2430 (© 1994 The Chemical Society of Japan

Bull. Chem. Soc. Jpn.,67, 2430—2434(1994) [Vol. 67, No.9

Magnetochemical and Molecular Orbital Analyses on Lithium Electrochemically
Doped Non-Graphitizable Carbon Electrode of Lithium Ion Rechargeable Batteries

Koichi TANAKA,* Masafumi ATA, Hitoshi KIMURA, and Hiroshi ImoTo!
Sony Corporation Research Center, 174 Fujitsuka-cho, Hodogaya-ku, Yokohama 240
1R&D Division, Sony Corporation Battery Group, 174 Fujitsuka-cho, Hodogaya-ku, Yokohama 240

(Received March 8, 1994)

The electronic characteristics of electrochemically doped lithium in non-graphitizable carbon, which was
obtained by heat-treating polyfurfuryl alcohol (PFA-C) and was used as the negative electrode of lithium
ion rechargeable batteries, were examined with the aid of “Li solid-state nuclear magnetic resonance (NMR)
and electron spin resonance (ESR). In order to clarify how lithium is incorporated in the carbon electrode,
discrete variational-Xa (DV-Xa) molecular-orbital calculations were also performed on a model system. These
experimental and theoretical results suggest that the lithium doped in the carbon exists in a non-metallic state
with low electron density as compared to the ionic crystal, and that the unpaired electrons in the lithium doped
carbon are delocalized at the peripheral carbon domains of the system. This was theoretically supported by the
fact that the singly occupied molecular orbital (SOMO) of the lithium doped carbon is lower by 5.388 eV than
the orbital localized predominantly on lithium 2s, and that the system is stabilized by electron donation from

lithium to the carbon.

Lithium ion rechargeable batteries are known to be
extremely safe and more reliable than rechargeable bat-
teries with lithium metal. This is because the charge—
discharge reaction between a carbon negative electrode
and a positive electrode consisting of a metallic com-
posite oxide such as lithium cobalt dioxide (LiCoO3)
deals only with the lithium ion. They are also com-
parable in energy density to metallic lithium recharge-
able batteries. Therefore, these new high-performance
batteries have rapidly become popular as the electric
power source for portable electronic equipment such as
cellular phones, camcorders and so on. Since a car-
bon electrode with high capacity and good reversibility
during charging and discharging is required in order to
attain a high energy density and many charge cycles,
many types of carbonaceous materials have been de-
veloped recently.!—'® We have also developed a new
carbonaceous material by the heat-treatment of poly-
furfuryl alcohol, which is a form of non-graphitizable
carbon (PFA-C), and have obtained higher performance
than conventional materials.'*!® However, the elec-
tronic state of the doped lithium in a non-graphitiz-
able carbon electrode such as PFA-C has not been suf-
ficiently analyzed.

In this paper, we report some novel results obtained
using solid-state nuclear magnetic resonance (solid-state
NMR) and electron spin resonance (ESR). We also de-
scribe some theoretical predictions based on molecular-
orbital calculations.

Experimental

PFA-C, which was used as an electrode, was obtained by
heat-treating polyfurfuryl alcohol at 1100 °C under a nitro-
gen atmosphere. The electrochemical doping of lithium into
the carbon electrode was performed in propylene carbonate
(PC) electrolyte solution dissolved in 1 mol dm™2 of lithium
hexafluorophosphate (LiPF¢) by passing an electric current

of 0.5 mA cm™? into metallic lithium as a counter electrode.
The lithium doping rate were set at 45, 90, and 100% of
the maximum capability of the carbon. The carbon elec-
trodes were washed after the electrochemical doping with 1,
2-dimethyoxyethane (DME) to eliminate LiPFg, and then
dried under vacuum. All the processes were done under an
argon atmosphere with a dew point of under —60 °C and an
oxygen concentration of less than 0.1%.

"Li solid-state NMR spectra were observed at 25 °C us-
ing a JEOL NM-GSX270MU/VT solid-state high resolution
NMR spectrometer. The actual measurements were carried
out by adopting a magic angle spinning of 6000 rpm. ESR
spectra were observed at 25 °C using a JEOL JES-RE2X
X-band ESR spectrometer with a 100 kHz field modulation.
The field modulation was maintained below 0.01 mT, and
the microwave power was fairly low to avoid power satu-
ration. The molecular orbital calculations were performed
using an ALLIANT FX/2800GT mini-super computer.

