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Abstract

We present herein Raman spectroscopy and SEM characterizations of composite graphite electrodes in conjunction with classical elec
troanalytical characterizations (SSCV and EIS) during prolonged cycling. During cycling, graphite particles crack into smaller pieces that
are less oriented than the original platelets, with the possible filling of the cracks thus formed by the reduction products of the electrolyte
solution. In addition, the average crystalline size (estimated by Raman spectroscopy) decreases as cycling progresses. The borders betw
the crystallites may possess dangling bonds and generally contain low-energy (or hollow) sites for irreversible interaction with Li-ions
and solution species. The redistribution between the hollow and the shallow sites (i.e. the site for reversible Li-ion storage) occurring dur-
ing electrode cycling is responsible for the moderate decrease of the reversible capacity of graphite electrodes observed during prolonge
cycling.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Li-ion batteries; Graphite anode; Capacity fading; Raman spectroscopy; SEM imaging; Crystal structure

1. Introduction where d/dtis measured at open circuit conditions aQidE
is calculated from the dependence of the intercalation capac-
The capacity fading of Li insertion electrodes and its pos- ity on the electrode’s potential (e.g. obtained by slow scan
sible mechanisms are very important issues in the study ofrate CV)[5].
Li-ion battery systems and their components. In a recent papd6], we presented in detail the results of
Understanding capacity fading processes is a prerequisitesjow scan rate cyclic voltammetry (SSCV), electrochemical
to any prediction of calendar life and long-term performance impedance (EIS) and differential self-discharge studies of
of Li-ion batteried1-3]. It is known that charged electrodes composite graphite electrodes as a function of the cycle
(lithiated graphite, delithiated MO transition metal ox-  number during 140 cycles. There is an interesting correlation
ides) may undergo self-discharge that may be partially re- petween the dependence of the rate of self-discharge and
versible, butare mostly irreversikj]. The self-discharge of  the impedance of the electrodes in the fully intercalated and

graphite electrodes may be quantified using the self-dischargegeintercalated states on the cycle number. This correlation
current, which may be calculated from OCV measurements could be explained in terms of the formation, growing,

of fully charged (lithiated) electrodes: reformation and densification of the surface films sur-
dE do rounding the graphite particles (the rate of S.D. decreases
Isqg= o dE’ during the first 40 cycles and so does the high-frequency

impedance). The turning point is observed after about 40

cycles, after which the rate of the S.D. sharply increases
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during cycling). However, the total charge capacity of the Fast and slow scan rate CV and EIS techniques were ap-
electrode showed a very slow, gradual decrease duringplied using a computerized potentiostat—galvanostat Model
cycling. 20 Autolab, from Eco Chemie Inc., which included a FRA
In order to understand the reasons for the capacity fadingmodule. The collection of data was controlled by the GPES
of graphite electrodes when cycled at ambient temperature,Version 4.9 Eco Chemie B.V. Software (Utrecht, The Nether-
we supplemented the electroanalytical studies with Ramanlands).
spectroscopy and SEM characterizations, which could shed Raman spectra of graphite electrodes were measured ex
light on the correlation between the properties of the sur- situ in a back-scattered configuration through the optical
face films, the high-frequency impedance and the reversibleglass in a hermetically closed cell, using a micro-Raman
capacity. spectrometer HR800 (Jobin Yvon Horiba), holographic grat-
ing 1800 grooves mmt, with an Ar-laser (excitation line
514.5nm, 0.2 mW), objective 50(numerical aperture 0.75).
2. Experimental The morphology of the electrodes was examined by a SEM
(JEOL-JSM 840 microscope).

