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We calculate the optimized geometry and the corresponding electronic structure of Li
ions doped in a small graphite cluster with dangling bonds or hydrogen terminations at
the edge surrounding the cluster. The calculations imply both covalent and ionic bonds
of Li ions to carbon atoms, which may be relevant to explaining the broad signal of

the ‘Li NMR Knight shift spectra. Li intercalation, in particular, is possible even at the
hydrogen-terminated edges. Because of the finite size effect of the cluster, the ionicity of
intercalated Li ions has a large distribution of values, ranging from positive values close
to that in graphite intercalation compounds to even slightly negative values, depending
on the bonding geometry. We propose that the cluster edge surface plays a special role
in accommodating excess Li ions in the disordered graphite system.

I. INTRODUCTION cluster than in LiG, the first stage Li—GIC.Although
the electronic structures of these carbon isomers, such as

Belcaij)se of advancgl;sl n complut(Tr tecTOIO?y It hag aphite (semi-metal), PAS, andsg(semiconductors),
recently become possible to calculate the electronig g different, it is clear that the ionic radius of 'Li

structure for much larger arrays consisting of hundreds o (0.94A in the alkali-halide structure and 0.68

(or thousands) atoms in a non-periodic system, thug, y,e closed-packed metallic structufejletermines the
allowing exploration of the optimized stable geometry . yinum density possible for Li ions, as is discussed
and_electronic structure of an atom|c_c|uster or them the physics of GIC’S. Thus, the positive curvature of
surface of_materlals. In.the small graphite clusters tha{he Gso molecular surface and the enhanced reactivity of
are pyrolytically synthesized from hydrocarbons, such ag,o edge of PPP or PAS graphite clusters might play a
poly-paraphenylene (PPP)and phenol-formaldehyde oy role in making more space available for Li ions, and
(polyacen semiconductors, PAS},the graphite cluster o ofore may be relevant to the absorption of excess Li
can accept three times as many Li ions (bi@s the ions by these clusters.
first stage Li intercalated (Li§} graphite intercalation In a recent’Li NMR experiment, Satct al. have
compound (GIC). In GIC's, Ligis the compound With  ghq\yn that there are two kinds of Li sites which give
the greatest concentration of intercalate atoms that cagerent Knight shift valueg. This clearly shows the
be introduced between graphite layers under ambieniyistence of different types of chemical bonding between
pressures, forming &3 X /3 structure of Li ions on | j jons with themselves or with carbon atoms in which
a honeycomb lattice, as in first stage Li-GIC'The  the electronic structure associated with the edges should
fact that the disordered graphite can absorb three timegse different from that with the bulk. In order to explain
as many Li ions as GIC’s is striking. This property the ’Li NMR spectra, the authors tentatively proposed
can be applied, in principle, to produce new light-the existence of molecular L states in LiG in which all
weight secondary batteries for electric cars and solarexagonal centers of the honeycomb lattice are occupied
cell applications:* by Li atoms to give the Lig stoichiometry?2 However, a
Recently, fullerenes, a newly discovered form oflarge amount of energy should be needed to put Li atoms
carbon, have aroused a great deal of interest in manin a plane, and even in this case, some three-dimensional
fields of sciencé:® Among the many forms of fullerenes, structure would be expected to occur. Such issues have
the most stable is the g& molecule that can be doped motivated the present calculation.
exohedrally with up to 12 Li atomto achieve a cluster In this paper, we focus on the reason why a small
with the stoichiometry Li,Cgo, Which means that more graphite cluster can accept more Li ions than bulk
Li ions per carbon atom can be adsorbed on theQsy  graphite. For this purpose we calculate the optimized
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geometry and electronic structure for placing Li ionsfrom the solid state graphite values by less than 0.806
on a graphite surface, using a semi-empirical methodCalculation of this relaxation is therefore not essential
In Sec. Il we explain the method that we used and thdor the present purpose.
ideas why we select the present clusters as models for the Since pyrolytic carbon materials are normally gen-
calculation. In Sec. lll we present the calculated resultserated from hydrocarbon precursors, hydrogen atoms
and in Sec. IV a discussion and summary are given. commonly terminate the edge of the graphite cluster
under low heat treatment temperatuf@&{ ~ 700 °C)
conditions> However, the hydrogen atoms begin to

