
be incorporated by pyrolitic9 processes. High-temperature
pyrolitic processes, for example, are adequate for applica-
tions such as hydrogen storage but are too dirty for electronic
purposes. A better-controlled method is needed for that. Dop-
ing can also be induced by the adsorption of molecules on
top of graphene10 but precise atom substitution by foreign
impurities is still a challenge. Here we propose a procedure
to substitutionally dope graphene sheets, ribbons, and possi-
bly carbon nanotubes. The process described here does not
have any activation barrier, i.e., it occurs spontaneously once
the reagents are placed in different sides of graphene. This
system is a potential candidate for high-performance hydro-
gen storage material,9,11 nanosensors, and spin filter
devices.12

Our methodology has two steps: �i� in the first step, one
side of the graphene membrane should be exposed to a
B-rich environment while in the other side a N-rich environ-
ment should be created. This combination will make the sys-
tem energetically unstable and the consequence is that a C
atom will be pushed out from the sheet, and on its place a B
atom will be incorporated; �ii� the second step is the removal
of the C-N radical that is bonded to the B atom. In order to
do that, the system should be inserted into an H-rich medium
or an acid medium. To simulate this, we insert a H atom in
the N-rich side of the membrane. The H atom will bind to the

C-N, removing it from the surface and forming HCN, com-
pleting the B-doping process. Once again, this is a barrierless
process.

Although complex from an experimental point of view,
according to recent results, our approach should be feasible.
Recent measurements13 show that macroscopic graphene
sheets can be created and precisely placed on top of a sup-
port grid for transmission electron microscopy. This is a pos-
sible experimental apparatus necessary for the creation of the
membrane in order for our doping process to be realized.
This support could be used as a separator for the two envi-
ronments. Other recent experiments show that it is possible
to apply a pressure difference across a graphene membrane,
and that it should be impermeable to standard gases, provid-
ing a unique separation barrier between two distinct regions
that is only one atom thick.14 Our model also shows that,
besides separating two distinct regions, depending on the
configuration of each medium, atom substitution should oc-
cur.

To study this process, we performed spin-polarized total-
energy calculations based on the density-functional theory15

within the generalized gradient approximation.16 We also
used norm conserving pseudopotentials,17 as implemented in
the SIESTA code.18 We employ a double zeta basis function
with polarization orbitals,19 a confining energy shift of 0.06
eV, and a mesh cutoff energy of 250 Ry for the grid integra-
tion. The Brillouin zone was sampled by using a
Monkhorst-Pack20 scheme with a �15�1�15� k-point sam-
pling. Smaller k-point samplings lead to an incorrect descrip-
tion of the density of states of graphene, leading to possibly
incorrect results. Periodic boundary conditions were used in
the simulations, and the graphene sheet was described by a
�3�4� supercell with 48 carbon atoms. A vacuum region of
15 Å was used in order to separate the layer and its images
in the direction perpendicular to the plane. All atoms of the
system were fully relaxed within a force convergence crite-
rion of 25 meV /Å.

We first analyze the stability of a single B atom and a
single N atom at the surface of a graphene layer. We studied
three different local minima for each dopant: on top of a C
atom, on a bridge site in between two C atoms, and at the
center of the hexagon �hcp�. For both dopants, B and N, the
most stable adsorption position is at the bridge site. Figure 1
shows the possible adsorption sites and the relaxed configu-
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rations for B and N. From a structural point of view, the
adsorption of a B atom does not cause any significant distor-
tion on the graphene sheet while the N atom pulls two of the
C atoms out of the plane. The environment around these C
atoms becomes sp3 like. This can be clearly observed in
Figs. 1�e� and 1�f�. The optimized structural parameters for
these geometries, and the energy difference for each site and
each dopant, relative to most stable conformation, is shown
in Table I.

We proceed to the analysis when the graphene membrane
is exposed to two different environments with one type of
atom in each side. We expect that, when the graphene mem-
brane is exposed to different mediums in each side, the at-
oms will tend to be localized at the most stable position for
each atom, as described above. As for both atoms the most
stable site is the bridge site; we placed one B atom in one
side and one N atom on the other side of the membrane
bridging these carbon atoms. We then let the system relax to
its equilibrium structure, where all the forces are minimized.
The N atom binds to the layer, distorting it as shown before.
The bonds between the C atom that is pulled out of the
surface and its neighboring C atoms will be elongated and
consequently weakened. The B atom represents an exception

to the octet rule,21 and it will be energetically more stable
when bonded to three atoms. As the C-C bonds in the
graphene membrane are weakened, the B atom will be pulled
toward the surface, binding strongly to these three C atoms
and replacing the original C atom from the membrane. Be-
sides the energetic gain due to the three bonds that the B
atom makes, another positive factor is related to size effects:
B has an atomic radius comparable to C, such that there will
not have much stress in the lattice due to the B incorporation.
This mechanism has no activation barrier and is schemati-
cally shown in Fig. 2.

In the process described before, we were able to substitute
a C atom by a B atom in the graphene layer but there is still
a C-N radical bonded to the dopant �Fig. 2�d��. The physical
properties of this system will be different than a standard
doping; the radical should be removed in order for the dop-
ing process to be accomplished. To achieve this, we insert H
atoms into the system. In our calculation, we have inserted
an H atom nearby the C-N radical, as shown in Fig. 2�e�. The
H atom will strongly bind to the C atom, forming HCN,
which is spontaneously removed. The final result is a perfect
doping of the graphene layer, as shown in Fig. 2�f�. As in the
first part of the process, this mechanism does not have any
activation barrier. We also tested the H atom connected with
the N atom; however in this situation the radical was not
removed. The energy difference between these two structures
��i� H connected with the C atom of the radical and �ii� H
attached to the N atom of radical� is 0.66 eV, being the first
situation energetically favorable. The radical removal reac-
tion can be described as

GrapheneBCN + H → GrapheneB + HCN,

where �GrapheneBCN� stands for boron-doped graphene
coupled to a C-N radical plus a H atom, creating boron-
doped graphene �GrapheneB� plus a free HCN. The reaction
is exothermic, liberating an energy of 2.7 eV.