The preparation of thin composite graphite electrodes
has been described previougi~9]. The electrode usually
contained 1.4 mg of graphite powder (KS-15 from Timrex 3. Results and discussion
Inc.) and 10 wt% of PVdF binder. The cell was a standard
2032 coin-type cell (NRC, Canada), containing a composite 3.1. Electroanalytical study of the long-term cycling of a
graphite working electrode (with a geometric surface area graphite electrode
of 1.5¢cn?) and Li counter and reference electrodes. The
cell was hermetically sealed by a standard crimping device  Fig. 1 summarizes our previous finding$] concerning
and additionally isolated with epoxy glue (for details, the unusual correlation between the moderate decrease in re-
see Ref[10]). The cell was operated at 250.1°C. The versible capacity during electrode charge with the cycle num-
electrolyte solution was 1 M LiRfin an ethylene carbonate  ber, and the parallel decrease (followed by stabilization) of the
(EC) + dimethylcarbonate (DMC) 1:1 mixture (Li-battery high-frequency impedance of the same electrode measured
grade from Merck, KGaA). in the fully intercalated state at 0.03V. The commonly ac-
The initial surface film formation was performed by gal- cepted reasons for the capacity fading of composite graphite
vanostatic polarization of a fresh graphite electrode in the electrodes in Li-ion cells include: (i) The growth of electron-
potential range of 2.5V (OCV) to 0.3 V. Thereafter, a slow ically insulating surface films, which causes a slow down of
scan rate (1QVs~1) potentiodynamic sweep from 0.3 to the kinetics, and eventually leads to the electrical disconnec-
0.03V was applied, followed by potentiostatic polarization tion of an increasing fraction of the graphite particles from
at this potential to fully complete the Li insertion into L§C the current collectojl 1-13] (ii) Depletion of the electrolyte
The impedance of the fully lithiated electrodes was then mea- solution due to continuous surface reactions. Solution deple-
sured, after which the anodic branch of the SSCV was mea-tion relates, of course, to prolonged cycling and to elevated
sured at the same scan rate while sweeping the potential ugemperaturefl4]. (iii) The exfoliation of the graphene planes
to 0.3 V. This set of measurements was repeated for each of15]. During cycling of the cell at ambient temperature, we
a total 140 cycles. observed quite different trends, basically incompatible with
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Fig. 1. Total charge capacity and three resistanBgs,Rs) and R.;, measured at 0.03V as functions of the cycle number of a graphite electrode cycled
potentiodynamically with a scan rate of L& s~% in 1 M LiPFg in an EC:EMC 1:2 electrolyte solution at 26.
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Fig. 2. Slow scan rate potentiodynamic scars {0V s~1) for Li-ion insertion and deinsertion into/from a composite graphite electrode, cycles #10, 60 and
120 as indicated. The active graphite mass was 1.4 mg. Electrolyte solution composition: 1NHEREEMC 1:2 at 25C. The inset irFig. 2shows a family
of impedance spectra for the fully lithiated graphite electrdete .03 V) during the cycle life of the electrode (cycles #10, 96 and 121).

the above first two reasons: the surface layer resistRgce 3.2. The Raman spectroscopy study of a graphite
at 0.03V decreases from cycle to cycld. 1). The shape  electrode microstructure
of the CV curves is also consistent with these d&ig.(2),
as they show very similar voltammograms in term of kinetic Raman spectroscopy is an appropriate method for study-
parameters, such as peak width and hysteresis. The CVs iring the microstructure of a variety of carbonaceous materials
Fig. 2reflect some loss of the active mass upon cycling, but (including graphite)16—22] The first-order Raman spec-
the limitation due to the slow kinetics is not pronounced. The trum of highly crystalline graphite consists of a sharp band
electrolyte resistandgg increases only moderately. at 1580 cntl (E2g2 mode), known as the G band, associ-
One can propose that the loss of active mass during ated with in-plane symmetric C—C stretches. Polycrystalline
prolonged cycling relates to the internal graphite struc- graphite and disordered carbons exhibit an additional peak
ture degradation, which occurs during repeated lithium ion at about 1350 cmt (A1g mode, D band), which is induced
insertion—deinsertion cycles. To investigate changes in thedue to the disorder associated with finite crystallites sizes.
structure of the graphite electrode, Raman spectroscopy andrhe ratioR=1p/lg of the integrated intensity of the disorder-
imaging by scanning electron microscopy (SEM) were used. induced peak at 1350 crh to that of the graphite peak at
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Fig. 3. Raman spectra of a pristine composite graphite electrode and the same electrode after 140 potentiodynamic intercalation—deinteleslation c
(10pVs1)ina 1M LiPFs in EC:EMC 1:2 electrolyte solution at 2&.



