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Excess Li ions in a small graphite cluster
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We calculate the optimized geometry and the corresponding electronic structure of L
ions doped in a small graphite cluster with dangling bonds or hydrogen terminations
the edge surrounding the cluster. The calculations imply both covalent and ionic bon
of Li ions to carbon atoms, which may be relevant to explaining the broad signal of
the 7Li NMR Knight shift spectra. Li intercalation, in particular, is possible even at th
hydrogen-terminated edges. Because of the finite size effect of the cluster, the ionic
intercalated Li ions has a large distribution of values, ranging from positive values c
to that in graphite intercalation compounds to even slightly negative values, depend
on the bonding geometry. We propose that the cluster edge surface plays a special
in accommodating excess Li ions in the disordered graphite system.
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I. INTRODUCTION

Because of advances in computer technology it h
recently become possible to calculate the electro
structure for much larger arrays consisting of hundre
(or thousands) atoms in a non-periodic system, th
allowing exploration of the optimized stable geomet
and electronic structure of an atomic cluster or t
surface of materials. In the small graphite clusters th
are pyrolytically synthesized from hydrocarbons, such
poly-paraphenylene (PPP)1,2 and phenol-formaldehyde
(polyacen semiconductors, PAS),3–5 the graphite cluster
can accept three times as many Li ions (LiC2) as the
first stage Li intercalated (LiC6) graphite intercalation
compound (GIC). In GIC’s, LiC6 is the compound with
the greatest concentration of intercalate atoms that
be introduced between graphite layers under ambi
pressures, forming a

p
3 3

p
3 structure of Li ions on

a honeycomb lattice, as in first stage Li–GIC’s.6 The
fact that the disordered graphite can absorb three tim
as many Li ions as GIC’s is striking. This propert
can be applied, in principle, to produce new ligh
weight secondary batteries for electric cars and so
cell applications.1,4

Recently, fullerenes, a newly discovered form
carbon, have aroused a great deal of interest in m
fields of science.7,8 Among the many forms of fullerenes
the most stable is the C60 molecule that can be dope
exohedrally with up to 12 Li atoms,9 to achieve a cluster
with the stoichiometry Li12C60, which means that more
Li ions per carbon atom can be adsorbed on the Li12C60
J. Mater. Res., Vol. 12, No. 5, May 1997
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cluster than in LiC6, the first stage Li–GIC.9 Although
the electronic structures of these carbon isomers, such
graphite (semi-metal), PAS, and C60 (semiconductors),
are different, it is clear that the ionic radius of Li1

ions (0.94Å in the alkali-halide structure and 0.68̊A
in the closed-packed metallic structure)10 determines the
maximum density possible for Li ions, as is discusse
in the physics of GIC’s.6 Thus, the positive curvature of
the C60 molecular surface and the enhanced reactivity
the edge of PPP or PAS graphite clusters might play
key role in making more space available for Li ions, an
therefore may be relevant to the absorption of excess
ions by these clusters.

In a recent7Li NMR experiment, Satoet al. have
shown that there are two kinds of Li sites which giv
different Knight shift values.2 This clearly shows the
existence of different types of chemical bonding betwe
Li ions with themselves or with carbon atoms in whic
the electronic structure associated with the edges sho
be different from that with the bulk. In order to explain
the 7Li NMR spectra, the authors tentatively propose
the existence of molecular Li2 states in LiC6 in which all
hexagonal centers of the honeycomb lattice are occup
by Li atoms to give the LiC2 stoichiometry.2 However, a
large amount of energy should be needed to put Li ato
in a plane, and even in this case, some three-dimensio
structure would be expected to occur. Such issues h
motivated the present calculation.

In this paper, we focus on the reason why a sm
graphite cluster can accept more Li ions than bu
graphite. For this purpose we calculate the optimiz
 1997 Materials Research Society 1367
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geometry and electronic structure for placing Li ion
on a graphite surface, using a semi-empirical metho
In Sec. II we explain the method that we used and t
ideas why we select the present clusters as models for
calculation. In Sec. III we present the calculated resu
and in Sec. IV a discussion and summary are given.

