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The mechanism of fluorine-functionalized multiwalled boron nitride nanotubes �MWBNNTs� is studied
through ab initio calculations for the structural and electronic properties of �8,0�–�16,0� double-walled struc-
tures. It is shown that the F atoms could be exothermically doped into the interstitial region between two
adjacent tubes or adsorbed on the exterior surface of the outmost tube. Interstitial F doping can significantly
change the interwall interaction and can lead to evident changes in structural and electronic properties of such
doped system. As a result, both tube walls turn into effective conducting channels, which makes a significant
contribution to the enhancement of electrical conductivity of fluorine-functionalized MWBNNTs. In contrast,
the F adsorption on the exterior surface of the outmost tube hardly alters the interwall interaction and only
affects the structural and electronic properties of the outer tube wall. Our work indicates that the electronic
properties of MWBNNTs could be significantly modulated by adjusting the interwall interaction.
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I. INTRODUCTION

As one of the isoelectronic structures for carbon nano-
tubes �CNTs�, boron nitride nanotubes1,2 �BNNTs� possess
similar geometry and mechanical properties to CNTs due to
identical � bonds �sp2 hybridization�, but have different elec-
tronic properties and chemical activities from CNTs, result-
ing from different spatial distributions of � states in these
two tubular structures. Especially, stable semiconducting
behavior1,3 and outstanding chemical inertness4 of BNNTs
make them suitable for nanoscale devices in harsh environ-
ments. On the other hand, BNNTs have a large optical gap of
5.8±0.2 eV,3 which is strongly dominated by excitonic ef-
fects �electron-hole interaction�,5 and their electronic band
gap should be even considerably larger. This will hinder fur-
ther electronic applications of BNNTs. Therefore, modifying
electronic structures of BNNTs is crucial for transforming
potentiality into actuality, and the associated scientific and
technological innovations have attracted more and more in-
terests. In comparison with nonchemical methods such
as using the external force6 or electric field,7 doping with
certain elements is one of the most promising ways for
modification of electronic properties of BNNTs.8 Recently,
Tang et al. succeeded in preparation of stable fluorinated
BNNTs �F-BNNTs� and observed a great enhancement of
electric conductance by a four-probe I–V measurement.9

From first-principles calculations of single-walled BNNTs
�SWBNNTs�, Xiang et al. suggested that such an enhance-
ment could be induced by the adsorption of F atoms.10

In practice, BNNTs mostly have multiwalled structures.11

Especially, the total amount of BNNTs with even number of
shells was found to markedly prevail over that with odd
number of shells.12 It is noted that multiwalled nanotubes
�MWNTs� exhibit different structural characteristics �espe-
cially the existence of the interstitial region between neigh-
boring tubes� from single-walled nanotubes �SWNTs�, in es-

sence, and the inherent interwall interaction could play an
important role in the structural, electronic, and optical prop-
erties of MWNTs, even in their potential applications.13–15

Okada et al. theoretically demonstrated that the electronic
structures of double-walled BNNTs �DWBNNTs� are more
complex than those of single-walled BNNTs �SWBNNTs�.13

Typically, the resulting band structures are related to the tube
radii as well as the rehybridizations between � and � states.
Jhi et al. found that the interwall stacking should play a
significant role in the interwall interaction and in the forma-
tion of DWBNNTs �or multiwalled BNNTs �MWBNNTs��,
and the fundamental energy gap of DWBNNTs is smaller
than that of SWBNNTs, mostly owing to band shift.14 More-
over, the second-order nonlinear optical coefficients of
DWBNNTs are significantly reduced by the interwall inter-
action, in comparison with SWBNNTs.15 Thus, it is very
important to take into account the multiwalled structures for
revealing the underlying physical phenomena,16,17 even
though the interwall interaction might be weak. Also, it is
expected that the transport behavior and mechanism of
doped MWNTs are more complicated and could be different
from those of doped SWNTs. Some fundamental questions
will be raised naturally: How does extrinsic doping affect the
interwall interaction? Is the structure or morphology of the
doped MWNT only a simple combination of individual
doped and pristine SWNTs? Are the electronic structures of
different shells in MWNTs affected by dopants individually,
or as a whole? However, previous theoretical studies of dop-
ing effect �such as F atoms� on electronic properties of
BNNTs only focused on the single-walled structure,10 instead
of the real physical circumstances of multiwalled structures.9

