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Energetics of lithium ion adsorption on defective carbon nanotubes
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We apply the density-functional theory to study energetics of lithium ion adsorption on single-wall carbon
nanotubes (SWNTs). We use both the local-density approximation (LDA) and the generalized-gradient ap-
proximation (GGA) for the exchange-correlation energy functional. Both the LDA and GGA calculations
indicate that adsorption processes of lithium onto the pristine and defective (8,0) SWNT are exothermic with
respect to the metallic lithium. On the other hand, the lithium adsorption on the (5,5) SWNT can be endot-
hermic depending on the defect structures. As the defective ring on the surface becomes large, the energy
barrier for lithium diffusion through the ring lowers and the peak position of the barrier shifts toward the center
of the SWNT. Molecular dynamics simulations are also performed to study the diffusion dynamics of the
lithium into the SWNT through the defective rings on the sidewall. These results suggest the possibility of

accumulating lithium ions inside the SWNT with large defective rings.
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I. INTRODUCTION

Rechargeable lithium ion batteries have been widely used
as the compact power sources for information technology
devices. The charging and discharging process in these bat-
teries is controlled by exchanging lithium ions between the
negative and positive electrodes through the separator.! The
desired features of electrode materials are (i) large electronic
capacity, (ii) good reversibility, (iii) quick charging process,
and (iv) environment-friendly characteristics, while serving
the economical issues. Although lithium in the metallic state
is favorable as a negative electrode to achieve maximal per-
formance, it is not suitable for practical use because of its
explosive nature.

The lithium-graphite intercalation compound (Li-GIC)
has been extensively studied>? and widely used as the nega-
tive electrode in the commercial lithium ion rechargeable
batteries.! Recently, it has been suggested, both experimen-
tally and theoretically, that the carbon nanotube is one of the
most promising candidates to replace the Li-GIC negative
electrode. Zhao et al.* investigated the possibility of achiev-
ing the lithium capacity of the nanotubes corresponding to
the stoichiometry of LiC,, which is considerably improved
compared to the Li-GIC (LiCq). The long pristine nanotubes,
however, are not suitable for the electrode since its interior
can hardly be used for the lithium adsorption. Experimen-
tally, lithium capacity of the nanotube can be significantly
increased up to the stoichiometry of LiC; by ball milling
nanotubes into the fractured structure or chemically etching
them to the short segments. Lithium could easily diffuse not
only to the exterior but also to the interior through the cre-
ated defects or the open ends of such nanotubes.>® Meunier
et al.’” studied lithium diffusion into the (5,5) and (8,0) car-
bon nanotubes through the created defective rings by ab ini-
tio calculations based on the density-functional theory
(DFT). They estimated the diffusion-barrier and defect-
formation energies for the topological defects of the (5,5)
nanotube, but detailed analyses were not made for the
lithium adsorption energies.
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In the present work we investigate the detailed energetics
of lithium ion adsorption on the defective single-wall carbon
nanotubes (SWNTs) by the DFT total-energy calculations.
We use both the local-density approximation (LDA)®° and
the generalized-gradient approximation (GGA:PW91)!° for
the exchange-correlation energy functional to examine the
lithium adsorption performance of SWNT with defect. The
dynamics of lithium diffusion through the defective SWNT
is studied by using the first-principles molecular dynamics
(MD) simulation method, in which all the atoms are allowed
to move following the Newtonian equation of motion, while
the electronic states are solved exactly at each time step.

