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bstract

When lithium is intercalated into graphite in ethylene carbonate (EC) containing electrolytes, solvent co-intercalation leading to the exfoliation of
he graphite structure could occur. The exfoliation can be suppressed if an efficient solid electrolyte interphase (SEI, a passivation layer) is formed.
ere we study the role played by the active surface area (ASA) of graphite materials during their first electrochemical reduction. ASA (related to

he presence of defects at the carbon surface) appears as a critical graphite surface parameter influencing the surface passivation mechanism and the
raphite exfoliation. The ASA of TIMREX® SLX50 synthetic graphite was modified by thermal treatment in argon and air. The electrochemical
erformance was characterized in 1 M LiPF6, EC:DMC electrolyte and post mortem analyses were performed by SEM imaging. It turned out
hat a decrease of the graphite ASA, i.e., an increase of the graphite structural order, hinders the formation of the passivation layer and favors the

xfoliation process. In contrast, the exfoliation of the same graphite can be suppressed if its ASA is increased for example by air treatment. The
SA of the graphite kinetically controls the formation of an efficient SEI film and accordingly the irreversible charge loss is much lower in the

ase of graphite with a high ASA value.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Recent worldwide interest in hybrid vehicles has accelerated
he research of larger-sized rechargeable lithium-ion batteries
1]. Their use in mobile applications requires especially to
mprove their energy density and consequently to reduce the
rreversible capacity. Graphitic carbon materials are nowadays
avored as negative electrode in commercial lithium-ion batter-
es. During the first discharge of such a battery, a solid electrolyte
nterphase (SEI) is formed and acts as a passivation layer on

he graphite grain surfaces. This layer is responsible for an
rreversible “capacity loss” (5–30%, dependent on the type of
raphite), but also serves as protection against co-intercalation

∗ Corresponding author. Tel.: +41 56 310 2457; fax: +41 56 310 4415.
E-mail address: petr.novak@psi.ch (P. Novák).
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f solvent molecules into and exfoliation of the graphite [2].
specially for the high crystalline graphite, the formation of this
assivation layer is of prime importance [3–5]. Therefore, a com-
lete understanding of the formation process of this SEI layer
ith the identification of the critical parameters influencing its

fficiency is essential and is a prerequisite for the development of
mproved graphite electrode materials for advanced lithium-ion
atteries.

It is now well known that the composition of the SEI layer
hich results from electrolyte decomposition products depends
n several parameters such as the graphite type, the electrolyte
omposition (nature of the salt, the solvent used), and the pres-
nce of electrolyte impurities. The influence of the electrolyte
ystem on the exfoliation process has been described in several
ublications [6–8]. Ethylene carbonate (EC) is known as a good

lm-forming solvent component in the battery electrolyte. Mix-

ures of EC with dimethyl carbonate (DMC) are usually chosen
s electrolyte for lithium-ion cells [3] as it will be the case in
his study.

