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Diffusion and condensation of lithium atoms in single-walled carbon nanotubes
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We have carried out theoretical investigations to explore the diffusion of lithium on the exteriors and the
interiors of single-walled carbon nanotub@&WNTS. We found that lithium can adsorb on both interior and
exterior surfaces with adsorption energy around —2.44 eV. Lithium has a higher mobility with the diffusion
barriers less than 0.2 eV on both the exteriors and interiors of SWNTs. The diffusion baexersand
endohedral of lithium depend on the radius and chirality of SWNTs. The lithium capacity trapped inside
SWNTs increases with the increasing tube diameter and can be as highasini€(10,10 SWNT. These
lithium atoms tend to form single- or multishelled coaxis nanotubes, together with a linear atomic chain in the
axis at low temperature depending on the diameter of SWNTSs, suggesting a potential way to synthesize small
metal nanotubes and metal nanowires.
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INTRODUCTION one could somehow boost the Li/C ratio inside the host ma-

Carbon nanotubes are attracting more interest as moleclg@ls. The limit for graphite intercalation under ambient
lar containers with applications as hydrogen fuel defisd ~ conditions is one lithium atom per six carboftsC). How-
lithium batteries due to their unique structure and proper- €ver, higher lithium capacity up to LiCs and Li /Cg has
ties. Single-walled carbon nanotubdSWNTY can be been achieved in SWNTsand is predicted with enhanced
thought to arise from the folding of a graphite sheet. Theanode stoichiometry Lig!®
nanotubes typically aggregate into bundles termed nano- Another key to superior battery performance using nano-
ropes, which consist of SWNTs held together by van detubes lies in the ability of Li ions to enter and leave the
Waals forces, forming close-packed two-dimensional triannanotube interiors at a reasonable rate. The motion of lithium
gular lattices® The interstitial channels between the tubesinside SWNTs has been studied using first-principles calcu-
and the interiors of the nanotube themselves are ideal corations, and it has been predicted that lithium ions can enter
tainers for intercalation of foreign molecules and atoms, suclnto SWNTs through topological defects and open-ended
as H,1* He? Cqo° and Li87 For example, hydrogen mol- nanotubed®'" The diffusion barriers for Li motion in the
ecules can be physically adsorbed on the exterior surface a@fterstitial channels between the nanotubes and inside the
SWNTS or trapped in the interiors of tubes provided that ananotubes themselves turn out to be very low for some se-
hydrogen atom can enter into the tube through open ends ¢ected nanotubes. However, some relevant issues are not
tube wall®? clearly understood, such ad) Do the diffusion barriers of

For the interiors of SWNTSs, the motion of,Hs not dif- lithium inside and outside SWNTs depend on the diameter
fusion limited because the interactions betweep &hd and chirality of the tubes®2) What is the morphology of
SWNTs are mainly dominated by van der Waals forces, andithium atoms trapped inside SWNTSs, especially for the tube
ultimately result in configurations with linear lines or coaxis of large diameter?3) Can lithium atoms form quasi-one-
cylindrical shells$*~ Interestingly, the van der Waals surface dimensional lattices at low temperature similar to the case
forces hydrogen to form quasi-one-dimensional lattices witHor H,? (4) What is the capacity of Li trapped inside SWNTs
the hydrogen molecular orientation highly polarizing alongof different diameters? To address these issues, the studies of
the axial direction of the tube at low temperatifén addi-  dynamics of Li relevant to the diffusion and condensation
tion, one-dimensional carbon structures formed inside carboprocesses inside/outside SWNTs of different diameters and
nanotubes through self-assembling qgf,@nd carbon atoms chiralities are highly desirable.
have also been revealed experimentalf.

