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Abstract

Partial oxidation of natural graphite utilized in lithium ion batteries was found to increase its reversible capacity, while decreasing the
irreversible capacity. Several chemically distinct Li sites in lithiated graphite were identified by solid state 7Li nuclear magnetic resonance
Ž . Ž .NMR : intercalated Li, and Li chemically bonded within the surface passivation layer or solid electrolyte interface SEI . The partially
oxidized graphite exhibited a third site, attributed to Li bonded to armchair, zigzag, or other edge sites in the carbon. In addition, the
NMR signal from the SEI in the partially oxidized graphite is consistent with earlier work suggesting that oxidation lays the foundation

Ž .for a chemically bonded SEI that is implicated in improved electrochemical performance. Electron paramagnetic resonance EPR signals
observed in lithiated graphite are attributed to conduction electrons, as noted by other authors. EPR in unlithiated graphite, however,
failed to detect a correlation between possible radical sites to which Li could bond and excess Li capacity in the partially oxidized
graphite. q 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Lithiated carbons have been widely investigated during
the last decade as a replacement for the lithium metal

w xanode in lithium rechargeable batteries 1 . In order to
decrease the energy density lost by this replacement, the
capacity of lithium in carbons must be maximized. The
theoretical reversible capacity of lithium in graphite is 372

Ž .mA hrg or LiC . Recently, it was found that the re-6

versible lithium capacity of some disordered carbons is
much higher than this theoretical capacity and values as

w xhigh as 1900 mA hrg have been reported 2–4 . However,
compared to graphite, high deintercalation potential, high
irreversible capacity and poor cycle life renders many of
these disordered carbons impractical for use in commercial
Li-Ion batteries.

It was also found that mild oxidation of graphite im-
proves the performance of LirLi C cells: the irreversiblex 6
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capacity was decreased, the cycle life was improved and
the reversible lithium capacity was increased up to 446

Ž . w xmA hrg or Li C 5–10 .1.2 6

To explain the extra lithium capacity in carbon and
graphite, several suggestions have been proposed such as

w xoccupation of lithium in nearest neighbor sites 11 , forma-
w xtion of lithium clusters inside nanoscopic cavities 12 ,

w xadsorption of lithium on both sides of the basal plane 4
and accommodation of lithium in different internal and
external edge sites by electrochemical reaction of lithium
ion with different edge groups or edge free radicals
w x3,5,6,13,14 .

The purpose of this work is to characterize the different
Ž .sites of lithium in natural graphite NG7 before and after

mild oxidation with the use of solid state 7Li nuclear
Ž .magnetic resonance NMR , and to examine a possible

correlation between the extra lithium capacity and the
presence of edge radicals, utilizing electron paramagnetic

Ž .resonance EPR measurements. NMR has been employed
productively in previous investigations to characterize the

w xLi environment in graphite 15,16 and disordered carbons
w x11,17–20 .
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2. Experimental

Cell construction and disassembly as well as prepara-
tion of samples for NMR and EPR measurements were
carried out inside a VAC argon glove box. The electro-
chemical measurements were carried out with the use of
LirLi C cells. These cells consisted of a 12–15 cm2

x 6
Ž .porous natural graphite NG7-Kansai Coke electrode and

Ž . Ža lithium foil Foote Mineral supported from both sides
.of the graphite electrodes by a nickel Exmet screen, a

Celgard 2400 separator and electrolyte containing 1 M
Ž . Ž .lithium hexafluoroarsenate LiAsF and 1:2 vrv mixture6

Ž . Ž .of ethylene carbonate EC and diethyl carbonate DEC .
The graphite electrodes were made by spreading paste

Ž . Ž .which consists of 6.5% wrw Poly vinylidene fluoride
Ž .PVDF , 93.5% graphite powder and cyclopentanon on the
nickel screen. Previous work in our laboratory has deter-
mined that PVDF does not react with lithium under normal

w xcharge or discharge conditions 21 . The electrodes were
Ž .rolled to a thickness of 200 mm about 50% porosity and

vacuum dried at 1708C for 3 h. The burnt graphite was
prepared prior to electrodes preparation: NG7 powder was
air-oxidized at 5508C for 30 min and lost 15% of its initial
weight. The cells were cycled with the use of a 16-bit
Maccor 2000 Battery Tester at 50 mArcm2 over a voltage
range of 0.8–0.005 V. The cells were cycled one full
intercalation–deintercalation cycle. At the second cycle,
one set of cells was partially intercalated down to 120 mV

Žand another set of cells was fully intercalated down to 5
.mV .