Results and Discussion

"Li Solid-State NMR Studies. @ We performed
Li solid-state NMR analysis to obtain the Knight shifts
of the lithium doped in the carbon electrode. The res-
onance frequency shift in NMR is usually represented
by

AH/H = =8 /3-x/n-p(N), (1)

where x is magnetic susceptibility of electron spin, n is
the spin concentration and p (N) is the electron spin
density at the atomic nucleus.!® Therefore, the shift is
related to the product of electron spin susceptibility and
electron spin density. The electron spin susceptibility
in Eq. 1 is represented by

x/n = [g°B°s(s + 1)]/3kT. (2)

We can consider the equation to be a function of tem-
perature T, because the g-value, Bohr magneton 3, spin
quantum number s and Boltzmann constant & are con-
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stant in the examination. Consequently, when the tem-
perature under determination is constant, the resonance
frequency shift is proportional to the electron spin den-
sity at the atomic nucleus. We can predict the electron
density at the lithium nucleus by determining the fre-
quency shift of lithium doped in the carbon, the Knight
shift. Knight shifts were obtained in relation to the
resonance frequency of metallic lithium.

The observed “Li solid-state NMR spectra of the sam-
ples are shown in Fig. 1. The spectrum of lithium chlo-
ride, which is a typical ionic crystal, is shown in Fig. 2.
The Knight shifts of these samples are collected in Ta-
ble 1. The same investigation was carried out on car-
bon which was not doped with lithium. No magnetic
absorption attributable to lithium was observed. These
observations suggest that lithium from the electrolyte
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Fig. 1. "Li solid-state NMR spectra of the lithium
doped carbons observed at 25 °C. The lithium dop-
ing rate was (a) 456%, (b) 90%, and (c) 100% of the
maximum capability of the carbon. The resonance
frequency of metallic lithium was set at 0 ppm.

Table 1. Knight Shifts of “Li Nuclei in the Lithium
Doped Carbons Observed at 25 °C

Analyses on Lithium Doped in Non-Graphitizable Carbon

Doping rate (%) Knight shift (ppm)

45 —250.05
90 —-239.19
100 —236.43

LiCl (ionic crystal) —256.01
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Fig. 2. "Li solid-state NMR spectrum of lithium chlo-
ride observed at 25 °C. The resonance frequency of
metallic lithium was set at 0 ppm.

solution did not remain in the investigated samples. All
shift values recorded for lithium in the carbon were es-
sentially identical to that of lithium in the ionic crystal.
This suggests that the electron density at the lithium
nucleus in the lithium doped carbon is as low as that of
the ionic crystal. The shift seemed to decrease with in-
creasing doping rate. However, it is not clear at present
whether this tendency shows the increase in the electron
density at the lithium nucleus with increasing the dop-
ing rate or not. Moreover, all the spectra of the lithium
doped carbon were broader than those of lithium chlo-
ride. The broading of the absorption line may be caused
by not only the quickness of paramagnetic relaxation
due to an unpaired electron, but also the delocalization
of the electron spin in the carbon domain. In addition,
it is predicted that there is a variation in the carbon
structure which would change the electron density in
the carbon. Consequently, it was confirmed that the
doped lithium exits in a non-metallic state with low
electron density up to the fully doped case.

ESR Studies. Using ESR it is possible to obtain
several clues of how the unpaired electrons exist. In
other words, it is possible to predict whether the elec-
trons injected into the carbon electrode from the posi-
tive one through the outer circuit are localized around
the lithium nuclei or delocalized in the carbon domain.
The ESR spectra of the lithium doped carbon are shown
in Fig. 3. As can be seen from this figure, the spectra
consisted of only one strong sinusoidal line. The center
of the resonance magnetic field in ESR is given in the
g-value. The g-value is obtained by simultaneous mea-
surement with digital Mn?* marker as the reference,
and using the relationship

g =9s(1 —~ AH/Ho), (3)

based on the resonance magnetic field of the fourth peak
from the lower field in six peaks of the Mn?* marker,
where g; is the g-value of the peak in the marker (1.981),
Hj is the resonance field of the reference peak and AH
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Fig. 3. ESR spectra of the lithium doped carbons ob-

served at 25 °C. The lithium doping rate was (a)
45%, (b) 90%, and (c) 100% of the maximum capa-
bility of the carbon.

is the difference in resonance field between the refer-
ence peak and the absorption of the sample. In every
case, the g-value was estimated to be 2.0027. They are
close to the values for aromatic radicals. Accordingly,
it could be considered that the unpaired electrons are
delocalized in the carbon domain.

If the unpaired electrons exist near the lithium nuclei
to cause a strong interaction between them, hyper fine
structure should be observed in the spectra. However,
such structure was not found in the investigations. Fig-
ure 4 shows the ESR spectrum measured at liquid he-
lium temperature (4 K). The hyper fine structure could
not be observed in this spectrum either. Consequently,
the unpaired electron is undoubtedly delocalized in the
peripheral carbon domain of lithium doped carbon, but
not so close to the lithium nucleus that strong spin ex-
change interaction occurs.

For the carbon without lithium doping, the strong ab-
sorption as mentioned above was not observed. There-
fore, those strong absorptions are evidently different
from the absorption attributable to the dangling bonds
at the ends of the carbon domain, which is relatively
weak and broad.

