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7Li NMR spectra of a lithiated non-graphitizable carbon
fibre measured at temperatures below 200 K display three
different signals and the NMR shift of one of the signals is
larger than that of Li metal below 163 K.

Much attention has been focused on carbonaceous materials,
e.g. graphite, petroleum cokes and carbon fibres, as a host for
the Li* ion, because carbon is one of the most promising anodes
for secondary lithium batteries.1.2 Both electrode potential and
capacity of carbon anodesin organic electrolytes are dependent
on the nature of the carbon used. Artificial carbon materials are
classified into graphitizable (soft) and non-graphitizable (hard)
carbons according to the degree of crystalinity by heat
treatment.3 In graphitizable carbons, graphite and carbons
having the graphite-like stacking sequence of graphenelayersto
some extent give the lowest electrode potential (0-0.3V vs. Li/
Li*) during electrochemical insertion of Li+ ion47 The
electrochemical capacity of graphite is limited to one lithium
atom per six carbon atoms, i.e. LiCe.24

On the other hand, non-graphitizable carbons heat-treated
between 1000 and 1300 °C give a capacity higher than LiCs. In
addition, the carbons have a significant capacity in the potential
range between 0 and 0.1 V, though the carbons have little
amount of crystallites of the graphite-like stacking se-
guence.8-10 Therefore, non-graphitizable carbons have been
thought to have lithium storage sites different from the sites of
lithium insertion into graphitizable carbons. 7Li NMR methods
have been used for analyses of Li in carbon materials.5811-13
Yamazaki et al. reported that lithium species in a non-
graphitizable carbon, which showed aband at 6 90in 7Li NMR
measurements at room temperature, consist of two species of
lithium (8 ca. 190 and 20 at 140 K).13 In the previous work,8 it
was shown that non-graphitizable carbon fibres aso give
capacity higher than LiCg with a significant capacity below 0.1
V. Here, we report the first 7Li NMR data indicating three
different lithium species in a non-graphitizable carbon fibre.
Furthermore one of the lithium species gave aNMR shift larger
than that of Li metal at temperatures below 163 K.

The non-graphitizable carbon fibre (FIP Petoca, nominal
diameter 10 um) prepared from an isotropic petroleum pitch
was heat-treated at 1200 °C under a nitrogen atmosphere. The
reversible capacity of the carbon fibre between 0 and 2.5V was
x = 1.25 for LixCg with a significant capacity, x = 0.73,
between 0 and 0.1 V. The carbon fibre electrode was dried at
130 °C under vacuum for 24 h and then electrochemically
reduced to O V in 1 mol dm—3 solution of LiClO4t in ethylene
carbonate (EC)—diethylcarbonate (DEC) (1: 1, v/v) according to
the procedure previously reported.8 The carbon fibre fully
lithiated to O V was washed with DEC and dried under vacuum
for 15 min and then put into a NMR sample tube; the sample
tube was sealed by an epoxy resin. All procedures for sample
preparation were performed in an Ar-filled dry box. The sample
was served for 7Li NMR measurements using awide line probe
of a NMR spectrometer (CMX-200H Chemagnetics). NMR

shift was measured in ppm against LiCl (6 0) used as an external
standard.

Thefully lithiated carbon fibre (reversible capacity Li; 25Ce)
showed a signal at 6 111 in the 7Li NMR spectrum at 298 K
[Fig. 1(a)]. The lithium species at 6 111 is quite different from
those in graphitizable carbons, which give a peak between & 7
and 45.511 The shift of the signal at & 111 (298 K) was
independent of temperature from 298 to 243 K, whereas the
shift increased with a temperature drop from 243 to 123 K. A
new band appeared at § 18 at temperatures lower than 243 K.
Theintensity markedly increased with |owering temperature. In
addition, the spectrabelow 163 K showed avery broad signal at
d ca. 270.

The spectra below 203 K can be smulated by three
Lorentzian peaks. The deconvoluted components for the
spectrum at 143 K consisted of three signals at & 18, 192 and
281 (Fig. 2). As seen in Fig. 1, the spectra showed high
reversibility between cooling and heating; no spectral hysteresis
was detected during a cyclic change of temperature. Moreover,
all the signals were deconvoluted to Lorentzian line shapes.
Since NMR peaks fitting to Lorentzian lines are observed for
liquid- or gas-phase species, the present results suggest that
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Fig. 1 7Li NMR (77.8375 MHz, relative to LiCl, & 0) spectra for the fully
lithiated carbon fibre recorded at (a) 298, (b) 243, (c) 203, (d) 183, (e) 163,
(f) 143 and (g) 123 K; solid line, at the direction of cooling; dashed line,
heating
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lithium atoms in the carbon fibre are diffusive. These results
thus indicate that the variation observed in the spectrais likely
ascribed not to a crystalline phase transformation but to
exchange of lithium nuclei among lithium atoms at different
sites, and that the rate of exchange is slowed down on the
timescale of NMR observation at |low temperature, in agreement
with the observed line broadening. The 7Li NMR spectraat low
temperature indicate that the fully lithiated non-graphitizable
carbon fibre contains three different lithium species.

7Li NMR shift of the signals determined by the curve fitting
simulations is plotted as a function of temperaturein Fig. 3. In
general, 7Li NMR shift for alithium speciesin graphene layers
isindependent of temperaturel® as well as lithium metal 14 and
the shift for lithium in the fully lithiated graphitizable carbon
heat-treated at 1000 °C was § 18.5 Although the peak position
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Fig. 2 7Li NMR spectra of the fully lithiated carbon fibre at 143 K: (a)
experimental (O) and simulated (solid line) spectra; (b) deconvoluted
spectra
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Fig. 3 7Li NMR shift of the signals determined by the curve fitting
simulations as a function of temperature: the signalsin the highest (@), the
middle (O) and the lowest (M) fieldsin Fig. 2
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in the lowest field in Fig. 2 showed considerable temperature
dependence, the signal at 6 18 isinferred to be ascribed to the
lithium species in crystalline graphene layers in the carbon
fibre. On the other hand, the other signals are quite novel
because NMR shift of the two signals increased with lowering
temperature below 243 K. Furthermore, the shift of thesignal in
the highest field is higher than that of lithium metal (& 262)14 at
low temperatures below 163 K. Although the structure of the
lithium species of each peak is not clear at present, high shifts
of the signals are explained as a Knight shift and correspond to
lithium species with metalic character. Non-graphitizable
carbons are considered to have microcavities between the
crystalline grains.3 Therefore, lithium species corresponding to
the signalsin the middle and the highest fields are inferred to be
ascribed to lithium clusters formed in the microcavities of the
non-graphitizable carbon fibre. The existence of the lithium
species with metallic character is consistent with the result that
the carbon fibre showed a significant capacity near 0 V. These
features of the non-graphitizable carbon fibre are attractive as
an anode material for advanced lithium-ion batteries.

The authors are grateful to Drs Toshifumi Kawamura and
Tomiji Hosotubo, Petoca Co. Ltd., for preparing the non-
graphitizable carbon fibre.

Footnotes

* E-mail: tatsumi @onri.go.jp

T Although there have been no reportsinforming explosion of LiClO,~EC—
DEC electrolytes, acell using LiClIO, electrolyte should not be shocked and
overdischarged to voltages lower than 0 V at high current density in order
to prevent the risk of explosion (see, e.g. G. H. Newman, R. W. Francis,
L. H. Gaines and B. M. L. Rao, J. Electrochem. Soc., 1980, 127, 2025).
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