After 24 h at rest, the cells were disassembled. The
graphite electrodes were washed in dimethyl carbonate
Ž .DMC and vacuum dried at room temperature for 1 h. The

Žlithiated graphite as well as the unlithiated graphite the
.latter served as a reference for the EPR measurements

were separated from the nickel screen, crushed and in-
Ž .serted into Aldrich 5 mm o.d. =22 mm Pyrex tubes for

Ž .the NMR measurements and into Wilmad 5 mm o.d. =10
mm quartz tubes for the EPR measurements. Both NMR

Ž .and EPR tubes were sealed under argon in a dry box with
polypropylene disks and Torr Seal cement. Both wide-line

Ž .and magic angle spinning MAS NMR measurements
were conducted on 500–700 mg samples with a Chemag-
netics CMX300 spectrometer operating at a 7Li frequency
of 116.9 MHz. A single-pulse sequence was employed for
spectra acquisition, with a typical pulse width of 4 ms. The
MAS rate was about 3 kHz, and the pyrex sample tubes
were fitted with Teflon sleeves prior to insertion into the
MAS rotor. Aqueous LiCl was employed as a chemical
shift reference. X-band EPR measurements were per-
formed with a Bruker EMX spectrometer on small samples
Ž .-15 mg to minimize microwave absorption difficulties
associated with conductive materials. First-derivative spec-
tra, employing a modulation amplitude of 0.10 G were

Ž .obtained. The microwave power 20 mW , receiver gain,
and modulation amplitude were kept constant for all of the

samples in order to directly compare signal intensities. All
NMR and EPR measurements were conducted at room

Ž .temperature 21–248C .

3. Results and discussion

The primary goal of this study is to identify the nature
of the extra lithium in oxidized graphite. It was previously
suggested that this extra lithium capacity is associated with
electrochemical processes with EMF values in the 0.3–0.6
V range. For example, three possible reactions are listed

0 w xbelow, along with their estimated E values 7 .

C Ø qLisC–Li E s0.3 V 1Ž . Ž .0

C–Hq2LisC–LiqLiH E s0.6 V 2Ž . Ž .0

C–HqLisC–Liq1r2 H E s0.5 V 3Ž . Ž .2 0

The latter two reactions, of course, assume the presence
of bonded hydrogen, as found in a variety of incompletely
graphitized carbons. From Figs. 1 and 2, it is apparent that
for oxidized graphite, significant amounts of extra capacity
are obtained at potentials higher than 0.12 V, during

Ž .intercalation Fig. 1 , or higher than 0.15 V during deinter-
Ž .calation Fig. 2 . The reversible capacity of the pristine

sample was the theoretical value for graphite: 372 mA hrg
Ž .or xs1 . The irreversible capacity was 120 mA hrg.
The capacity of the pristine sample after intercalation to

Ž .120 mV was 78 mA hrg or xs0.21; Fig. 1 . After mild
Ž .oxidation 15% burn-off the reversible capacity increased

Ž .to 402 mA hrg or xs1.08; Fig. 2 and the irreversible
capacity decreased to 90 mA hrg. The capacity of the

Ž .partially oxidized hereafter denoted as ‘burnt’ sample
Ž .after intercalation to 120 mV was 89 mA hrg or xs0.24 .

Thus, there is a gain in capacity of about 12 mA hrg in

Ž .Fig. 1. Second intercalation curves down to 120 mV cell potential for
Ž . Ž . Ž . Žpristine graphite NG7 dotted line and 15% burn-off burnt NG7 solid

.line .
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Ž .Fig. 2. First deintercalation curves for pristine NG7 dotted line and
Ž .burnt NG7 solid line .

this potential range, and more lithium can be inserted into
these sites at lower potentials.

