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First-Principles Study of Li Doping in a Double-Wall Carbon Nanotube *
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By performing first-principles calculations, we study Li doping in a double-wall carbon nanotube where a (5,0)

tube is confined inside a (14,0) tube. There are three possible sites for Li doping and two of them are energetically

favorable. The change of energy band structure is closely related to the doping sites and the charge transfer is

investigated. Bader charge analysis indicates that Li prefers to donate its electron to the inner (5,0) tube.

Moreover, the Li capacity of the system can reach LiC4.75 which makes it a promising candidate for Li-ion

battery materials.

PACS: 71. 20. Tx, 73. 22.−f

Due to their interesting quasi-one-dimensional
character, carbon nanotubes have attracted much at-
tention from the science community for more than ten
years. The interior space of single-wall carbon nan-
otubes (SWNTs) can be used to encapsulate many
molecules, which offers an opportunity to explore
new one-dimensional systems with nanosizes. Re-
cently, double-wall carbon nanotubes (DWNTs) have
been synthesized by a high temperature coalescence
of the C60 molecule confined inside SWNTs.[1,2] Simi-
lar to the SWNTs, DWNTs also exhibit characteristic
breathing-like modes, which have been identified by
Raman measurement.[3−8] The intertube distance of
DWNTs is close to that of graphite and varies from
3.3 Å to 4.1 Å.[9] It is thus assumed that the tube-tube
interactions in DWNTs are dominated by the van der
Waals force. Bellarosa et al.[10] discussed the radius
and chirality contributions to such interactions. Inter-
tube charge transfer and electrical conductance have
also been investigated in DWNTs,[11−15] and possi-
ble applications in fields such as quantum dots[16] and
field-effect transistors[17] were discussed. Moreover,
the additional interlayer space of DWNTs offers good
opportunities to modify the physical properties of car-
bon nanotubes by means of doping. For example, the
co-doping of K and Br in the inner and outer shell of
(7,0)@(16,0) DWNT makes it an ideal candidate for
p-n junction and diode applications.[18] On the other
hand, it was found experimentally and theoretically
that SWNTs are plausible candidates for Li-ion bat-
tery materials,[19−25] and ultra-small diameter (4 Å)
carbon nanotubes confined in zeolite have a much
higher Li capacity.[26] In this Letter, we consider the
doping of Li into a related system where the 4 Å tube
(5,0) is confined in a larger (14,0) tube. We choose
(5,0) as the inner wall of DWNT since it is very fa-

vorable for Li doping,[21,27] and the outer wall is thus
determined by the intertube distance.

Our calculations are performed using a plane-wave
pseudopotential formulation.[28−30] The exchange-
correlation energy is in the form of Perdew-Wang-
91[31] with generalized gradient corrections (GGA).
We use ultra-soft pseudopotentials for both the C and
Li atoms. The cutoff energy is set to 286 eV and uni-
form 𝑘-points are used along the tube axis. We use a
standard supercell geometry so that the DWNTs are
aligned in a hexagonal array, and the center-to-center
distance between the DWNT and its periodic image is
set to 24 Å. Optimal atomic positions are determined
until the magnitude of the forces acting on all atoms
becomes less than 0.05 eV/Å.
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Fig. 1. Top and side view of possible Li doping sites in
the DWNT (5,0)@(14,0). Note that each site may have
many equivalent positions.

The unit cell of the chosen DWNT contains 76 car-
bon atoms where 20 come from the inner (5,0) tube
and 56 from the outer (14,0) tube. Figure 1 schemat-
ically shows possible Li doping sites in the DWNT. In
addition to the interior of the (5,0) tube (site A), the
Li atom can be also intercalated into the area between
the inner wall and outer wall (site B). It is also pos-
sible for Li to be doped outside the (14,0) tube (site
C). Note that each site may have many equivalent po-
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sitions. We begin our investigation with one Li atom
per unit cell. For all three configurations, we find
that the DWNT keeps a very stable structure upon
Li doping, and there is almost no change of the tube
radius. Table 1 summarizes the calculated Li binding
energies for the three doping sites in the DWNT. For
comparison, the results for the individual (5,0) and
(14,0) tubes are also given. The binding energy 𝐸𝑏 is
defined by the expression