II. DEFECT FORMATION ENERGY

The total energy calculations were performed using the
first-principles simulation code VASP'’'? and the spin-
polarized projector augmented-wave (PAW) method'>!# was
also used. Well-converged cutoff energy of 300 eV was used
in the plane-wave expansion, and only the I" point was con-
sidered in the reciprocal space integration. We used a large
rectangular supercell to simulate the isolated defective
SWNT in the vacuum. Two types of SWNTs, metallic (5,5)
armchair and semiconducting (8,0) zigzag, were chosen as
samples in our calculations since the diameters of these
SWNTs are nearly the same. The diameters of the (5,5) and
(8,0) SWNTs are 6.78 and 6.26 A, respectively. The size of
the supercell in the radial direction was taken to be 20
X 20 A% and the length in the axial direction was taken to
contain six and four units of SWNTs, being equal to 14.76
and 17.04 A, for the (5,5) and (8,0) SWNTSs, respectively. We
used the experimental carbon-carbon bond length of graphite
(1.42 A) to construct the SWNT, and the atomic coordinates
were fully relaxed using the conjugate gradient algorithm
with a tolerance of 0.05 eV/A for maximal atomic force.

We calculate the formation energies of n-membered topo-
logical ring defects with n=7 (heptagon), n=8 (octagon),
and n=9 (enneagon). Since the number of atoms of each
defective system is the same as that of the corresponding
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TABLE 1. Defect formation energies E]'i (in electron volts) of n
membered carbon rings for (5,5) and (8,0) SWNTs calculated in the
LDA and GGA and their comparisons to the LDA results obtained
by Meunier et al. (Ref. 7).

(5.,5) (8,0)

n=7 n=8 n=9 n=17 n=38 n=9

LDA 3.90 7.09 10.07 2.81 5.92 8.94
GGA 4.23 7.60 9.66 2.36 5.73 8.79
LDA®? 35 6.2 9.5

4Reference 7.

pristine SWNT, defect formation energy Ejf of n-membered
rings can be simply evaluated by comparing the total energy
of defective SWNT (Ey,) with that of the pristine SWNT

(Etor)s
En E?ot Elot' (1)

Although the orientation of the defective ring on the SWNT
surface is optional to some extent, we consider only the en-
ergetically most favorable configurations determined by the
total energy calculations. The results of E” are summarized
in Table 1. The defect formation energy 1ncreases with the
number 7 in accordance with the expectation. The formation
energies calculated in the LDA are higher than the those in
the GGA except for the n=7 and n=8 rings of the (5,5)
SWNT. Calculated LDA values of E} of a graphene sheet,'?
which can be regarded as a SWNT in the limit of large di-
ameter, are 4.92 eV (n=7), 10.53 eV (n=8), and 15.86 eV
(n=9). These values are significantly higher than those of the
SWNTs, indicating that SWNTs are more fragile than the
graphene sheet against the defect formation. Our LDA values
of Ey for (5,5) SWNT are larger by ~0.5 eV than the previ-
ous calculatlons by Meunier et al.” Although we cannot trace
this discrepancy because they did not provide computational
details, such as the supercell size, it may be caused by the
numerical inaccuracies originating from their use of the
norm-conserving pseudopotential, which requires substan-
tially larger cutoff energies than the PAW to achieve the
same accuracy in the plane-wave expansion.'#

The structures of the defective SWNTs obtained by the
GGA are shown in Fig. 1. The defective rings are shifted to
the interior of SWNTs to conserve the carbons-carbon bond
length (r.) of the rings. In general, distortion spreads to a
larger extent over the SWNT as the number n increases and
the strong three-dimensional deformation for the n=9 ring is
noticeable. We also find that the stress induced by the n=8
ring of the (8,0) SWNT is effectively released by the dis-
torted expansion of the SWNT in contrast to the case of n
=8 ring of the (5,5) SWNT where the stress is released
mostly by the radial shrink of the SWNT.

