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Do Composite Single-Walled Nanotubes Have Enhanced Capability
for Lithium Storage?
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The lithium adsorption energies of C, BBC,N, and BN single-walled nanotubes and the electronic
structures of the lithium-intercalated nanotubes products were computed using density functional methods.
Due to the strong propensity of boron to accept electrons from lithium energetically, the electron-deficient
BC; nanotubes, both zigzag and armchair, adsorb lithium very favorably. Electron-sufficient BN nanotubes
with partial ionic bonding, in contrast, adsorb lithium poorly. In addition, the wide band gap and low
electrical conductivity of BN nanotubes make them unsuitable for Li ion battery applications. Hence, Li
adsorption depends critically on the electronic structure of composite nanotubes. Also, our study of lithium
diffusion in C and BG nanotubes revealed that high energy barriers preclude Li passage through the
sidewalls of perfect B&nanotubes. However, the penetration barriers for C nanotubes are twice as large.
Model studies also show that it is possible that dilithium can be adsorbed favorably on the exterior of
carbon nanotubes, while the B@ibes can adsorb lithium atoms both inside and outside. The present
computations suggest that B@anotubes are promising candidates for Li intercalation materials suitable
for battery applications.

1. Introduction reversible capacity than graphite itself. The optimization of
. o _ nanotubes for the utilization as energy storage materials
The considerable demand for lithium ion secondary yequires several important issues to be addressed. For
batteries with high energy storage density, useful in the g, ample the diffusion mechanisms and diffusion channels
portable electronic products, has spawned many explorationg, | j jons and the effects of structural defects on nanotubes
of new lithium intercalation materials with superior perfor- .o importan. Recent experiments have shown that the
mance both as cathodes and as anéded.i ion batteries, maximum capacity for SWNTs can be increased up o4
graphitic carbon anodes are employed instqu of metallic Li (~1000 mAh/g) via chemical etching or ball-milling of the
electrodes because of safety and cycle efficiency consider-,5notubeg8 In these cases, the increase in Li capacity has
ations? However, graphite is far from being an ideal host heen atributed to Li intercalation inside the nanotube interior
material. Its use results in a specific capacity reduction from gyace | jthium enters the interior of nanotubes either through
3860 mAh/g for metallic Li to 372 mAh/g for graphitic e gpened tube ends or through defects in the tube sidewalls
anodes. Carbon nanotubes are expected to exhibit superiog qateq by chemical etching or ball-milling. Zhao et al.
Li adsorption capabilities provided that Li ions can intercalate gjmuylated Li intercalation in SWNT bundles and demon-
both into the interstitial spaces between the nanotubes andyyrated the possibility of high saturation density of about
into the nanotube interiors. However, the initial experimental Li:Cs.° The doping of alkali metals inside carbon nanotubes
results were somewhat disappointing: both Li intercalated 54 4150 been studied by many other groldp¥. However

multiwalled (MWNT) and single-walled (SWNT) nanotubes much less is known about alkali metal doping in newly
without any posttreatmeht® showed only 25% higher
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proposed Bg BC;N, and BN nanotube materials. The computations. The computed electronic structures and the
exploration of possible Li adsorption in these nanotubes, asLi adsorption energies of these doped SWNTs were com-
well other inorganic nanostructured materials, is a worthy pared. The predicted Li adsorption properties provide

objectiveltl?

fundamental knowledge of Li intercalation in various nano-

The discovery of carbon nanotubes has opened manytubes and should help direct experimental explorations of
opportunities for obtaining novel one-dimensional nano- new nanostructured materials for possible Li ion battery

structured material$.Many classes of nanotubes originating
from hexagonal compounds, that is, BN, and BGN,
have been proposed and investigdfed@ The geometries

and electronic properties of these nanotubes have been
predicted theoretically, and the possibilities for technical
applications have been proposed. While carbon nanotubesp
are well known to be either semiconducting or metallic,

depending on their radii and chiralitié®s3° BN nanotubes
have an almost constant band ggg) ©f 5.5 eV independent
of their structure$! Recently, BN nanotubes are receiving

applications’®

2. Computational Methods

2.1. Lithium Adsorption. Density function theory (DFT) based
computations were performed with the generalized gradient ap-
roximation (GGA) proposed by Perdew et &lysing a plane-
wave pseudopotential CASTEP codélhe ultrasoft pseudopoten-
tials proposed by Vanderbit were employ®&dAn energy cutoff

for the plane waves of 400 eV was used along with periodically
repeating tetragonal supercells with lattice constants andc.4°

much attention as candidates for high-capacity hydrogen Bothaandb were chosen to ensure negligible interaction between

storage’? 34 Also, chiral BGN nanotubes might behave as

the tube and its periodic images (the minimum-C distance

nanoscale coils because of the anisotropic conductivity of between two nearest neighboring tubes is taken to be over 10 A).

