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Abstract

The surface passivation of TIMREX® SLX50 graphite powder was studied as received and after heat treatment at 2500◦C in an inert gas
atmosphere by differential electrochemical mass spectrometry in electrochemical lithium half-cells. 1 M LiPF6 in ethylene carbonate and
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ither a dimethyl carbonate, propylene carbonate or 1-fluoro ethylene carbonate co-solvent was used as electrolyte systems i
ells. The SEI-film formation properties of both graphite materials were correlated with their active surface area (ASA), being re
or the interactions between the carbon and the electrolyte system. The active surface area was determined from the amoun
O2 gas desorbed at temperatures up to 950◦C from the graphite material surface after chemisorption of oxygen at 300◦C. The structura
rdering at the graphite surface increased significantly during the heat treatment of the SLX50 graphite material as indicated by the
ecrease of the ASA value. The increased surface crystallinity was confirmed by krypton gas adsorption, Raman spectrosco
s temperature-programmed desorption. This increased structural ordering seemed to be the parameter being responsible fo
assivation of the heat-treated SLX50 causing partial exfoliation of the graphite structure during the first electrochemical lithium in

he ethylene carbonate/dimethyl carbonate electrolyte. In the case of the ethylene carbonate/1-fluoro ethylene carbonate electro
rimarily the fluoro compound is responsible for the graphite passivation. In this electrolyte system, pristine SLX50 and the les
eat-treated SLX50 graphite showed significantly different SEI-film formation mechanisms. In contrast, no difference in the p
echanism could be identified for different graphite surfaces in the ethylene carbonate electrolyte system with propylene ca

o-solvent.
2005 Elsevier B.V. All rights reserved.
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. Introduction

During the first electrochemical insertion of lithium ions
nto carbon negative electrodes of secondary lithium batter-
es, a passivation layer based on electrolyte decomposition
roducts is formed on the surface of the carbon particles. In

he ideal case, this so-called solid electrolyte interphase (SEI)
ayer suppresses any further electrolyte decomposition and,
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particularly for graphite negative electrode materials
high crystallinity degree, avoids electrochemical exfolia
of the graphite structure[1–3]. The electrolyte compositio
is a key factor for the formation of an effective SEI la
and thus for the total cell performance[4–8]. The proces
of graphite surface passivation and SEI formation is
versible and therefore causes a charge loss, i.e. dec
the energy density of the electrochemical cell. Addition
the SEI layer on the graphite particle surface influence
cycling stability, high current rate performance as well as
safety of the complete cell[9,10].
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Besides the electrolyte system, the surface properties of
the graphite negative electrode material play an important role
for the formation of the SEI layer. It could be shown recently,
that heat treatment of graphite powder with a high degree
of graphitization in an inert gas atmosphere above 1300◦C
causes electrochemical exfoliation of the graphite structure
in ethylene carbonate based electrolyte systems[11–14], an
effect that generally has been discussed for graphite materials
only in case of electrolyte systems containing propylene car-
bonate as electrolyte component[15,16]. It could be shown
that the heat treatment of the highly crystalline graphite mate-
rial led to a kinetically hindered passivation of the graphite
surface in the ethylene carbonate-based electrolyte during the
first electrochemical reduction[14]. The identification and
optimization of surface parameters, which affect the qual-
ity of the SEI-layer, is a prerequisite for the development of
improved graphite electrode materials for advanced lithium-
ion batteries.

To identify key parameters of the graphite surface and to
better understand their influence on the SEI formation pro-
cess, we selected the highly crystalline graphite powder as
received as well as its heat-treated derivative representing
two extreme cases of different graphite surfaces as model
systems. These surfaces have been studied with regard to
the passivation process in different carbonate electrolyte sys-
tems. The results of these electrochemical studies have been
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Therefore, the carbon ASA is an intrinsic graphite property,
which is related to the carbon surface reactivity. In this paper,
the concept of active sites will be introduced as a parameter
to predict the film forming properties of different graphite
materials during the first electrochemical reduction of the
materials in liquid electrolyte systems. We will try to find
correlations between the ASA and the graphite surface reac-
tivity towards carbonate-based liquid electrolyte systems.
This should allow to use the ASA method as a quantitative
index to compare graphite materials with complementary sur-
face properties with regard to their passivation and SEI-film
forming properties in various lithium-ion battery systems and
to predict suitable electrolyte systems for every individual
graphite surface.

2. Experimental

The synthetic graphite material TIMREX® SLX50 (TIM-
CAL Ltd., Bodio, Switzerland) was heated at 2500◦C in an
inert helium gas atmosphere for 2 days. The sample was
cooled down to room temperature and then exposed to air
atmosphere.