The mean bond length (r..) of the carbons making up the
n-membered ring are presented in Table II. It is known that
the LDA usually underestimates the bond length, whereas the
GGA tends to overestimate it. This feature is also found in
the present results, but the quantitative differences between
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FIG. 1. (Color online) Fully relaxed structures of the defect-free
and the defective (5,5) (upper panel) and (8,0) (lower panel)
SWNTs obtained by the GGA calculations. Gray balls and rods are
the carbon atoms and bonds shorter than 1.5 A, respectively. Car-
bon ring defects are indicated by the thick circles. The structures
obtained by the LDA calculations are indistinguishable from the
GGA results on this scale.

both results are very small and <0.02 A. We see that the
calculated mean r,. for the n=7 and n=8 rings of the (5,5)
SWNT are shorter than that of the graphene (1.42 A). In
contrast to this, those for the defective rings of the (8,0)
SWNT are longer than that of the graphene, indicating that
the stress induced by the defective rings of the (8,0) SWNT
is effectively released by extending the bond lengths. These
results for the defective ring on the (8,0) SWNT may be the
consequence of the geometrical feature and expected to be
found in the other defective rings on a similar (n,0), zigzag
SWNT (n:integer) with small diameter. For the ring defects
with shorter r,, [n=7 and n=8 rings of the (5,5) SWNT] than
that of the defect-free system, the defect formation energies

TABLE II. Mean bond length (in angstroms) of the carbons
making up the n-membered rings for (5,5) and (8,0) SWNTs ob-
tained after the structural relaxations.

(5,5) (8,0)

Defect Defect
free n=7 n=8 n=9 free n=7 n=8 n=9

LDA 1.420
GGA 1.427

1.404 1.388 1.439
1.413 1.396 1.447

1.427
1.433

1.452 1.444 1.438
1.460 1.453 1.456
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FIG. 2. Energetics of diffusion pathways for lithium to move
through the center of the n rings of the (5,5) and (8,0) SWNTs. The
result for the defect-free (pristine) SWNT is given in the left end for
each case. The energy zero is taken to be that of the most stable
point. Solid (open) circles are the results of the LDA (GGA) calcu-
lations. A, B, and C represent the spatial points where lithium is on
the axis, on the surface (center of the ring), and in exterior of the
SWNT, respectively, as schematically shown in the inset of the
upper-right graph. The scale of the horizontal axis is the distance (in
angstroms) from the central axis (point A). The vertical dotted line
is the SWNT surface (point B), formally defined as half of the
diameter.

calculated in the GGA are higher than those of the LDA by
0.3-0.5 eV, implying the tendency of the GGA to yield larger
strain energy due to the defective ring formation.

III. ENERGETICS OF LITHIUM DIFFUSION PATHWAYS

The global energy minimum is achieved when lithium is
on top of the center of the ring formed by carbon atoms. We
therefore investigated the energetics of diffusion pathways
for lithium to move through the center of defective rings.
The results are shown in Fig. 2. In these calculations, the
atomic structures of the SWNTs are frozen in their equilib-
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TABLE III. Energy barrier (in electron volts) for the lithium
diffusion through the center of the rings obtained by the LDA and
GGA calculations. The LDA results obtained by Meunier et al.
(Ref. 7) are also presented for comparison.

(5.5) (8,0)
Defect Defect
free n=7 n=8 n=9 free n=7 n=8 n=9
LDA 970 5.15 3.02 084 970 428 1.92 0.81
GGA 10.12 572 358 096 1007 459 212 1.00

LDA* 135 75 30 05

4Reference 7.

rium configurations obtained in the absence of lithium and
each electronic state of the SWNTs with lithium is solved to
be in the ground state. The calculated total energies show
smooth variation along the diffusion pathways, indicating
relative accuracy of the calculations. The energy barrier for
the lithium diffusion is defined as the energy difference be-
tween the configurations in which the lithium is placed at the
most stable and the most unstable positions on the diffusion
pathway, which can be obtained as the peak heights in Fig. 2
and are presented in the Table III. The energy barrier for the
hexagonal ring (defect-free case) amounts to about 10 eV,
which is about 4 eV lower than the LDA result obtained by
Meunier et al.” but still too high for the inenergetic lithium to
get through the ring. As the defective ring becomes large, the
energy barrier lowers and its peak position shifts toward the
center of the SWNT, which corresponds to the shift of the
defective ring to the interior. For the n=9 defective ring, the
energies at the stable point in the interior are 0.5 and 0.22 eV
higher than that in the exterior for the (5,5) and (8,0)
SWNTs, respectively. The energy barriers for the n=7 and
n=38 rings of the (5,5) SWNT are about 1 eV higher than
those of the (8,0) SWNT. This can be understood from the
fact that r., of the n=7 and n=8 rings of the (5,5) SWNT are
shorter than that of the graphene (1.42 A). Here, the energy
barrier calculated by the LDA for the n=9 defective ring of a
graphene is only 0.62 eV,'> which is about 0.2 eV lower than
the corresponding value of the (8,0) SWNT.