the related sheets. This contrasts with the more isotropic

carbon and BN nanotubes. BN, BGnd BGN nanotubes
have been realized experimentalty?3303t However, Li

adsorption in these nanotubes has not been investigate

To avoid interaction between the adsorbed Li atoms and their

periodic images along the tube axis, the typical computational

supercell employed here includes two unit cells of the zigzag tube
supercell with 64 atoms and supercell lengti 8.43 A for

a
(i:ure C nanotube), or four unit cells of the armchair tube (a supercell

experimentally or theoretically. We found recently that boron yith 96 atoms and supercell length= 9.76 A for pure C nanotube).

doping can improve the Li adsorption in SWN¥sn the
present investigation, lithium adsorption in C, BBC;N,
and BN SWNTs was simulated by density functional
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Because of the very large supercell, oflypoint sampling of the
reciprocal space was used for geometry optimization with the
following convergence criteria: energy changes per atom less than
2 x 1075 eV, the root-mean-square (RMS) of the forces less than
0.05 eV/A, and the RMS displacement of atoms less thanl®—3

A. The positions of the first and the second nearest neighbor
nanotube atoms away from the adsorbed Li were fully relaxed under
the condition that the cell parameters and the coordinates of other
atoms were fixed to the values optimized for the original tubes.
Also, 6 or 10 k points were employed for sampling the one-
dimensional Brillouin zone in the calculations of the zigzag and
armchair nanotubes to obtain their adsorption energies, charge
transfer, density of states (DOS), and band structures. Adsorption
energies were computed for inner and outer Li adsorption sites of
all of the nanotubes.

The Li adsorption energies measure the thermodynamic driving
force for lithium adsorption on SWNTs and are defined here as
the difference between the total energy of the complexed species
(Li-host) and the sum of the energy of the separated host and the
uti, the energy per Li atom in bulk lithium metal used for lithium
atom energy:

Eﬁldsorption= Etot(Li'hOSt) - Eiot(hOSt)_ Uy 1)
It is important to note that the energy of a single Li atom computed
at the level employed here is 1.85 eV higher than that of bulk
lithium metal. This value is close to the heat of formation, 1.62
eV, of the lithium atom in the gas phase at 298.15 K. The GGA
total energies of the fully optimized SWNT hos&(host)) and
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(a) (b) (c)

Figure 1. Typical structural models of various nanotubes used here: (a) the (4, Ph&@®tube, (b) the (4, 0) BB nanotube, and (c) the (3, 3) BC
nanotube.

Table 1. DiametersD, Supercell Lengthl, and Average Bond Length 0) BGC; nanotube, because the former has more electrons.
d for Various Zigzag Nanotubes after Full Geometric Optimization As a consequence of these individual bond lengths, the

nanotube ~ D(A)  I(A) d(A) diameterD, and the tubule length, are largest in the BC
8,0C 6.29 8.43 de-c=1.41 nanotubes, intermediate in the (4, 0) BCand BN nano-
(4,0)BG 6.54 8.85 dec-c=1.41,dg-c =155 i
(4. 0) BGN 620 g G T4l =147, tubes, and smallest in the pure (8, 0) nanotube (Table 1).
dn-c=1.35,d5 n=1.45 3.2. Lithium Adsorption Energies. The structures and
(8,0) BN 6.37 8.47 dg—n =1.43

Li adsorption energies for various nanotubes are given in

the host with Li-adsorbed were employed in the evaluation of eq Figure 2. Most importantly, the Li adsorption energies of
1. By our definition Eagsorpion< O in €q 1 corresponds to exothermic the (4, 0) BG nanotubes at both inner and outer sites (in

chemical adsorptions leading to minima stable toward dissociation the —0.44 t0—0.58 eV range) are much more favorable than

into the SWNT and bulk lithium. Endothermic energi€sasorption the (8, 0) Carbor! nanotu.bes (range 0.03-@09 eV). The