𝐸𝑏 = 𝐸(DWNT + Li)− 𝐸(DWNT)− 𝐸(Li),

where 𝐸(DWNT + Li) is the total energy of the
DWNT with one Li atom doped, 𝐸(DWNT) is the
total energy of the pristine DWNT, and 𝐸(Li) is the
total energy of one Li atom in bulk structure (bcc). A
negative number for the binding energy corresponds
to an exothermic reaction. For the individual SWNT,
we can find from Table 1 that the Li atom would pre-
fer to be doped into the interior of the smaller (5,0)
tube rather than that of the larger (14,0) tube. This
is also the case for the outside doping in the (5,0)
and (14,0) tubes. For the DWNT, we can find from
Table 1 that two of them are energetically favorable.
One with the lowest energy is site B which can also
be visualized as the outside of the (5,0) tube or the

inside of the (14,0) tube. It should be noted that this
energy value is significantly lower than those found
at the corresponding sites of the individual (5,0) and
(14,0) tubes. This is reasonable since at the intertube
space, the Li binds to both the inner and outer walls
of the DWNT, while only one wall is involved for the
case of individual tubes. It is interesting to find that
the interior of the DWNT has a higher binding energy
than that of the (5,0) tube, while the exterior of the
DWNT has a lower one than that of the (14,0) tube.
This is probably due to small charge transfer from the
outer shell to the inner shell.[13] Indeed, we have car-
ried out an additional calculation which shows that
for the un-doped DWNT about 0.29% of the 𝜋 elec-
trons of the (14,0) tube are given to the (5,0) tube.
The transferred electrons will enhance the Li binding
to the outer wall while reducing it to the inner one.

Table 1. Calculated Li binding energies (in units of eV) for three
different doping sites in the DWNT (5,0)@(14,0) with a nomi-
nal formula of C76Li. The calculated results for the individual
(5,0) and (14,0) tubes are also given for comparison.

Sites DWNT (5,0)@(14,0) SWNT (5,0) SWNT (14,0)

A −0.67 −0.74 0.58

B −0.96

C 0.29 −0.68 0.59

Γ Γ X Γ X Γ X X

Fig. 2. Energy band structures of DWNT with Li doped at (a) site A, (b) site B, and (c) site C. Note that the
system has a concentration of C76Li. For comparison, the band structure of un-doped DWNT is shown in (d) where
the bands from the (5,0) tube are marked as red curves. The Fermi levels are at 0 eV. The blue arrows indicate
obvious band-splitting.

Figure 2 shows the calculated energy band struc-
tures for the DWNT with Li doping at different sites.
Note there is only one Li atom per unit cell with the
nominal formula of C76Li. The band structure is plot-
ted using 50 uniform 𝑘-points along the tube axis. For
comparison, the result of the pristine DWNT is also

presented. As the outer (14,0) tube is semiconduct-
ing while the inner (5,0) tube is metallic,[32] we see
from Fig. 2(d) that the un-doped DWNT is metal-
lic and those bands from the (5,0) tube (marked as
red curves) and the (14,0) tube can still be identified.
However, some degenerate bands are now separated
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due to symmetry breaking caused by tube-tube inter-
action. Upon doping of Li, we see from Figs. 2(a)–
2(c) that the overall topology of the band structure
roughly follows a rigid band picture. That is, the
Fermi level becomes up-shifted when the 2𝑠 electron
of the Li atom is transferred to the DWNT. In addi-
tion, the Li doping may change the relative position
and/or degeneracy of those bands coming from the
(5,0) and (14,0) tubes. When Li is introduced inside
the inner tube (site A), we see from Fig. 2(a) that
there is almost no change of the outer (14,0) tube’s
bands. However, almost all the bands of the inner
(5,0) tube are pushed down by about 0.35 eV. The
doubly-degenerate 𝐸1𝑢 bands even get down-shifted
by 0.60 eV and become lower than the upper valence
band of the (14,0) tube. The 𝐸2𝑢 bands now coin-
cide with the conduction band of (14,0) tube at about
1.95 eV. For the intertube doping (site B), the change
of the (5,0) tube’s bands is similar to the case of site
A except that the degenerate 𝐸2𝑢 bands are now sep-
arated by a small gap of 0.18 eV. On the other hand,
the bands of the (14,0) tube get down-shifted by about
0.58 eV and the original degenerate bands at about
1.50 eV are now separated. In particular, we observe
obvious band-splitting due to strong band-band repul-
sion, as indicated by the small blue arrows in Fig. 2(b).
For the Li doping at site C, we see that the bands of
the (5,0) tube are nearly the same as those found in the
un-doped DWNT except that the 𝐸2𝑔 bands are down-
shifted slightly, while the change of the bands from the
(14,0) tube is similar to the case of intertube doping.
The differences among Figs. 2(a), 22(b) and 22(c) are
due to the fact that when the Li atom is doped at
sites A and C, its 2𝑠 electrons are mainly transferred
to the inner (5,0) and outer (14,0) tubes, respectively;
while at site B, the electrons are donated to both of

