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In this paper we have performed density-functional study on the adsorption and diffusion of various alkali-
metal ions on the surface of pristine and defective armchair single-wall carbon nanotubes. In the pristine
SWNT system, the position above the hexagon is believed to be the most stable site for adsorption, while the
adsorption is enhanced in the defective SWNT. In pristine SWNT all the ions prefer to diffuse along the axial
direction, with low barriers less than 0.25 eV. In defective SWNT, the axial diffusion is also energetically
most preferable, and the barriers increase only slightly and have little influence on the diffusion as compared

to pristine SWNT.

Introduction

Single-walled carbon nanotube (SWNT) possesses ideal
physical and chemical properties, such as high stiffness, high
thermal and chemical stability, and excellent conductance and
transport property, etc. With these novel properties, SWNT has
attracted much interest. Due to the large surface area of SWNT,
many researches have been focused on the interaction between
SWNT and various atoms, molecules, and groups, like alkali
metals,' 7 transition metals,*> gas molecules,®”* DNA molecules,>'°
etc. Among these studies, the alkali metals are particularly
important, since they as well as SWNT are believed to show
great potential for electrode materials.!!"!> Therefore, an in-depth
study of the interaction between SWNT and alkali metals is of
great significance.

Previous studies have shown that alkali-metal atoms prefer
to be adsorbed on SWNT and the adsorption is dependent on
the diameter of the nanotubes.! Within the process where the
alkali-metal atoms penetrate the sidewall and intercalate into
the internal nanotubes, they will encounter large barriers, which
prevent them outside the pristine nanotubes at ambient temper-
ature.!® Nevertheless, most of these studies have been focused
on the process of adsorption and intercalation, and there is still
a lack of study on the surface diffusion of alkali metals on the
SWNT. Furthermore, these studies mostly consider the neutral
atomic state of alkali metals and in practice the alkali metals
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diffuse between the positive and negative electrodes in the ionic
state. Thus a systematic study about surface diffusion of alkali-
metal ions on SWNT is necessary.

In this work, we will systematically compare the adsorption
and diffusion of three types of alkali-metal ions (Li*/Nat/K™)
on the external surface of armchair SWNT within density-
functional calculations. First, we will compare the adsorption
ability of these alkali-metal ions. Next, we will calculate their
diffusion path on the surface of pristine SWNT and compare
the barriers. Finally, we will consider their diffusion on the
surface of defective SWNT. These results will help to further
understand the diffusion mechanism of alkali metals on SWNT.

Method

In this study we performed density-functional calculations
using B3LYP'*! as exchange-correlation functional, which has
been widely used and proved to be accurate enough for extensive
systems. All the calculations were performed by using the
standard all-electron basis set 6-31G* within the Gaussian03
package. A finite-length armchair SWNT, which is denoted by
the chiral index (5,5), was selected for study. All the dangling
carbon atoms were passivated by hydrogen atoms (see Figure
1). Geometries are optimized to the default criterion.'® To make
a better compromise between the computational effort and the
molecular model, we tested several SWNTs with the tubule
length increasing from 7-layers to 15-layers and compared the
results. We find that while the length is beyond 11-layers, the
adsorption energy and local structure around the ions exhibits
only a slight difference by reason that the interaction is short-
ranged and mainly localizes between the adsorbed ions and their
neighboring carbon atoms (will be mentioned below). Thus a
SWNT with the length of 11-layers is considered to be accurate
enough for our study.
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Figure 1. Schematic description of different adsorption sites in a 11-
layers (5,5) SWNT.

We arrange the context as follows: first, the geometry of
pristine (5,5) SWNT was fully optimized. Then alkali-metal ions
were added on different sites on the surface of the SWNT to
study the adsorption property. While the calculations of potential
energy curves (PEC) along the directions between equivalent
minimums were carried out, the structure of the SWNTs was
fixed as the optimized result (the rationality will be mentioned
below) and the height of the ions from the surface was
optimized.

Results and Discussion

1. Adsorption of Alkali Metals on Pristine (5,5) SWNT
Surface. To find the most stable site for adsorption, we choose
several different sites: site H above the hexagonal ring, sites B
and Z above the circular and zigzag C—C bonds, and site A
above the carbon atom. All these structures with alkali metal
adsorbed are fully optimized and the calculated adsorption
energy, average interatomic distance from neighboring carbon
atoms, and the NBO charge of adsorbed ions were listed in Table
1.