Metallic lithium which has an unpaired electron in
the outermost shell also causes ESR absorption. The
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Fig. 4. ESR spectrum of the lithium 100%-doped car-
bon observed at liquid helium temperature (4 K).

spectrum of metallic lithium is shown in Fig. 5. It is
already proved from the NMR results that the doped -
lithium does not exist in metallic state. The g-value
of metallic lithium is 2.0020 which is different from the
value obtained from the previous examinations. It was
suggested that the strong absorption for the lithium
doped carbon was not caused by metallic lithium.

It could be estimated that the unpaired electrons tend
to be delocalized at some distance from the lithium nu-
clei.

Molecular-Orbital Calculations. The molecu-
lar-orbital calculations were performed in order to the-
oretically consider the electronic state at the lithium
nucleus doped in the carbon. The discrete variational-
Xa (DV-Xa) Molecular-Orbital method, which is one of
the nonempirical ones, was used for the calculations. It
is in general possible to treat larger molecules using this
method than using the ab-initio method. It has been
also known to have high accuracy particularly about
a model in the excited state or in the charge transfer
state.l”® Accordingly, it is considered that the DV-
Xa method is most suitable for our studies. In the DV-
Xa method, the exchange-correlation term Vi (r) in the
one-electron Hamiltonian is written in terms of the sta-
tistical local potential

Va(r) = —3a[(3/87)-p(r)]*/?, (4)

where p(r) is the local electron density at r. The coeffi-
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Fig. 5.
25 °C.

ESR spectrum of metallic lithium observed at
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cient « is the scaling parameter in the DV-Xa method
and was set to a=0.7 throughout the investigation. In
the DV-Xa method, the ionization energy and the elec-
tron affinity are usually evaluated by Slater’s transition-
state method.!?

The model of the lithium doped carbon for the cal-
culations is shown in Fig. 6. In this model, the carbon
layer consists of nineteen aromatic rings condensed in
the configuration having six rotating axes. The dan-
gling bonds at the outermost carbon atoms in the layer
were terminated by hydrogen atoms. Then, two of the
layer were stacked with a lithium atom centered be-
tween them. The bond length of C-C was 0.14 nm
and that of C-H was 0.098 nm. The interlayer distance
was 0.370 nm which was determined for lithium doped
PFA-C using X-ray diffraction analysis in the previous
studies.!*1%)

From the calculations of the overlap populations, it
was confirmed that lithium was unlikely to be linked
with any of the carbon atoms. In the lithium—carbon
system, the energy level of the singly occupied molec-
ular orbital (SOMO) and that of the orbital localized
predominantly on lithium 2s were compared. Figure 7
shows that there is little difference in energy between
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Fig. 6. Model of the lithium doped carbon used for
the DV-Xa molecular-orbital calculations. C-C and
C-H bond lengths were fixed to 0.140 and 0.098 nm,
respectively, and the interlayer distance after setting
a lithium atom at the center was set to 0.370 nm by
referring to the X-ray diffraction data of the lithium
doped carbon.
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the lowest-unoccupied molecular orbital (LUMO) of free
carbon and the 2s atomic orbital of free lithium. How-
ever, doping of a lithium in the carbon raises the energy
of the orbital localized predominantly on lithium 2s and
reduces that of the LUMO due to the electronic corre-
lation between them. This results in difference between
the orbital localized predominantly on lithium 2s and
the SOMO of the system by 5.388 eV. Therefore, it
was predicted that the lithium—carbon system becomes
more stable when the electron on the lithium 2s atomic
orbital moves to the LUMO of the carbon.

The schematic representation of the SOMO of the
lithium doped carbon is shown in Fig. 8. Consequently,
it was suggested that the unpaired electron tends to be
delocalized at the peripheral carbon domains.

Summary

The following novel results were obtained;

(1) The lithium doped in the non-graphitizable carbon
such as PFA-C exists in a non-metallic state with low
electron density as compared to an ionic crystal such as
lithium chloride.

(2) The unpaired electrons in the lithium doped carbon
are delocalized at the peripheral carbon domains of the
lithium doped carbon.

(3) By electrochemical doping of lithium to the carbon
electrode, the electron on the lithium 2s orbital moves
to the LUMO of the carbon because the energy level of
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Fig. 7. Orbital-energy levels of (a) free carbon, (b)

lithium doped carbon and (c¢) lithium free atom pre-
dicted by the DV-Xa molecular-orbital calculations.
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Fig. 8. Schematic representation of the singly occu-
pied molecular orbital of the lithium doped carbon
by the DV-Xa molecular-orbital calculations.

the SOMO of the lithium doped carbon is sufficiently
lower than that of the orbital localized predominantly
on lithium 2s.
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