II. METHOD AND IDEAS

The calculation method that we used is th
semi-empirical quantum mechanics calculation librar
MOPAC9311 with the lattice optimization option of
the parametric method 3 (PM3).12 In MOPAC93 the
matrix elements of the Hamiltonian are empiricall
given as a function of the distance between tw
atoms, including the two-electron integrals of th
Hartree and exchange interactions. The electro
structure calculation of a cluster is performed with
the unrestricted Hartree–Fock calculation only for th
valence electrons. The dangling bond and ionici
can be well described within this approximation a
shown below. As for the core electrons we consid
the effective core potential for calculating the force
between two atoms, whose model function is optimiz
so as to reproduce the well-known behavior of ma
chemical molecules in the PM3 model functions.13 A
total energy is given by the sum of electronic energy
valence electrons and the core repulsion energy. Si
the repulsion energy between two Li ions, which a
located above the center of a hexagonal ring in t
honeycomb lattice, is relatively large compared with th
electrostatic potential of the host honeycomb lattice,
atoms can easily move on graphite surfaces. Thus m
iterations of the calculation are necessary to obtain
optimized geometry for Li ions on a graphite surfac
In order to get a general idea about the motion of
ions on graphite surfaces, we tried many geometries
initial conditions. In this paper, we show only typica
results for Li ions forming different types of chemica
bonds. A semi-empirical calculation is thus suitable f
the present purpose. We have calculated the electro
structure for C96Li clusters using a workstation, and
for C96HyLi x clusters using a VPP-500 supercomput
in the computer center of the Institute for Solid Sta
Physics, Tokyo University. It sometimes requires seve
hours to obtain an optimized geometry, if we calcula
the electronic structure for a cluster with several Li ion
using a single VPP-500 processor.

For simplicity in the calculation, the bond angl
between carbon atoms and hydrogen atoms is fixed,
the bond lengths of carbon atoms and hydrogen ato
are optimized. Furthermore, the position of a Li ato
is fully optimized geometrically in the calculation. In
fact, even if we relaxed the carbon atom locations ne
the Li atoms, the optimized carbon atoms would sh
1368 J. Mater. Res., Vol. 1
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from the solid state graphite values by less than 0.006Å.
Calculation of this relaxation is therefore not essenti
for the present purpose.

Since pyrolytic carbon materials are normally gen
erated from hydrocarbon precursors, hydrogen ato
commonly terminate the edge of the graphite clust
under low heat treatment temperature (THT , 700 ±C)
conditions.2 However, the hydrogen atoms begin t
desorb from the edge at the lowerTHT between 600±C
and 700±C, so that dangling bonds appear at the edg
In this paper we consider edge bonding, both with
without hydrogen termination, to examine the role o
hydrogen in bonding Li to carbon. We found in th
present calculation that Li ions can be intercalated ev
at edges terminated by hydrogen.

In this calculation, we consider a hexagonal graph
cluster, C96, as is shown in Fig. 1(a), into which we intro
duce up to seven Li ions. With regard to the host geom
try, we consider, too, an all-hydrogen-terminated clust
C96H24Li x sx ­ 1 . . . 7d, as is shown in Fig. 1(b), and
partially hydrogen-terminated clusters C96H20Li x and
C96H16Li x . In Figs. 1(a) and 1(b), where C96 and C96H24

are shown, respectively, a Li ion is placed over th
center of the honeycomb lattice at a distance of 1.9Å
from the graphite plane. In Fig. 1 we also show the s
inequivalent Li sites on the graphite cluster which are d
noted byA to F. The diameter of these clusters is abo
20 Å, whose size is close to the clusters observed
PPP-derived graphite (20–30̊A).14

An important feature of the present problem is th
shape of the edges. In graphite there are two differe
types of cut ends that can be made ofsp2 covalent
bonds. These, respectively, show thecis andtrans type
geometry observed in polyacetylene, (CH)x, and are
called armchair and zigzag edges in carbon nanotube15

respectively. In Fig. 1, we show the armchair and zigz
edges as solid and open bonds at the surface of the c
ter, respectively. It is clear from Fig. 1 that we find th
armchair and zigzag edges at the corners and at the s
of the cluster, respectively. The number of correspondi
carbon atoms for armchair and zigzag edges is the sa
12 in the present C96 cluster. The electronic structures o
armchair and zigzag edges are, however, very differe
since nearest-neighbor carbon atoms at the cut ends e
in the armchair edge, but not in the zigzag edge. Thus
edge states for the zigzag edge are almost non-bond
while the corresponding edge states of the armchair ed
have an energy gap between bonding and antibond
orbitals.16–18 This situation reflects charge transfer from
the Li ion to the graphite cluster.