To address these fundamental issues, in this paper, we
comprehensively study the modification mechanism of elec-
tronic structures of F-BNNTs by ab initio calculations on
multiwalled structures �the DWBNNT should be a good
model, with an appropriate balance between computational
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accuracy and effort�. We especially focus on the structural
and electronic properties of DWBNNT with interstitial F
doping and demonstrate that there exists a quite different
scheme of interwall interaction, as compared with the pris-
tine DWBNNT. Moreover, as a comparative study, the F ad-
sorption on the exterior surface of the outmost tube in
DWBNNT is also investigated.

II. COMPUTATIONAL METHODS AND DETAILS

Our calculations are performed using the density-
functional theory in the generalized gradient approximation,
with the Perdew-Burke-Ernzerhof functional18 for the ex-
change and correlation effects of the electrons, as imple-
mented in the Vienna ab initio simulation package.19 The
electron-ion interaction is described by the projector-
augmented wave method,20 and the cutoff energy for the
plane-wave basis set is 550 eV. In light of the previous
experiment21 and theoretical study,13 we adopt the model of a
zigzag �8,0�–�16,0� DWBNNT placed in a hexagonal super-
cell with lattice parameters of 25 Å in the x-y plane �note
that the interaction between adjacent DWBNNTs could be
negligible�, and the length of unit cell along the tube axis is
4.34 Å. The 1�1�15 Monkhorst-Pack k-point mesh22 is
used to sample the Brillouin zone. The residual minimization
method with direct inversion of iterative subspace minimiza-
tion scheme is utilized for electronic structure calculations.
Structural optimizations are deemed sufficiently converged
when the forces on all ions are less than 0.02 eV/Å, in virtue
of the quasi-Newton algorithm.

III. RESULTS AND DISCUSSION

In order to reveal the underlying mechanism of
fluorination-induced conductivity enhancement observed ex-
perimentally, two facts should be considered: �i� the experi-
ment of Tang et al.9 for F-functionalized BNNTs was imple-
mented in the synthesis process of MWBNNTs and �ii� the
total surface area of interstitial regions of MWBNNTs �it
should roughly linearly increase with the number of tube
walls� is far larger than that of the exterior �interior� surface
of the outmost �innermost� tube. It is believed that the inter-
stitial region between neighboring tubes should be important
for the actual doping. The DWBNNT �shown in Fig. 1�a��,
the simplest multiwalled structure of BNNTs, is studied to
understand the nature of MWBNNTs because the essential
feature of interwall interaction in them is retained.23 Then the
F atoms are placed in the interstitial region or on the exterior
surface of tubes for exploring the doping mechanism of
F-BNNTs.24 In one supercell, four F atoms are placed sym-
metrically �corresponding to a F-doping concentration of
4 at. %�, either in the interstitial region �i.e., on the exterior
surface of the �8,0� tube or on the interior surface of the
�16,0� tube, denoted as the EXO-8 and INT-16 configura-
tions, respectively� or on the exterior surface �denoted as the
EXO-16 configuration� of the DWBNNT, as shown in Figs.
1�b�–1�d�. The calculated binding energies25 of the EXO-16,
EXO-8, and INT-16 configurations are, respectively, −2.17,
−1.33, and −0.47 eV/F atom �note that the negative binding