Il. METHOD AND IDEAS desorb from the edge at the lowgf+ between 600C

The calculation method that we used is theand 700°C, so that dangling bonds appear at the edge.
semi-empirical quantum mechanics calculation libraryn this paper we consider edge bonding, both with or
MOPAC93! with the lattice optimization option of without hydrogen termination, to examine the role of
the parametric method 3 (PM3).In MOPAC93 the hydrogen in bonding Li to carbon. We found in the
matrix elements of the Hamiltonian are empirically present calculation that Li ions can be intercalated even
given as a function of the distance between twoat edges terminated by hydrogen.
atoms, including the two-electron integrals of the In this calculation, we consider a hexagonal graphite
Hartree and exchange interactions. The electronicluster, Gg, as is shown in Fig. 1(a), into which we intro-
structure calculation of a cluster is performed withinduce up to seven Liions. With regard to the host geome-
the unrestricted Hartree—Fock calculation only for thetry, we consider, too, an all-hydrogen-terminated cluster
valence electrons. The dangling bond and ionicityCoeHo4li, (x = 1...7), as is shown in Fig. 1(b), and
can be well described within this approximation aspartially hydrogen-terminated clustersggByoli, and
shown below. As for the core electrons we consideiCgsHi6li,. In Figs. 1(a) and 1(b), wheres€and GgHz4
the effective core potential for calculating the forcesare shown, respectively, a Li ion is placed over the
between two atoms, whose model function is optimizectenter of the honeycomb lattice at a distance of A.9
so as to reproduce the well-known behavior of manyfrom the graphite plane. In Fig. 1 we also show the six
chemical molecules in the PM3 model functiddsA  inequivalent Li sites on the graphite cluster which are de-
total energy is given by the sum of electronic energy ofnoted byA to F. The diameter of these clusters is about
valence electrons and the core repulsion energy. Sinc20 A, whose size is close to the clusters observed in
the repulsion energy between two Li ions, which arePPP-derived graphite (20—3%).14
located above the center of a hexagonal ring in the An important feature of the present problem is the
honeycomb lattice, is relatively large compared with theshape of the edges. In graphite there are two different
electrostatic potential of the host honeycomb lattice, Litypes of cut ends that can be made sof> covalent
atoms can easily move on graphite surfaces. Thus maryonds. These, respectively, show thie andtrans type
iterations of the calculation are necessary to obtain thgeometry observed in polyacetylene, (CHand are
optimized geometry for Li ions on a graphite surface.called armchair and zigzag edges in carbon nanottibes,
In order to get a general idea about the motion of Lirespectively. In Fig. 1, we show the armchair and zigzag
ions on graphite surfaces, we tried many geometries asdges as solid and open bonds at the surface of the clus-
initial conditions. In this paper, we show only typical ter, respectively. It is clear from Fig. 1 that we find the
results for Li ions forming different types of chemical armchair and zigzag edges at the corners and at the sides
bonds. A semi-empirical calculation is thus suitable forof the cluster, respectively. The number of corresponding
the present purpose. We have calculated the electron@arbon atoms for armchair and zigzag edges is the same,
structure for GgLi clusters using a workstation, and 12 in the present & cluster. The electronic structures of
for CeeH,Li, clusters using a VPP-500 supercomputerarmchair and zigzag edges are, however, very different,
in the computer center of the Institute for Solid Statesince nearest-neighbor carbon atoms at the cut ends exist
Physics, Tokyo University. It sometimes requires severain the armchair edge, but not in the zigzag edge. Thus the
hours to obtain an optimized geometry, if we calculateedge states for the zigzag edge are almost non-bonding,
the electronic structure for a cluster with several Li ionswhile the corresponding edge states of the armchair edge
using a single VPP-500 processor. have an energy gap between bonding and antibonding