When Li ions are near the zigzag edges, the char
transfer will occur from Li ions to the edge states
because the unoccupied, non-bonding edge states of
zigzag edges are near the Fermi energy, and have a lo
energy than the 2s states of a Li atom. In the case of th
2, No. 5, May 1997

https://doi.org/10.1557/JMR.1997.0186


M. Nakadaira et al.: Excess Li ions in a small graphite cluster

t

ron
an
e

ulk

ht

t,
is

y
e

c-

,

lk

d
e
g
to

r
er

iv-

e
l
Li
to

t

es

n-

tal

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/JM

R.
19

97
.0

18
6 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss
FIG. 1. (a) A graphite cluster, C96 and (b) a hydrogen terminated
graphite cluster C96H24. The six inequivalent positions of the cente
of a hexagon in the C96 cluster are labeled fromA to F. On the edge
of clusters, armchair and zigzag edges exist at the corners and a
sides of the cluster, denoted as solid and open bonds, respective

armchair edges, however, the unoccupied, non-bond
edge states do not always have a lower energy than
2s states of a Li atom, since there is an energy g
centered about the Fermi energy between the bond
J. Mater. Res., Vol. 1
r
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and antibonding armchair edge states. If the one-elect
energy of unoccupied, armchair edge states is higher th
that of the Li 2s states, then the charge transfer from th
Li atoms occurs not to the edge states but rather to b
graphite unoccupied states.

This situation will clearly occur in thes orbital at
the hydrogen-terminated edges, in which there are tig
bindings-bonds between the dangling bonds with H 1s
states. In this case the unoccupieds states should have
a higher energy than the Li 2s levels, and thus no charge
transfer occurs from the Li 2s state to the unoccupied
s states. In this sense, the H–Cs bond cannot be
simply substituted by a Li–Cs bond. However, since
bulk unoccupiedp states near the Fermi energy exis
the intercalation of Li ions near H-terminated edges
possible, as shown below.

Before showing the calculated results, let us briefl
mention the case of multiple Li ions. Because of th
existence of Li–Li metallic bonds and the weak intera
tion between graphite and Li ions, the Li 2s states form
2s energy bands. If the number of Li atoms is finite
then finite molecular orbitals (MO’s) consisting of Li 2s
states appear within the energy band width of the bu
Li 2s band. Thus the relative energies of Li MO’s with
respect to the edge state energies orEF may depend on
the molecular orbital, and some Li MO’s are belowEF .
Since the amplitude of the wave function of the occupie
MO’s is not always the same for all the Li ion sites, th
Li ionicity is distributed over a range of value dependin
on the specific site, and this effect may be relevant
the broad signal observed for the7Li Knight shift.2

III. CALCULATED RESULTS AND DISCUSSION

A. Single Li ion on a graphite cluster LiC 96

First we put a single Li ion on the graphite cluste
C96 at 1.9Å from the graphite surface above the cent
of a hexagonal ring for the initial condition. In the
present calculation we consider the six possible inequ
alent initial sites (A to F in Fig. 1) for a single Li ion.
When we put the Li ion at the center of the graphit
cluster (A site), the Li ion is metastable under the initia
conditions, and the equilibrium distance between the
and the six equivalent nearest carbon atoms is found
be 2.66Å. The ionicity of the Li ion is10.7e at the
optimizedA site. Thus we can say that the Li atom a
the optimizedA site is ionic, as is observed in GIC’s.