energy corresponds to the exothermic reaction, and these val-
ues imply that all these F-doping configurations are energeti-
cally favorable�. Evidently, in the case of interstitial doping,
the F atoms prefer to adsorb on the exterior surface of the
�8,0� tube �i.e., the EXO-8 configuration�, rather than on the
interior surface of the �16,0� tube �i.e., the INT-16 configu-
ration�. This should be related to the different �-� hybrid-
ization extent of these tube walls determined by their
curvatures.13 In addition, it can be expected that the energy
difference between the two configurations of interstitial dop-
ing decreases with increasing tube diameters. On the other
hand, the interstitial F doping will induce a more significant
structural deformation than the F adsorption on the exterior
surface of the outmost tube in DWBNNT, and the energy
difference induced by the curvature effect is much smaller
that the strain energy induced by interstitial F doping. There-
fore, the EXO-16 configuration �with F adsorption on the
exterior surface of DWBNNT� is energetically more favor-
able than the other two configurations EXO-8 and INT-16
�with interstitial F doping�. Thus, only EXO-8 and EXO-16
configurations are discussed in detail in the following.

In all these configurations, the F atoms tend to stay on top
sites of boron �B� atoms rather than on other possible sites

FIG. 1. �a� Schematic diagram of the pristine �8,0�–�16,0�
DWBNNT. Three configurations of F-doped �8,0�–�16,0�
DWBNNTs are shown: �b� four F atoms are adsorbed on the exte-
rior surface of the inner �8,0� tube �“EXO-8”�, �c� four F atoms are
adsorbed on the interior surface of the outer �16,0� tube �“INT-16”�,
and �d� four F atoms are adsorbed on the exterior surface of the
outer �16,0� tube �“EXO-16”�. In each panel, the side and perspec-
tive views are shown in the left and right, respectively. Note that the
outer and inner walls are represented with stick-only and ball-and-
stick models, and the B, N, and F atoms are represented with the
pink �dark gray�, blue �black�, and cyan �light gray� balls and sticks.
The enlarged schematic diagrams of the elliptical domains in �a�
and �b� will be shown in Figs. 2�e� and 2�f�, respectively.
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�such as top sites of nitrogen �N� atoms, bridge sites of BN
bonds, and hollow sites of the hexagon�. The resulting dis-
tances between the F and B atoms are 1.420 and 1.424 Å for
the EXO-8 and EXO-16 configurations, respectively. Com-
pared with the pristine DWBNNTs, several considerable
structural variations are observed in F-doped DWBNNTs.
The first is that the F-doping configurations �EXO-8 and
EXO-16� prefer pyramidalization �corresponding to sp3 hy-
bridization� to planar geometry �corresponding to sp2 hybrid-
ization� around the adsorption site �as shown in Figs.
2�a�–2�d��. In detail, all the B atoms bonded with the F atoms
are displaced, and the related B–N bond lengths are elon-
gated by about 0.05–0.10 Å. Correspondingly, most of the
bond angles approach 109°28� �the ideal value of sp3 hy-
bridization�. Note that this local transformation from sp2 to
sp3 hybridization has been reported for fluorinated
h−BN�001� plane26 and SWBNNT.10 The other two struc-
tural features are only presented in the EXO-8 configuration.
One feature is that the interstitial F doping leads to a modi-
fication of the “partial A-B stacking order” �each B or N
atom in the inner tube faces a N or B atom in the outer tube,
as shown in Fig. 2�e�� of the pristine DWBNNT.13 For the
EXO-8 configuration, the F atom is bound to a B atom in the
inner tube and then faces the middle point between two B
atoms in the outer tube, as shown in Fig. 2�f�. The other
feature is that the B and N atoms in the outer shell �near the
F atoms� radially move outwards, and thus, the outer shell
buckling increases to about 0.15 Å. The minimum distance
between the F atom and neighboring B atoms in the outer

wall is only 2.16 Å, smaller than the average spacing
�3.24 Å� between two tube walls of the pristine DWBNNT.