E. Markervich et al. / Journal of Power Sources 146 (2005) 146—-150 149

1580 cnt?! is generally used to characterize the degree of #
disorder in carbon materials [D band]. The average in-plane
crystallite domain sizé, (,&) can be estimated using E@d.)
as[16,17,22]

-1
La= 44(“’) ) (1)

I

Fig. 3 displays typical Raman spectra of two graphite
electrodes, namely a pristine, as-prepared composite
electrode and the same electrode after 140 intercalation—
deintercalation cycles at 2& (100% depth of discharge).
The Raman active 5o mode vibration peak at 1580 cth
is the major feature of the pristine electrode spectrum, with
the D band appearing relatively weak. Long-term cycling
induces a disorder: the D peak grows together with its
overtone—a shoulder at 1620 cm(band D). TheR-values
were estimated for the pristine and the cycled electrodes as
an average value for six different points on the basal plane
surfaces of relatively large graphite flakes. Average value for
the pristine electrode was 0.220.05, 0.79+ 0.45 for cycled .
electrode and the estimated crystalline sizes according to Eq. §
(1) above were 215 75 and 69 344, respectively. Along
with the R-ratio, the line width of the G band increased
from 15.8+1.2 to 18t 1.7cnrl. This testifies that the
long-term repeated lithium intercalation—deintercalation
process induces some kind of defects and disorder in the
crystal structure of graphite, which result in the decrease of
the average crystallite size.

Similar crystal structure changes, detected both by Ra- k“r
man and XRD methods, were reported to occur with graphite ()
electrodes under conditions of mechanic stfess, irradi-
ation [24], doping[25], etc. An appreciable growth of the
R-ratio (from 0.042 to 0.333) was observed as well after the
first lithium deinsertion from the natural graphite electrode
[26]. The decrease of the graphite microcrystal size along the B
axis ¢ (L¢) for natural graphite during the intercalation cy-
cle was demonstrated by XRD measurements as [&é]l
Thus, lithium insertion into highly crystalline graphite elec-
trodes produces stress, which leads to structure degradatio
such as stacking disorder and new boundary formations be-
tween newly formed microcrystallites.

(@)

3.3. SEM imaging of the electrodes

Fig. 4 shows typical SEM images of the surface mor-
phology of pristine (a) and cycled (b and c: different loca-
tions) electrodes. Flat and homogeneous areas of the pristing:ig 4. sEmimages of the surface of the KS-15 composite pristine electrode
graphite flakes oriented with their basal planes are clearly (a) and the same electrode after 140 intercalation—deintercalation cycles at
seen. The surface of the cycled electrode seems to be dif-25°C (b and c).
ferent from that of uncycled electrode: cracks appear to be
the frequent featureF{g. 4b), and flakes that are partially = contain mostly surface species (solution reduction products)
exfoliated, forming cavities between the layers, which are (Fig. 4c).
probably filled with the electrolyte solution. These cavities Obviously, the average particle size decreases, which is
are preferred locations for the continuous reduction of solu- in line with the decrease in the high-frequency impedance
tion components. Hence, upon prolonged cycling, they may (Figs. 1 and 2(inset)). The increase in the ratio surface

(©)
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area/volume is also consistent with the model, describing creases with the number of cycles (as evidenced from Raman
the specific change in the shape of the impedance spectrapectroscopy data). The newly formed borders between the
of the cycled electrode in the medium-frequency domain, crystallites are not necessarily accessible to the electrolyte
namely the development of the low-frequency arc between solution. However, they may possess dangling bonds, and
the middle-frequency (charge transfer) semicircle and the hence, may contain low-energy (or hollow) sites for irre-
Warburg diffusion domain (see the insethig. 2, more de- versible storage of Li-ions (disordered carbons present a great
tails are reported in Ref6]). deal of evidence for such a mechanism of charge storage).

Thus, both Raman spectroscopy and SEM imaging con- The redistribution between the hollow and the shallow sites
verge to prove that during reversible lithium insertion into (i.e. the site for reversible Li-ions storage) occurring during
graphite electrodes substantial mechanical stress developsglectrode cycling is responsible for the moderate decrease of
which damages the crystal structure of these electrodesthe reversible capacity of the electrode.
both at micro- and nanoscale levels. Such changes offer
a probable explanation for the moderate capacity fading
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