For simplicity in the calculation, the bond angle orbitals®-*® This situation reflects charge transfer from
between carbon atoms and hydrogen atoms is fixed, arttie Li ion to the graphite cluster.
the bond lengths of carbon atoms and hydrogen atoms When Li ions are near the zigzag edges, the charge
are optimized. Furthermore, the position of a Li atomtransfer will occur from Li ions to the edge states,
is fully optimized geometrically in the calculation. In because the unoccupied, non-bonding edge states of the
fact, even if we relaxed the carbon atom locations nearigzag edges are near the Fermi energy, and have a lower
the Li atoms, the optimized carbon atoms would shiftenergy than the 2states of a Li atom. In the case of the
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and antibonding armchair edge states. If the one-electron
energy of unoccupied, armchair edge states is higher than
that of the Li 2 states, then the charge transfer from the
Li atoms occurs not to the edge states but rather to bulk
graphite unoccupied states.

This situation will clearly occur in ther orbital at
the hydrogen-terminated edges, in which there are tight
binding o-bonds between the dangling bonds with H 1
states. In this case the unoccupiedstates should have
a higher energy than the Lis2evels, and thus no charge
transfer occurs from the Lis2state to the unoccupied
o states. In this sense, the H-& bond cannot be
simply substituted by a Li—Gr bond. However, since
bulk unoccupiedr states near the Fermi energy exist,
the intercalation of Li ions near H-terminated edges is
possible, as shown below.

Before showing the calculated results, let us briefly
mention the case of multiple Li ions. Because of the
existence of Li—Li metallic bonds and the weak interac-
tion between graphite and Li ions, the Li 8tates form
2s energy bands. If the number of Li atoms is finite,
then finite molecular orbitals (MQO’s) consisting of Li 2
states appear within the energy band width of the bulk
Li 2s band. Thus the relative energies of Li MO’s with
respect to the edge state energieEprmay depend on
the molecular orbital, and some Li MO’s are beldy.
Since the amplitude of the wave function of the occupied
MO's is not always the same for all the Li ion sites, the
Li ionicity is distributed over a range of value depending
on the specific site, and this effect may be relevant to
the broad signal observed for thki Knight shift.?

[ll. CALCULATED RESULTS AND DISCUSSION
A. Single Li ion on a graphite cluster LiC ¢

First we put a single Li ion on the graphite cluster
Css at 1.9A from the graphite surface above the center
of a hexagonal ring for the initial condition. In the
present calculation we consider the six possible inequiv-
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 graphite
cluster @ site), the Li ion is metastable under the initial
conditions, and the equilibrium distance between the Li
) ) and the six equivalent nearest carbon atoms is found to
FIG. 1. (a) A graphite cluster, & and (b) a hydrogen terminated 1,0 5 gg & The ionicity of the Li ion is+0.7¢ at the
graphite cluster ggH,4. The six inequivalent positions of the center . . .
of a hexagon in the & cluster are labeled from to F. On the edge optimizedA site. Thus we can say that the Li atom at
of clusters, armchair and zigzag edges exist at the corners and at ti{Be optimizedA site is ionic, as is observed in GIC’s.
sides of the cluster, denoted as solid and open bonds, respectively. When we initially locate the Li ions aB to F

sites, all the Li ions subsequently move to the edges
and make a covalent{) bond with two dangling carbon
armchair edges, however, the unoccupied, non-bondingonds, as shown in Fig. 2. The covalently-bonded Li ion-
edge states do not always have a lower energy than thearbon distance at the edges is Alas shown in the
2s states of a Li atom, since there is an energy gamxpanded section of Fig. 2. When compared to the total
centered about the Fermi energy between the bondingnergy of LiGg, the total energy of the covalent Li ion
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show that when hydrogen atoms terminate the dangling
bonds, Li ions cannot be substituted for H atoms. When
we select initial conditionsA to D, the optimized Li
position is close to the initial site. The ionicity of Li is
0.7¢ which is close to the previous ionic case. As for the
other initial conditionsE to F, the Li ion moves to the
edge between two adjacent H atoms in which the nearest
Li—C distance is 2.3\ and the Li ion is 1.83A from
the graphite plane, as shown in Fig. 3.