To obtain physical and chemical insight into interstitial F
doping in the EXO-8 configuration, the electron localization
function27 is calculated. The results show that the F atoms in
the interstitial region directly interact with the B atoms in the
inner tube with polarized covalent bonds �as shown by the
arrow in Fig. 3�a��, whereas no covalent bond is formed be-
tween the F atoms and the outer �16,0� tube �as shown by the
arrow in Fig. 3�b��. Instead, there exists a weak electrostatic
interaction between the F atom and the constituent atoms of
the outer wall, since the minimum distance between them is
only 2.16 Å and the Bader analysis28 of the charge density

FIG. 2. �Color online� Bond lengths �in units
of Å� and angles around the B site at the �a� inner
and �b� outer walls of the pristine �8,0�–�16,0�
DWBNNT. Bond lengths �in units Å� and angles
around the adsorption site at �c� the inner wall of
the EXO-8 configuration and �d� the outer wall of
the EXO-16 configuration. The schematic dia-
grams of atomic arrangements of the pristine
�8,0�–�16,0� DWBNNT and the EXO-8 configu-
ration are shown in �e� and �f�, respectively. The
B, N, and F atoms are represented with the pink
�dark gray�, blue �black�, and cyan �light gray�
balls and sticks.

FIG. 3. �Color online� Contour plots of electron localiza-
tion function of the EXO-8 configuration �interstitially F-doped
�8,0�–�16,0� DWBNNT�. The side and perspective views are shown
in �a� and �b�, respectively.
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yields a charge transfer of 0.27e per F atom from the outer
tube. Evidently, in comparison with the well-defined multi-
polar interaction in the pristine DWBNNT, the mechanism of
interwall interaction in the EXO-8 configuration is signifi-
cantly changed and is more complicated. Considerable
charge transfer from the inner tube to the F atoms,29 corre-
sponding to more charge accumulation in the region between
the two tube walls, could enhance the multipolar interwall
interaction in F-doped DWBNNTs. Such an enhancement is
consistent with the significant structural changes in the
EXO-8 configuration as mentioned above.

The enhanced interwall interaction will result in some
meaningful changes in the electronic properties of F-doped
DWBNNT. Figure 4 shows the fundamental band structures
of both pristine and F-doped �8,0�–�16,0� DWBNNTs. In
pristine DWBNNTs, consistent with its negligible influences
on the geometrical structure, the multipolar interwall interac-
tion does not change the essential characteristics of elec-
tronic properties of each wall �shown in Fig. 4�a��: there still
exists a wide band gap, although it is slightly smaller than
that of the inner �8,0� tube. Furthermore, the top of the va-
lence bands and the bottom of the conduction bands are
originated from the outer �16,0� and inner �8,0� nanotubes,
respectively. These results are in good agreement with the
previous theoretical study.13 In the band structures of
F-doped DWBNNTs �shown in Figs. 4�b� and 4�c��, several
bands are across the Fermi level and thus are partially occu-
pied, indicating an enhancement of electrical conductivity.

It should be noted that the conduction mechanisms of
these two configurations of F-doped DWBNNTs are dis-

tinctly different in essence, due to different origins and char-
acteristics of these partially occupied bands. In the EXO-8
configuration, the electronic state of the topmost partially
occupied band across the Fermi level, S1, is mainly distrib-
uted around the N sites of the inner �8,0� tube �as shown in
Fig. 5�a��. The electronic states of some other partially occu-
pied bands �e.g., band S3� are mainly distributed around the
N sites of the outer �16,0� tube, as shown in Fig. 5�c�. More
interestingly, one partially occupied band, S2, is mainly com-
posed of the � states around the N atoms in both inner �8,0�
and outer �16,0� tubes �as shown in Fig. 5�b��, which corre-
sponds to an enhanced interwall interaction. The above re-
sults indicate a transition from insulating to conducting be-
havior for both inner and outer tube walls of DWBNNT
under interstitial F doping, where the interstitial F atoms play
a role as a “bridge” between neighboring tube walls. There-
fore, a significant enhancement of electrical conductivity for
F-doped MWBNNTs can be derived in this manner.

In contrast, in the EXO-16 configuration, all partially oc-
cupied bands �e.g., S1�, as shown in Fig. 5�d�� are mainly
contributed by the � states around the N atoms in the outer
�16,0� tube, accompanied with a minor contribution from the
p states around the F atoms. It implies that the F adsorption
only changes the electrical properties of the outer tube from
insulating to conducting and those of the inner tube are
hardly affected and still insulating. It is compatible with the
fact that F adsorption changes the outer tube’s curvature
�shown in Fig. 1�d��, but the inner tube is less affected. This
also suggests that the interwall interaction in this configura-
tion is similar to that in the pristine DWBNNT. Then, the
downshift of the Fermi level, induced by the electron transfer
from the outer tube to the F atoms, gives rise to the presence
of several partially occupied bands mainly contributed by the
outer tube.