When we initially locate the Li ions atB to F
sites, all the Li ions subsequently move to the edg
and make a covalent (s) bond with two dangling carbon
bonds, as shown in Fig. 2. The covalently-bonded Li io
carbon distance at the edges is 2.1Å, as shown in the
expanded section of Fig. 2. When compared to the to
energy of LiC96, the total energy of the covalent Li ion
2, No. 5, May 1997 1369
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FIG. 2. An optimized Li geometry in the C96 cluster in which a
Li 10.29 ion is mostly covalently bonded with the two nearest-neighb
carbon atoms. The charge transfer from the Li ion to the graph
cluster is located at the edge region. However, the ionicities of
two nearest-neighbor carbon atoms are almost zero. We show
ionicities of atoms whose absolute values are more than 0.03e.

is about 8 eV lower than that of the ionic Li ion at th
A site. Thus the symmetric optimized geometry of ion
Li corresponds to a local minimum of the total energy

In Fig. 2, an optimized Li geometry in the C96

cluster is shown in which the Li10.29 ion is mostly
covalently bonded with the two nearest-neighbor carb
atoms. The charge that is transferred from the Li io
to the graphite cluster is located at the edge regi
however, the ionicity of the two nearest-neighbor carb
atoms is almost zero. According to the tight bindin
calculation, the zigzag edge states of the neutral grap
surface consist of carbon atoms with dangling bon
However, the charge transfer from Li ions is not
the zigzag edge states but to some other surface st
of graphite. These facts clearly show that there is
hybridization of Li 2s states with the carbon zigza
edge states to form bonding states. This accounts
the low ionicity of the Li ions,10.29e, in this case. The
electron transferred from the Li ions is mainly located
the second row surface atom, as shown in the enlar
section of Fig. 2, and the value of the charge is20.18e.
The remaining charge is delocalized in the first a
second row surface carbon atoms over the cluster,
shown in Fig. 2. It should be mentioned that the char
distribtuion over the cluster in Fig. 2 is not symmetri
Since the cluster has an odd number of electrons,
used the unrestricted Hartree–Fock calculation in wh
the wave functions for up and down spins are calcula
independently, so that the self-consistent charge or s
does not always have the symmetry of the cluster.

B. Single Li ion on a hydrogen-terminated
graphite cluster LiC 96H24

Next we calculate the Li ion optimization for a
hydrogen-terminated cluster, LiH24C96. Our calculations
1370 J. Mater. Res., Vol. 1
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show that when hydrogen atoms terminate the dangli
bonds, Li ions cannot be substituted for H atoms. Wh
we select initial conditionsA to D, the optimized Li
position is close to the initial site. The ionicity of Li is
0.7e which is close to the previous ionic case. As for th
other initial conditionsE to F, the Li ion moves to the
edge between two adjacent H atoms in which the near
Li–C distance is 2.3̊A and the Li ion is 1.83Å from
the graphite plane, as shown in Fig. 3.

The ionicity of each Li ion in this case is,0.6e,
and this is thus another possible case of ionic bondi
or intercalation, since the ionicity of the 24 H atom
does not change much from an ionicity of10.10e. The
remaining electrons are in unoccupied edge states of
p bands, as shown in Fig. 3 where the amplitude is lar
in the first row of the surface of the graphite cluster ne
the Li ion. It is interesting to note that the ionicity o
H atoms near the Li ion becomes even more positi
(0.12e) than the other H atoms (0.10e). The total energy
of the Li ion intercalated at hydrogen terminated edg
is 2.4 eV more stable than the Li ions (A to D) in the
inner region.

In Figs. 4(a) and 4(b), we compare the charge de
sity map of the valence electrons of the two Li ions o
Figs. 2 and 3, that are in a plane which is parallel to
graphene sheet (z ­ constant) at the Li positions (z ­ 0
and z ­ 1.83 Å), respectively. In Fig. 4(a), there is al-
most no charge density at the Li position, though th
ionicity of the Li ion is10.29. The place that has a large
charge density is at the dangling bonds of carbon and
the graphene lattice denoted by thick solid lines. Fro
the figure we see that the electronic charges transfer
from the Li ion mainly reside in the dangling bond state
which consist of C2px and2py orbitals. There is almost

FIG. 3. An optimized Li geometry in the LiC96H24 cluster when the
initial position of the Li ion is fromE to F in Fig. 1. Li intercalation
at hydrogen-terminated edges is possible. In the insets we show th
position and the ionicities from the top view and from the side vie
of an enlargement of the area near the Li ion. We show the ionicit
of atoms whose absolute values are more than 0.03e.
2, No. 5, May 1997
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FIG. 4. Charge density map of the valence electrons near the Li
for (a) Fig. 2 and (b) Fig. 3. The map is taken in the plane para
to the graphene lattice, which is denoted by thick solid lines and
Li position is denoted by a solid circle. Shaded circles denote
positions of hydrogen atoms

no bonding with C2pz orbitals because of symmetry
Not only because of the large overlap of the Li 2s orbital
with the dangling bond states of the carbon atoms,
also because of the hybridization of the Li 2s orbital
with Li 2px and 2py orbitals, the small ionicity of the
Li arises from the bond contribution of electronic char
of the ion. Since the lithium electron is not on the ato
but is rather in the Li–C bonds predominantly, we c
say that this Li ion is covalently bonded.