The distances, measured along the diffusion pathways, be-
tween the most stable point and the center of the defective
ring for the (5,5) and the (8,0) SWNTSs are summarized in the
Table IV. In the cases where the lithium is adsorbed to the

TABLE IV. Distances (in angstroms) between the stable positions for lithium and the center of the
defective n ring of the (5,5) and (8,0) SWNTs obtained by the LDA and GGA calculations. The interior and
exterior indicate that lithium is adsorbed on the interior and exterior sides of the SWNT, respectively.

Interior

Exterior

Defect free n="7 n=8

n=9 Defect free n="7 n=8 n=9

(5.5) LDA 1.91 2.30 2.65
GGA 1.95 2.36 2.75
(8,0) LDA 1.93 1.80 2.00
GGA 1.96 1.83 2.01

2.14 1.65 1.40 1.16 0.98
2.18 1.72 1.51 1.28 1.11
1.92 1.64 1.58 1.16 1.04
1.97 1.75 1.62 1.30 1.19
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TABLE V. Lithium adsorption energy AE (in electron volts) for the (5,5) and (8,0) SWNTs obtained by
the LDA and GGA calculations. The inferior and exterior are the same as in Table IV. The positive (negative)
value indicates that the reaction is endothermic (exothermic) with respect to the metallic lithium.

Interior Exterior
Defect free n=17 n=8 n=9 Defect free n=17 n=8 n=9
(5,5) LDA 0.52 0.46 0.15 -0.20 0.57 0.42 0.20 -0.63
GGA 0.05 0.24 -0.07 -0.45 0.06 0.28 -0.07 -0.95
(8,0) LDA -0.38 -0.34 -0.68 -0.77 -0.35 -0.27 -0.73 -0.94
GGA -0.11 -0.08 -0.42 -0.50 -0.13 -0.04 -0.52 -0.71

exterior of the SWNT, the distances between the stable
lithium positions and the defective rings decrease as the
number 7 increases. We note that these distances for the (5,5)
SWNT are shorter than those for the defect-free case, which
is a consequence of the structural deformation characteristic
of the (5,5) SWNT.

For these stable lithium positions we evaluated lithium
adsorption energy AFE defined by

AE= EgWNT+Li - EgWNT — MLi(bee)» (2)

