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Negative ion states for Li atoms are found in graphite nanoclusters heavily doped with
lithium using a semiempirical calculational method. These calculations identify a
quasi-stable site for a negative Li ion near the terminated hydrogen atoms, and this site
becomes very stable in the presence of the Coulomb interaction between Li ions. The
total charge transfer from Li ions to the graphite clusters does not depend on the
number of Li atoms per cluster but rather on the relative geometries of the Li atoms on
the cluster. The relationship of these findings to the findings in’thewuclear

magnetic resonance experiments and to the performance of Li secondary batteries is
discussed.

I. INTRODUCTION connecting the dangling bonds of the carbon atoms thus
Recently noncrystalline graphite clusters with diam-generated. Another type of nanographite cluster stems
eters in the nanometer range have attracted worldwidfom porous carbon structures, such as activated carbon
interest with regard to high-performance secondary batfibers (ACFs) and carbon aerogels, whose specific sur-
teries, especially for electric vehicles. When graphiteface areas can be as large as 306yt Here the large
host materials are prepared as a negative electrode usisgrface area or the many edge sites of the cluster play a
pyrolytically treated hydrocarbons, the charge andkey role in achieving high Li concentrations. Since the
discharge performance of the battery increases up toharge—discharge performance of a Li ion battery de-
700 mA h/g, which is much larger than the 372 mA h/gpends on the size of the nanograpHitehe threefold
which is obtained for first-stage Li graphite intercalationenhancement in the Li uptake relative to that for the
compounds (GICs), Lig and other materiafs.” In the  stable LiG GIC comes from finite size effects associated
nanocluster case, Li ions can be absorbed on the nanwvth the nanographite cluster. Furthermore, according to
clusters up to a stoichiometry of LiCwhich has three the’Li nuclear magnetic resonance (NMR) spectra, there
times as many Li atoms at LiC Such a high Li density are two possible Li statés*®“one is an ionic state, and
cannot be obtained in GICs, except for the high-densityhe other is a molecular state for the Li atoms. Thus an
phases of GICs under pressure, such as, ki@l LiC,.2~  electronic structure calculation of a Li-doped graphite
10 It is thus important to explain why more Li atoms can cluster is important for investigating the origin of stable
be absorbed on small graphite clusters at ambient presd sites on a graphite clustér.
sures than in a stage 1 GIC. At the edge of a nanographite cluster, hydrogen atom
Nanographite clusters, consisting of several layers oferminations of the carbon atoms or of the dangling
graphitic planes with a small area, are obtained by théonds are expected from experimental considerafions.
heat treatment of various pregraphitic carbons, such a#/hen Li atoms make a strong covalent bond with the
polyparaphenylene (PPP) and pheno—formaldehyde dangling bond from the carbon atom, the Li absorption
(polyacenic semiconductors, PAS} *2at temperatures process becomes irreversible in secondary batteries,
from 700 to 900 °C, where the hydrogen atoms of thewhich may be consistent with the irreversible portion of
precursor hydrocarbon molecules are dissociated frorthe discharge curve that is observed in secondary batter-
the carbon atom¥® and the nanographite is formed by ies3*? This irreversible portion of the discharge/charge
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curves can also be understood by the oxidation of the
surface, which is known as the solid—electrolyte interface
(SEI).15’16

As for the hydrogen-terminated edges, Nakadtlal.
showed that there are special electronic states of the va-
lence  electrons at the Fermi energy and that these
special states are localized at the so-called zigzag edgeS
of a nanographite clustef.Since there are no states at
the Fermi level in the case of armchair edges, the number
of edge states in the nanographite cluster is dependenton _§
the shape of the edge. The edge state which is partiaII o
occupied by electrons at the Fermi level plays an impor-
tant role in accepting electrons. In fact, we calculated the
electronic structure of a Li ion at the edge of a hydrogen-{O—=§
terminated nanographite in a previous repo(see also
Ref. 5) and found that the Li ion has an ionicity of +8.6
at the hydrogen-terminated edge and that the donated
electron to the nanographite cluster is distributed over the
edge carbon site€. Furthermore, Li-Li bonding on a
finite-size cluster can even give negative ionicity by oc-
cupying the molecular orbitals corresponding to Is 2 FIG. 1. G,H,g cluster. A or B are interior stable Li sites between