FIG. 1. �Color online� Optimized geometries for the adsorption
of B ��a�–�c�� and N ��d�–�f�� on graphene. �a� and �d� are associated
with the hcp site; �b� and �e� represent the top site while �c� and �f�
stands for the bridge site. The clearer atoms in �e� and �f� indicate
the carbon atoms pulled out the graphene plane.

TABLE I. Variation in the energy ��E� for different adsorption
sites and the distance between the dopant �D� and the closest carbon
atom �dD−C� for each site. All energies are in eV and all distances
are in Å.

Dopant Site �E dD−C

top 0.06 1.76

B hcp 0.13 2.24

bridge 0.00 1.86

top 0.73 1.50

N hcp 0.69 3.30

bridge 0.00 1.49

FIG. 2. �Color online� Representative geometries, along the
structural optimization, ��a�–�d�� for the atom substitution process
and ��e� and �f�� for the radical removal. Larger green spheres rep-
resent B while smaller blue spheres represent N. C and H atoms are
gray and white, respectively.
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The doping mechanism can be better understood by look-
ing at the variation in the strength of each bond during the
process. In Fig. 3 we show a total charge-density contour
plot for different stages of the doping process. The blue color
in the scale bar indicates low densities and the red color
indicates high charge densities. The strong coupling between
the N atom and graphene is clear in Fig. 3�a�. In Fig. 3�b� we
observe that the B atom is more connected with the right C
coupled with N. In Fig. 3�c� we present the plot for the last
stage of the B incorporation and we can observe that the C-N
bond is stronger than the B-C bond; this being part of the
reason why this radical is removed when H is inserted. The B
atom makes three bonds with the C atoms of the graphene
lattice, and the bond between the B and the carbon atom that
is pushed out from the sheet is mediated by a weak lone pair
shared by B and C atoms.

In Fig. 4 we present the density of states �DOS� of
graphene �pristine�, boron-doped graphene attached with the
C-N radical �B-C-N�, and boron-doped graphene with free
HCN �B+HCN�. For B-C-N we observe, above the Dirac
point, the existence of an unoccupied level. This level,
shown in the inset of Fig. 4, is originated from the orbital’s
rehybridization due to boron incorporation and has major
contributions from the carbon atoms surrounding the B atom,
as well as contributions from the C and N present on the
radical. When the H atom is inserted, this level is filled by
the H’s electron, and the radical will detach from the sheet.
The DOS of the final structure �B+HCN� is also presented,
and we can see that the impurity level has disappeared. Also,
the Fermi energy shifts down with respect to the Dirac point
�where the DOS is zero�, indicating that boron acts like a
p-type dopant �acceptor�, increasing the DOS in the Fermi
level for this doping concentration.

We also analyzed in more detail the structural and elec-
tronic properties for the final geometry of our process �Fig.
2�f��, i.e., a substitutional B atom with a HCN molecule
nearby. This is important since, in some cases, molecules
adsorbed to graphene can also induce doping.10 We obtained

a B-C bond length of 1.52 Å which is in good agreement
with an experimental scanning tunneling microscopy �STM�
measurement of 1.59 Å for the B-C bond length.22 This
result is also in agreement with previous theoretical

FIG. 5. �Color online� DOS �upper panel� and partial density of
states �PDOS� �lower panels� for the final structure presented in Fig.
2�f�. The insets are local charge densities associated with the energy
levels. The Fermi energy is zero. Because isolated levels correspond
to delta functions in the DOS, for display purposes, we have artifi-
cially broadened the DOS by 0.1 eV.

FIG. 3. �Color� Total charge densities for different steps of the
doping process. The scale is in e /Å.

FIG. 4. �Color online� Total density of states for different doping
stages. The graphs are aligned by the peak located at −11 eV. The
vertical lines indicate the Fermi energy. The inset is a plot of the
local charge density, in the �B-C-N� structure, around the level cre-
ated by the doping.
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calculations,23 where the B-C bond length is found to be
1.53 Å. The nearest-neighbor C-C bonds are compressed by
0.015 Å when compared to undoped graphene. This clearly
shows that the distortions are strongly localized around the B
site.

For the final structure, Fig. 5 shows the decomposition of
the total DOS. It is composed of discrete HCN levels �lower
panel� and the doped graphene levels �middle panel�. The
local charge densities for these levels is presented on the
insets, and we can clearly observe that HCN just weakly
binds to graphene and that the doped structure represents a
real p-type doping of graphene.

The mechanism described here is not solely valid for the
exact configuration described above. It also happens when
the B and the N atoms are located at top sites. More impor-
tantly, test calculations also showed that the B atom can be
incorporated when the N atom is substituted by P, O, CH,
and NH, showing that our proposition is quite general and
robust.

In conclusion, by performing ab initio electronic structure
calculations, we have proposed an effective way to substitu-
tionally dope graphene. This can be done by using graphene
as a membrane to separate two different mediums. By this
process, in principle, small atoms such as B could be readily
incorporated through a barrierless process when the other
side of the membrane is exposed to an environment that
structurally distorts graphene. The methodology described
here should also be valid for doping other carbon nanostruc-
tures such as wide nanoribbons and carbon nanotubes. Re-
cently, an experimental paper came to our attention where
the authors show that carbon nanotubes can be doped with B
atoms when exposed to B2O3 and NH3. We believe these
experimental results could be explained with our model.24
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