Li-nanotube complexes, which are of technological im-
portance as anodes of Li-ion batteries, have been synthesized
by intercalating lithium atoms both into the interstitial chan-  Atomistic simulations of Li-SWNT complexes were pre-
nels between carbon nanotubes and into the interiors of thiwrmed using an efficient first-principles program known as
nanotubes themselves. The energy density of Li-ion batteriesREBALL.'® This code is based on density-functional theory
largely depends on the host materials of the anode. Graphiti®©FT) adopting a localized linear combination of numerical
carbon anodes are used instead of metallic Li electrodes iatomic-orbital basis for the description of valance electrons
most batteries because of both safety and cycle efficiencgnd norm-conserving separable pseudopotentials for the
concerns* although this substantially reduces the energyatomic core. The basis functions used are a set of slightly
density of the battery as compared to metallic Li. Graphite excited pseudoatomic wave functions computed within DFT.
intercalated with Li, can improve the energy density of Li- TheseFIREBALL wave functions are chosen such that they
ion batteries. Performance can be significantly enhanced Wanish at some radius.. The pseudopotentials were con-
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structed using the scheme of Fuchs and Schéffler de- 1.25 = il
scribe the valance electron interaction with the atomic core, v
and expressed in the form of Hamaf®n.

A single numericalSN) basis sesp® was employed for 0.754

1.00- &

carbon and lithium atoms throughout the calculations. The & ? :

localized pesudoatomic orbitals were constructed with a con- 3; 0.50 3 :

finement radius of 7.1@g for the X state of lithium, while 2 0.251 i

the X and 2 orbitals of carbon were confined in a sphere 5 ¢ |

with radius of 4.00ag and 4.40ag, respectively. The model 0.00+ 9

of electronic exchange-correlation functional employed in .0_25-M

these calculations was a generalized gradient approximation :

(GGA) of the form containing Becke exchang®88) with R S L S T L A
Lee-Yang-Par(LYP) correlatior?!?? This scheme has been Distance (A)
successfully used to study nanosystems involving SWNTs in

previous literature$3-25To test its validity in describing Li FIG. 1. The relative energy of &,5 SWNT with an adsorbed

-Li interaction, we calculated bulk lithium in the bcc phase lithium varies as the endo- and exohedral approaches of the lithium
using the periodical boundary condition. The equilibrium lat-toward the center of a carbon hexagon in the tube wall. The hori-
tice constant was found to be 3.49 A, in good agreemen%oma' axis is the dlst.ance of the lithium to the tub.e. axis. The gtruc-
with the experimental result 3.50 R while the cohesive ture was relaxed during the approache_s. The eq_uu_lbrlum configura-
energy was 1.33 eV/atom, a bit lower than 1.84 eV/ator‘rFonS of endo- and ex_ohedral ad_sorptlon of a lithium on the tube
from other DFT calculation&’ For small Li-C clusters, such V!l aré shown as the insets of this figure, where the black balls and
as LiC,, our calculation gave the results comparable to thOS(y)Vhlte circles denote lithium and carbon atoms, respectively.