> 0, correspond to minima of adsorbed species which are unstableCOmMputed energies for Li adsorption at both inner and outer

thermodynamically relative to the host model and bulk lithium. sites of the two types of six-membered rings (6MR) insBC

Species WithEgsorpion < O are stable toward dissociation into the tubes (labeled 1 and 2 in Figure 2) are all large, negative,

host and separated lithium atoms. and nearly the same. Because of this independence of the
As BN nanotubes are known experimentally to adopt zigzag adsorption sites and the relative location of B atoms on the

structures’?** models for zigzag tubes (Figure 1) were computed type sidewall, Li's should move rather freely along the entire
and the results were compared. The structures of BN;, B6d exterior and interior of the B{nanotubes.

BC;N nanotubes can also be classified by the chirality notation ( . . .
m) in analogy with C nanotube$ BN (n, m) nanotubes are related However, the Li adsorption energies in (8, 0) BN nano-

to C (n, m) nanotubes. In contrast, the radii of B&d BGN (n, tubes are highly positive (1.58.00 eV based on bulk

m) nanotubes are comparable to those of tha, (2n) C nano- lithium, eq 1), indicating that Li adsorption is not feasible
tubes?:31 (Note that the unit cells of BCand BGN sheets are  energetically. When the Li atom is forced to occupy locations
about 4 times larger than the unit cell of grapR#eAlthough there directly above a boron or a nitrogen atom, the adsorption
are two types of BN nanotubes? only the more stable one (with  energies (1.93 eV (B) and 2.00 eV (N)) are even larger than
more adjacent B and N atoms, Figure 1b) was investigated here.those with Li above a 6MR center. It is obvious that BN
For comparison with the zigzag results, the Li adsorption in the nanotybes are not attractive candidates for Li intercalated
armchair (6, 6) carbon and (3, 3) B@anotubes (Figure 1) Was  maiaria| applications, even though BN nanotubes are promis-

also examined. ; 32,40
2.2. Li Diffusion. The entry pathway through a sidewall was ing hydrogen storage media:

modeled by moving a Li from an outer stable site above a ring ~ Li adsorption in (4, 0) B@N nanotubes is more compli-
gradually through the ring to the inner stable absorption site. This cated, because there are three anisotropic sidewall Li
process employed fixed distances between the Li and the ring centeradsorption sites (labeled-B in Figure 2) and all have quite
all of the neighboring atoms were fully relaxed at each Li distance. different adsorption energies. The most favorable site (and
The diffusion barriers for Li through the sidewalls of C andBC  the 0n|y one with a negati\/e adsorption energy) is outside,

nanotubes were computed using the same procedure. above the 6MR with 4 carbon atoms (position 3). As
) _ discussed in the following section, the differences in the Li
3. Results and Discussion adsorption energies in various nanotubes are strongly related

3.1. Optimized Structures of Undoped NanotubesThe  t0 their electronic structures.
zigzag nanotubes with 64 atoms were fully relaxed in  The Li adsorption energies for armchair (6, 6) C and (3,
supercells, and the optimized structures are shown in Table3) BC; nanotubes, with Li adsorbed at both inner and outer
1. Reflecting the bond lengths in borazene and benzene, thesites, are larger in magnitude than their zigzag counterparts
B—N bond in (8, 0) BN nanotubes (1.43 A) is slightly longer (Figure 2). The Li adsorption energy in the (6, 6) C nanotube
than the C-C bond in the pure (8, 0) carbon nanotube (1. is about 0.59 eV (inner) and 0.78 eV (outer), while the Li
41 A). In line with the covalent atomic radii, the bond length adsorption energies in the (3, 3) B8anotube range from
relationships in the other nanotubes are BGCC > NC. —0.80 to —0.89 eV at the four different adsorption sites.
The BC bonds are shorter in the (4, 0) BCthan in the (4, The difference in the Li adsorption energies in armchair (6,
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(8, 0) C zigzag tube (4, 0) zigzag BC, tube
E=0.03 eV E ,=044eV,E K =057eV
E,=-0.09 eV E,=0.58¢eV,E_ =-0.57eV

