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INTRODUCTION
Lithium-ion batteries are now the cell-of-choice to power portable electronic applications such as cellular
phones, notebook computers, and camcorders. Recent worldwide interest in pure electric and hybrid vehicle has
accelerated the research in laboratories and industry of larger-sized rechargeable lithium-ion batteries [1]. Their
use in mobile applications requires especially to improve their energy density and consequently to reduce the
irreversible capacity.
Graphitic carbon materials are nowadays favored as negative electrode in commercial lithium-ion batteries.
During the first discharge of such a battery, a solid electrolyte interphase (SEI) is formed and acts as a
passivation layer on the graphite grain surfaces. This layer is responsible for an irreversible capacity “loss” but
also serves as protection against co-intercalation of solvent molecules into the graphite and exfoliation of the
graphite surface [2]. Especially for the high crystalline graphite, the formation of this passivation layer is of
prime importance since it suppresses any further electrolyte decomposition and particularly avoids
electrochemical exfoliation of the structure [3,4,5]. A complete understanding of the formation process of this
SEI layer with the identification of the critical parameters influencing its efficiency is essential and is a
prerequisite for the development of improved graphite electrode materials for advanced lithium-ion batteries.
It is now well known that the composition of the SEI layer which results from electrolyte decomposition
products depends on several parameters such as the graphite type, the electrolyte composition (nature of the salt,
the solvent used) and the presence of electrolyte impurities [6,7,8]. The influence of the graphite characteristics
has been already investigated [9,10,11]. We observed that the surface properties of a highly crystalline graphite
material have a significant influence on the electrolyte decomposition and passivation mechanism during the
first electrochemical lithium insertion and, thus, on the SEI layer formation and composition. Several
parameters were identified as being responsible. Among them the surface groups chemistry and the amount of
surface defects, both parameters being related [10,11]. Recently, we showed that the ASA concept is a very
useful tool to predict the exfoliation tendency [10]. To confirm the influence of the ASA and thus the degree of
structural order at the surface on the exfoliation tendency, graphite with different active surface area were
prepared and electrochemically tested.

EXPERIMENTAL
The surface characteristics of the TIMREX® SLX50 can be easily modified after thermal modifications under
various gas atmosphere without significantly changing the bulk properties (especially the total surface area) and
the particle size distribution of the product. For this, the TIMREX® SLX50 graphite was heated at 1300°C
under an argon flow and maintained 1 min or 1 hour, respectively, at this temperature. After the heat treatment,
the graphite sample was either cooled in an argon atmosphere until room temperature or quenched in air. The
air quenching causes a slight oxidation of the carbon sample. After cooling down to room temperature, the
samples are exposed to the air atmosphere. The active surface area (ASA) was determined at 950°C under
vacuum (10-4 Pa) by outgassing the sample in an elsewhere described experimental set-up at 950°C under
vacuum (10-4 Pa) and following the procedure described elsewhere [12,13].
The electrochemical experiments were performed with a metallic lithium counter electrode in two-electrode
arrangement in standard laboratory cells as described elsewhere [11]. The lithium foil (Aldrich) and 1 M LiPF6
in EC:DMC [1:1] (Ferro) were used without any further treatment. Working electrodes were prepared by
doctor-blading the SLX50 graphite (TIMCAL SA, Bodio, Switzerland) with polyvinylidene fluoride (SOLEF
1015, Solvay) binder onto a copper current collector. The electrodes were vacuum dried at 120°C and contained
ca. 10 mg of graphite (their composition was 90 wt.% graphite and 10 wt.% PVDF). Galvanostatic
measurements were performed at specific currents of 10 mA/g of carbon to complete the SEI formation in the
first Li+ insertion cycle. After a potential of 5 mV vs. Li/Li+ was reached, the discharging was continued at this
constant potential until the current dropped below 5 mA/g. The charging was performed at a constant specific

current of 10 mA/g until a cut-off potential of 1.5 V vs. Li/Li+ was reached. All measurements were carried out
at room temperature.