mailto:petr.novak@psi.ch
dx.doi.org/10.1016/j.jpowsour.2007.06.036
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Besides the electrolyte system, the influence of the graphite
haracteristics has been also investigated [7,9–11]. We observed
hat the surface properties of a highly crystalline graphite mate-
ial have a significant influence on the electrolyte decomposition
nd passivation mechanism during the first electrochemical
ithium insertion and, thus, on the SEI layer formation and
omposition. We observed that the heat treatment of a highly
rystalline graphite TIMREX® SLX50 at temperatures above
200 ◦C in an inert gas atmosphere resulted in a significant
ncrease of the irreversible capacity during the first electrochem-
cal lithium insertion, attributed to an exfoliation phenomenon
7,11]. Several parameters were identified as being responsible.
mong them were the surface groups’ chemistry and the amount
f surface defects, both parameters being related. We noted that
he amount of acidic groups seems to be an important fac-
or that influences graphite exfoliation during electrochemical
ithium insertion in EC containing electrolytes [11]. Recently,
e showed that, apparently, graphite particles containing sin-
le crystals with low amount of defects tend to exfoliate easier
han graphite powders containing a higher amount of defects [7].
owever, the characterization methods presented in the previ-
us works do not allow quantifying the amount of defects. By
sing a procedure based on oxygen chemisorption developed
or carbon materials, the quantification of these defects became
ossible [12–14]. In fact, the cumulated surface area of the dif-
erent types of defects present at the carbon surface (stacking
aults, single and multiple atoms, vacancies, dislocations) cor-
esponds to what is called the ‘active surface area’ (ASA) which
s an intrinsic characteristic of the carbon which does not depend
n the nature of the organic surface groups. The ASA concept
roved to be very useful to correlate the reactivity of graphitic
arbons in gas and liquid environment [14]. Recently, we studied
he surface passivation of the TIMREX® SLX50 graphite pow-
er as-received and after heat treatment at 2500 ◦C. We observed
hat the heat treatment at 2500 ◦C which leads to a decrease of
he ASA favors the graphite exfoliation. The SEI film forma-
ion was kinetically hindered at graphite surfaces with low ASA
10]. To confirm the influence of the ASA and thus the degree
f structural order at the surface on the exfoliation tendency,
raphites with different active surface area were prepared and
lectrochemically tested. The results are presented in this paper.
he objective of the work was to study the formation of the SEI
assivation film in regard to the ASA of the carbon and to cor-
elate the ASA to the electrochemical behavior during the first
ithium-ion intercalation.

. Experimental

The synthetic graphite material TIMREX® SLX50 (TIM-
AL Ltd., Bodio, Switzerland) is a typical representative of the

amily of highly crystalline graphite negative electrode mate-
ials which electrochemically insert lithium up to a chemical
omposition of LiC6 (372 mAh g−1). Variation of the graphite

urface characteristics can be easily obtained after thermal mod-
fications under various gas atmosphere without significantly
hanging the bulk properties (especially the total surface area)
nd the particle size distribution of the product. For this, the
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IMREX® SLX50 graphite was heated at 1300 ◦C under an
rgon flow and maintained for 1 min or 1 h, respectively, at this
emperature. After the heat treatment, the graphite sample was
ither cooled in an argon atmosphere until room temperature
r quenched in air. The air quenching causes a slight oxidation
f the carbon sample. After cooling down to room temperature,
he samples are exposed to the air atmosphere. The active sur-
ace area (ASA) was determined by outgassing the sample in an
lsewhere described experimental set-up at 950 ◦C under vac-
um (10−4 Pa) [14]. An initial oxygen pressure of 66.5 Pa was
ntroduced in the reactor at 300 ◦C causing chemisorption of O2
n the graphite surface. The O2 chemisorption process over a
eriod of 15 h at 300 ◦C led to the formation of surface oxide
omplexes at the graphite active sites area (ASA). The amount of
xygen complexes formed was determined by mass spectrome-
ry by measuring the amount of CO and CO2 resulting from the
ecomposition of the oxygen complexes at temperatures higher
han their formation by performing a temperature-programmed
esorption (TPD) step between 300 and 950 ◦C. Knowing the
umber of each moles of each gas desorbed and taking the area
f an edge carbon site that chemisorbed an oxygen atom as
.0083 nm2, the surface area occupied by chemisorbed oxygen
an be determined. Detailed information can be found elsewhere
14].

The electrochemical experiments were performed with a
etallic lithium counter electrode in two-electrode arrange-
ent in standard laboratory cells as described elsewhere [11].
he lithium foil (Aldrich) and 1 M LiPF6 in EC:DMC [1:1]

Ferro) were used without any further treatment. Solutions
nd measuring cells were prepared in a glove box filled with
rgon. The oxygen content was less than 1 ppm. Working elec-
rodes were prepared by doctor-blading the SLX50 graphite with
olyvinylidene fluoride (SOLEF 1015, Solvay) binder onto a
opper current collector. The electrodes were vacuum dried at
20 ◦C and contained ca. 10 mg of graphite (their composition
as 90 wt.% graphite and 10 wt.% PVDF). Galvanostatic mea-

urements were performed at specific currents of 10 mA g−1 of
arbon to complete the SEI formation in the first Li+ insertion
ycle. After a potential of 5 mV versus Li/Li+ was reached, the
ischarging was continued at this constant potential until the
urrent dropped below 5 mA g−1. The charging was performed
t a constant specific current of 10 mA g−1 until a cut-off poten-
ial of 1.5 V versus Li/Li+ was reached. All measurements were
arried out at room temperature.