where Egwnri; and Egywyp are the total energies of the
SWNT with the n ring in the presence and absence of the
adsorbed lithium, respectively, and ppjme) is the atomic
chemical potential of the metallic lithium with the bce struc-
ture, which is experimentally known to be the most stable
phase under normal conditions.'®!” We relaxed the bcc struc-
ture of the lithium and calculated the total energies in the
LDA and GGA. We used the cutoff energy of 147 eV in the
plane-wave expansion, and reciprocal space integrations
were performed using 20°k-point mesh.'® The optimized lat-
tice constants are 3.35 A (LDA) and 3.44 A (GGA), which
are compared to the experimental value of 3.49 A at 78 K.10
The lithium adsorption energies calculated in this way for
the (5,5) and (8,0) SWNTs are summarized in the Table V.
Here we note that the Egynr,p,; is defined as the minimum
value of the energy curve shown in Fig. 2 and AFE is the
adsorption energy in the sense that the lithium is captured
near the defective ring. The adsorption energy when lithium
is captured by the SWNT far from the defective ring can be
obtained by calculating AE for the defect-free SWNT, which
are also given in Table V. The LDA results for AE show that
the adsorption of lithium onto the n=7 and n=8 defective
rings and the defect-free hexagonal ring of the (5,5) SWNT
are endothermic reactions with respect to the metallic
lithium. On the other hand, both the LDA and GGA predict
that the lithium adsorption onto the (8,0) SWNT are exother-
mic. In the latter case adsorption energies calculated in the
LDA are lower than those in the GGA in contrast to the case
of (5,5) SWNT, where GGA gives lower adsorption energies.
In our calculations, the adsorbed lithium atoms are almost
completely ionized to be monovalent by transferring the 2s
valence electron to the SWNTSs, as reported previously.’”’
At the initial stage of charging process, monovalent
lithium ions on the positive electrode move to the negative
electrode through the separator in the battery cell. On the

other hand, electrons released from the lithium ions on the
positive electrode are forced to move through an external
circuit driven by the supplied electric power and are stored at
the negative electrode with the adsorbed monovalent lithium
ions. Therefore the balance of the total energies at the posi-
tive and negative electrodes, with or without lithium ions,
directly correlates with the expected average voltage and this
enables us to estimate the averaged power of the battery cell
from the total energy calculations.!®?® The average voltage
V,, 1s given by

AG

Vav = F

: 3)
where F is the Faraday constant and AG is the change in the
Gibbs free energy in the discharge reaction at the positive
electrode composed of a transition metal oxide (TMO),

xLi+ TMO — Li,TMO. (4)

Since the changes in the volume and entropy have limited
effects on AG, it can be approximated by the change in the
internal energy obtained from the total energy calculations. It
has been reported that the typical values of V,, for the cath-
ode composed of TMO (e.g., manganese oxide) evaluated in
this way amount to 3—4 V.1%29 We can also expect the change
in the Gibbs free energy AG’ in the discharge reaction at the
negative electrode composed of the SWNTs,

Li,@ SWNT — xLi+ SWNT, (5)

where AG' can be approximated by the lithium desorption
energy (=—AE). When every hexagonal ring of the SWNT
captures one lithium atom the stoichiometry becomes LiC,,
which corresponds to the estimated upper limit of the lithium
capacity of SWNT. By neglecting the scattering of adsorp-
tion energies given in Table V and interactions between
lithium ions, the change in the total energy per LiC, can be
roughly estimated to be [AE ;¢ [=0.5 eV at most. This can
be understood because the net number of carbon atoms be-
longing to a hexagonal ring is two (more for the defective
rings) and the amount of the lithium adsorption energy for a
ring on the SWNT is typically [AE|<0.5 eV (Table V). Then
the change in the total average voltage caused by the lithium
adsorption on every possible site of the defective SWNT
anode can be rudely estimated to be |6V, |<|AEc,/F]|
~(0.5 V. This result for the stoichiometry of LiC, suggests
that |8V}, | at the experimental stoichiometry limit of LiCj is
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FIG. 3. (Color) Snap shots of the lithium diffusion to the defect-
free hexagonal ring (upper panel) and to the n=7 defective ring
(lower panel) of the (5,5) SWNT. The side (left panel) and the top
(right panel) views are presented. The initial structure of the SWNT
(gray balls and the framework) is superimposed for the eye’s guide.
The atoms making up the defective ring are indicated by the red
balls. The total number of MD time steps is 125 (250 fs) and only
the lithium trajectory for every five MD steps are shown (yellow
balls). The initial position of the lithium is indicated by the green
balls.

two-thirds of that for LiC, (i.e., |6V,|=<0.3V). Hence the
SWNTs with lithium ions adsorbed on both the exterior and
interior sides could behave as a stable anode comparable to
the lithium metal anode.