(4, 0) BC N zigzag tube (8, 0) zigzag BN tube
E =0.16eV,E, =0.00eV E,=190eV,E =1.58 eV
E,=0.19eV,E,=0.00 eV E,=193¢eV,E_ =2.00eV

E,=0.11eV, E, =024 eV

(6, 6) C armchair tube (3, 3) BC, armchair tube
E =0.59 eV E, =087eV,E =0.80eV
E =0.78 eV E =0.89eV,E,=-0.87¢eV

Figure 2. Li adsorption energies in various nanotubEg.denotes the adsorption energy of Li located at the inner site Eandenotes the adsorption
energy of Li located at the outer site. For BN nanotuli&g, and E;ig denote the adsorption energy of Li located above the N atom and the B atom inside
the tube, respectively.

6) C and (3, 3) Bgis much larger than in zigzag (8, 0) C adsorption energies per Li atom were 0.44 eV for the (8, 0)
and (4, 0) BG nanotubes. Both zigzag and armchair.BC C and—0.21 eV for the (4, 0) B&nanotubes. For the pure
nanotubes adsorb Li very well thermodynamically. (8, 0) C tube, the adsorption enerdss) for the first Li atom
The Li adsorption energies of BGanotubes are more is 0.03 eV (Figure 2), while the adsorption energy for the
negative than those in the pure C nanotubes both at innersecond Li atom is highly endothermic, 0.85 eV. This
and at outer sites; therefore, the B@anotubes have indicates that the step-by-step adsorption mechanism is not
energetically more favorable sites for additional Li adsorp- feasible for pure carbon tubes. The high capacity of Li
tion. When two adsorbed Li atoms inside (8, 0) C or (4, 0) storage in C tubes (maximum of 4:C¢)”-® may be due to
BC; zigzag nanotubes are included in one computational formation of L™ or small ionized Lj clusters (see below).
supercell, the Li atoms, after full relaxation, are located In contrast, the energy of the second Li adsorption in the (4,
beneath two neighboring 6MR’s. The computed average Li 0) BGC; tube, although endothermic, is reduced much less
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Table 2. Changes in Net Charges of B, C, and N in Different Nanotubes before and after Li Adsorption at Inner Sités

C B N
before after before after before after
(8, 0) C nanotube 0 -0.15
(6, 6) C nanotube 0 —-0.16
(4, 0) BG nanotube —0.20 —0.30 0.60 0.31
(3, 3) BG nanotube —0.20 —0.33 0.60 0.31
(8, 0) BN nanotube 0.87 0.65 -0.87 —0.83

aThe net charge after Li adsorption is the average of the first neighboring atoms of adsorbed Li.

than in the (8, 0) C nanotubes. When the first Li is inside (a) (a)
site 1, the energy of the second Li attachment 02 eV. 24
When the first Li is located inside site 2, the energy of the
second Li attachment i50.16 eV (see Figure 2). The overall
negative adsorption energies for the attachment of two Li’s
clearly predict that the Li storage capability of the 8C
nanotubes should be greater than for C nanotubes.

3.3. Changes in Net Charges of Nanotubes after Li
Adsorption. During adsorption, Li atoms transfer electrons
to the nanotubes. Due to the electrostatic interaction, the
resulting Lit cations “localize” the negative charge to nearby
atoms on the tube sidew&lf.Changes in net charges of B, -
C, and N in different nanotubes before and after Li adsorption
at inner sites are summarized in Table 2. Note that the net 7 r 7
charges after Li adsorption are the average values of the first(b) (b)

set of atoms neighboring the adsorbed Li. In both zigzag ;| 5]
and armchair Bgnanotubes, the boron charges are much %
less positive after Li adsorption, indicating that B atoms 1

accept the electron density more effectively than carbon.
Lithium adsorption partially alleviates the electron deficiency

of these boron-rich nanotubes. This contributes to their
stability. In contrast, the carbon atoms only becor®15

to —0.16 more negative in the C nanotubes. These tubes are -
“electron sufficient”, and the extra electron density from
lithium does not improve the bonding. Likewise, in the

the much more electronegative but already highly negatively
charged nitrogen atoms) accept electron density after lithium - 7

adsorption. The highly unfavorable Li adsorption energies
in BN nanotubes are a consequence. (c) (c)