T . ; 4
orbitals:. HQWGVGE in the previous paper we did not put yhich there is a local maximum with the energy barrier of 0.12 eV. D
as many Li ions on the cluster as is possible. Thus, ther E are edge sites whose ionicities are positive and negative, respec-

subject of the present paper is the uptake capacity and thigely. Although the finite size effect may affect the above value, the
stability of Li atoms on a nanographite cluster. above statements do not depend on the cluster size, at least up to the
In this paper we calculate the electronic structures ofotza cluster.
Li-doped nanographite for many stable positions of Li
atoms and for a variety of relative positions so as togeometries. The cluster size of {1, 4 is, however, suit-
reproduce the experimental geometry. We previouslhable for the present investigation, and the essential phys-
found*® that the total charge transferred to the graphitécs for nanographite clusters can be reproduced in this
cluster has large variations in value for different Li con- cluster size, as shown below.
figurations, and these differences in the charge transfer In the calculations, we put Li atoms, one by one, on a
associated with the interior and edge sites give rise to theluster and the initial positions of the Li atoms are above
two peaks that are observed in thei NMR experi-  or below the nanographite cluster (i) at the center of the
ment>*%7 In Sec. I, we briefly explain the calcula- hexagonal carbon ring, or (i) at an edge site surrounded
tional method and the geometry of the nanographitdy three carbon atoms and by the two hydrogen atoms,
cluster that we used in the present calculation. In Seavhich terminate the dangling bonds on the carbon atoms,
[, the calculated results are presented for a Li-dopedis shown in Fig. 1. These sites are known as stable sites
nanographite cluster. Finally, a summary of our resultdor a Li atoms on a nanographite clustéand in fact, the
is given. optimized Li sites are one of these stable sites. The bond
lengths and bond angles are optimized by using the
semiempirical quantum chemistry library, MOPAC93, in
l. METHOD which the parametric method 3 (PM3) for an interatomic
For our calculations we adopted a hexagonalHG;  potential is adopted in the present calculatidiwe also
cluster in which 18 carbon (C) atoms are terminated bychecked some geometries &ly initio calculations to ob-
hydrogen atoms at the edge, and the other 36 C atoms at&n the same optimized geometry and ionicity within the
located in the interior region of the cluster, as shown inaccuracy discussed in this paper.
Fig. 1. We also calculate the electronic structures of Li The electronic structure calculation for valence elec-
ions on hexagonal £H,, and GgH,, clusters, from trons is simultaneously given within the unrestricted
which we can obtain insight into the dependence of theHartree—Fock (UHF) method for an odd number of elec-
lithium uptake on the nanocluster size. Thgl€,, clus-  trons in the MOPAC93 library. It is known that the bond
ter seems to be too small to gain an understanding of thiength and the heat of formation energy obtained by the
possible stable Li edge sites, and thgl€,, cluster is PM3 potential reproduces these quantities for many
large regarding the amount of computational time that iknown molecules very well, since the parameters of the
necessary for considering many Li atoms in differentPM3 potential are obtained so as to minimize the stan-

3800 J. Mater. Res., Vol. 14, No. 9, Sep 1999


https://doi.org/10.1557/JMR.1999.0514

https://doi.org/10.1557/JMR.1999.0514 Published online by Cambridge University Press

M. Yagi et al.: Electronic states in heavily Li-doped graphite nanoclusters

dard deviation of the physical properties for many mol- 2.0 T T
ecules on the basis of experimental vald&sThe 5 o ©° 0]
semiempirical method is suitable for calculating the elec; 15 | 8 8 i
tronic structure of the cluster for many different configu- & e gx 8 5 06
rations of Li sites, so as to get a clear view of the physicg= 10l 8. % 80 8 oo |
that is involved. o) ' ®x O °©

o § X0 ®

X

£ 05¢ @ §§§ ng;s)’:x x %% o |

O g My Xx x
lll. CALCULATED RESULTS _._g 0.0 | L BNV © |

For a G, H, g cluster, we can put up to 24 Li atoms on fc—) * x ¥ X

the nanographite cluster. When we put additional Li at- 05 . S :
oms on the nanographite cluster, the Li atoms apparently 0 10 20
form Li metallic clusters, which seem to be independent N
of the graphite cluster, and such metallic clusters argiG. 2. Total charge transfer of electrons in unitals a function of
therefore excluded in the following discussion. Li numberN for CgH, gLiy Clusters. Open circles and crosses, respec-