On the other hand in Fig. 4(b), the charge dens
is localized near carbon atoms closest to the Li atom
Since the position of the Li in this case isz ­ 1.83 Å,
the Li ions are mainly coupled with the C2pz orbitals.
The Li 2s electron is thus transferred to the2pz orbital
J. Mater. Res., Vol. 1
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of the nearest carbon atom. It is known that thep

orbitals at the zigzag edge atoms are localized in the e
region whose energy is near the Fermi energy. Furt
the Li 2pz component in the occupied molecular orbita
is small since the electron-electron repulsive interact
makes the energy of the Li2pz level to lie higher than
that in the case of the neutral atom. Thus the Li co
ponents of the charge are relatively smaller than for
hybridized case in Fig. 4(a). In fact the ionicity,10.60,
for Fig. 4(b) is larger than for the case of Fig. 4(a). Th
the Li atom in Fig. 4(b) is relatively ionic.

C. Li ions on the clusters with dangling
bonds: Li 7C96

The local stability at theA site observed in Li1C96 is
weak compared with the Li–Li interaction. Thus, whe
we start from seven Li ions in a

p
3 3

p
3 structure

consisting of oneA site and sixE sites, the geometrica
optimization procedure moves all seven of the Li io
out to the edge. In Fig. 5 we show an example of t
optimized geometry of seven Li ions with their ow
ionicities and also the ionicities of the carbon atoms
which most of the electron charge is transferred fro
the Li ions. Here we see that six Li ions (denoted
A1–A3 and Z1–Z3) are located at the edges of th
cluster within the graphite plane to forms bonds with
the adjacent carbon atoms. The remaining Li, deno
by N , is a neutral species and lies far (10.6Å) from
the plane of the graphite. The cluster in Fig. 5, as se
from a top view, thus indicates that there is no bondi
between this Li atom and the graphite layer, so that
Li atom can easily leave the cluster. Such a situati
sometimes occurs in the calculations because the Li
repulsive interaction provides enough energy for a
ion to leave the cluster. The optimized geometry is
geometry in a local minimum of the total energy. Thu
the final geometry may change by a small change of
initial geometry. Although this situation reflects a re
system, it is not an essential point. An important fa
is that all Li atoms move to the edge of the cluster
this case.

Among the six Li ions, three Li ions,A1–A3,
are connected to the armchair edges at the corner
the cluster, and the three other Li ions,Z1–Z3, are
connected to the zigzag edges. Since the numbers
carbon atoms at armchair and zigzag edges are equa
seems reasonable that we find an equal number of Li i
at armchair and zigzag edges. One Li ion at the armch
edge (A1) forms a triangular ring with the nearest tw
carbon atoms. The ionicity of theA1 Li is 10.57e (see
Fig. 5) and the transferred charge to the carbon atom
located mainly at the two nearest-neighbor carbon ato
In this sense, this Li ion is relatively ionic compare
with the Li ions at zigzag edges observed in Fig. 2 a
2, No. 5, May 1997 1371
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FIG. 5. An optimized Li geometry in the Li7C96 cluster when the
initial positions of the seven Li ions are in the

p
3 3

p
3 structure. The

labelsA1 2 A3, Z1 2 Z3 denote the six planar Li ions which connec
to the armchair edge, and zigzag edge carbon atoms, respectiv
while the N Li ion is separated from the graphite plane by a larg
distance (10.6̊A) and thus becomes a neutral atom which is eas
released.

5. Actually, when we compare the total energies of t
cluster given in Fig. 2 and the C96Li cluster in which a
Li ion is put at anA1 site, the latter cluster is 3 eV les
stable than the former.