3.4. Electronic Structures of C, BG, and BN Nano- x\t %
tubes. The band structures for C, BCand BN nanotubes 4'\ L R ——————

are shown in Figure 3. Figure 4 displays the density of states
(DOS) and partial density of states (PDOS) for the (4, 0) , |
BC; and the (8, 0) BN nanotubes. The (8, 0) C nanotube is

a well-known semiconductor (see Figure 3a); our computed
GGA band gap i€ ~ 0.71 eV. The (4, 0) Bgnanotube is "
also a semiconductor according to our computations (see
Figure 3b). Its band gajEg ~ 0.66 eV, smaller than that of 2L
the (8, 0) C nanotubes, is close to a previous result (0.6%V).
The BG nanotube DOS (Figure 4a) shows that carbon Y
contributes more than boron to the valence band, but that  FVmem—sae—"=

both elements contribute almost equally to the conduction

-band' Indeed, the BC bonds have partial ionic character Figure 3. Band structures for (a) (8, 0) carbon nanotube, (b) (4, 0} BC
in BCs nanotubes: the charges #@'6 on B and-0.2 on nanotubé, and (c) (8, 0) BN nanotubés, and for (@& 0) carb(;n nanc;tube,

C (Table 2). All of the C atoms in pure carbon nanotubes (v) (4, 0) BG nanotube, and (£(8, 0) BN nanotubes after Li is adsorbed
bond covalently and form conjugated 6MRs. As mentioned at the inner site 1 as described in Figure 2. The dashed lines denote Fermi
above, BN nanotubes are semiconductors; the width of their ©"

band gapsHKy ~ 5.5 eV) is almost independent of their Figure 3c shows that the (8, 0) BN nanotube has the typical
diameter, helicity, and even the number of tube sidew@lls. band structure of wide band gap semiconductors. The

-7 -
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Energy/eV @) —
5‘&»,_ (b) '

-5

(b)

=10

Figure 4. Density of states (DOS) and partial density of states (PDOS)
for (a) (4, 0) BG nanotube and (b) (8, 0) BN nanotubes. The dashed lines
denote Fermi level.

calculated GGA band gaj, ~ 3.66 eV, is very close to

the previous result, 3.65 e¥.While the N component

contributes more to the valence band of BN nanotubes, boron

dominates the conduction band composition (see Figure 4b).

As expected from the difference in element electronegativi-

ties, the bonding in BN nanotubes is more ionic; the charges

are B+0.87 and N—0.87 (Table 2). (c)
The band structures for Li-adsorbed C, B@nd BN

nanotubes also are shown in Figure 3. After Li adsorption,

the Fermi level in all of the above three nanotubes shifts

into the conduction band. Although (8, 0) C as well as (4,

0) BG; nanotubes are semiconductors and (8, 0) BN nanotube

is wide-band-gap semiconductor, all three are transformed

into metals after Li adsorption. The band structures of the

(8, 0) C and BN nanotubes are not modified significantly

by the Li adsorption; most of the bands resemble those of

undoped tubes (in agreement with ref 9). Li adsorption

modifies the band structure of B@anotubes, due to the Figure 5. Contour plots for the electron density on a slice through the

strong interaction between the adsorbed Li and the BC wall of C (), BG (b), and BN (c) zigzag nanotubes.

nanotube host. Thus, the Li adsorption energies ins BC

nanotubes have large negative values, as we have found.
Note that all carbon and BN nanotubes are isoelectronic

and electron sufficient, but that the B@nd other boron-

doped nanotubes are electron deficient. The donation of

electrons from lithium atoms alleviates this electron defi- dsorbed the tube sid I tt p lect
ciency, which explains the favorable adsorption energetics.a sorbed on the tube sidgewalls, cannot transter e’ectron
density to the tube effectively due to the electron-sufficient

The electron density contour plots of the nanotubes are. . :
shown in Figure 5; the slices are through the tube sidewalls. lonic bonding of BN nanotubes (Table 2). Consequently, BN

As no noticeable changes are apparent after Li a dsorption,nanowbes have very large positive adsorption energies and