The crystallinity of the pristine and the heat-treated
graphite material was characterized by X-ray diffraction
(XRD) measurements using a STOE Stadip diffractometer
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sed to find correlations with the surface properties o
wo graphite materials since in a carbon–liquid interac
he surface chemical properties of the carbon play a sig
ant role[15]. The surface properties can be described by
ifferent approaches: “a solid state chemistry approac
n “organic chemistry approach”[16]. This latter approac
eals with the nature and the functionality of the oxy
omplexes chemisorbed on the edge carbon atoms[17]. The
nalysis of these surface groups, which are thermally u
le, can be performed by thermal-programmed desor
TPD) [18]. However, this organic chemistry approach b
er applies to the description of the surface properties o
rdered carbons (carbon having been prepared at low
ation temperatures). In the frame of this work, the “s
tate chemistry” approach seems to be more appropria
hat approach, the defects in the aromatic basal plane
onsidered as ‘active sites’ of the carbon surface and th
ace carbon solid is characterized in terms of graphitic su
ites[19]. This leads to the concept of the active surface
ASA) of the graphite material. The procedure to determ
alues of ASA was developed by Laine et al.[20,21]. In their
tudy, they quantified the role of the carbon active sites
eterogeneous reaction and found that the carbon ASA
n index for the reactivity of carbon towards oxygen at
ated temperature.

Subsequent works showed that the concept of ASA
qually useful in normalizing the reactivity of differe
raphite materials towards various species[22–25]and tha

he concept could be applied to other types of carbon m
ials (carbon fibres, nanotubes, C/C composites)[26–30].
n Debye-Scherrer geometry and applying monochrom
u K(1 radiation (1.5418̊A). The average crystallite si
long the crystallographicc-axis direction (Lc) and thea-axis
irection (La) were determined from the FWHM of the c
on (0 0 2) and (1 0 0) Bragg diffraction reflexes, respectiv
fter correction by a factor for the instrumental broaden
sing Eq.(1) [31–33].

=
√

B2
exp − B2

inst (1)

n this equationBexp is the FWHM of the graphite Brag
eak.Binst is the instrumental line broadening determined
silicon standard.
The rhombohedral fraction was derived by the comp

on of intensities of the (1 0 1) hexagonal and rhombohe
iffraction peaks[34]. X-ray diffraction (XRD) measure
ents of the potentiostatically controlled electrodes w

arried out using a Bruker AXS D8 Advance diffractom
er in Bragg–Brentano geometry working with a second
onochromator for Cu K�1 radiation. The particle size d

ribution of the graphite powders were determined usi
ALVERN Mastersizer laser diffractometer.
A confocal Raman microscope (Labram series, J

von SA, ex DILOR SA) was used to acquire Raman spe
he Raman spectra were used to calculate the intensity

D/IG of the D-band (1330 cm−1) and G-band (1570 cm−1)
s well as the correlation lengthLa based on most freque
nd average values[35,36]. The original Tuinstra–Koen
elation applied to calculate theLa value was establishe
or a laser radiation wavelength of 488 nm. The crysta
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sizeLa was, therefore, corrected using the correlation factor
based on the work of Wang and Dresselhaus[31,37,38]. X-
ray photoelectron spectroscopy (XPS) was performed on a
VG ESCALAB 220iXL. Details of the XRD, Raman spec-
troscopy, and XPS measurements were described elsewhere
[14].

The nitrogen adsorption properties of the graphite samples
were measured using a Micromeritics ASAP 2010 at 77 K and
krypton adsorption was performed at the same temperature
using a classical volumetric apparatus[39]. For this latter
method, thermal transpiration corrections were carried out
according to the Takaishi and Sensui formula[40]. Scanning
electron microscopy (SEM) pictures were recorded with a
JEOL JSM-5600 LV using a heated tungsten anti-cathode.

Electrochemical measurements were performed at 25◦C
in a gas-tight, coin-cell-like arrangement[41] using a
computer controlled cell capture system (CCCC, Astrol
Electronic AG, Oberrohrdorf, Switzerland). Electrodes were
prepared by blade-coating the graphite on a copper foil.
10 wt.% polyvinylidene difluoride (SOLEF 1015, Solvay
SA) was used as binder. The geometric electrode area was
1.33 cm2. Metallic lithium (0.75 mm, Alfa Aesar, Johnson
Matthey GmbH, Germany) was used as the reference and
counter electrode. The electrolyte solvents ethylene car-
bonate (EC), propylene carbonate (PC), dimethyl carbonate
(DMC), as well as the conducting salt LiPFapplied through-
o
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trodes during the first electrochemical reduction in different
carbonate-based electrolyte solutions. The DEMS set-up has
been described elsewhere[42]. The method is based on the
non-wettability of a porous membrane that acts as a sol-
vent barrier between the electrochemical cell and the vacuum
system of the mass spectrometer. A porous working elec-
trode prepared using a spray technique is deposited onto
the membrane. The active mass of the electrodes was about
4 mg cm−2.