RESULTS AND DISCUSSION
The Temperature Programmed Desorption (TDP) curves of the different SLX50 samples after chemisorption of
O2 at 300°C showed that the formation of CO and CO2 is completed below 900°C as shown in Figure 1 for the
sample SLX50 treated in argon during 1 hour. This indicates that the total amount of oxygen complexes formed
on the active sites during the oxygen chemisorption was totally removed during the TPD.
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Fig. 1: Desorption rate of CO and CO2 as a function of desorption temperature after oxygen chemisorption, for
the “SLX50 1hr Ar” sample.
From the total amount of CO and CO2 released after chemisorption, the ASA was calculated; the values
obtained for the different SLX50 samples are reported in Table 1.
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Table 1: Active surface area (ASA) and irreversible capacity in the first cycle of graphite materials (“SLX50”:
as-received sample; “SLX50 1hr. Ar + air”: as-received SLX50 sample treated 1 hour in an argon flow
following by an air quenching for the cooling; “SLX50 1hr. Ar”: as-received SLX50 sample treated 1 hour in
an argon flow; “SLX50 1min. Ar”: as-received SLX50 sample treated 1 min in an argon flow).
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As expected, the heat treatment in argon has increased the structural ordering of the graphite and therefore
removed surface defects, as indicating by the decrease of the ASA values. A subsequent air treatment leads to a
mild oxidation of the graphite surface as pointed out by the increase of the ASA value after the argon treatment.
For a detailed investigation of the film formation in the first cycle, we analyzed the irreversible charge “losses”
and the galvanostatic charge curves of the first lithium insertion into the graphite. The charge “losses”
(irreversible capacity, in %) of the graphite samples during the first cycle are indicated in Table 1. The curves of
the first galvanostatic lithium intercalation into the graphite TIMREX® SLX50 and the three heat-treated
SLX50 graphite samples are reported in Figure 2.
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Fig. 2: First electrochemical lithium insertion into TIMREX® SLX50 (i) as received and (ii) heat treated at
1300°C in argon for 1 min and 1 h, respectively, and subsequently cooled down in argon and air atmosphere, respectively, in EC:DMC, 1M LiPF6 electrolyte.
The pristine sample as well as the sample cooled down in air show the typical insertion properties expected for
a highly crystalline graphite material. A reversible charge capacity (specific charge) of ca. 360 mAh/g could be
observed at a specific current of 10 mA/g. No additional plateau is observed with these two samples suggesting
that a protective passivation film (SEI) was formed on 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 dismantled half-cells (not shown here). Both, the as-received SLX50 and the “SLX50 1hr
Ar + air” graphite electrodes show an uniform and relatively dense film on the graphite particles. No exfoliation
of the graphite can be observed. In contrast, the heat-treated SLX50 graphite samples cooled under Ar
atmosphere show an additional irreversible charge-consuming process manifested by an additional potential
plateau during the first electrochemical lithium insertion (Fig.2) which was identified as the exfoliation of the
graphite. The said potential plateau corresponds to the irreversible, charge consuming film formation process on
the graphite surface freshly created by the exfoliation process. This relatively low potential plateau is typical for
exfoliation in an EC based electrolyte. As a consequence, this irreversible process of graphite exfoliation
significantly increases the “loss” of the specific charge during the first electrochemical lithium insertion, as
shown in Table 1.
The comparison of the electrochemical data with the graphite surface characteristics reveals that the
electrochemical behavior of the graphite can be correlated to the structural modifications occurring during the
treatments, as it will be discussed below.
The evolution of the ASA of the graphite leads to modifications of the galvanostatic curves and the irreversible
charge loss. After heat treatment in argon, the decrease of the ASA induces an important increase in the
irreversible charge “loss” which is characteristic for an exfoliation process, as confirmed by SEM observations.
It is interesting to note that, when the graphite sample heat-treated in argon is again exposed to air to increase
the ASA (and consequently to increase the amount of surface defects), the exfoliation phenomenon isn’t
observed anymore. This may be related to the surface reactivity against the electrolyte. In fact, the higher the
amount of active surface sites at the graphite surface, the higher the graphite surface reactivity that can be
expected. A graphite material with a low ASA value will thus show a low reactivity towards the electrolyte. As

a result, the kinetics of the passivation layer formation will be slow and the passivation process will be not
completed before the electrochemical exfoliation starts.
In contrast, the graphite material with a lower structural ordering (high ASA value) shows a higher reactivity
towards the electrolyte and, thus, the kinetics of the formation of the passivation layer (SEI) will be enhanced.
In this condition, the formation of the SEI layer is completed prior to the onset of the exfoliation. This is in
agreement with the fact that the kinetics of formation of the passivation layer is related to the ASA.
3. Conclusion
The stability of highly crystalline graphite materials toward exfoliation of the graphite structure during the first
electrochemical lithium insertion in mixed EC/DMC electrolyte systems depends on the reactivity of the
graphite particles toward the electrolyte decomposition. This reactivity is related to the surface properties of the
graphite. We show here that the surface properties and especially the active sites of the highly crystalline
graphite material have a significant influence on the electrolyte decomposition and passivation process during
the first electrochemical lithium insertion and, thus, on the SEI layer formation.
The elimination of surface defects by heat treatment (decrease of the ASA) hinders the formation of the SEI
film and consequently favors the exfoliation of graphite. On the contrary, the increase in the ASA results in
faster electrolyte decomposition and subsequent graphite surface passivation at potentials which are more
positive than the potential at which the electrochemical exfoliation of graphite can be observed.
It is interesting to note that the electrochemical performance of a graphite material can be strongly modified by
changing the active surface area of the graphite. We also confirm through this work that the concept of active
sites is a suitable tool to predict the passivation behavior of the graphite.
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