As we found in a previous pap"@rthe edge region of _tivel)_/, denote the geometries in which Li ions are_distributed over the
the graphite nanocluster is more stable by several eledXterior of the cluster or are only at the edge region.
trovolts for Li atoms than is the interior region. Thus,
even when we put Li ions in the internal region of thethe geometries of the Li ions are different from each
cluster as the initial positions for these ions, we often findother. WhenN is very small, the total charge transfer
that the optimized Li positions are in the edge region,ncreases with increasing. However the total charge on
unless the number of Li ions is sufficiently large to fill the cluster quickly saturates for small numbers of Li
the edge sites. This placement of the Li ions occurs beatoms, compared with the saturated number of Li atoms.
cause the energy required for sliding the Li atoms on thédere the saturated number is defined by the maximum
graphene plane is small compared with the gradient ofiumber of Li atoms which can be adsorbed without form-
the potential that is used in the optimization process ofng a Li metallic cluster. In the cases of,{i,, and
the calculation. In fact, when we calculate the adiabaticC;,H, 5 the saturated numbers of Li atoms are 14 and
energy of the cluster as a function of fixed Li positions 24, respectively. These numbers correspond to the Li
from the center A of the central hexagon to the nearesatoms with the/3 x V3 structure of GLi at the two sides
neighbor center B in the{H, g cluster, as shown in Fig. 1, of the graphitic plane and to Li atoms at edge sites sur-
we have a local maximum of 0.12 eV in the middle of therounded by hydrogen atoms.
adiabatic path. Since this energy barrier is on the order of When a Li ion is isolated on a cluster and free from
the energy of optical phonons, we expect Li ions to moventeractions with other Li ions, the ionicity of the Li ions
freely on the surface of the interior region when theis +0.6. However, the calculated ionicity of Li ions in
energy fluctuations due to molecular vibrations or otherthe cluster consists of two groups: One is around €0.6
interactions take place. This result is consistent with thes for the isolated Li ion, and the other is negative around
temperature dependence @fi NMR experiment§’ in  —0.3e. Especially the negative ions in the interior region
which the Li ions are diffusive at the room temperature.and in the edge region have an ionicity from -@té
When we put several Li ions in the interior region as an-0.3e and from —0.4to — 0.2, respectively. Because of
initial position for the lattice optimization, the Liions are the different sign of these ionicities, the fluctuation of the
pushed out to the edge sites by their Coulomb repulsiortotal charge increases with increasiNg depending on
In contrast, when we carry out a similar calculation for anthe relative positions of each added Li ion.
F atom, energy barriers of 1.8 eV are obtained, so that the In Fig. 3 we show the top and side views of a
F atoms cannot move on the nanographite cluster onc€g,H,gLi,, cluster in which the charge of the Li ions are
the F atom becomes bonded to carbon aténs. labeled. In this cluster, we found that some optimized Li

In Fig. 2 we plot the total charge transfer of electronsion positions are located in the interior region. This op-
from Li atoms to the nanographite cluster in uniteefs timized geometry is suitable for explaining the reason for
a function of the number of Li iond\. Here a positive the occurrence of the negative Li ions, as is discussed
value of the total charge transfer in Fig. 2 corresponds t@elow. In this cluster we found six negative and eight
a net electron donation to the graphite cluster. Each opepositive Li ions, as shown in Fig. 3. In the center of the
circle and each cross denote the result for a cluster wherduster we found two Li ions above and below the center
Li ions are located over the cluster and only at the edgef the hexagon whose charges are @.68d —0.38,
sites, respectively. Even for the saidgthe total charge respectively. A similar situation of two Li ions is ob-
transfer values depend strongly on the clusters in whiclserved in the left-top region, but in this case, both the Li
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2s orbitals of two nearby Li atoms, the molecular states
associated with the Li<2orbitals split into molecular
orbitals with different energies. When a Li atom has
many components of the occupied molecular orbitals, the
Li atom can have a negative ionicity. This does not hap-
pen in the case of the electronic structure of the periodic
Li lattice in which the self-consistent charges of the Li
atoms are all equal because of symmetry. The negative Li
ionicity is thus a kind of finite size effect which arises
from symmetry breaking, so as to minimize the total
energy. When we only consider this origin for the nega-
tive ionicity of the Li ions, the negative Li ions would
tend to disappear on a nanographite surface with Intge
The fluctuations in the total charge transfer due to this
process quickly decreases with increasing numbers of Li
ions if the Li atoms are packed in the interior region.
When Li atoms are distributed inhomogeneously, fluc-
tuations in the Li ionicity can be expected, depending on
the size of the isolated Li clusters on the nanographite.
Another origin of the negative charge of Li ions is their