Temperature-programmed desorption was performed in
a vacuum system equipped with a mass spectrometer at a
maximum pressure of 10−4 Pa. The graphite sample was
deposited in a fused silica tube and heat-treated up to 1000◦C
with a linear heating rate of 10◦C min−1. During the exper-
iment, the gas phase was continuously analyzed quantita-
tively by the mass spectrometer. Before the experiment, the
mass spectrometer was calibrated using H2 (m/z = 2), H2O
(m/z = 10), CO (m/z = 28), N2 (m/z = 28), O2(m/z = 32), and
CO2 (m/z = 44) gases. The quantitative determination of func-
tional groups was based on H2, H2O, CO, and CO2, as the
amount of O2 and N2 was found to be negligible. The total
gas pressure evolved during the heat treatment was measured
as a function of the temperature using a Bayard-Alpert gauge.
The total gas pressure was compared to the pressure calcu-
lated from the sum of the partial pressure of the gas species
deduced from the quantitative analysis of the gas stream. The
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ut the measurements had battery quality (Selectipur®, E.
erck, Darmstadt, Germany) and were used as received
ater impurities of the commercial electrolyte systems w
ontrolled by Karl Fischer titration and always were fou
o be below 50 ppm. Water impurities in 1-fluoro ethyl
arbonate (1F-EC) were below 10 ppm. An electro
uantity of 0.5 mL was used in every cell. A 1 mm thick s
lass-fibre sheet (Hollingsworth & Vose, Ltd., England)
sed as separator. Before the cell assembly, the elec
s well as the glass fibre separator were dried at 120◦C at
reduced argon pressure of 10−3 mbar for 12 h and the

tored in a dry argon atmosphere.
Unless otherwise stated, galvanostatic measurem

ere performed at specific currents of 10 mA g−1 of carbon
o complete the SEI formation in the first Li+ insertion cycle
fter a potential of 5 mV versus Li/Li+ was reached in th
rst galvanostatic Li+ insertion, the discharging was cont
ed potentiostatically until the specific current dropped be
mA/g. The electrochemical lithium de-insertion was p

ormed at a constant specific current of 10 mA g−1 until a
ut-off potential of 1.5 V versus Li/Li+ was reached and
ubsequent potentiostatic stabilization at this potential
he specific current dropped below 5 mA g−1. The same cel
ere used for the post mortem SEM and XRD studies.
ells were dismantled, the negative electrodes washed
ughly with dry DMC, and dried in a dry argon atmosph

Differential electrochemical mass spectrometry (DEM
as used to study the processes of electrolyte deco
ition and SEI formation, and to follow the formation
thylene, propylene, and/or carbon dioxide on graphite
iscrepancy between the calculated pressure and the
ured pressure was attributed to the presence of hydroca
xHy with x > 2 in the gas phase.
The active surface area was determined by outgassin

ample in the same experimental set-up at 950◦C under vac
um (10−4 Pa). An initial oxygen pressure of 66.5 Pa w

ntroduced in the reactor at 300◦C causing a chemisorptio
f O2 on the graphite surface. The O2 chemisorption proces
ver a period of 15 h at 300◦C led to the formation of su
ace oxide complexes at a specific part of the graphite su
rea, i.e. the graphite active sites area. The amount of ox
omplexes formed was determined by measuring the am
f CO and CO2 desorbed from the graphite surface at t
eratures higher than the complex formation temperatu
erforming a TPD step between 300 and 950◦C. The amoun
f CO and CO2 that desorbed was measured with the m
pectrometer. By determining the number of moles of
as desorbed and taking the area of an edge carbon si
hemisorbed an oxygen atom as 0.0083 nm2, the surface are
ccupied by chemisorbed oxygen can be calculated[20,21].

. Results and discussion

.1. Electrochemical characterization

TIMREX® SLX50 is a typical representative of the fam
f highly crystalline graphite negative electrode mate
hich electrochemically insert lithium up to a chemi
omposition of LiC6, being equivalent to a theoretic
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Fig. 1. First electrochemical lithium insertion/de-insertion into TIMREX®

SLX50 (HT) using either ethylene carbonate, dimethyl carbonate or ethylene
carbonate/dimethyl carbonate 1:1 (w/w) as electrolyte solvents.

reversible capacity of 372 mAh g−1 of carbon. Typically, a
reversible capacity of about 365 mAh g−1 and a coulombic
efficiency of 93% can be observed in the first galvanostatic
charge/discharge cycle for the SLX50 negative electrode
material at a specific current of 10 mA g−1 using PVDF as
binder and LiPF6 in EC/DMC 1:1 (w/w) as electrolyte[12].
Heat treatment of the SLX50 graphite material resulted in
a graphite material SLX50 (HT) showing the same particle
size distribution as the starting graphite: Laser diffraction
measurements indicated an average particle size of 22�m
and ad90% value of 56�m for both the heat-treated SLX50
and the SLX50 as received.

