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Abstract

Lithium-doped natural graphite is synthesized by a simple wet ball-milling method and use as an anode material in lithium secondary
batteries. The modified natural graphite is examined with a view to improved cycleability and columbic efficiency on the first charge—discharge
cycle (irreversible capacity loss). Lithium-doping results in marked improvements in electrochemical performance. These are investigatec
by means of X-ray powder diffraction, impedance measurement, high resolution transmission electron microscopy, field emission scanning
electron microscopy, and measurement of electrochemical capacityirit&calated at the edge planes reduces the electrolyte breakdown by
passivating the highly reactive sites along these planes. The Li-doped natural graphite eX@¥%bitsduction in the first irreversible capacity
while the reversible capacity remains unchanged in comparison with pristine graphite electrode. Also, it has an excellent capacity retentiol
of ~99% after 50 cycles.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ides[5-7] and graphite—Fe—Si—Sn alloy composifgs10]
have recently been reported as possible alternatives. Despite
Graphitic materials have been widely used as anode mate-the huge theoretical capacity (maximum capacity of up to
rials for lithium secondary batteries. Nevertheless, graphitic 4000 mAh g') of these materials, a large capacity loss is
anodes still suffer from serious problems, that include elec- the main limitation to their use as an anode material for the
trolyte decomposition and subsequent surface film forma- lithium secondary batteries.
tion. These cause irreversible capacity changes during cy- Natural graphite is considered as another promising anode
cling [1,2], which give rise to detrimental effects such as materialfor lithium secondary batteries because of its high re-
high internal pressure and lower cycling efficiency. The irre- versible capacity, appropriate potential profile, and low cost.
versible reaction also deteriorates both the cathode materialNevertheless, alarge irreversible capacity loss during the first
and the electrolyt¢3,4]. Present commercial carbon mate- cycle, poor cycleability and poor rate capability have pre-
rials, such as MCMB (mesocarbon microbeads) and MCF vented its practical use. Many research groups have reported,
(mesocarbon fibre), have relatively higher cost and lower however, that surface pretreatment of natural graphite by mild
discharge capacity. Several materials, such as Sn-based oxexidation[11,12] carbon coating13,14]or polyelectrolyte
adsorptiorf15] is effective in improving cycling efficiencies
and reversible capacities.
* Corresponding author. Tel.: +82 2 2290 0524; fax: +82 2 2282 7320, N this study, itis shown that Li-doping treatment of nat-
E-mail addressyksun@hanyang.ac.kr (Y.-K. Sun). ural graphite can greatly enhance long-term cycling perfor-
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mance. An attempt is made to reveal the structural changego the rhombohedra or hexagonal phase of natural graphite.

responsible for this behaviour.

2. Experimental

Li-doped natural graphite was synthesized by a wet ball-

milling method. The natural graphite (China) was mixed
with lithium acetate (CHCOOLI-2H,0) in a weight ratio
of 0.14 wt.% (Li/natural graphite). The mixed materials were

The same peaks are also observed in the XRD profile for
modified natural graphite prepared by calcination after ball-
milling treatment in the ethanol for 20 h without Li-doping
(Fig. 1(b)). The relative intensities are, however, greatly di-
minished. This indicates that the milling process reorientates
the graphite crystals parallel to the basal plane and, at the
same time, introduces stacking disorfieg]. The XRD pro-

file of a sample of Li 0.14 wt.%-doped natural graphite pre-
pared by calcination after ball-milling treatment is given in

added to ethanol and then ball-milled (150 rpm) for 20 h to Fig. 1(c). The XRD profile of Li 0.14 wt.%-doped natural
ensure the formation of a homogeneous starting mixture. Thegraphite is diffuse except for the (0 0 1) peaks. The XRD pat-

slurry was dried at 85C for 24 h. To eliminate organic com-

tern suggests that Li treatment and subsequent ball-milling

ponents. The resultisng powder was calcined in a furnace atlead to the formation of very fine crystals, so-called ‘disor-

450°C for 5 h under air atmosphere.