them. This can be further confirmed by investigating
the contour plot of differential charge density which is
defined as the difference between the charge density
of Li-doped DWNT and that of the pristine DWNT
and Li:

∆𝜌 = 𝜌(DWNT + Li)− 𝜌(DWNT)− 𝜌(Li).

Figure 3 shows the differential charge density con-
tours on the (001) plane for the three doping sites. It
is obvious that at site A, the 2𝑠 electrons of Li are
donated to the inner wall. For site B, there are charge
accumulations in both the inner wall and outer wall,
which indicates that the electrons are given to both
tubes. For site C, we see that the charge is mostly
transferred to the outer wall. To have a quantita-
tive understanding, we have performed Bader charge
analysis[33−35] for the three doping configurations (Ta-
ble 2). We see that for interior doping, almost all
the 2𝑠 electron (96%) of Li is transferred to the inner
(5,0) tube. In the case of intertube doping, 63% of
the charge is given to the inner (5,0) tube and the re-
maining 37% to the outer (14,0) tube. In the case of
exterior doping, most of the charge (80%) is donated
to the outer (14,0) tube, as is expected. It is interest-
ing to find there is still a small fraction of the charge
(21%) that is donated to the inner (5,0) tube even
though it is a bit far away from the Li atom. Such
long-distance charge transfer could only be realized
via intertube interactions.

Table 2. Bader charge analysis for the charge transfer in the
DWNT (5,0)@(14,0). The values (in units of electrons) indicate
the net charge received upon Li doping.

Sites Inner (5,0) Outer (14,0)

A 0.962 0.038

B 0.634 0.366

C 0.207 0.793
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Fig. 3. Differential charge density contours on the (001) plane for Li doping in the DWNT at (a) site A, (b) site
B, (c) site C.

We now consider the high concentration limit of Li
doping. As site B is the most favorable and there are
many equivalent positions between the inner and outer
tubes, it is anticipated that the Li atoms can be doped
with a large amount. To reach a high Li concentration,
14 Li atoms are introduced into the intertube space
and arranged in two alternate layers. In each layer,

there are 7 Li atoms which are initially positioned ac-
cording to the symmetry of the outer (14,0) tube. The
Li binding energy for such a configuration is calculated
to be −1.17 eV, which means that the doping is still
favorable at such high concentrations (C76Li14). It
is interesting to note that the concentration can be
further increased if one more Li atom is inserted into
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the interior of the (5,0) tube and another is located
outside the (14,0) tubes. The obtained configuration
thus contains 16 Li atoms per unit cell with a nominal
formula of C76 Li16 or LiC4.75. This concentration cor-
responds to a Li intercalation capacity of 470 mAh/g,
which is significantly higher than the upper limit of
graphite intercalated compounds (372 mAh/g). We
have examined the optimized structure of the DWNT
with 16 Li atoms doped, and found that there is only
a slight deformation of tube structure compared with
the un-doped case. The good structural stability to-
gether with the enhanced Li capacity suggests that the
(5,0)@(14,0) DWNT may have potential application
in Li-ion batteries. It will be interesting to experi-
mentally test this prediction when the (5,0)@(14,0)
DWNT is formed by techniques such as coalescence
of small C20 molecules confined inside a larger (14,0)
tube.

In summary, we have used the first-principles pseu-
dopotential method to study the binding energies and
electronic properties of Li-doped DWNT (5,0)@(14,0).
It is found that the area between the inner (5,0) tube
and the outer (14,0) tube is quite favorable for Li dop-
ing, and the system has a Li storage capacity larger
than the highest value of graphite intercalated com-
pounds. It is mentioned that if bundled together, the
interstitial channels between the DWNTs will offer ad-
ditional room for Li storage, and this will be the sub-
ject of our future work.
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