from the high level DFT calculationgB3LYP/6-311+  The equilibrium distance between lithium and the center of
+G’) within GAUsSIAN 98 with bond lengths and binding the hexagon are 2.06 and 1.87 A for endo- and exohedral
energies differences less than 10%. adsorption, respectively, and both are close to the result of a
When studying the diffusion of Li ions, the periodical j-benzene compound at the B3LYP/6-31Glevel,
boundary condition along the tube axis was used for the gg A16
SWNTs. The supercells selected for armchair SWNTs con- The structural distortion caused by the adsorption of the
tain ten layers of carbon atoms, while eight layers of carbonithjum was found to be very slight. The binding energies
atoms are included for zigzag SWNTs. In order to determingyetween the lithium and5,5 SWNT are calculated to be
the energetically most economical diffusion pathways for the-2 33 and -2.17 eV for endo- and exohedral adsorption,
Li ions, we push the ion over the surface with a small, conrespectively® These results are lower than those of the Li-
stant force, while monitoring the total energy. Since the ionpenzene compound where calculations give —1.84 eV at the
is constrained in one direction only, it is free to move in theB3LYP/6-31G level and -1.67 eV at the highest level
directions perpendicular to the applied force, thereby eng3LYP/6-311+ +G.!8 This is mainly due to the curvature-
abling the ion to find its optimum path. All other atoms are induced effects in SWNTs and the simple base $8MN)
relaxed continuously in response to the Li ion motion. Aysed in our calculations. However, the energy difference be-
similar method has been found as a viable and realistic altefyween endo- and exohedral adsorptions obtained from our
native to a costly point-by-point determination of the poten-cajlculation, 0.16 eV, is in good agreement with the result of
tial energy surfacé’-? 0.20 eV from anotheab initio calculation'® Mulliken popu-
lation analysis also shows that the lithium is almost com-
pletely ionized, indicating that the interaction between the
lithium and SWNTSs is likely ionic, which is consistent with
The interaction between lithium and SWNTs is a well- other result$>1” Moreover, the difference in binding energy
known cationsr interaction that has been studied thoroughlybetween lithium located at the center and the tube edge is
by high-levelab initio calculationg®3'and by experiment?  found to be —2.0 eV. The difference is probably due to the
In the Li-benzene system, the most favorable site of lithiumionization of SWNTs to lithium atoms and suggests that
is over the center of a hexagon. The energy associated witBWNTs actually act as an attractor for the lithium ion. Simi-
moving lithium toward the center of a hexagon of &5 lar results also hold for the Li ions entering the interstitial
SWNT on the interior and exterior of the tube along a direc-channel in carbon nanoropes.
tion perpendicular to the hexagon is shown in Fig. 1. The Considering the importance of lithium mobility in im-
total energy corresponding to the configuration of a lithiumproving the performance of Li batteries, we investigated the
trapped in the center of th®,5 SWNT is the zero energy. diffusion barriers of lithium as it moves from neighboring
All carbon atoms were relaxed for each calculation point asites. Both interiofendo) and exterior{exo-) surfaces were
Li was brought closer to the SWNT surface. Two local considered for some selected SWNTs with different diam-
minima located inside/outside of the tube in this figureeters and chiralities(5,5), (6,6), (8,8), (10,10, (9,0, and
clearly indicate that lithium can adsorb on both the inside(12,0. The energy variations along different pathways over/
and outside surfaces of the tube. The corresponding equilitlbelow the walls of(5,5), (10,10, and (9,00 SWNTs are
rium configurations are presented in the insets of the figureshown in Figs. 2a-2(c). Figure 3 gives the variations of
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diffusion barriers along different pathways as a function 0f0.133 eV for a(10,10 SWNT. We should mention here that
tube diameter, while the corresponding values are listed ithe diffusion barrier of Li in the exterior of 6,5 SWNT
Table I. We can see two obvious features from these result@btained from our calculation is much higher than that of
First, the energetically most economical diffusion paths oflithium in the interstitial channel in nanoro@.045 eV ob-
Li inside and outside SWNTSs are quite different, and dependained from anotheab initio investigation:’ The reason is
on the chirality of the tubes as well. For%,5 SWNT as an that we only investigated an isolated SWNT and did not take
example, the most economical pathway of endohedral diffuthe contribution of interactions between adjacent tubes in the
sion is in the direction from A to B, while the exohedral nanorope into account. Moreover, due to the weakening of
pathway is from A to C[Fig. 2(d)]. However, for a(9,00  the curvature effect with increasing tube diameter, the differ-
SWNT, the most energetic pathway for endohedral diffusiorence in diffusion barriers along different pathways decreases
is around the tube axigfrom A to B, see Fig. &)], while  (Fig. 3. The largest difference between exo- and endohedral
that of exohedral diffusion is helical around the tube axisdiffusion barriers decreases from 0.149 eV fdb&) SWNT
[from A to C, see Fig. @)]. This is related to the potential to 0.080 eV for a(10,10 SWNT. It can be expected that
profiles along different directions on the curved hexagonathese diffusion barriers will saturate at the same value corre-
layers. The maximum energy of the Li-SWNT system as asponding to the diffusion barrier of a lithium on graphene as
single lithium atom moving along these pathways correthe tube diameter is large enough.
sponds to the configuration where the lithium is straight Because lithium atoms are ionized and have high mobility
above(below) a C—C bond for exo-(endo) hedral diffu- inside SWNTSs, they will rearrange themselves to minimize
sion. On a flat graphite layer, these maximum energies arthe electrostatic repulsion when placed randomly. We ran-
equal because of structural symmetry. For the case afomly placed lithium atoms inside different open-ended
SWNTSs, however, the asymmetry caused by curvature effe@WNTs, then annealed the Li-SWNT systems at 1000 K for
separates these maximum energies, giving rise to different

diffusion barriers. The chiral dependence of the economical 0.204 (%5) (6.8) (8.:8) (10,10)
pathway may characterize the diffusion behavior of lithium \O A->Bexo)
inside/outside SWNTs. The trajectory of lithium diffusion 3 0.16. \O

inside armchair SWNTSs, for instance, may be helical around 5 bn o
the tube axis, whereas for exohedral diffusion, the trajectory £ 0.12- ASCo) 2
may likely be along the tube axis. @