The other two Li atomsA2 and A3 at armchair
edges are optimized in different geometries fromA1. The
optimized bond angle for Li–C–C depends sensitive
on the local geometries of other Li ions. Thus w
can say that the direction of the Li–C bonds can
relatively freely taken, though all the Li ions are locate
within the graphene plane. In fact, all Li ions at zigza
edges,Z1–Z3, are distorted from the symmetric positio
observed in Fig. 2. Since the computer software,xmol,
automatically plots chemical bonds depending on t
bond length, we could get only one chemical bon
length from Li ions at zigzag edges. Though transf
charge from theZ1 and Z2 Li ions occurs to nearest-
neighbor carbon atoms, we can say that these Li io
are covalently bonded with these two carbon atoms.
fact, the ionicity of theZ1 and Z2 Li ions is close to
0.30. In this sense theA3 Li ion has much covalent
character, though the nearest-neighbor carbon atom
at an armchair edge. Further, the ionicity of theZ3 Li
ion is similar to that ofA2, and thusZ3 ion is ionic.
The reason why theZ3 Li ion is ionic is that the Li
1372 J. Mater. Res., Vol. 1
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ion is distorted so much from the twos-bonds that the
covalent bonding observed in Fig. 2 is not formed.

An important fact to note here is that there is n
electric charge transfer from Li ions to the inner carbo
atoms of the cluster. Only the first and second row
carbon atoms are negatively charged. In Fig. 5, we sh
only the ionicity of the carbon atoms whose absolu
values are more than 0.03e. The charge distribution is
determined by the one-electron energy of the unoccup
edge states that are hybridized with Li 2s states.

Another important fact is that the ionicity of Li
atoms at the edges varies widely from 0.25e to 0.60e,
depending on the geometry of the edge shape and
nonlocal arrangement of Li ions. This behavior show
why 7Li NMR Knight shift studies should exhibit broad
spectral lines.

In Fig. 6 partial densities of states of (a) Li2px

and 2py, (b) 2s, (c) C 2pz , and (d) C 2px and 2py

for the Li7C96 cluster, are plotted in the unit of states o
statesyeVyatom in which the energy levels are broaden
by multiplying the Gaussian factor withDE ­ 0.21 eV.
The highest occupied molecular level is at25 eV in the
middle of an energy gap at which we can see the peak
Li 2s components. This peak corresponds to the neu
Li atom which is accidentally optimized at the positio
far from the graphite plane. However, this atom can
useful for our knowing the energy level position of th
neutral Li 2s state. Below the energy of25 eV we
can see small, but the same quantity, of Li2px and
2py and Li 2s states in the same order, showing th
hybridization of the Li ions in the occupied states fo
making a bond with the C dangling bonds. Because
non-zero DOS of Li states in the occupied states, t
ionicity of Li is not 11. The C 2px and 2py orbitals
is not generally seen in the energy region near Fer
level in the case of bulk graphite. A reason why w
have2px and2py components are dangling bonds state
which is important to determine the electric structure
Li ionicity.

D. Hydrogen-terminated edges: Li 7C96H24

When we put 7 carbon atoms into the
p

3 3
p

3
structure of the hydrogen-terminated graphite clust
C96H24 as shown in Fig. 1(b), the atomic position of th
initial condition is found to be stable, as shown in Fig.
We interpret this situation as follows. Although Li ion
are 2.4 eV more stable at a hydrogen-terminated bond
shown in Sec. III. B, the Li–Li metallic bond will gain
more energy than the bond formed by the intercalati
of Li atoms near hydrogen-terminated carbon atoms.
least the gradient of the potential for Li ions at th
initial position is smaller than for the potential in th
honeycomb lattice. Although the optimized geomet
looks like the case of GIC’s, we found that the ionicit
2, No. 5, May 1997
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FIG. 6. Partial density of states for (a) Li2px and2py , (b) Li 2s, (c)
C 2pz , and (d) C2px and2py orbitals in the units of statesyeVyatom.
Here the energy levels are broadened by a Gaussian factor and
direction ofz is taken to be perpendicular to the graphene plane.

of three of the Li ions is negative, as shown in Fig.
The appearance of a negatively charged Li ion is not r
in the very small clusters that we calculated here fo
variety of initial conditions.