From Table 1 we could find that the hexagonal site is
energetically the most stable site for adsorption for all three
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TABLE 1: Calculated Adsorption Energy, Average
Interatomic Distance, and NBO Charge Population of
Li*/Na*/K* ¢

E. (eV) ion-C (A) NBO charge
Li"-SWNT(H) 2.40 2.366 0.952
Li"-SWNT(B) 2.14 2.174 0.959
Na™-SWNT(H) 1.74 2.757 0.962
Na™-SWNT(B) 1.60 2.527 0.965
K"-SWNT(H) 1.22 3.180 0.976
K"-SWNT(B) 1.14 2.955 0.977

“The Z and A sites are found unstable and will move to the H
site.

alkali-metal ions. Among these ions the Li* has the best ability
to be adsorbed, with the shortest interatomic bond length, while
K™ has the weakest ability, with the longest interatomic bond
length. Note that the intertube distance of SWNT bundles is
about 5 A, Li* could be easily intercalated into the interstitial
space, while Na®™ and K™ would encounter some repulsion due
to their larger equilibrium distance from the surface.

During the adsorption process, all the ions have exhibited
electron-withdrawing capability and accept a partial electron
from the SWNT. The largest charge transfer occurs between
SWNT and Li", indicating that the interaction is the strongest.
This is consistent with the energy calculations, since the
interaction is largely dependent on the charge transfer. The
highest occupied molecular orbital (HOMO) as well as the
lowest unoccupied molecular orbital (LUMO) of the SWNT are
plotted in Figure 2. The HOMO and LUMO of pristine SWNT
are occupied by the st and 7* orbitals which show delocalized
property and are uniformly distributed over the hexagonal
network. When the alkali-metal ion is adsorbed, the delocalized
distribution is disturbed and the variation mainly localizes
around the adsorbed ion, indicating that the interaction is short-
ranged. Thus our finite cluster model is believed to have enough
accuracy to simulate the infinite nanotube and to eliminate the
effect of the edges.

Figure 2. The HOMO of (5,5) SWNT (a) without and (c) with Li* adsorbed as well as the LUMO of (5,5) SWNT (b) without and (d) with Li*

adsorbed.
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Figure 3. (a—d) Potential energy curves along different pathways as indicated in part e: (a) O — A; (b) O — B; (¢) O — C; and (d) O — D.

Here, we should note that the above result is just a relative
comparison and the interaction is actually somewhat weak, since
the charge transfer is very small (less than 0.05e) and the
geometry structure of the SWNT is only slightly changed by
the adsorption, which is different from some other atoms, like
hydrogen atoms which pull the carbon atoms out of the sidewall
surface and form strong sp® hybridization.” Therefore, in the
following calculations of diffusion, we will fix the SWNT as
the optimized structure to preserve the original symmetry of
the nanotube, which is believed to have enough accuracy, as
well as to maintain the neighboring equivalence compared to
the infinite nanotubes.

2. Diffusion of Alkali Metals on Pristine (5,5) SWNT
Surface. When the alkali-metal ions diffuse on the surface of
the SWNT, they are supposed to jump between minimums,
which are supposed to be equivalent sites. From this point of
view, there are three different groups of diffusion direction (see
Figure 3a): straight direction along the axis (O — A), spiral
direction surrounding the sidewall (O — B, O — C), and circular
direction around the sidewall (O — D). When we calculate the

PECs, we use the optimized SWNT as the substrate, and the
height of the ions from the surface is optimized, with the ions
relaxed perpendicular to the surface. The PECs along these
pathways are plotted in Figure 3c—f. From the calculated PECs
of different pathways, two features could be found.