In contrast to SLX50, SLX50 (HT) shows an additional
irreversible electrochemical process during the first electro-
chemical reduction, indicated in the galvanostatic potential
curve by the potential plateau at about 0.45 V versus Li/Li+

(Fig. 1). This irreversible process significantly increases
the loss of specific charge during the first electrochemical
lithium insertion. Using pure ethylene carbonate instead of
the EC/DMC mixture as electrolyte solvent, this potential
plateau increases in size and shifts to more positive poten-
tials of about 0.55 V versus Li/Li+. Using DMC as single
electrolyte solvent, the irreversible process disappears, as
shown inFig. 1. Conclusively, the irreversible electrochemi-
cal process apparently only occurs in the presence of ethylene
c
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Fig. 2. (0 0 2) X-ray diffraction peak of heat-treated TIMREX® SLX50
graphite electrodes taken from half-cells, which were discharged galvanos-
tatically at 10 mA g−1 to the cut-off potentials 0.3 V vs. Li/Li+, respectively,
and then potentiostatically stabilized at these potentials for 2 days using
1 M LiPF6 in either ethylene carbonate or dimethyl carbonate as electrolyte.
The X-ray diffraction peak of the heat-treated SLX50 powder shown for
comparison is hardly distinguishable from the DMC case.

electrolyte does not change compared to the diffraction pat-
tern of the SLX50 (HT) starting material. The SEM picture
in Fig. 3 taken from the discharged graphite electrode of
the dismantled half-cell containing the EC/DMC electrolytes
indicates exfoliation of a fraction of the graphite particles in
the electrode. Gaps and holes observed at the graphite layer
edges (prismatic surfaces) of the defective graphite parti-
cles indicate only a partial exfoliation, i.e. the exfoliation
of only some single crystals in the graphite particle. The
electrochemical exfoliation process observed increases the
wetted electrode surface area thus leading to the increase of
irreversible capacity observed for the SLX50 (HT) in compar-
ison to the untreated SLX50. Besides the partial exfoliation
of the graphite particle, a relatively thick layer presumably
of electrolyte decomposition products could be detected at
the graphite particle surface indicating a strong electrolyte
decomposition process occurred before the passivation of the
graphite surface could be achieved.

3.2. Graphite material bulk and surface analyses

To understand the modifications created in the graphite
material during the heat treatment, the crystal structure of
the untreated and heat-treated SLX50 was characterized by
XRD. As summarized inTable 1, the increasedLc and La
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arbonate as electrolyte component.
Post mortem XRD studies of the discharged graphite

rode were performed by especially focusing on the (0
iffraction peak that corresponds to the X-ray diffract
t the graphite planes. As shown inFig. 2, the (002) XRD
eak of the SLX50 (HT) electrode, which was dischar

o 0.3 V versus Li/Li+ in the mixed EC/DMC (50%:50%
/w) electrolyte system broadens towards smaller 2Θ angles
ompared to the SLX50 (HT) starting material. The as
etric peak broadening indicates a random expansion o
raphite layers and an increase of the interlayer dista

n contrast, the XRD diffraction pattern of the SLX50 (H
lectrode material, which was discharged in the pure D
alues calculated from the XRD patterns indicate sig
antly increased single crystals in the graphite particles o

able 1
tructural bulk parameters of TIMREX® SLX50 before and after heat tre
ent at 2500◦C obtained from X-ray diffraction measurements

SLX50 SX50 HT

c (002) (nm) 35 (±5) 72 (±11)

a (100) (nm) 64 (±10) 77 (±12)
raction of rhombohedral stacking defects (%) 23 (±2) 0
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Fig. 3. SEM picture of a heat-treated SLX50 graphite negative electrode taken from a half-cell, which was discharged galvanostatically at 10 mA g−1–0.3 V
vs. Li/Li+ and stabilized potentiostatically at this potential for 2 days using 1 M LiPF6 in EC:DMC 1:1 (w/w) as electrolyte.

heat-treated graphite material. In addition, the rhombohedral
stacking faults in the graphite structure completely vanished
during the heat-treatment. Due to the smaller penetration
depth of the Raman laser beam (some micrometers) com-
pared to the X-ray beam, Raman spectroscopy was used to
characterize the crystallinity in the surface-near regions of the
graphite particles. The correlation lengthLa, calculated from
the intensity ratio of the D-band and G-band of the Raman
spectra, drastically increases during the heat treatment of
the graphite material, as shown inTable 2. This indicates
a significantly decreased amount of disordered carbon at the
heat-treated surface, i.e. an increased surface crystallinity.
The heat treatment has a healing effect on the graphite bulk
and surface decreasing the amount of crystal defects as well
as the defects at the graphite surface. In addition, the results
of the XRD and Raman experiments indicate that the heat
treatment stronger affects the crystallinity in the surface-near

Table 2
The results of Raman spectroscopy, krypton gas adsorption, and X-ray photo
electron spectroscopy measurements, describing the surface properties of
TIMREX® SLX50 before and after heat treatment at 2500◦C

SLX50 SLX50 HT

Raman spectroscopy
La (nm) 25 140

K

X

regions of the graphite particle than in its bulk volume. This
result could be confirmed by surface morphology studies
using krypton absorption measurements, which are summa-
rized inTable 2. The heat treatment of the SLX50 graphite
causes a significant increase of the basal plane surfaces, to
the detriment of the prismatic surfaces (edge planes) and
low energy defects like dislocation lines at the graphite sur-
face. The significant increase of the structural ordering also
is confirmed by the ASA measurements as explained further.
The concentrations of surface oxides linked to the superficial
defects were studied by X-ray photoelectron spectroscopy
(XPS). In comparison to the untreated graphite surface, the
results of the XPS measurements indicates a slight decrease of
the oxygen concentration at the heat treated graphite surface
and therefore are in line with the other surface characteriza-
tion measurements.