Second, the diffusion barrier slightly depends on the tube 2 A>Clends)  a
diameter. With increasing tube diameter, the endohedral dif- % 0081 a—a—"* e
fusion barrier increases, whereas the exohedral barrier de- «—" A_>B(e,,d:)
creases(Fig. 3). The diffusion barrier of lithium inside a 0.04+
(5,5 SWNT is about 0.046 eV from our calculation, in good T

agreement with 0.035 eV of anothab initio investigationt’ 8 gDiar1n0ete|1'2A)12 131418

For a (10,10 SWNT, the endohedral diffusion barrier in-

creases to 0.070 eV. The exohedral diffusion barrier is FIG. 3. The variation of diffusion barrier along different path-
0.147 eV for a (5,5 SWNT, and slightly decreases to ways as a function of tube diameter.
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TABLE I. The diffusion barrierdeV) of a single lithium on the insidéendg and outsid€exo) surface of isolated SWNTs of different
sizes and chiralities along the pathways shown in Figd). @2nd 2e).

(5.9 (6,6) 898 (10,10 (9.0 (12,0
A—B (ex0) 0.195 0.175 0.158 0.150 0.202 0.183
A—C (ex0) 0.147 0.140 0.135 0.133 0.140 0.134
A—C (endo 0.079 0.081 0.087 0.093 0.073 0.075
A—B (endo 0.046 0.053 0.064 0.070 0.045 0.057

2 ps and subsequently cooled down to 300 K for 1 ps. In It is very interesting to find out if these lithium atoms
order to determine the structure of lithium trapped insidehave some structural order along the tube axis. The equilib-
SWNTs, we further relaxed the Li-SWNT systems at 100 Krium configuration of lithium atoms trapped inside(37)

for about 2 ps. We did not use periodical boundary condi-SWNT is shown in Fig. &) (side view. The pair distribu-
tions along the tube axis for these SWNTs. The atoms in th@on function in the axial directiom(z) of the linear atomic
tube tips are free to move, enabling lithium to get away fromchain in the centefdenoted by black circleslearly displays
and enter into SWNTs throughout simulations. Equilibriumthe character of one-dimensional lattice with the average Li
states of lithium atoms trapped inside SWNTs can thereforeLj bond length of 2.90 A. For the lithium tub@enoted by

be obtained after long-time simulations. We found that thegray circles, although the regularity is not clear from the
Iithium(ato)ms formE,-d a linear chain alz)r;g theiu;:)]e axis in-axial pair distribution functiorg(z) [Fig. 5(c)], we can still
side a(6,00 SWNT [as shown in Figs. @ and 4b)]. The  find out some evidence of ordered structure. The lithium at-
corresponding pair distribution functions in the radial direc-oms tend to form a curved triangular struct{iges indicated
tion, g(r), and in the axial directiong(z), presented in Figs. by the deformed hexagon and rhombus in Fig)bin some

4(a) and 4b) display the character of a one-dimensional lat-special local areas. This implies that the lithium tube formed
tice with the average Li-Li bond length of 2.91 A. Due to inside SWNTs may be described as rolling up a sheet of the
the confinement of SWNT and size effect, the bond length in
this atomic chain is much shorter than that in bulk materials o35
(3.50 A in the bce phageThis configuration is very similar o] (a)
to the one-dimensional carbon nanowire formed inside mul- ozs]
tiwalled carbon nanotubés.For a (5,5 SWNT, the interior 020
space is large enough for lithium to form a cylindrical sur- € .s!
face of radius 1.77 Aas shown in Fig. &)]. The distance 0.10
from the Li-cylindrical surface to the wall of th&,5) SWNT 0.5
is about 1.83 A, which is shorter than the equilibrium dis- o
tance of the single lithium to the wall of th&,5 SWNT,
2.06 A. The average bond length between lithium atoms is o (c)
2.80 A. For large-size SWNTSs, the trapped lithium atoms o1
tend to form a multishell structure composed of coaxial tubes |
with a linear chain in the axis depending on the tube radiusgo‘s_
[as shown in Figs. @)—4(f)]. The equilibrium configuration '
of lithium atoms trapped inside(&,7) SWNT is a cylindrical
surface of radius 2.64 A with a linear line in the akRg. o
4(d)]. The average distance between adjacent lithium atoms i
is 2.86 A. The lithium atoms form a double shell structure
with the radii of 1.81 and 4.42 A inside(@,9 SWNT [Fig. *1 (e)
4(e)]. For a(10,10 SWNT, the equilibrium configuration of 251
the trapped lithium atoms is composed of two coaxial tubes 291
together with a linear atomic chain in the cenfteig. 4(f)]. § 15
The radii of these coaxial lithium tubes are 2.80 and 5.23 A, 1.
respectively. The formation of cylindrical surfaces is related 5]
to the axial symmetry of the potential profile of lithium in- _
side SWNTs in response to the tubular structure of SWNTs. ° '
The potential profile along/around tube axis inside SWNTs is