. are unsuitable for Li intercalation. In addition, BN nanotubes
these contour plots are not presented. The conjugated 6 MRh . o : i
. : ave wide band gaps and exhibit lower electrical conductiv-
electronic structure of the carbon nanotube is seen clearly.. . : s S
: ity, which restricts Li ion battery applications.
The BG nanotube also shows this feature, but the electron The band ; hai b an
density near the B atoms is lower. As discussed above, b € ban StrUCtU(;?S or armc allrhcar ﬁnhandga o- )
adsorbed Li atoms transfer electrons to the nanotubes, andubes abre .presentlﬁ Ir;]Flgsurg 6'£t ou% t ? (6, 2) cr;r on
the negative charges will be distributed mainly among the nanotg N ';’ meta; Ic, t eh( . 3) 8 anoltcuB €IS ﬁun FO F'e
more electronegative neighboring C atoms in the tube ste_lr_r;:c%n l:thor ufe ;Otse gresggce ob , 853 olwnl n dlgure
sidewall. The electron-deficient B@anotubes accept elec- - The band gap of the (3, 3) BGanotubek,, IS calcu ate )
to be about 0.45 eV. Analogous to armchair nanotubes, Li

trons from the adsorbed Li atom effectively. Typically, the ; : . ; .
C—C covalent bonds are stretched and weakened due to I_i.adsorptlon shifts the Fermi level into the conduction band

adsorptiorfl but the presence of B reduces such effétts. in both nanotubes. Yet the modification of B@anotube
’ band structures by Li adsorption is more pronounced.

(41) Liu, Y.; Yukawa, H.; Morinaga, MComput. Mater. Sci2004 30 Thus, the electronic character of nanotubes affects the
50-56. lithium storage performance critically. The electron-deficient

In general, the electron-deficient B 6MR'’s are stabilized by
additional electrons, resulting in the large negative values
for Li adsorption energies in B(hanotubes. In Figure 5c,
the electrons in the BN nanotube are localized at N atoms,
and B-N bonds have more ionic character. Lithium, if
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Figure 6. Band structures for (a) (6, 6) carbon nanotube and (b) (3, 3)
BCs nanotube, and (g(6, 6) carbon nanotube and )3, 3) BG nanotube
after Li is adsorbed at inner site. The dashed lines denote Fermi level.

Zhou et al.

—2.65 eV, for binding of a Li atom to the electron-deficient
C4B:Hgs (Scheme 1). In contrast, a lithium atom does not
bind to borazent favorably at all.

Moreover, the dilithium molecule kibinds 0.42 eV more
strongly to one side of benzene than the sum of two
individual Li atom attachments above and below the benzene
ring. Ring bending Z, Scheme 1), as in the real nanotube
systems, results. Isom2has a much larger HOMOGLUMO
energy difference (2.78 eV f& vs 1.83 eV for3).

To gain more chemical insight into the electron delocal-
ization of these two isomers, canonical molecular orbital
(CMO) dissectet? nucleus independent chemical shifts
(NICSY*® analyses have been performed. NI€$, simple
and efficient aromaticity probe, is the negative of the
magnetic shielding computed at chosen points in the vicinity
of molecules. Significantly negative (i.e., magnetically
shielded) NICS values in interior positions of rings or cages
indicate the presence of induced diatropic ring currents or
“aromaticity”, whereas positive values (i.e., deshielded) at
each points denote paratropic ring currents and “anti-
aromaticity”. CMO NICS analysf8 dissects the total NICS
value to give the individual contributions from each canonical
molecular orbital. The computed totatlike NICS at ring
centers (nonweighted mean of the ring carbon atoms2 for
and3 are—2.2 and 12.9 ppm, respectively, indicating tRat
is w nonaromatic, while3 is & antiaromatic. The large
difference between the HOMO contributions (5.9 ppn2in
vs 24.9 ppm in3) (Figure 7) is due to the differences in
HOMO—-LUMO gap energies betweéhand3 and accounts
for their significantly different aromatic character. Note that
both the boat form benzene dianion as in bis[(tetrahydro-
furan)lithium(1)] hexakis(trimethylsilyl)benzenideand the
planar 6-center & antiaromatic benzene dianion as in bis-
[(dimethoxyethane)lithium(1)]1,2,4,5-Tetrakis(trimethylsilyl)-

B-doped forms of C nanotubes should adsorb lithium penzenide were successfully synthesized. The substituents
effectively, whereas the localized nonaromatic BN tubes gn the ligands are important in stabilizing the planar 6C-8
should not. The elasticity is less important than the electronic ;; gntiaromatic benzene dianidh.

factor for Li adsorption in the nanotubes under consideration. Li, also binds to the BN doped benzene risigahd 7 in

There is no direct correlation between the lithium adsorption gcpeme 1), but the isomBwith two separate lithium atoms
energies and the elasticity of the carbon and compositeg |ower in energy.

nanotubes: the carbon nanotubes are stiffer than BGN,
and BN tubeg? although BG is the best prospect to store
lithium thermodynamically.