The ionicity of each Li ion in this case is0.6¢,
and this is thus another possible case of ionic bonding
or intercalation, since the ionicity of the 24 H atoms
does not change much from an ionicity $0.10e. The
remaining electrons are in unoccupied edge states of the
FIG. 2. An optimized Li geometry in the g cluster in which a - hands, as shown in Fig. 3 where the amplitude is large
Li Y929 jon is mostly covalently bonded with the two nearest-neighbor .

carbon atoms. The charge transfer from the Li ion to the graphitem the first row of the surface of the graphite cluster near

cluster is located at the edge region. However, the ionicities of thdh€ Li ion. It is interesting to note that the ionicity of
two nearest-neighbor carbon atoms are almost zero. We show thel atoms near the Li ion becomes even more positive
ionicities of atoms whose absolute values are more thare0.03 (0.12¢) than the other H atoms (0.2 The total energy
of the Li ion intercalated at hydrogen terminated edges

is about 8 eV lower than that of the ionic Li ion at the is 2.4 eV more stable than the Li iong (0 D) in the
A site. Thus the symmetric optimized geometry of ioniCinner region.
Li Corresponds to a local minimum of the total energy. In F|gs 4(a) and 4(b), we compare the Charge den-

In Fig. 2, an optimized Li geometry in theo€ sity map of the valence electrons of the two Li ions of
cluster is shown in which the L ion is mostly Figs. 2 and 3, that are in a plane which is parallel to a
covalently bonded with the two nearest-neighbor carbogyraphene sheet (= constant) at the Li positions (= 0
atoms. The Charge that is transferred from the Li ion%ndz = 1.83 A)' respectively_ In F|g 4(a), there is al-
to the graphite cluster is located at the edge regionmost no charge density at the Li position, though the
however, the ionicity of the two nearest-neighbor carbononicity of the Li ion is +0.29. The place that has a large
atoms is almost zero. According to the tight bindingcharge density is at the dangling bonds of carbon and on
calculation, the zigzag edge states of the neutral graphiige graphene lattice denoted by thick solid lines. From
surface consist of carbon atoms with dangling bondsihe figure we see that the electronic charges transferred
However, the charge transfer from Li ions is not tofrom the Liion mainly reside in the dangling bond states

the zigzag edge states but to some other surface stat@gich consist of @2p, and2p, orbitals. There is almost
of graphite. These facts clearly show that there is a
hybridization of Li 2 states with the carbon zigzag
edge states to form bonding states. This accounts fc*
the low ionicity of the Li ions,+0.29¢, in this case. The 7/ " "\« ;
electron transferred from the Li ions is mainly located at:
the second row surface atom, as shown in the enlarge:
section of Fig. 2, and the value of the charge-8.18¢. !
The remaining charge is delocalized in the first anc-1
second row surface carbon atoms over the cluster, &
shown in Fig. 2. It should be mentioned that the charge§
distribtuion over the cluster in Fig. 2 is not symmetric. *------------= ESEETEEE ;
Since the cluster has an odd number of electrons, w
used the unrestricted Hartree—Fock calculation in whicl
the wave functions for up and down spins are calculate:
independently, so that the self-consistent charge or spi
does not always have the symmetry of the cluster.

FIG. 3. An optimized Li geometry in the Li§gHz4 cluster when the
B. Single Li ion on a hydrogen-terminated initial position of the Li ion is fromE to F in Fig. 1. Li intercalation
graphite cluster LIC ggH24 at hydrogen-terminated edges is possible. In the insets we show the Li
L L . position and the ionicities from the top view and from the side view
Next we calculate the Li ion optimization for a of an enlargement of the area near the Li ion. We show the ionicities
hydrogen-terminated cluster, LjkCqs. Our calculations of atoms whose absolute values are more thane0.03
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of the nearest carbon atom. It is known that the
orbitals at the zigzag edge atoms are localized in the edge
region whose energy is near the Fermi energy. Further
the Li 2p, component in the occupied molecular orbitals
is small since the electron-electron repulsive interaction
makes the energy of the Rip, level to lie higher than
that in the case of the neutral atom. Thus the Li com-
ponents of the charge are relatively smaller than for the
hybridized case in Fig. 4(a). In fact the ionicity,0.60,

for Fig. 4(b) is larger than for the case of Fig. 4(a). Thus
the Li atom in Fig. 4(b) is relatively ionic.