Temperature-programmed desorption is a powerful tool to
characterize the amount and nature of the surface groups at the
graphite surface. The amount and nature of gaseous species
desorbed from the graphite surface between 100 and 1000◦C
at reduced pressure of 10−4 Pa is continuously analyzed by
mass spectroscopy. In the case of graphite materials like the
pristine SLX50, besides some hydrocarbons, usually only
H2, H2O, CO, and CO2 can be detected (Fig. 4). Besides
the physiosorbed H2O molecules at the graphite surface, the
desorption of water molecules in combination with desorbed
C face
g
d um
b ion
o n of
h ion
o the
rypton gas adsorption
Total surface area (m2 g−1) 4.0 2.8
Fraction of basal plane surfaces (%) 42 67
Fraction of prismatic surfaces (polar edges) (%) 25 9
Fraction of low energy defects (%) 33 24

-ray photo electron spectroscopy
O (1s) (at.%) 1.2 0.6
C (1s) (at.%) 98.3 99.0
O2 is assigned to the decomposition of carboxylic sur
roups, typically occurring between 250 and 600◦C. The
esorption of CO from the graphite surface with a maxim
etween 600 and 800◦C describes the thermal decomposit
f carbonyl and phenol surface groups. The desorptio
ydrogen above 850◦C relates to structural reorganisat
f superficial less organised carbon and could indicate
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Fig. 4. H2, H2O, CO, and CO2 gas desorbed from the TIMREX® SLX50
surface up to 950◦C in temperature-programmed thermodesorption experi-
ments.

initial crystallization process at the surface of the SLX50
graphite material. As illustrated inFig. 5, in comparison to
the untreated SLX50, the nature of the thermal stability of
the formed oxygen complexes are different. The functional
groups being present at the SLX50 (HT) surface are thermally
more stable. It also appears in this figure that the desorption
rates of CO and CO2 gas are much lower for SLX50 (HT).
Consequently, the total amount of CO and CO2 desorbed from
the SLX50 (HT) surface drops significantly, as summarized
in Table 3.

3.3. Study of the electrochemical graphite passivation
process

To find an explanation for the electrochemical exfoliation
which occurs in EC containing electrolytes for the heat-
treated SLX50 in contrast to the untreated SLX50, differential
electrochemical mass spectrometry was performed in an elec-
trochemical half-cell connected to a mass spectrometer. The
evolution of volatile species was monitored as a function of
the graphite potential for the first two consecutive electro-
chemical insertion/de-insertion cycles of lithium ions into

F T)
u nts.

Table 3
Amount of desorbed H2, H2O, CO, and CO2 gas obtained in temperature-
programmed desorption measurements of TIMREX® SLX50 and SLX50
(HT) up to 950◦C as well as the active site surface area, the active site
surface area normalized to the total specific BET surface area (dASA), and the
amount ratio of CO and CO2 desorbed up to 950◦C, which was determined
for TIMREX® SLX50 and SLX50 (HT) in the same experimental set-up
after oxygen chemisorption at 300◦C

TPD results SLX50 SLX50 (HT)

TSA (m2 g−1) 4.0 2.6
H2 (�mol m−2) 0.55 0.4
H2O (�mol m−2) 3.25 5
CO (�mol m−2) 3.75 1
CO2 (�mol m−2) 1.48 0.33
ASA (m2 g−1) 0.3 0.008
dASA = ASA/TSA 0.08 0.003

both SLX50 and SLX50 (HT) using a mixed EC/DMC 1:1
(w/w) electrolyte system. Due to the high electrolyte viscosity
leading to problems in the detection of volatile species formed
at the negative electrode, the measurement was not possible
in the pure EC electrolyte. In the case of untreated SLX50, a
mass signal ofm/z = 27 corresponding to ethylene gas could
be detected by the mass spectrometer starting at 1.1 V versus
Li/Li + as shown inFig. 6. Ethylene is considered as typical
reductive decomposition product of the ethylene carbonate
electrolyte. For the example of the electrochemical decom-
position of DMC on graphite surfaces, no ethylene gas but
H2 and CO gas could be detected starting at electrochemical
potentials above 1.5 V versus Li/Li+. Thus, the ethylene for-
mation observed in the DEMS experiment can be assigned
to the decomposition of the ethylene carbonate electrolyte
component at the graphite electrode surface. The ethylene
signal has a maximum at 0.55 V versus Li/Li+ and almost
disappears at potentials below 0.2 V versus Li/Li+ indicating
the completion of the graphite surface passivation process.
Apparently, the DMC component does not achieve complete
passivation of the graphite surface during its decomposition
at more positive potentials. In the mixed EC/DMC electrolyte
system, also the EC component participates at the graphite
surface passivation process and finally achieves the formation
of an effective SEI-film which suppresses further electrolyte
decomposition. The formation of ethylene is accompanied
b low
0 on
c ange
o t less
p f the
D volu-
t siva-
t in
t