. Results and discussion

The TPD curves of the different SLX50 samples after
hemisorption of O2 at 300 ◦C showed that the formation of
O and CO2 is completed below 900 ◦C, as shown in Fig. 1 for

he sample SLX50 treated in argon during 1 h. This indicates that
he total amount of oxygen complexes formed on the active sites
uring the oxygen chemisorption was totally removed during

he TPD. Above 800 ◦C, the main gas desorbed is H2 resulting
rom structural rearrangements of the graphite, which were not
ompleted by the heat treatment at 1300 ◦C in an argon atmo-
phere. From the total amount of CO and CO2 released after
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Fig. 2. First electrochemical lithium insertion into TIMREX® SLX50 (i) as
r
a
E

N
g
the graphite surface. This is confirmed by the low irreversible
“charge loss” (Table 1) and the post mortem analyses by SEM
images of the charged graphite electrodes taken from disman-
tled half-cells (Fig. 3). Both, the as-received SLX50 and the
ig. 1. Desorption rate of CO and CO2 as a function of desorption temperature
fter oxygen chemisorption, for the “SLX50 1 h Ar” sample.

hemisorption, the ASA was calculated; the values obtained for
he different SLX50 samples are reported in Table 1.

As expected, the heat treatment in argon has increased the
tructural ordering of the graphite and therefore removed surface
efects, as seen by the decrease of the ASA values. Therefore,
t is not surprising that the ASA is lower after 1 h heat treatment
ompared to 1 min. A subsequent air treatment leads to a mild
xidation of the graphite surface as pointed out by the increase
f the ASA value after the air treatment. It must be noted that
he ASA value after air quenching is higher than the value of
he pristine sample indicating the presence of a higher amount
f defects.

For a detailed investigation of the film formation in the first
ycle, we analyzed the irreversible “charge losses” and the gal-
anostatic charge curves of the first lithium insertion into the
raphite. The “charge losses” (irreversible capacity, in %) of the
raphite samples during the first cycle are indicated in Table 1.
he curves of the first galvanostatic lithium intercalation into the
raphite TIMREX® SLX50 and the three heat-treated SLX50
raphite samples are reported in Fig. 2.

The pristine sample as well as the sample cooled down in

ir show the typical insertion properties expected for a highly
rystalline graphite material. A reversible charge capacity (spe-
ific charge) of ca. 360 mAh g−1 and a Coulombic efficiency
f ≥90% could be observed at a specific current of 10 mA g−1.

able 1
ctive surface area (ASA) and irreversible capacity in the first cycle of graphite
aterials

raphite Sample ASA (m2 g−1) Irreversible capacity
(%), first cycle

LX50 0.30 8
LX50 1 h Ar 0.065 57
LX50 1 min Ar 0.092 54
LX50 1 h Ar + air 0.44 10

SLX50”: as-received sample; “SLX50 1 h Ar”: as-received SLX50 sample
reated for 1 h in an argon flow; “SLX50 1 min Ar”: as-received SLX50 sample
reated for 1 min in an argon flow; “SLX50 1 h Ar + air”: as-received SLX50
ample treated for 1 h in an argon flow followed by an air quenching for the
ooling.

F
e
m

eceived and (ii) heat-treated at 1300 ◦C in argon for 1 min and 1 h, respectively,
nd subsequently cooled down in argon and air atmosphere, respectively, in
C:DMC, 1 M LiPF6 electrolyte.