C. Liions on the clusters with dangling
bonds: Li 7Cgg

The local stability at thel site observed in LiCqg is
weak compared with the Li—Li interaction. Thus, when
we start from seven Li ions in &/3 X /3 structure
consisting of oneé site and sixE sites, the geometrical
optimization procedure moves all seven of the Li ions
out to the edge. In Fig. 5 we show an example of the
optimized geometry of seven Li ions with their own
ionicities and also the ionicities of the carbon atoms to
which most of the electron charge is transferred from
the Li ions. Here we see that six Li ions (denoted as
Al1-A3 and Z1-Z3) are located at the edges of the
cluster within the graphite plane to form bonds with
the adjacent carbon atoms. The remaining Li, denoted
by N, is a neutral species and lies far (1G\§ from
the plane of the graphite. The cluster in Fig. 5, as seen
from a top view, thus indicates that there is no bonding
between this Li atom and the graphite layer, so that the
Li atom can easily leave the cluster. Such a situation
sometimes occurs in the calculations because the Li—Li
repulsive interaction provides enough energy for a Li
_ ~ion to leave the cluster. The optimized geometry is a
FIG. 4. Charge density map of the valence electrons near the Li |onaeometry in a local minimum of the total energy. Thus
for (@) Fig. 2 and (b) Fig. 3. The map is taken in the plane parallel .
to the graphene lattice, which is denoted by thick solid lines and théh_e, final geometry may Cha”ge b_y a _Sma” change of the
Li position is denoted by a solid circle. Shaded circles denote thdnitial geometry. Although this situation reflects a real
positions of hydrogen atoms system, it is not an essential point. An important fact

is that all Li atoms move to the edge of the cluster in
no bonding with C2p, orbitals because of symmetry. this case.
Not only because of the large overlap of the kidbital Among the six Li ions, three Li ionsA1-A3,
with the dangling bond states of the carbon atoms, buare connected to the armchair edges at the corners of
also because of the hybridization of the Li &rbital the cluster, and the three other Li ion81-Z3, are
with Li 2p, and2p, orbitals, the small ionicity of the connected to the zigzag edges. Since the numbers of
Li arises from the bond contribution of electronic chargecarbon atoms at armchair and zigzag edges are equal, it
of the ion. Since the lithium electron is not on the atomseems reasonable that we find an equal number of Liions
but is rather in the Li—C bonds predominantly, we canat armchair and zigzag edges. One Li ion at the armchair
say that this Li ion is covalently bonded. edge A1) forms a triangular ring with the nearest two

On the other hand in Fig. 4(b), the charge densitycarbon atoms. The ionicity of thél Li is +0.57¢ (see
is localized near carbon atoms closest to the Li atomdsrig. 5) and the transferred charge to the carbon atoms is
Since the position of the Li in this caseds= 1.83 A,  located mainly at the two nearest-neighbor carbon atoms.
the Li ions are mainly coupled with the £p, orbitals. In this sense, this Li ion is relatively ionic compared
The Li 2s electron is thus transferred to tA@, orbital  with the Li ions at zigzag edges observed in Fig. 2 and
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ion is distorted so much from the tw®-bonds that the
covalent bonding observed in Fig. 2 is not formed.

An important fact to note here is that there is no
electric charge transfer from Li ions to the inner carbon
atoms of the cluster. Only the first and second row of
carbon atoms are negatively charged. In Fig. 5, we show
only the ionicity of the carbon atoms whose absolute
values are more than 0.83The charge distribution is
determined by the one-electron energy of the unoccupied
edge states that are hybridized with Li &tates.

Another important fact is that the ionicity of Li
atoms at the edges varies widely from 256 0.6Q,
depending on the geometry of the edge shape and the
nonlocal arrangement of Li ions. This behavior shows
why “Li NMR Knight shift studies should exhibit broad
spectral lines.

In Fig. 6 partial densities of states of (a) Rp,
and 2p,, (b) 25, (c) C2p,, and (d) C2p, and 2p,
for the Li;Cgg Cluster, are plotted in the unit of states of
stategeV/atom in which the energy levels are broadened
by multiplying the Gaussian factor withE = 0.21 eV.