First, the energetically most preferable pathways of the alkali-
metal ions is in the axial direction (O — A). When the ions
diffuse along the axial path O — A, an obvious barrier is
observed, which corresponds to the saddle point above the C—C
bridge site. The heights of the barriers are 0.26, 0.13, 0.08 eV
respectively for Lit, Na*, K*. But for the nonaxial pathways,
the encountered barriers become higher. In the pathway from
O to B, which corresponds to a helix angle of 30°, the barriers
are 0.46, 0.21, and 0.13 eV, respectively. Moreover, in the
pathway from O to C, which corresponds to a helix angle of
60°, the barriers are 0.34, 0.20, and 0.12 eV, respectively. As
far as the circular diffusion (O — D) is concerned, the barriers
are 0.44, 0.20, and 0.12 eV, respectively. The higher barriers
in these nonaxial pathways are attributed to the unstable site,
such as site A and site Z as indicated in Figure 2. These sites
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Figure 4. Schematic description of (a) Stone—Wales defect (yellow) and (b) different diffusion pathways; potential curves along the diffusion

paths in (c) the nondefective area and (d) the defective area.

are energetically much more unstable than the bridge site above
the circular C—C bond, thus leading to higher barriers and the
two-peak shape of the PECs (as seen in Figure 3, parts d and f,
except that in part d, K exhibits only one peak, which we
ascribe to the much smoother potential surface, and our
computational method in this model could not distinguish the
slight difference of less than 0.01 eV). We should mention that
our result for Li* is much larger than that for lithium atom in
the SWNT nanorope (47 meV) obtained by ab initio study.!®
The reason may be that we do not take into account the
interaction between adjacent tubes; also the adsorption energy
of lithium atom is much smaller than that of Li*, which would
lead to a small barrier.

Second, similar to the trend of adsorption energy, the diffusion
barrier decreases as the atomic number increases. The strongest
adsorption of Li™ makes it possess a larger barrier than others,
whereas the Na™ and K* show very smooth potential curves
along the diffusion pathway. However, the low barriers (less
than 0.26 eV) ensure that the ions could easily diffuse along
the axial direction. Note that while the concentration of adsorbed
ions is increased, the average adsorption energy per ion will
decrease. This is because the nearly completely positively
charged alkali-metal ions will undergo strong repulsion from
other ions, which will greatly reduce the adsorption energy.
Therefore, Li™ should be the better candidate for an ion battery
with a better combination of adsorption and diffusion ability.

3. Adsorption and Diffusion of Alkali Metals on Defective
(5,5) SWNT Surface. The above discussions are based on the
pristine SWNT. Usually the SWNT is prepared with local
defects (average ~2%!'7), such as carbon atom vacancy,
interstitial carbon atom, Stone—Wales (SW) defect, etc. The
existence of these defects may have an influence on the diffusion
of alkali-metal ions and thus should be taken into account. In

this section we will study SW defects to illustrate how the
defects influence the diffusion of alkali-metal ions.

The SW defect can be generated topologically by rotating a
C—C bond by 90° with respect to the midpoint of the bond.
The geometry structure of SW along the axial direction could
be seen in Figure 4a,b. The sidewall surface of a SW defective
SWNT could be divided into two parts: the defective area
(shown in yellow in Figure 4) and the nondefective area. When
Li*/Na*/K" are adsorbed above the SW C—C bond (site E),
the adsorption energies are 2.41/1.83/1.35 eV, respectively. Also,
charge transfer occurs and the NBO populations on the adsorbed
ions are 0.944/0.957/0.968, respectively. These adsorption
energies and charge transfer values are larger than that of alkali-
metal ions adsorbed on pristine SWNT, indicating that the
distorted 7—7 ring fusion has stronger reactivity than pristine
hexagon or the C—C bond.

From the frontier molecular orbital (MO, Figure Sa—d), we
could see that the HOMO mainly localizes around the defective
area, especially at the neighboring pentagons and heptagons of
the rotated C—C bond. On the contrary, the LUMO shows
similar delocalization behavior to the pristine SWNTs and
distributes over the sidewall network uniformly. Furthermore,
we consider the site projected DOS (PDOS)'8 of the Stone—Wales
defect near the Fermi level (Figure 5e). For the PDOS of the
two atoms in the rotated C—C bond, the energy of occupied
states moves up to higher levels and the unoccupied states
remain almost unchanged from the original energy level, as
compared to the pristine SWNT, while for the other 14 atoms
in the 5—7—7—5 rings, partial electronic states move to higher
energy levels, for both occupied and unoccupied states. These
results indicate that the Stone—Wales defects behave like an
electron donor as compared to pristine SWNT. Therefore we
could infer that for molecules and groups with high electrone-
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Figure 5. (a—d) HOMO and LUMO of Stone—Wales defective (5,5) SWNT: (a) side view and (b) top view of HOMO; (c) side view and (d) top
view of LUMO. (e) PDOS of pristine and defective SWNT. Pure 2 and SW 14 denote the C—C bond and the other 14 carbon atoms in the pristine