0.64 -0.40 05 location at special stable sites for Li ions around the
@ [ ) & @ hydrogen terminated carbon edges (see Fig. 1). When we
-0.40 -0.33 0.57 0.52 investigated the optimized positions of Li atoms at the

edge, the self-consistent charge distribution depends
strongly on the position of the Li site. In Fig. 4(a) we plot

-0.43 0.58 the optimized “height” of the Li atoms from the graphitic
e . () ‘ ® plane as a function of the distance from the center of the
0.60 -0.41 0.59 -0.36  cluster. In the interior region, since the stable Li sites are
(b) ) 0.63 * above the center of the hexagonal ring, the position of the

FIG. 3. (a) Top and (b) side views of &, 4Li 4 cluster inwhichthe  sjtes from the center appears at several discrete positions.
charge of each Li ion is labeled. In this cluster we found six negativeHowever around the edge, the positions of the stable Li

and eight positive Li ions. We did not find any situation in the it re distributed fi | flecti the sh f
Cs,H,gliy clusters where two Li ions are on nearest-neighbor sites ab/leS are aistributed continuously, refiecting the shape o

the centers of the hexagons and on the same side of the graphene layl#€ cluster and the many possible edge sites. An inter-
esting feature of Fig. 4(a) is that the stable Li height

changes quickly around the hydrogen terminated posi-

ions have negative charges, —(e4énd —0.42. In the tion. In Fig. 4(b) we plot the self-consistent charge as a
edge region, three negative ions whose charge is arourfdnction of the Li height. It is clear that the charge be-
-0.4e are found and the other Li edge sites havee0.6 comes negative for values of the height smaller than
positive ions. We can find pairs of positive Li ions near 1.8A. A typical example of a negative Li ion in the edge
the edge region for which the Li ions are on differentis the G,H,gLi, cluster in which only two Li ions are
sides of the graphene layer from each other. Although théocated on the opposite edges and on the opposite side of
cluster in Fig. 3 is not a typical result among the manythe graphitic plane from each other. In this case the
optimized geometries, this cluster is selected for illustraionicities of the Li ions are 0.69and —0.22, respec-
tive purposes because it shows a variety of interestingjvely. This situation cannot be explained by the overlap
situations in a single cluster. It is noted here that we didf Li 2s orbitals.
not find the situation in any cluster that two Li ions are  When we considered a plane intersecting two hydro-
stabilized in nearest-neighbor hexagonal centers on thgen atoms and perpendicular to a graphitic plane, we
same side of the graphene layer, which is consistent witfound that there are two stable sites for Li ions: One is on
the other theoretical work by Zhaet al> the graphite side (D in Fig. 1), the other is on the outer

When we investigated the ionicity of the negative Li side of the plane (E in Fig. 1), and these two sites have
ions, we found two possible origins for this phenomenonpositive and negative charges, respectively. The negative
One occurs for the Li ions in the interior regions, and thecharge states tend to appear preferentially at stable sites
other occurs for the edge Li ions. The origin for the near the outer side, where the Li forms a small cluster
stability of the interior Li ions is the overlap of the Li with two hydrogen atoms,n which typical ionicities of
wave functions. Since there is an interaction between ththe Li and H are —0.26and 0.14, respectively.
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2.5 —— — It should be mentioned that the first origin of the nega-
tive ions, the Li 2 overlap effect, can occur for Li ions
in the edge regions when there are neighboring Li ions in
the edge or interior regions. In that case the Li ions at the
position D in Fig. 1 can be negative ions, which can be
seen in Fig. 3. Itis clear from Fig. 4 that all Li ions at the
position E in Fig. 1 are always negative.