Electrochemical characterization was performed by using

a CR 2032 coin-cell type.

dered’ graphitd17].
The cycling behaviour (specific discharge capacity ver-
sus cycle number) at the 0.2 rate of a pristine graphite elec-

The cell consisted of a graphite electrode and a countertrode, a modified natural graphite prepared by calcination
electrode (lithium metal) that were separated by a porous after ball-milling treatment without Li-doping and a Lx (
poly-ethylene film. The anode was prepared by spreading= 0.14 wt.%)-doped natural graphite electrode is shown in

a mixture of 90 wt.% Li-doped natural graphite and 10 wt.%
PVDF binder (KUREA, KF-1100) onto a copper foil current-

Fig. 2 The data clearly demonstrate electrode the superior cy-
cleability of the Li-doped graphite electrode, which provides

collector. The graphite loading on the current-collector was a high discharge capacity of 358 mAh'yi.e., close to theo-

typically 5.6 mgcnm2. The electrolyte used in all experi-
ments was 1M LiPF in ethylene carbonate and dimethyl

retical value of 372 mAhg! based on Lig) and an excellent
capacity retention 0f-99% after 50 cycles. By comparison,

carbonate (EC:DMC; vol. 1:2). The charge—discharge currentthe pristine natural graphite gradually lost its discharge ca-

density was 65 mAg! (0.2C-rate) with a cut-off voltage of
0.01-1.5V at room temperature (30).

3. Results and discussion

X-ray diffraction patterns of samples of pristine graphite
and Li (x = wt.%)-doped natural graphite prepared by the
ball-milling method are shown ifig. 1(a) and (b), respec-
tively. In the former, the peaks between”4thd 47 belong

\
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Fig. 1. XRD patterns of: (a) pristine natural graphite; (b) modified natural
graphite prepared by calcination after ball-milling treatment without Li-
doping; (c) Li 0.14 wt.%-doped natural graphite.

pacity and exhibited a poor capacity retention of <85% after
50 cycles. Itis worth noting that the irreversible capacity loss
experienced by the Li-doped graphite electrode on the first
charge—discharge process is only 7.4%, whereas the pristine
graphite electrode and graphite electrode prepared by calci-
nation after ball-milling treatment without Li-doping suffer
losses of 13.2 and 11.1%, respectively. Moreover, the dis-
charge capacity of the 0.14 wt.%-doped natural graphite elec-
trode is 23% higher than that of pristine natural graphite at a
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Fig. 2. Specific discharge capacity vs. number of cycles for: (a) pristine
natural graphite; (b) modified natural graphite prepared by calcination after
ball-milling treatment without Li-doping; (c) Li 0.14 wt.%-doped natural
graphite.
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high current density (3C-rate). Although other workers have W
proposed many surface modification methods, the Li-doping ;
method presented here gives not only reduced irreversible ca-
pacity, but also superior cycling performance for greater pe-
riods. Natural graphite from a different source (Daebeck Co.
Ltd., Korea) was also tested under the same conditions. This
Li-doped graphite also displayed similar improvements in
electrochemical properties (i.e., excellent capacity retention
and a low irreversible capacity on the initial cycle), although
the optimum level of doped lithium (Li 0.4 wt.%-doping) was
slightly different. Hence, it appears that the method of Li-
doping proposed here can be applied regardless of the initial
structural variations in the natural graphite.

The Li-doped natural graphite samples were further inves-
tigated to reveal the role of lithium inimproving the cycle per-
formance of natural graphite. Scanning electron microscopy -
(SEM) images of pristine graphite, graphite modified by cal-
cination after ball-milling treatment without Li-doping, and
Li 0.14 wt.%-doped natural graphite are shownFig. 3.
Since graphitic planes along the [00 2] direction are much
more reactive compared with the basal planes, SEM measure-
ments focused on the edges of the graphitic samples. Both un-
treated Fig. 3(a)) and treatedHig. 3(b)) samples prepared by
calcination after ball-milling without Li-doping show sharp
flat steps that extend straight along the edges. On the other
hand, Li-doped graphité-(g. 3(c)) exhibits rough edges with
discontinuous steps and some of graphitic planes appeared
to be curled up. These morphological changes suggest that
lithium might have been incorporated along the edges of the
natural graphite. Because X-ray diffraction (lattice parame-
ter) did not indicate significant changes in the bulk structure,
Li-intercalation appears to be restricted to near the edges of
graphite.