o additional plateau is observed with these two samples sug-
esting that a protective passivation film (SEI) was formed on
ig. 3. SEM images of TIMREX® SLX50 graphite electrodes after the first
lectrochemical lithium insertion in EC:DMC, 1 M LiPF6 electrolyte. (a) Com-
ercial graphite and (b) graphite heat-treated at 1300 ◦C in argon for 1 h.
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SLX50 1 h Ar + air” graphite electrodes show a uniform and
elatively dense film on the graphite particles. No exfoliation
f the graphite can be observed. In contrast, the heat-treated
LX50 graphite samples cooled under Ar atmosphere show
n additional irreversible charge-consuming process manifested
y an additional potential plateau during the first electrochem-
cal lithium insertion (Fig. 2). The process starts at about
50 mV versus Li/Li+ and was identified as the exfoliation
f the graphite. The said potential plateau corresponds to the
rreversible, charge consuming film formation process on the
raphite surface freshly created by the exfoliation process. This
elatively low potential plateau is typical for exfoliation in an
C based electrolyte [10]. The exfoliation phenomenon was
lso confirmed by SEM observations as shown in Fig. 3(b). As
consequence, this irreversible process of graphite exfoliation

ignificantly increases the “loss” of the specific charge during
he first electrochemical lithium insertion, as shown in Table 1.

The comparison of the electrochemical data with the graphite
urface characteristics reveals that the electrochemical behavior
f the graphite can be correlated to the structural modifications
ccurring during the treatments, as it will be discussed below.

The evolution of the ASA of the graphite leads to modifi-
ations of the galvanostatic curves and the irreversible charge
oss. After heat treatment in argon, the decrease of the ASA
nduces an important increase in the irreversible “charge loss”
hich is characteristic for an exfoliation process, as confirmed
y SEM observations (Fig. 3(b) being one example from many).
t is interesting to note that, when the graphite sample heat-
reated in argon is again exposed to air to increase the ASA
and consequently to increase the amount of surface defects), the
xfoliation phenomenon is not observed anymore. This may be
elated to the surface reactivity against the electrolyte. In fact, the
igher the amount of active surface sites at the graphite surface,
he higher the graphite surface reactivity that can be expected.

graphite material with a low ASA value will thus show a low
eactivity towards the electrolyte. As a result, the kinetics of the
assivation layer formation will be slow and the passivation pro-
ess will be not completed before the electrochemical exfoliation
tarts. The influence of the heat treatment time is in agreement
ith the above explanations; the longer the heat treatment time,

he lower becomes the ASA and, consequently, the higher the
rreversible “charge loss”.

We also observed that the potential at which the additional
lateau appears becomes more positive when the ASA value
ecreases. In accord with the values of the irreversible specific
harge, this can be explained by the fact that lower ASA values
esult in a lower overpotential for the exfoliation process of the
raphite. This conclusion is obvious because the exfoliation cre-
tes new surfaces in contact with the electrolyte and, thus, the
ocal current density decreases.

In contrast, the graphite material with a lower structural order-
ng (high ASA value) shows a higher reactivity towards the
lectrolyte and, thus, the kinetics of the formation of the passiva-

ion layer (SEI) will be enhanced. In this condition, the formation
f the SEI layer is completed prior to the onset of the exfoliation.
his is in agreement with the fact that the kinetics of formation
f the passivation layer is related to the ASA.

[
[

urces 174 (2007) 1082–1085 1085

. Conclusion

The stability toward exfoliation of highly crystalline graphite
aterials depends on their reactivity which is related to the sur-

ace properties of the graphite. We show here that the surface
roperties and especially the active sites of the highly crystalline
raphite material have a significant influence on the electrolyte
ecomposition and passivation process during the first electro-
hemical lithium insertion and, thus, on the SEI layer formation.

The elimination of surface defects by heat treatment (decrease
f the ASA) hinders the formation of the SEI and consequently
avors the exfoliation of graphite. On the contrary, the increase
n the ASA results in faster electrolyte decomposition and subse-
uent graphite surface passivation at potentials which are more
ositive than the potential at which the electrochemical exfo-
iation of graphite can be observed. It clearly appears that the
assivation is kinetically enhanced at graphite surfaces with high
SA.
The electrochemical performance of graphite can be strongly

odified by changing the ASA of the graphite. Whereas the
raphite heat-treated in argon exfoliates during the first electro-
hemical insertion, its surface oxidation (causing a significant
ncrease in the ASA) suppresses the exfoliation.

In short, we confirmed that the concept of active sites is a
uitable tool to predict the passivation behavior of the graphite.
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