The highest occupied molecular level is-af eV in the
FIG. 5. An optimized Li geometry in the }Coq cluster when the ~Middle of an energy gap at which we can see the peak of
initial positions of the seven Li ions are in th® x +/3 structure. The  Li 2s components. This peak corresponds to the neutral
labelsAl — A3,Z1 — Z3 denote the six planar Liions which connect Li atom which is accidentally optimized at the position
e Lo s T e e by g e rom the graphie plane. However, his atom can be
distance (10.64) and '[hLFJ)S becomes a negtra? atorrF: WhiChyiS easgillyusefu' fOI‘. our knowing the energy level position of the
released. neutral Li 2 state. Below the energy of5 eV we
can see small, but the same quantity, of 2s, and
2p, and Li 25 states in the same order, showing the
5. Actually, when we compare the total energies of thehybridization of the Li ions in the occupied states for
cluster given in Fig. 2 and theggli cluster in which a making a bond with the C dangling bonds. Because of
Li ion is put at anAl site, the latter cluster is 3 eV less non-zero DOS of Li states in the occupied states, the
stable than the former. ionicity of Li is not +1. The C2p, and2p, orbitals

The other two Li atomsA2 and A3 at armchair is not generally seen in the energy region near Fermi
edges are optimized in different geometries fréin The level in the case of bulk graphite. A reason why we
optimized bond angle for Li-C—-C depends sensitivelyhave2p, and2p, components are dangling bonds states,
on the local geometries of other Li ions. Thus wewhich is important to determine the electric structure of
can say that the direction of the Li—C bonds can be.i ionicity.
relatively freely taken, though all the Li ions are located
within the graphene plane. In fact, all Li ions at zigzag
edgesZ1-Z3, are distorted from the symmetric position
observed in Fig. 2. Since the computer softwaneo!, When we put 7 carbon atoms into thé3 X /3
automatically plots chemical bonds depending on thestructure of the hydrogen-terminated graphite cluster,
bond length, we could get only one chemical bondCyH,4 as shown in Fig. 1(b), the atomic position of the
length from Li ions at zigzag edges. Though transferinitial condition is found to be stable, as shown in Fig. 7.
charge from theZl and Z2 Li ions occurs to nearest- We interpret this situation as follows. Although Li ions
neighbor carbon atoms, we can say that these Li ionare 2.4 eV more stable at a hydrogen-terminated bond, as
are covalently bonded with these two carbon atoms. Irshown in Sec. Ill. B, the Li—Li metallic bond will gain
fact, the ionicity of theZ1l andZ2 Li ions is close to more energy than the bond formed by the intercalation
0.30. In this sense thd3 Li ion has much covalent of Li atoms near hydrogen-terminated carbon atoms. At
character, though the nearest-neighbor carbon atom Ieast the gradient of the potential for Li ions at the
at an armchair edge. Further, the ionicity of th8 Li  initial position is smaller than for the potential in the
ion is similar to that ofA2, and thusZ3 ion is ionic. honeycomb lattice. Although the optimized geometry
The reason why the3 Li ion is ionic is that the Li looks like the case of GIC's, we found that the ionicity

D. Hydrogen-terminated edges: Li 7CgsH24
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05 } . FIG. 7. An optimized Li geometry in the k€CgosHz4 cluster. The Li
: ionicity can be negative in the case of a finite cluster (see text for
WN\MM& details).
0.0 ions are located along theaxis. The final geometry of
-20.0 -10.0 0.0 10.0  the Liions in Fig. 7 is not hexagonal, but rather h@as

En ergy[eV] symmetry be_cause of the Jahn—Teller effect, and thus all
the Li 2s orbitals are nondegenerate.
FIG. 6. Partial density of states for (a) 2p. and2py, (b) Li 2s, (c) When we put five occupied electrons into MO's
C 2p., and (d) C2p, and2p, orbitals in the units of statéeV/atom.  helow the Fermi level, the ionicity is determined. Since
(I;|_ere _the energy levels are broadened by a Gaussian factor and ﬂfﬁe amplitude of the MO’s for the three Li ions shown
irection ofz is taken to be perpendicular to the graphene plane. . . . A ..
in Fig. 7 is large for the occupied MQO's, these Li ions
become negatively charged. It is thus not a numerical
of three of the Li ions is negative, as shown in Fig. 7.6Mor that such a situation occurs for a small cluster as a