X-ray photoelectron spectroscopy (XPS) spectra from Li-
treated graphite prior to cycling are presenteéFig. 4. The
measured binding energy (284.7 eV) and line shape of C 1s
agree well with those of HOP@EL8], which suggests that
reaction of the graphite powder with Li during treatment
is limited to localized areas. This is in agreement with the
above conclusions drawn from SEM images. The O 1s spec-
trum has a relatively low intensity and its binding energy is
~531.5 eV, which nearly coincides with that of O 1s inQi
[19]. The binding energy of oxygen, together with its low
concentration, suggests that surface modification is limited
to the graphite edges and that Li exists in its oxide form at ) e -
the graphite edges. E—— 5 BT BEHT SRR LI A

The electron diffraction pattern obtained by means of A R —
transmission electron microscopy (TEM) from one of the Fig. 3. SEM images of: (a) pristine natural graphite; (b) modified graphite
curled-up edges from the Li 0.14wt.%-doped sample is prepared by calcination after ball-milling treatment without Li-doping; (c)
shown inFig. 5. An extra row of spots (indicated by arrow) Li0.14wt.%-doped natural graphite.
are observedHig. 5a)). These do not exist in the graphite
structure. These spots arise from stacking faults. When Li diffraction pattern is streak normal to the C-axis, which pro-
intercalates between two graphene layers, the stacking sevides further evidence for a thin platelet of structural faults
guence for the graphitic sheets changes from the normal ‘AB’ normal to the C-axi§21]. Judging from the numerous satel-
registry to ‘AA [20]. This rotation of graphitic sheets into an lite spots in the diffraction, the structure of Li-doped graphite
‘AA sequence creates the extra spots. Also observed from theis rather disordered around the edges due to the localized Li
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Fig. 4. C 1s and O 1s XPS spectra of Li 0.14 wt.%-doped natural graphite §
prior to cycling.

modification. A high-resolution TEM image of the sample in
the same location is shown Kig. 5b). It clearly shows the
disordered structure of the Li-doped graphite along the edges.
Discontinuous (0 0 2) planes, stacking faults (indicated by the
arrow) and contrast arising from the local stres&iig. 3(b)
provide direct evidence for localized intercalation along the
edges of the natural graphite. active surface sites that may provide reaction sites for Li

Localized Li-intercalation prior to cycling greatly im- and therefore, would subsequently lead to capacity loss. In
proves the structural and chemical stability of the material. It fact, limited improvement of electrochemical performance
is believed that LiQ intercalated at the edges can reduce the has been previously reported by coating the natural graphite
electrolyte breakdown by passivating the highly reactive sites With amorphous carbon. In conclusion, doping the natural
along the edge planes. This minimizes the formation of inter- graphite with Li prior to cycling, significantly enhances the
facial layers that block Li-intercalation and deintercalation. Ccycling performance of the material. Conclusive evidence is
In addition, LiO, located between adjacent graphitic p|anes found for localized LiQ intercalation along the edges of the
can retard migration of large solvated Li-ions formed by the natural graphite and intercalated Li@ppears to stabilize the
electrolyte solventthrough the edge planes. Since the solvatedraphite structure during electrochemical cycling.
Li-ions are unstable and irreversible in Li-intercalation, re-
duced intercalation of these large solvated Li-ions will help
to preserve the structure of natural graphite anode. 4. Conclusion

When the surface of the basal plane in another part of the
sample was observed with TEM, an amorphous layer with  The irreversible capacity loss of natural graphite during
a thickness of about 58 was found. The amorphous layer the first lithium intercalation—deintercalation process can be
appears to have formed on the surface of the material dur-decreased~5%) by modification of the graphite through
ing calcination. The amorphous surface layer would reduce lithium-doping. Also, lithium-doped natural graphite exhibits

Fig. 5. (a) Electron diffraction pattern of 001 zone and (b) HRTEM image
of (00 2) fringes from Li 0.14 wt.%-doped natural graphite.
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improved capacity retention, because Li-doping stabilizesthe [6] I.A. Courtney, J.R. Dahn, J. Electrochem. Soc. 144 (1997)
structure of graphite during cycling. The improved perfor- 2045. _
mance is attributed to the presence ofLm])ong the edges of [7] I.A. Courtney, W.R. Mckinnon, J.R. Dahn, J. Electrochem. Soc. 46

; oo (1999) 59.
the graphite structure that minimizes electrolyte breakdown (8] H.Y. Lee, S.M. Lee, J. Power Sources 112 (2002) 649.

at the anode surface and the migration of solvated Li-ions. (9] J. Read, D. Foster, J. Wolfenstine, W. Behl, J. Power Sources 96
(2001) 277.
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