3.5. Computations in Small Models.The critical influ-

Although Li; binds strongly to the face of 8.Hs, its
isomer with individual Li atoms on opposite sid& $cheme
1) is even more favorable. In both cases, theasitiaromatic
C4B;Hs is converted to & aromatic GB2HeLi .

ence of the electronic character of nanotubes on the lithium  Thys, it is possible that dilithium can be adsorbed
storage performance can also be seen from the small modetayorably on the exterior of carbon nanotubes ancbBC

studies. While the binding energies between atomic Li and
benzene or BNH;s are relatively small;-0.23 and—0.62
eV at B3LYP/6-31#G** with zero point energy correction,

respectively (computations were performed using the Gauss-

ian 98 prograrf?), the binding energy is dramatically large,

(42) Herradez, E.; Goze, C.; Bernier, P.; Rubio, Phys. Re. Lett 1998
80, 4502.

(43) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;

Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. AGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998.

(44) Schleyer, P. v. R.; Jiao, H.; Hommes, N. J. R. v. E.; Malkin, M. G;
Malkina, O.J. Am. Chem. Sod 997 119, 12669.

(45) (a) Corminboeuf, C.; Heine, T.; WeberRhem. Chem. Chem. Phys.
2003 5, 246;J. Phys. Chem. 2003 107, 6470. (b) Corminboeuf,
C.; Heine, T.; Seifert, G.; Schleyer, P. v. R.; WeberPys. Chem.
Chem. Phys2004 6, 273.

(46) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N.
J. R. V. E.J. Am. Chem. S0d.996 118 6317.

(47) Sekiguchi, A.; Ebata, K.; Kabuto, C.; Sakurai, HAm. Chem. Soc.
1991 113 1464.

(48) Sekiguchi, A.; Ebata, K.; Kabuto, C.; Sakurai, HAm. Chem. Soc.
1991 113 1464.
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Scheme 1. Optimized Structures and the Binding Energies (BE) of Some Lithium Complexes

CeHgLi (1.C5)  CgHgLis (2.C5)  CgHgLis (3.C))
BE -023eV -133eV(-045eV)  -091eV

(D

@ :
CBNH(Li (4.C)) CBNHLix(5.C)) C4BNHGLi»(6.Cy) C4BNHgLi, (7.0))

BE -0.62eV -2.03 eV -1.77 eV(-0.89eV) -1.30eV(-0.41eV)

Cy4BoHgLi1s (8.C5y) C4BoHgLis (9.D5))
BE -2.65eV -6.01 eV
aThe BE values given in the parentheses are those obtained relative to the ring molecule and dilithium molecule.

by this approximate (but adequate) method to be about 0.11

L") o
% . eV, close to the value reported by Meunier et Similarly,
. , the computed energy barrier for diffusion inside (4, 0)sBC
. nanotubes is about 0.08 eV. These low energy barriers

i R - confirm the expectation that Li diffusion in the interior of
I!OMO H(?M(')'l HOMO-2 H(?MO'D both C and BG nanotubes is quite facile. Thus, the key
5.9 ppm -5.8 ppm 22 ppm -4.5 ppm problem is how Li enters the interior of nanotubes.
Previous theoretical investigations showed that the Li