Thus the reason why we sometimes get a negativ
charged ion for Li is due to the expected finite size effe
of the graphite cluster. In the Li7C96 cluster, only two of
the seven Li 2s electrons in the Li7C96 cluster move from
the seven Li ions to the graphite cluster. The remaini
five 2s electrons are retained by the Li ions. Thus th
average ionicity is only about 0.3. This is because the
2s orbitals are coupled to each other to form molecu
orbitals (MO’s). When we examine the coefficients
the atomic wave functions of the molecular orbital, w
find seven MO’s which mainly consist of seven Li 2s
atomic orbitals. Since the Li7C96 cluster hasC6v point
group symmetry initially, the seven Li MO’s belong t
the following irreducible representations ofC6n : 2A1,
B1, E1, andE2. HereB1 is the irreducible representatio
which is invariant under thesy operation and three Li
J. Mater. Res., Vol. 1
the
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FIG. 7. An optimized Li geometry in the Li7C96H24 cluster. The Li
ionicity can be negative in the case of a finite cluster (see text f
details).

ions are located along they-axis. The final geometry of
the Li ions in Fig. 7 is not hexagonal, but rather hasC2

symmetry because of the Jahn–Teller effect, and thus
the Li 2s orbitals are nondegenerate.

When we put five occupied electrons into MO’
below the Fermi level, the ionicity is determined. Sinc
the amplitude of the MO’s for the three Li ions show
in Fig. 7 is large for the occupied MO’s, these Li ion
become negatively charged. It is thus not a numeric
error that such a situation occurs for a small cluster as
kind of surface charge oscillation effect. When the num
ber of Li ions increases, there are many occupied MO
with different symmetries and thus the probability fo
Li MO’s to appear below the Fermi energy will quickly
converge to a constant value. Thus, the inhomogene
charge distribution of a Li ion on a graphite surface wi
be smeared out to yield the Li ionicity of a bulk GIC. I
is thus concluded that the large broadening for the7Li
NMR Knight shift spectra2 not only comes from the Li
ions at the edges but also from the Li ions on the graph
cluster because of this finite size effect. It is note
that the symmetry-lowering effect is another importa
broadening mechanism for the7Li NMR Knight shift.2

E. Partially hydrogen-terminated edges:
Li 7C96H20 and Li 7C96H16 clusters

Finally we mention the cases of partially hydrogen
terminated edges: Li7C96H20 in which four H atoms
at one edge of a hexagonal C96 cluster are removed,
2, No. 5, May 1997 1373
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and Li7C96H16 in which eight H atoms at two edges
are removed. We consider three cases for the rela
positions of the two edges from which the H atom
are removed in Li7C96H16, depending on whether the
two edges are in (1) nearest-neighbor, (2) next-neare
neighbor, or (3) opposite positions, which we call th
ortho, meta, and para positions of C96H16, respectively,
using terminology similar to that for hydrogen atoms o
the benzene molecule (CH)6.

In the Li7C96H20 cluster, seven Li ions are stable
as is observed in the Li7C96H24 cluster. The Li positions
are, however, more distorted in the case of Li7C96H20

than for Li7C96H24, although the Li atoms in both case
are around the center of the hexagonal ring.

In the Li7C96H16 clusters, some Li ions move from
their initial

p
3 3

p
3 structure, and one Li ion in the

case of meta and para Li7C96H16 clusters showss bond-
ing to dangling bonds observed in Fig. 2. An interestin
result is that Li2 or Li3 clusters are obtained on the
graphite surface, in ortho and para Li7C96H16 clusters,
respectively.

In the para Li7C96H16 cluster, one Li ion forms a
s bond with a dangling carbon bond, two Li ions ar
ionic on the cluster, one Li ion is ionic at a hydrogen
terminated edge, and the remaining three Li ions form
Li3 triangular cluster. The Li3 triangle cluster that we ob-
tained is perpendicular to the graphene surface. One e
(Li–Li distance 2.50Å) of the triangle is parallel to
the graphite surface and the other two edges are lon
(3.03 Å). Although there is charge transfer (totally 0.4e)
from the Li3 triangular cluster to the graphite surface
the Li3 cluster forms a kind of molecular state related
that proposed by Satoet al.2