ene
f
( fore
g EI-
fi um
ig. 5. H2, H2O, CO, and CO2 gas desorbed from the surface of SLX50 (H
p to 950◦C in temperature-programmed thermodesorption experime
y the formation of hydrogen observed at potentials be
.45 V versus Li/Li+. The delay of the hydrogen formati
ompared to the ethylene formation could indicate a ch
f the ethylene carbonate decomposition mechanism a
ositive potentials or another decomposition process o
MC component. In the second cycle, almost no gas e

ion can be observed indicating an efficient graphite pas
ion for SLX50 during the first lithium insertion process
he EC/DMC electrolyte system.

In contrast to the untreated SLX50, the initial ethyl
ormation is shifted below 0.55 V versus Li/Li+ for SLX50
HT). Thus, the graphite exfoliation process sets in be
raphite passivation by the formation of an efficient S
lm is accomplished at the graphite surface. The maxim
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Fig. 6. Differential electrochemical mass spectrometry (DEMS) measure-
ments in half-cells containing TIMREX® SLX50 and SLX50 (HT) as
electrodes and 1 M LiPF6 in EC:DMC 1:1 (w/w) as electrolyte. The mass
signalm/z = 27 corresponding to the ethylene formation was monitored as
a function of the potential applied to the graphite electrode at a scan rate
of 0.4 mV s−1. The cyclic voltammogram of the cells was simultaneously
measured.

amount of ethylene is formed at about 0.3 V versus Li/Li+ but
does not stop with the cell potential decreasing further. Due to
the formation of new surfaces during the exfoliation process,
electrolyte decomposition proceeds at the potential range in
which the insertion of lithium ions into the graphite material
takes place and continues even in the following de-insertion
process. Also in the second charge/discharge cycle, a rela-
tively high level of ethylene gas formation can be observed
indicating that no efficient SEI layer formation is achieved
on the heat-treated graphite surface.

The passivation film formation is hindered at the heat-
treated graphite surface that apparently shows a decreased
surface reactivity in comparison to the pristine graphite sur-
face. The reactivity of the graphite surface towards the elec-
trolyte can be enhanced by increasing the temperature during

Fig. 7. Cyclic voltammograms (first cycle) of SLX50 (HT) performed at
room temperature (thin line) and 60◦C (bold line), respectively, using
1 M LiPF6 in EC:DMC 1:1 (w/w) as electrolyte system at a scan rate of
10�V s−1.

the graphite passivation process as shown inFig. 7. The cyclic
voltammogram shows the first electrochemical insertion of
lithium ions in SLX50 (HT) at room temperature using the
mixed EC/DMC electrolyte system. The graphite exfoliation
process appears as irreversible cathodic peak at about 0.35 V
versus Li/Li+. This irreversible peak completely disappears
at a film formation temperature of 60◦C. An expansion of
the specific current axis reveals at 60◦C a cathodic current
positive to 1.5 V versus Li/Li+, which indicates a shift of
the initial film formation to more positive potentials. This
shift could be confirmed by DEMS measurements shown in
Fig. 8. The initial ethylene formation shifts from 0.55 V ver-
sus Li/Li+ in the case of a film formation at room temperature
to about 0.85 V versus. Li/Li+ at a film formation temperature
of 60◦C. At elevated temperature also the signal intensity
increased caused either by a higher electrolyte decomposi-
tion rate or by a decreased solubility of the ethylene gas in
the electrolyte system. It seems obvious that the hindrance
of the graphite passivation is a kinetic effect and, besides the
electrolyte film forming properties, is directly related to the

F sure-
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a .
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ig. 8. Differential electrochemical mass spectrometry (DEMS) mea
ents at room temperature and 60◦C in half-cells containing SLX50 (HT
s graphite electrode and 1 M LiPF6 in EC:DMC 1:1 (w/w) as electrolyte
he mass signalm/z = 27 corresponding to the ethylene formation was m

tored as a function of the potential applied to the electrochemical ce
can rate of 0.4 mV s−1.
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reactivity of the individual graphite surface. To be able to
compare the reactivity of different graphite surfaces towards
a given electrolyte system, the active surface area of SLX50
and SLX50 (HT) was measured and correlated with their pas-
sivation properties.