It should be noted that the above calculations are per-
formed for the supercell configurations with a specific ar-

FIG. 4. �Color online� Band structures of �a� the pristine �8,0�
–�16,0� DWBNNT, �b� the interstitially F-doped �8,0�–�16,0�
DWBNNT �the EXO-8 configuration�, and �c� the �8,0�–�16,0�
DWBNNT with F adsorbed on the exterior surface of the �16,0�
tube �the EXO-16 configuration�. The Fermi energy �EF� is set to
zero. S1, S2, and S3 denote the first, second, and third highest par-
tially occupied bands across the Fermi level of the EXO-8 configu-
ration, respectively. The S1� is the highest partially occupied band
across the Fermi level of the EXO-16 configuration.

FIG. 5. �Color online� Isosurface plots of the squared wave
function at the � point of partially occupied bands: �a� S1, �b� S2, �c�
S3, and �d� S1�. In each panel, the perspective and side views are
shown in the left and right, respectively. The isovalue is 0.005
e /Å3. Note that the S1, S2, S3, and S1� have been defined in the Fig.
4. The B, N, and F atoms are represented with the pink, blue, and
cyan balls and sticks.
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rangement of F atoms. While it is important to check the
effects induced by the choice of the supercell �size and dop-
ing configurations�, test calculations are preformed for �i� a
similar supercell to the EXO-8 configuration but containing
only two F atoms and �ii� a larger supercell containing two
unit cells of the �8,0�–�16,0� BNNT and four F atoms, cor-
responding to a decrease of F-doping concentration by half.
It is found that the test calculations yield similar character-
istics of electronic structure to those of the EXO-8 configu-
ration, revealing the same mechanism of fluorination-
induced conductivity enhancement.

The above results suggest that the electronic properties of
MWBNNTs can be modulated by adjusting the interwall in-
teraction �for instance, interstitial doping with multivalent
element and polar groups, or exerting high pressure�.

IV. CONCLUSIONS

We have performed an ab initio investigation on the struc-
tural and electronic properties of the F-functionalized
DWBNNT. The fluorination of DWBNNTs, where the F at-
oms are doped in the interstitial region between two neigh-
boring tubes or adsorbed on the exterior surface of outer
tube, is demonstrated as an exothermic process. In the case
of interstitial F doping, the interwall interaction is signifi-
cantly enhanced, distinctly different from that in pristine
DWBNNTs. Correspondingly, the following apparent struc-
tural changes are observed: �i� the local transformation from
sp2 to sp3 hybridization around the adsorption sites, and �ii�
the enhancements of the bucklings of the tube walls and the

modification of the interwall stacking order. Interstitial F
doping affects the electronic structure of doped DWBNNTs
as a whole. In detail, interstitial F doping induces not only
partially occupied bands distributed over either outer or inner
tubes but also a new partially occupied band that is spatially
distributed over both outer and inner tubes, which indicates
that both walls of DWBNNTs become conducting together.
In contrast, for the case of F adsorption on the exterior sur-
face of outer tube of DWBNNT, only negligible influence on
the interwall interaction can be induced by the adsorbed F
atoms. The local deformation only occurs around the adsorp-
tion sites at the outer tube. Furthermore, the structure of the
whole doped system can be deemed as that of a simple com-
bination of a pristine inner tube and an outer tube adsorbed
with F atoms. Correspondingly, all partially occupied bands
are mainly originated from the outer tube, while the inner
tube has no contribution to the electrical conductivity. In a
word, interstitial F doping can provide more effective con-
ducting channels than the F adsorption on the outmost shell
of MWBNNTs and, therefore, a more significant enhance-
ment of electrical conductivity for F-doped MWBNNTs can
be achieved in this manner.
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