more flat as compared with that in the radial direct{&ig. FIG. 4. The pair distribution functions in the radial direction
1). This potential surface forces lithium atoms to arrangey(r) and axial directiorg(z), and the equilibrium configurations of
themselves on a set of coaxis cylindrical surfaces or a linedfthium trapped insidea), (b) (6,00 SWNT, (c¢) (5,5 SWNT, (d)
chain to minimize energy. Obviously, these multishell and(7,7) SWNT, (e) (9,9 SWNT, and(f) (10,10 SWNTs. White and
linear configurations are quite different from the cubic struc-gray circles in this figure represent carbon and lithium atoms,
ture of the corresponding bulk materials. respectively.
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(a) FIG. 6. The variation of Li/C ratio as a function of the diameter
of SWNTs.
0.8 08
06 (b) 0.6 (c) due to the quantum transport of the conduction electrons in
these structures and the coupling between the metallic nano-
< 04 < 04 wires and SWNTs.
® k- We also evaluated the lithium capacity inside different
0.2 0.2 SWNTs on the base of the equilibrium configurations de-
a scribed above. The Li/C ratios corresponding to SWNTs
) 0.0 with different diameters are plotted in Fig. 6. We found the

5 10 15 20 0 5 10 15 20 s : :
z(A) z(4) lithium capacity inside the SWNT is approximately propor-

tional to the diameter of the tubes. The lithium capacity
FIG. 5. (@ The equilibrium configuration of lithium trapped trapped inside £10,10 SWNT can be as high as LjG, and
inside a(7,7) SWNT (side view. Carbon atoms are denoted by can be further improved after the lithium atoms trapped in
white circles, while lithium atoms are represented by gray and blackhe interstitial channels between SWNTs in bundles are taken
circles. The dashed lines indicate the wall df7a7) SWNT. (b) The  into account. This implies that the bundles of SWNTSs, espe-
pair distribution function in the axial directiog(z) of the linear cially large SWNTs, are ideal host materials with a high

atomic chain in the centddenoted by black circles(c) The pair Li/C ratio, which can improve the energy density of Li-ion
distribution function in the axial directiog(z) of the lithium tube batteries

(denoted by gray circlgs

triangular network. This structure is very similar to that of CONCLUSIONS
suspended gold nanowires made in ultrahigh vacéfipres- Although lithium can adsorb on both the interior and the
ently, we cannot obtain the high-ordered tubular configuraexterior surfaces of SWNTs with the adsorption energy of
tions of lithium atoms trapped inside SWNTs from moleculararound -2.4 eV, diffusion barriers are low with 0.046 eV for
dynamic simulations based on DFT calculations because @ndohedral diffusion and 0.147 eV for exohedral diffusion in
the very large system sizes involved and the time-scale proky (5,5 SWNT. Diffusion barriers slightly depend on the tube
lem. However, it is believable that such ordered structures ofjiameter. The energetically most economical diffusion path-
lithium trapped inside SWNTs exist especially at low tem-way also depends on the chirality of the tube. Lithium atoms
perature because of the flat potential profile along/around thgapped inside SWNTs can form a one-dimensional linear
tube axis as revealed in our calculations. In view of the highchain and quasi-one-dimensional triangular nanotubes at low
possibility of lithium entering into SWNTs either through temperature.

topological defects in the sidewall or through a soakage ef-
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