3.4. Active surface area of graphite

The concept of the active surface area is based on the fact,
that during chemisorption of oxygen at outgassed carbon sur-
faces at 300◦C and an oxygen partial pressure of 50–100 Pa,
surface oxygen complexes are formed on a specific part of
the graphite surface which are called active surface area. The
ASA is composed of active sites that exist on the carbon sur-
face where the carbon atom valency is not satisfied. On a
“clean” graphite surface, these active sites would be located
on the edges of the exposed graphene layer planes (pris-
matic surfaces) as well as at points of imperfection in the
graphite structure including vacancies, dislocations and steps
in the outer basal plane surfaces[22]. They can be attributed
to structural features, heteroatoms (O, S, N), and mineral
matter. The amount of oxygen complexes formed on these
active sites after oxygen chemisorption at 300◦C is deter-
mined by measuring the amount of CO and CO2 evolved
in a subsequent thermodesorption experiment from tempera-
t ◦
i e
o
t e
s ess
i t is
r s
t sites
( c-
t and
t otal
s d by

F ra-
t iments
o at
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the BET method. For the heat-treated SLX50, ASA anddASA
are more than one order of magnitude smaller than for the
untreated SLX50. This result confirms that the heat treatment
of the SLX50 leads to a significant increase of the structural
ordering of the carbon. ThedASA value of the SLX50 sample
indicates that its surface has a larger amount of active sites and
consequently has a more heterogeneous surface than the heat-
treated SLX50 material. For SLX50 (HT), the value of ASA
being less than 0.3% of the TSA reflects a very homogeneous
surface which essentially is composed of basal planes. Dur-
ing the annealing process, superficial defects apparently were
changed to basal planes. The low ASA value of SLX50 (HT)
allows to predict, compared to the pristine SLX50 graphite
material, a decreased reactivity of the heat-treated graphite
surface towards the electrolyte system. The decreased reac-
tivity of SLX50 (HT) causes, during its first electrochemical
reduction, the initial decomposition of the electrolyte sys-
tem at less positive potentials than SLX50 and correlates
with the observed passivation and film forming properties
of SLX50 and SLX50 (HT) described above. The results of
the chemisorption experiments are consistent with the results
found by Raman spectroscopy. This is not surprising since
ASA can be correlated to theLa (in-plane correlation length)
parameter determined by Raman spectroscopy as recently
explained[30].
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ures above the chemisorption temperature up to 950C since
t was shown that CO and CO2 are primary species of th
xide complex decomposition[20–22]. As shown inFig. 9,

he amount of CO and CO2 which was desorbed from th
urface of the SLX50 (HT) after the chemisorption proc
s significantly smaller than for the SLX50. This resul
eflected in the values for ASA anddASA which correspond
o the amount of active sites and the density of active
dASA), respectively (Table 3). dASA is defined as the fra
ion of ASA related to the total graphite surface area
herefore is calculated by normalizing the ASA to the t
urface area (TSA) of the graphite material, determine

ig. 9. The desorption of CO and CO2 gas as a function of the tempe
ure measured in temperature-programmed thermodesorption exper
f TIMREX® SLX50 and SLX50 (HT) after chemisorption of oxygen
00◦C and an oxygen partial pressure of 50–100 Pa.
.5. Effect of other cyclic carbonate electrolyte
omponents

In the following, the differences in reactivity of the pr
ine and heat-treated graphite surface is studied for eth
arbonate based electrolyte systems containing, inste
he acyclic dimethyl carbonate, either cyclic propylene
onate or 1-fluoroethylene carbonate as second elect
omponent. Compared to ethylene carbonate, propylen
onate having an additional methyl group is expecte
ave a higher electron density in the dioxolane part o
olecule leading to a energetically higher LUMO and t

howing a higher stability towards reductive potentials.
lectron-withdrawing effect of the fluorine atom in the
C molecule is expected to cause a reduction of the ele
ensity in the dioxolane ring leading to a lower LUMO a
higher reactivity towards reductive potentials.
Fig. 10 compares the cyclic voltammograms of the fi

ithium insertion into untreated and heat-treated SL
sing 1 M LiPF6 in EC/PC 1:1 (w/w) as electrolyte sy

em. Both cyclic voltammograms show a huge irrevers
athodic peak describing the electrochemical exfoliatio
he graphite structure. For both the pristine and the h
reated SLX50 graphite, the irreversible process star
bout 0.9 V versus Li/Li+. Compared to the EC/DMC ele

rolyte, the specific charge related to the reversible lith
nsertion process below 0.25 V versus Li/Li+ is significantly
maller in case of SLX50, for SLX50 (HT) no lithium ins
ion can be observed at all. An explanation could be
he electrochemical exfoliation process leads to a com
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Fig. 10. First cycle cyclic voltammograms of TIMREX® SLX50 and SLX50
(HT) performed at a scan rate of 10�V s−1 using 1 M LiPF6 in EC/PC 1:1
(w/w) as electrolyte.

destruction of the graphite structure. The remaining poorly
organized carbon does not allow any lithium insertion.