The reason why we get negative Li ions is that there
are stable sites made by two hydrogen atdriin fact,
if we calculate the energies for a LjHtlusters, the Li
ions become negatively charged at an ionicity of —6.14
However, if the geometry of the LiHmolecule is opti-
mized by fixing the H-H bond length to the value in the
Cs,4H 5 Cluster, the Liions have an ionicity of +0.48f
the hydrogen atoms are close enough to each other, the
bonding molecular orbitals, consisting of hydroges 1
and Li Zs orbitals, become sulfficiently lower in energy,
so that they can accept an additional electron from the H
1s orbitals to the Li 2 orbital. This is the reason why
isolated LiH, clusters form. In the nanographite system,
the situation becomes complicated since the bonding mo-
lecular orbitals are coupled with delocalized carbon or-
bitals. Even in that case, calculations of the components
of the Li 2s orbitals in the molecular orbitals are essential
for determining the ionicity of the Li ions.

For smallN, all the Li ions can be positive ions for a
15 20 geometry where the Li ions are apart from each other and
®) Height [A] are in the interior region. WheN increases, the number

o _ N - of negative ions increases, and thus the total charge trans-
FIG. 4. (a) The optimized heights of Li ions from the graphitic plane fer becomes saturated in the middle density range of the

as a function of the distance from the cluster center. (b) Li ionicity as, . . . . g
a function of Li height. The Li heights in (a) and (b) are the same.l-I ions. The ratio of the number of Li negative ionsib

Points are takes for Li ions ingGH, 4Li , for eachN value, using many ~ for the G4Hagliy cluster becomes 0.5 whéhbecomes
different geometries in order to approximate the real system. relatively large. (For example, 15 N = 24 for the
Cs4Hqgliy cluster. The maximum number of Li ions is
The negatively charged Li sites are energetically un24 for the G,H,gLi\ cluster.) For larger values o, the
stable compared with the positively charged Li sitestotal charge transfer thus becomes positive as shown in
Thus if there is only a single Li atom on the cluster, weFig. 2. The stable Li sites found in this paper are the sites
will always get a positive Li ion, which is consistent with which give rise to the two peaks in tdei NMR experi-
the results presented in the previous pafen the case ment. These calculations are consistent with the experi-
of two Li ions which are both stabilized at the edge, onemental observation that the Gaussian NMR peak
of them is a positive ion and the other is a negative ioncorresponding to the negative ions is broader, indicative
The reason we find one of the two ions to be a negativef the larger variation of the ionicity for the negative Li
ion is due to the interactions between Li ions. If the twoions, which support an inhomogeneously broadened
Li ions are positive ions, the repulsion between the LINMR line.**®The intensities of the two NMR peaks as
ions pushes the Li ions out from position D near thea function of the cluster size and of the Li concentration
carbon atoms to position E near the hydrogen atoms (segould provide a good indicator for specifying the charge
Fig. 1), and this shifted position makes the Li ions nega-of the Li ionic states.
tively charged. Since the absolute value of the negative In order to improve the performance of Li ion batter-
charge is not as large as the value of the positive ion, thies, the number of negative ions should be decreased.
interaction between the negative and positive charges #/hen we consider the effect of hydrogen and the &i 2
not so large as to push the Li ion back to the stable siteoverlap effect that are possible origins of the negative
It is pointed out here that when two Li ions are in theions, only the Li 2 overlap effect may be modified by
interior region, the Li ions are both positive ions in mostchanging the electronic structure of theelectrons of
cases, because there are no quasi-stable sites at whichrlanographite. The one electron energies of theslmd-
ions become negative ions. lecular orbitals depend on the delocalizecbrbitals of

Height [A]
o
[en]

—y
[&)]
T

1.0

(@)

Charge
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the nanographite. Even though the two Li ions on theREFERENCES
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