In order to identify the environment of the extra capac-
ity lithium in burnt graphite, wide-line 7Li NMR measure-

Ž .ments of pristine graphite, lithiated to xs0.21 Li C ,x 6

and burnt graphite, lithiated to xs0.24, were carried out.
The two spectra, displayed in Fig. 3, are similar in appear-
ance, both being dominated by a strong central transition
flanked by outer satellite transitions associated with a
first-order electric quadruple interaction between the 7Li
nucleus and the axial electric field gradient surrounding
the Li ion. Similar spectra for Li-intercalated graphite have

w xbeen reported previously 15 . Both main peaks are cen-
tered at about 40 ppm, close to the 45 ppm Knight shift

w xvalue reported for LiC 15 . In addition to the intercalated6

Li signal, there is some NMR intensity centered around 0
ppm in both samples, considerably more so for the burnt

Žgraphite. Electrochemical lithiation of graphite or other

7 Ž .Fig. 3. Wide-line Li NMR spectra of lithiated pristine NG7, Li C a0.21 6
Ž .and lithiated burnt NG7, Li C b . Arrow indicates spectral compo-0.24 6

nent associated with excess lithium capacity.

.carbons produces a surface layer, commonly referred to as
Ž .the solid electrolyte interface SEI , which arises from

w xdecomposition of electrolyte solvent 7 . This Li-contain-
ing surface layer constitutes the irreversible fraction of the
total Li content. The SEI in graphite contains, in addition

w xto polymerized solvent decomposition products 5,6,21 , Li
w xcarbonate and semicarbonates 21,22 , and therefore gives

w xrise to an NMR signal at around 0 ppm 20 . The consider-
ably larger feature, centered around 12–18 ppm, in the
burnt graphite is attributed to the extra reversible lithium
capacity in this material.

In order to gain additional information on the nature of
this excess Li, high-resolution 7Li MAS measurements
were undertaken, and MAS spectra of both samples de-

Žscribed above pristine graphite lithiated to xs0.21 and
.burnt graphite lithiated to xs0.24 are shown in Fig. 4.

The high-resolution spectra reveal additional intensity in
the burnt graphite compared to pristine graphite, at least
some of which is associated with the excess Li capacity in
the former, more clearly than the wide-line spectra do. The
excess Li spectral component appears as a broad line
centered at around 14 ppm. In addition, there is greater
intensity in the 0 ppm region in the burnt graphite com-
pared to the pristine graphite. Both wide-line and MAS 7Li
NMR measurements on fully intercalated graphite, corre-
sponding to LiC for pristine graphite and Li C for6 1.08 6

Ž .burnt graphite, were also performed spectra not shown .
The spectra are qualitatively similar to those for the par-

Ž .tially lithiated samples Figs. 3 and 4 , except that the SEI
Ž .and excess Li the latter in only the burnt sample contri-

bution to the signal is considerably smaller than that of the
intercalated Li, due to the higher degree of lithiation in
these samples. The 14 ppm feature is almost unobservable
in the fully lithiated burnt graphite, which implies that the
extra Li capacity is associated with potentials larger than
0.1 V, and not with potentials close to 0, vs. Li.

The mechanism by which partial oxidation increases the
reversible Li capacity is believed to be related to Li
bonding at edge atomic sites, such as zigzag and armchair

Fig. 4. High-resolution MAS 7Li NMR spectra of lithiated pristine NG7,
Ž . Ž .Li C a and lithiated burnt NG7, Li C b . Arrow indicates0.21 6 0.24 6

spectral component associated with excess lithium capacity.
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Ž . Ž .Fig. 5. First-derivative EPR signal for unlithiated NG7: a pristine; b
burnt.

sites, as opposed to intercalation between graphene sheets.
In particular, oxidation proceeds most rapidly at the zigzag
and armchair sites, and results in the formation of COOH

Žacid groups, which have been detected directly along with
.CH, COH and C5O groups by X-ray photoelectron spec-

w xtroscopy 9 . These acid groups, in turn, are transformed
into a chemically bonded SEI during the first Li insertion

w xstep 5–7 . The larger NMR intensity around 0 ppm in the
Ž .burnt sample Fig. 4 is attributed to either a thicker SEI,

Žor an SEI that is richer in Li salts at the expense of
.organic decomposition products , compared to the pristine

graphite case. This conclusion is supported by previous
X-ray photoelectron spectroscopy results, which found evi-
dence of both thicker SEI and higher Li salt content in

w xburnt graphite compared to pristine graphite 22 . The fact
that the irreversible capacity of the former is smaller than

w xthat of the latter 7–9 can be taken as evidence that the
SEI formation process is more efficient in burnt graphite.