IV. MOLECULAR DYNAMICS OF LITHIUM DIFFUSION

To investigate the dynamics of the lithium ion diffusion
through the defective rings of the (5,5) SWNT, we performed
molecular dynamics (MD) simulations. We used the cutoff
energy of 300 eV in the plane-wave expansion and only the
I" point is considered in the reciprocal space integrations.
The supercell used in these calculations is the same as that
described earlier. All the atomic motions are updated by the
predictor-corrector method, whereas the electronic states are
maintained in their instantaneous ground states at each MD
time step with the increment Af=2fs. A Maxwell-

FIG. 4. (Color) Snap shots of the lithium diffusion to the n=8
defective ring (upper panel) and to the n=9 defective ring (lower
panel) of the (5,5) SWNT. The other details are the same as those in
Fig. 3 except that the total number of MD time steps is 525 (1050
fs) for the n=9 case. The acceleration of the lithium motion on
approaching the n=9 defective ring is clearly seen from the
trajectory.

Boltzmann-type velocity distribution corresponding to 1000
K is assumed as the initial condition, and temperature is not
controlled afterward (NVE ensemble). The initial tempera-
ture descended rapidly to the steady value about 535 K and,
at the same time, the total energies were stabilized.
Temperature-controlled MD simulations at 300 K using the
Nosé thermostat method?! gave essentially the same results.

Initially the lithium atom is placed outside the SWNT,
right above the center of the ring, at the position 3.22 A from
the sidewall (slightly outside the stable position), and no ex-
ternal force is applied. Since this initial position corresponds
to the hillside of the potential as shown in Fig. 2, the lithium
atom spontaneously moves toward the center of the ring.
Trajectories of the lithium ion diffusion to the defect-free
hexagonal ring and the defective rings (n=7, n=8, and n
=9) are illustrated in Figs. 3 and 4. The lithium ion cannot
get through the defect-free hexagonal ring because of the
high energy barrier of ~10 eV but is driven back and then
drifting about the stable position outside the ring. Similar
behavior is found for the lithium ion diffusion to the n=7
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ring. In the case of the n=8 ring, the lithium ion approaches
the ring at first stages, but it is then turned back and starts to
move over the external surface. In contrast, the lithium ion
can diffuse into the SWNT through the n=9 defective ring
and we can see the acceleration of the lithium ion motion on
approaching the ring (Fig. 4). The lithium ion captured inside
the SWNT then starts to move about in the interior, and its
desorption is rarely allowed afterward. The energy barrier is
low but contributes to accumulating lithium ions inside the
SWNTs during the charging process.

V. SUMMARY

We confirmed that the defect formation energy of SWNTs
increases as the defective ring becomes large. The energy
barrier for the lithium diffusion lowers with increasing size
of the defective ring. Also, the peak position of the energy
barrier along the diffusion pathway shifts toward the center
of the SWNT as the size of the defective ring becomes large.
The stable positions for the lithium inside the SWNTs with
n=8 defective ring shift to the inner sides, which is required
to moderately conserve the r.. of the ring. Although no sig-
nificant difference is found between the relaxed structures
calculated in the LDA and GGA, different results are ob-
tained for the lithium adsorption energies. Both the LDA and

PHYSICAL REVIEW B 71, 245418 (2005)

GGA predict that adsorption processes of lithium onto the
pristine and defective (8,0) SWNT are exothermic, whereas
adsorption of the lithium to the (5,5) SWNT can be endot-
hermic in some cases depending on the approximations used
for the exchange-correlation functionals.

Molecular-dynamics calculations showed that the lithium
cannot diffuse through the defect-free hexagonal ring and the
n=7 and n=8 defective rings of the (5,5) SWNT but can
diffuse into the (5,5) SWNT through the n=9 defective ring.
The lithium captured inside the SWNT then moves about in
the interior, and successive adsorption of lithium through the
defective ring could be allowed, indicating the possibility of
accumulating lithium atoms inside the SWNT.
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