6—6—6—6 and defective 5—7—7—5 ring fusion, respectively.

gativity, the Stone—Wales defects show stronger adsorption
ability than pristine SWNT; but for molecules and groups with
low electronegativity, the effect is not so obvious. This could
explain why Stone—Wales defects show stronger reactivity when
interacting with alkali-metal ions.

In Stone—Wales defective SWNT, there are more possible
paths for diffusion. First we study the diffusion in the nonde-
fective area to illustrate the effect of SW defects. We calculate
the axial diffusion of alkali-metal ions on the opposite side of
the nanotube, where the hexagonal network is less destroyed.
The result is shown in Figure 4c and we could see that the
diffusion barriers and the shape of the potential curves are nearly
unchanged compared to those of pristine SWNT, indicating that
the SW defects have little influence on the diffusion in the
nondefective area. Therefore, only the defective area needs to
be considered.

As far as the defective area is concerned, several possible
positions around the SW defect for adsorption are selected.
These positions are marked A, B, C, D, and E, as indicated in
Figure 4a. Due to the mirror symmetry, their counter-sites are
marked A’, B', and C', respectively. Therefore, there are several
different pathways between site A and site A', such as:

A—C—E—C' —A’
A—B—D—B' —A’

A—C—D—C' —A’

From our calculations, we find that the axial direction (A —
C — E) is still the most energetically preferable pathway for
diffusion, with the lowest barriers. Other pathways, such as A
— B and C — D, having much higher barriers due to the local
distortion, will prevent the diffusion. The potential curves of A
— C — E are plotted in Figure 4d. In the pathway the first
position is a local minimum (site A) and the maximum point at
the fourth position corresponds to a saddle point, which locates
above the C—C bond between the pentagon and hexagon. Then
there is a descent in the energy and the ninth position becomes
a minimum, which corresponds to the stable site above the
pentagon ring (site C). From the pentagon to the SW C—C
bridge site, the energy rises as interpreted by MO before. Note
that in the PECs site A shows more stability than the SW C—C
bond (site E), which seems to be contrary to our previous
calculations. We ascribe this discrepancy to a change of the
local structure of site A. The position is neighboring to the SW
defect and the hexagon is actually affected and becomes more
active than usual (see HOMO in Figure 5a,b). Moreover, site
A is close to the edge of our finite-length tube, which also will
enhance the activity. Therefore, during the diffusion the ions
should stride over three barriers (A — C,C — E, C' — A’), in
which the barrier C' — A’ is the largest. However, the values
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are comparable to that of the pristine SWNT, which are 0.28,
0.15, and 0.11 eV, respectively. Thus the Stone—Wales defect
seems to have little influence on the diffusion of alkali-metal
ions. Other defects, like vacancy and interstitial, will be
systematically studied later.

Conclusion

In this study, we have performed density-functional calcula-
tions on the adsorption and diffusion of alkali-metal ions on
the external surface of armchair single-wall carbon nanotube.
In pristine SWNT systems, all the ions prefer to be adsorbed
above the hexagonal ring and Li* shows the strongest adsorption
ability. When diffusing on the surface of pristine SWNTs, all
the ions prefer to diffuse along the axial direction with a low
barrier less than 0.25 eV. As far as Stone—Wales defects are
concerned, they are believed to be more reactive than pristine
SWNT. The axial diffusion is still the most energetically
preferable, and the ions will encounter larger barriers, but the
values of the barriers are comparable to the pristine SWNT and
thus have little influence on the diffusion. From these results,
we could get an in-depth understanding of the diffusion process
of alkali-metal ions on the SWNT surface. SWNTs with
different chirality, such as zigzag or chiral SWNTs, as well as
their defective structures, will be systematically studied later.
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