Previous work on Li insertion in disordered hard carbon
suggested that excess Li capacity was associated with

w xcovalently bonded Li 20 . A possible mechanism for Li

reaction resulting in a covalent C–Li bond involves the
wpresence of carbon radical sites or dangling bonds as

Ž .xdescribed in reaction 1 . In order to test this hypothesis,
EPR spectra of pristine and burnt graphite, both unlithiated
and lithiated are presented in Figs. 5 and 6. For the

Ž .unlithiated case Fig. 5 , EPR intensity is significantly
reduced upon oxidation. Although the spin density is di-

Žrectly related to the integrated spectral absorption or the
.twice-integrated EPR derivative signal , the derivative EPR

spectrum itself is sufficient to monitor changes in spin
density in cases where the line shape doesn’t change
appreciably. Taking into account the different line widths,
and sample quantities, the burnt sample has a lower spin
density by about a factor of 5–8. The major source of error
here arises from inaccurate determination of relative sam-
ple quantities. The experimental g-factors for the unlithi-
ated graphite samples, are: gs2.0056 for pristine and
gs2.0052 for burnt graphite, and 2.0017 for lithiated
pristine and 2.0015 for lithiated burnt graphite. The line
widths, calculated from the separation of the derivative
peaks are 7.7 G and 6.8 G for the pristine and burnt
unlithiated samples, respectively. As demonstrated in Fig.

Ž .Fig. 6. First derivative EPR signal for lithiated NG7: a pristine, Li C ;0.21 6
Ž .b burnt, Li C .0.24 6
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6, the EPR signal of lithiated graphite is considerably
narrower than that of unlithiated graphite, 2.8 G for pris-
tine and 3.9 G for burnt lithiated graphite, respectively. In

Žaddition, the overall integrated intensity again taking into
account the difference in line widths and sample amounts
—larger quantities of the lithiated samples were em-

.ployed of lithiated pristine graphite is over a factor of two
larger than that of the burnt lithiated graphite. The lithiated

Ž .graphite results g-values and line widths are consistent
with previously reported EPR results for graphite intercala-
tion donor compounds, in which the resonance signal is

w xattributed to conduction electrons 23 . The reason for the
observed difference in relative spin densities of the lithi-

Žated samples is then unclear at this time they should have
.comparable conduction electron densities , but may be

related to microwave skin depth phenomena associated
with metallic samples. Although the powder grain sizes of
both samples were comparable, it is possible that even
small differences could lead to different microwave ab-
sorption characteristics for highly conductive materials.

Although it can be concluded on the basis of the NMR
results that mild oxidation of graphite produces changes in
surface-bonded structures that improve the reversible Li
capacity, the EPR results do not support a mechanism by

w Ž .xwhich the excess Li bonds to radical sites reaction 1 . If,
in fact, the EPR signal in the unlithiated graphite is due to
carbon radicals which might then act as Li bonding sites,
then mild oxidation reduces rather than increases their
concentration in graphite prior to lithiation, as per the
factor of 5–8 difference in signal intensities between the
pristine and burnt graphite. More likely, the observed EPR
signal in unlithiated graphite also contains contributions
from conduction electrons, as deduced from much earlier

w xstudies 24 . Therefore, although the carbon radicalrlithium
uptake mechanism cannot be ruled out completely at this
time, the current EPR results do not provide evidence for
it. One possible avenue towards a more definitive EPR
result is to perform variable temperature measurements,
which might better separate conduction vs. non-conduction
resonance signals.

4. Conclusions

Mild oxidation of natural graphite was undertaken in
order to improve its properties as an anode material in
lithium ion batteries. Samples oxidized to 15% mass loss
exhibited an 8% increase in reversible lithium capacity,
and about a 25% decrease in irreversible lithium capacity,
relative to pristine graphite. Solid state 7Li NMR measure-
ments identified two kinds of Li sites in lithiated pristine
graphite: Li intercalated between graphene planes, with

Ž .;40 ppm Knight shift relative to aqueous LiCl , and Li
chemically associated with the solid electrolyte interface
Ž .SEI , characterized by a chemical shift around 0 ppm. The
burnt graphite also exhibited a feature around 14 ppm,

correlated with the excess Li and attributed to Li bonded to
armchair, zigzag, or other edge sites. In addition, the 7Li
signal associated with the SEI was more intense in the
burnt graphite, consistent with earlier indications that mild
oxidation prior to lithiation results in a thicker and more
salt-rich SEI.

EPR measurements were performed in order to test the
hypothesis that excess Li could bond to radical sites.
However, the oxidized graphite yielded an even smaller
spin density than the pristine graphite. Thus, the EPR
measurements do not support this conjecture at the present
time.
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