The appearance of a negatively charged Li ion is not rargind Of surface charge oscillation effect. When the num-
in the very small clusters that we calculated here for &€" Of Li ions increases, there are many occupied MO's
variety of initial conditions. vv_|th different symmetries and thu_s the prob_ablllt_y for
Thus the reason why we sometimes get a negativelyy! MO’S to appear below the Fermi energy will quickly
charged ion for Li is due to the expected finite size effecONVErge to a constant value. Thus, the inhomogeneous
of the graphite cluster. In the }Cos cluster, only two of charge distribution o_f aliionona graphlte surface will
the seven Li 2 electrons in the LiCos cluster move from _be smeared out to yield the Li ionicity of a bulk GIC_:. It
the seven Li ions to the graphite cluster. The remaining® thus concluded that the large broadening for thie
five 25 electrons are retained by the Li ions. Thus thelNMR Knight shift spectrénot only comes from the Li

average ionicity is only about 0.3. This is because the LIoNS at the edges but also from the Li ions on the graphite

25 orbitals are coupled to each other to form molecula/ClUSter because of this finite size effect. It is noted
orbitals (MO's). When we examine the coefficients of that the symmetry-lowering effect is another important

the atomic wave functions of the molecular orbital, weProadening mechanism for tfei NMR Knight shift.?

find seven MO’s which mainly consist of seven Li 2
atomic orbitals. Since the g cluster hasCs, point
group symmetry initially, the seven Li MO’s belong to
the following irreducible representations @%,: 24, Finally we mention the cases of partially hydrogen-
B, E,, andE,. HereB; is the irreducible representation terminated edges: ¥CqosH,o in which four H atoms
which is invariant under ther, operation and three Li at one edge of a hexagonabsCcluster are removed,