We also find one Li2 cluster in the optimized ortho
Li7C96H16 cluster, where the remaining five Li ions ar
ionic on the graphite cluster. The two Li ions facin
the nearest-neighbor edges are very much distorted,
thus form a Li2 cluster with a Li–Li bond that is almost
parallel to the graphene surface. The distances of the
Li ions from the graphene surface are 2.49Å and 2.47Å,
and the ionicities of the Li ions are10.30e and10.21e,
respectively, which are much smaller than the ionicity f
ionic bonds. However, this ionicity should be relevant
Li MO orbitals, as discussed in the previous subsectio
The Li–Li distance of the Li2 cluster (2.72Å) is smaller
than the other Li–Li average distance (4.3Å) and close
to the lattice constant (2.46̊A) of graphite. Thus, this
situation is very close to what Satoet al.2 proposed.
However, the two Li positions are not over the center
the hexagonal ring but almost on C–Cs bonds, when
viewed from the top. Furthermore, the density of Li ion
on the graphite plane is close to that in Li–GIC’s. Thu
it seems to be difficult to say at present that a molecu
cluster is essential for excess Li ions.
1374 J. Mater. Res., Vol. 1
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IV. SUMMARY

These calculated results show that there are t
basic sites for Li ions in graphite clusters which form
models for pregraphitic carbons or micrographites. Tw
different chemical bonds are associated with these si
which have different ionicities, and can be identified wit
ionic (Li10.6e) or covalent (Li10.3e –Li10.5e) bonds. The
different ionicities of the ionic or covalent bonds depen
on (1) whether the edge is hydrogen terminated or n
(2) whether the Li ion is within the cluster or is bonded t
dangling bonds at the edges, and (3) whether the Li
at the edge forms a bond to one or to two carbon atom
respectively. An important factor for giving differen
ionicities for different sites in the cluster is the finit
size effect in which a finite number of occupied Li MO’
with lower symmetry may result in an inhomogeneou
charge distribution. Further, as is observed in a partia
H-terminated system, Li2 or Li3 clusters could also give
rise to an inhomogeneous charge distribution. Thus
the small cluster, there are several possible broaden
mechanisms for NMR Knight shift spectra.

The identification of these two types of sites pro
vides a possible reason why NMR Knight shift expe
iments basically show two charge transfer states, as
also observed in the present computer calculation. In
case of the C96 cluster considered in our model, when w
put Li ions on all 18s bond sites as shown in Fig. 2, o
on 6 ionicA1 sites as in Fig. 5, and at ionic sites on bo
sides of the graphite surface in the

p
3 3

p
3 structure as

is observed in LiC6 GIC’s (corresponding, respectively
to A, 6 E, and 6D sites of Fig. 1,13 3 2 ­ 26), we
arrive at a total number of 50 Li ions. The ratio of L
to C is thus close to 1 to 2, and the ratio of covale
Li ions to ionic Li ions is 9 to 16. In fact, we have
obtained the result for up to 13 Li atoms within th
capacity of the computer. Since there are many mo
inequivalent Li sites for ionic Li ions compared with
localized covalent Li ions, the NMR spectral line fo
the ionic Li should be broader than that for the covale
Li. These considerations seem to be consistent with
experimental results.

We can expect a dependence of NMR spectra on
size of the cluster. When the size of the cluster increas
the density of surface sites decreases relatively and
covalent contribution decreases. Since the area and
surface are proportional toL2 andL, respectively, where
L is the size of the cluster, the ratio of covalent to ion
sites decreases as1yL. This situation should become
clarified from reversibility experiments on secondary L
batteries, since we expect the covalently bonded Li io
to be too stable for reversible charging and dischargin
Further, the finite size effect of the ionicity of Li ions
in hydrogen-terminated clusters should quickly decrea
with increasing L, which can be seen in the NMR
2, No. 5, May 1997
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spectra, through a narrowing of the line width and
strengthening of the intensity.

Another possible experiment that should be sensit
to the size effect of clusters would be a study of hydrog
passivation of the dangling bonds of the cluster before
intercalation. In this case there should be no covalen
bonded states for Li ions and only the finite size effe
associated with the ionicity of Li ions with ionic bonding
should be observed in this case.

In summary, we have calculated the optimized g
ometry of Li ions on a graphite cluster. We obtain no
only ionic Li states but also covalent Li states at th
edge of the cluster. There are many possible Li dopi
sites, depending on the finite size of the cluster whi
will be relevant to the excess Li ions observed in sm
graphite clusters.
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