° - © cannot penetrate the perfect sidewalls of pure nanotubes

) . a . .. . because the energy barriers are too large. Alternatively, Li

can enter the tubes through topological defects and open

O . Y ends?°The presence of B atoms in tube sidewalls influences
HOMO HOMO-1 HOMO-2 HOMO-5 the entry of Li into the tube interior strongly. We simulated
249 ppm -5.8 ppm 24 ppm  -3.8 ppm this process by moving Li from the outer site gradually to

the inner Li adsorption site. The results are shown in Figure

8 for (8, 0) carbon and for (4, 0) BManotubes. The energy

tubes, while the Bgtubes can adsorb lithium atoms both barrier for the carbon nanotube is about 9.5 eV, close to
inside and outside. Further studies using PBC computationsMeunier et al.’s result. However, the barrier for lithium
are in progress. passage through the wall of (4, 0) B@anotubes (the 6MR
3.6. Diffusion Paths of Li in C and BC; Nanotubes. labeled 2 in Figure 2) is onI_y half as large (about 4.6 eV).
Information about the diffusion path also is important to Although the presence of B in the wall decreases the energy
understand the Li intercalation procés8We investigated barrier dramatically, it is still too high for Li to enter through
the Li diffusion behavior in nanotubes by evaluating different Perfect sidewalls. Obviously, Li entry into the tube is
diffusion channels. The energy difference when Li is located dominated by steric effects, even though the electronic

at the most stable site and then at the saddle point is definedStructure has a pronounced influence. Li only can enter the
as the barrier. As the true saddle point is very difficult to interior of tubes through topological defects and open ends.

locate precisely, it was assumed to be the midpoint of the Li intercalation in nanotubes would be facilitated by experi-

line _connec_tin_g tW_O SFab_Ie Li adsorption Sif@ih_e energy (49) Koyama, Y.; Yamada, Y.; Tanaka, I.; Nishitani, S. R.; Adachi, H.;
barrier for Li diffusion inside (8, 0) C nanotubes is calculated Murayama, M.; Kanno, RMater. Trans 2002 43, 1460.

Figure 7. CMO NICS of thez-like orbitals in2 and3 of Scheme 1.
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contrast, Li adsorption in (8, 0) BN nanotubes is unfavorable
energetically. The behavior of BN nanotubes is more
complicated; the Li adsorption energies at different sites vary.

The electronic structure is vital for the Li adsorption in
various nanotubes. Banotubes are electron deficient, in
contrast to the electron-sufficient C nanotubes. In both zigzag
and armchair Bgnanotubes, the boron net charges are less
positive after Li adsorption, indicating that B atoms accept
electron density from the adsorbed Li atoms. Consequently,
Li adsorption in the B@ tubes is favorable. The ionic
character of the bonding is considerable in (8, 0) BN
nanotubes, resulting in very unfavorable lithium adsorption
energies. Also, wide-band-gap BN nanotube semiconductors
have low electrical conductivity and thus are not suitable
for Li ion battery applications.

The energy barrier is about 9.5 eV for the lithium atom

o o E s of diffusi A orLi o throudh th penetration of a six-membered ring of (8, 0) carbon nano-
igure 8. Energetics of diffusion pat ways Tor LI ion passmgt rough the . H H

sidewall of a (8, 0) C nanotube and a (4, 0) B@notube. A, B, and O tubes; the barrier is much less, about 4.6 e.V'_for .(4’ O) B_C

denote the two adsorption sites and the saddle point on the diffusion path,nanotubes. However, the latter energy barrier is still too high

respectively. for Li to enter the tube through perfect sidewalls. Neverthe-

less, the combination of topological defects and B impurities

mental methods which create open ends or more defects oy panotube sidewalls is expected to decrease the energy
the tube sidewall$® We expect the combination of structural 1, rier for Li entry into the tube interior. The Li atoms may

defects and doping by B impurity to reduce the energy barrier 554 enter through open ends. Banotubes are prospective
for Li entry into the tube interior further. Simulations ;iarcalation materials in Li ion battery applications.

exploring this are underway. . . . -
o . . Model studies show that it is possible that dilithium can
Mukhopadhyay et & investigated the electrochemical :
- S be adsorbed favorably on the exterior of carbon nanotubes
Li insertion in B-doped MWCNT, but we are not aware of . L
any experimental reports on Li adsorption in B@notubes and BGN tubes, while the Betubes can adsorb lithium
atoms both inside and outside. This may lead to even higher

Experimental studies of Li intercalation in B@anotubes lithi ; bility for the BEnanotubes. Further studi
and in nanotubes with even higher B ratios should be 'thium storage ability for the anotubes. Further studies
are in progress.

rewarding.

Distance (nm)
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According to the density functional computations, bot
zigzag and armchair Banotubes have large Li adsorption
energies, particularly at the preferred Li adsorption sites. In
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