E. Partially hydrogen-terminated edges:
Li7C96H20 and Li 7CosH16 clusters
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and LiCgsHig in which eight H atoms at two edges IV. SUMMARY
are removed. We consider three cases for the relative 1hase calculated results show that there are two
positions of the two edges from which the H atomsp,qie sites for Li ions in graphite clusters which form
are removed in iCosHss, depending on whether the 1,65 for pregraphitic carbons or micrographites. Two
two edges are in (1) nearest-neighbor, (2) next-nearesfjigerant chemical bonds are associated with these sites,
neighbor, or (3) opposite positions, which we call the,ich have different ionicities, and can be identified with
ortho, meta, and para positions 0f¢H16, respectively, gnic (Li*0%) or covalent (Li*3—Li*%5) bonds. The
using terminology similar to that for hydrogen atoms of gigterent ionicities of the ionic or covalent bonds depend
the benzene molecule (C&) N on (1) whether the edge is hydrogen terminated or not,
In the LizCosHy0 cluster, seven Li ions are stable, ) yhether the Liion is within the cluster or is bonded to
as is observed in the {€osHy, cluster. The Li positions  gan4jing bonds at the edges, and (3) whether the Li ion
are, however, more distorted in the case of(btHa0 4t the edge forms a bond to one or to two carbon atoms,
than for Li7CosHo4, although the Li atoms in both cases rggpectively. An important factor for giving different
are around the center of the hexagonal ring. ionicities for different sites in the cluster is the finite
In the Li7CogHj6 Clusters, some Li ions move from ;6 effect in which a finite number of occupied Li MO's
their initial v/3 X +/3 structure, and one Li ion in the yith jower symmetry may result in an inhomogeneous
case of meta and paraAdesHae clusters shows bond-  charge distribution. Further, as is observed in a partially
ing to dangling bonds observed in Fig. 2. An interestingy_terminated system, kior Liz clusters could also give
result is that Lj or Lis clusters are obtained on the (ise to an inhomogeneous charge distribution. Thus in
graphite surface, in ortho and para;CisHie ClUSters, the small cluster, there are several possible broadening
respectively. _ . mechanisms for NMR Knight shift spectra.
In the para LiCyeHs6 cluster, one Li ion forms a The identification of these two types of sites pro-
o bond with a dangling carbon bond, two Li ions areyjdes a possible reason why NMR Knight shift exper-
ionic on the cluster, one Li ion is ionic at a hydrogen-jments basically show two charge transfer states, as is
terminated edge, and the remaining three Li ions form &so observed in the present computer calculation. In the
Lis triangular cluster. The kitriangle cluster that we ob- ¢ase of the & cluster considered in our model, when we
tained is perpendicular to the graphene surface. One edggit Li ions on all 18 bond sites as shown in Fig. 2, or
(Li-Li distance 2.50A) of the triangle is parallel to on 6 ionicAl sites as in Fig. 5, and at ionic sites on both
the graphite surface and the other two edges are longefdes of the graphite surface in th8 X +/3 structure as
(3.03A). Although there is charge transfer (totally 8)4 s observed in Lig GIC's (corresponding, respectively,
from the Lk triangular cluster to the graphite surface, g A, 6 E, and 6D sites of Fig. 1,13 X 2 = 26), we
the Lis cluster forms a kind of molecular state related togrrive at a total number of 50 Li ions. The ratio of Li
that proposed by Satet al? to C is thus close to 1 to 2, and the ratio of covalent
We also find one Li cluster in the optimized ortho |j jons to ionic Li ions is 9 to 16. In fact, we have
Li7CosH16 Cluster, where the remaining five Li ions are obtained the result for up to 13 Li atoms within the
ionic on the graphite cluster. The two Li ions facing capacity of the computer. Since there are many more
the nearest-neighbor edges are very much distorted, anflequivalent Li sites for ionic Li ions compared with
thus form a L} cluster with a Li—Li bond that is almost |ocalized covalent Li ions, the NMR spectral line for
parallel to the graphene surface. The distances of the twie ionic Li should be broader than that for the covalent
Li ions from the graphene surface are 2A49nd 2.47A,  Li. These considerations seem to be consistent with the
and the ionicities of the Li ions ar¢0.30e and+0.21e,  experimental results.
respectively, which are much smaller than the ionicity for ~ We can expect a dependence of NMR spectra on the
ionic bonds. However, this ionicity should be relevant tosize of the cluster. When the size of the cluster increases,
Li MO orbitals, as discussed in the previous subsectionthe density of surface sites decreases relatively and the
The Li—Li distance of the Li cluster (2.72A) is smaller  covalent contribution decreases. Since the area and the
than the other Li—Li average distance (/A3 and close surface are proportional t&? andL, respectively, where
to the lattice constant (2.48) of graphite. Thus, this L is the size of the cluster, the ratio of covalent to ionic
situation is very close to what Saet al? proposed. sites decreases agL. This situation should become
However, the two Li positions are not over the center ofclarified from reversibility experiments on secondary Li
the hexagonal ring but almost on C—-€bonds, when batteries, since we expect the covalently bonded Li ions
viewed from the top. Furthermore, the density of Li ionsto be too stable for reversible charging and discharging.
on the graphite plane is close to that in Li—-GIC’s. ThusFurther, the finite size effect of the ionicity of Li ions
it seems to be difficult to say at present that a moleculain hydrogen-terminated clusters should quickly decrease
cluster is essential for excess Li ions. with increasing L, which can be seen in the NMR
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spectra, through a narrowing of the line width and aREFERENCES

strengthening of the intensity.

Another possible experiment that should be sensitive
to the size effect of clusters would be a study of hydrogenz2.
passivation of the dangling bonds of the cluster before Li
intercalation. In this case there should be no covalently3:
bonded states for Li ions and only the finite size effect

associated with the ionicity of Li ions with ionic bonding
should be observed in this case.

In summary, we have calculated the optimized ge- 5.
ometry of Li ions on a graphite cluster. We obtain not
only ionic Li states but also covalent Li states at the
edge of the cluster. There are many possible Li doping
sites, depending on the finite size of the cluster which 7.
will be relevant to the excess Li ions observed in small

graphite clusters.
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