Post mortem XRD studies of the SLX50 (HT) electrode
material after being discharged to 0.3 V versus Li/Li+ resulted
in a diffraction pattern which shows significantly decreased
peak intensities and a high background noise as shown in
Fig. 11 in comparison to the SLX50 (HT) powder. Com-
pared to the SLX50 (HT) electrode material discharged in
the EC/DMC based electrolyte, almost no asymmetric peak
broadening is observed for the (0 0 2) diffraction peak show-
ing no significant exfoliation of the graphite structure. The
shift of the (0 0 2) peak to higher Bragg angles is presumably
due to the increase of the electrode thickness, that is caused
by pronounced exfoliation. This can affect the X-ray beam
geometry. The diffusion bands centered at 2Θ values of about
22◦, 32◦, and 37◦ indicate one or more “amorphous” phases.
So far, the nature of these phase(s) could not yet be iden-
tified. The significant increase of the background intensity
indicates that many of the graphite crystals of the electrode
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material have been transferred to the amorphous state during
the irreversible process of the first electrochemical reduc-
tion. It could be possible that the electrochemical exfoliation
process occurring in the EC/PC system is drastic and occurs
in most of the single crystals of the graphite particles. As
consequence, the graphite particles crack and fall apart. Fur-
thermore, the graphite structure is completely destroyed by
the exfoliation process.

The mass signals of the DEMS measurement showed no
significant difference between SLX50 and SLX50 (HT) in
case of the EC/PC electrolyte, as illustrated inFig. 12, indi-
cating a similar reactivity of the electrolyte system on the

Fig. 12. Differential electrochemical mass spectrometry (DEMS) measure-
ments in half-cells containing TIMREX® SLX50 and SLX50 (HT) as elec-
trodes and 1 M LiPF6 in EC:PC 1:1 (w/w) as electrolyte. The mass signal
m/z = 27 corresponding to the ethylene formation was monitored along with
the mass signalm/z = 41 corresponding to the propylene formation, as a
function of the potential applied to the electrochemical cell at a scan rate
of 0.4 mV s−1. The curves were arbitrarily shifted on the vertical scale. The
cyclic voltammogram of the cells was simultaneously measured.
ig. 11. (002) X-ray diffraction peak of heat-treated TIMREX® SLX50
s well as SLX50 graphite electrodes taken from half-cells, which
ischarged galvanostatically at 10 mA g−1 to the cut-off potentials 0.3 V v
i/Li + and subsequently potentiostatically stabilized at this potentia
days using using ethylene carbonate/propylene carbonate 1:1 (w

thylene carbonate/dimethyl carbonate 1:1 (w/w) as electrolyte solve
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untreated and heat-treated graphite surface. The EC/PC elec-
trolyte system does not distinguish between different graphite
surface reactivities. This is in contrast to the EC/DMC elec-
trolyte system and points to a different electrolyte decompo-
sition and film forming mechanism in the PC-containing EC
electrolyte system. The initial ethylene and propylene for-
mation could be detected for both surfaces at about 0.75 V
versus Li/Li+, which is less positive than the irreversible pro-
cess observed in the cyclic voltammogram at about 0.9 V
versus Li/Li+. Thus, the degradation of the graphite structure
is initiated before an effective graphite surface passivation
takes place. The gas formation rate increases with decreasing
potential. The DEMS experiment at a scan rate of 0.4 mV s−1

showed ethylene gas formation also during the charging pro-
cess of the half cell between 0 and about 1 V versus Li/Li+.
The exfoliation of the graphite structure creates new fresh
surfaces that decompose electrolyte and form ethylene as
one decomposition product. Since the exfoliation process is
not accomplished in the discharge process at a scan rate of
0.4 mV s−1, gas formation can be observed in the subsequent
charging process of the electrode. The relatively high scan
rate of 0.4 mV s−1 was chosen in the DEMS experiment to
increase the ethylene gas concentration in the mass spectrom-
eter for a sufficient resolution.

Propylene gas formation being the typical decomposition
product of the propylene carbonate starts at the same potential
a mpo-
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Fig. 13. Cyclic voltammogram (first cycle) of TIMREX® SLX50 and
SLX50 (HT) using 1 M LiPF6 in EC:1-fluoroethylene carbonate 1:1 (w/w)
as electrolyte system at a scan rate of 10�V s−1.

independent of their surface reactivity, i.e. even for graphite
surfaces with small active surface areas.

DEMS of half-cells containing a SLX50 graphite elec-
trode and an EC/1F-EC (1:1) electrolyte detected no ethylene
gas but CO2 gas formation. It can be concluded that only the
1F-EC component is responsible for the graphite passivation

Fig. 14. Differential electrochemical mass spectrometry (DEMS) measure-
ments in half-cells containing TIMREX® SLX50 and SLX50 (HT) as
electrodes and 1 M LiPF6 in EC:1-fluoroethylene carbonate 1:1 (w/w) as
electrolyte system. The mass signalm/z = 27 corresponding to the ethylene
formation was monitored along with the mass signalm/z = 44 corresponding
to the carbon dioxide formation, as a function of the potential applied to the
graphite electrode at a scan rate of 0.4 mV s−1.
s the ethylene gas formation, originated from the deco
ition of the ethylene carbonate at the graphite electrode
o the high intensity of the mass signal atm/z = 27, it can be
xcluded that the ethylene gas detected in the mass
rometer is a fragment of the propylene gas. Since a q
dentical behavior of the ethylene and propylene gas fo
ion can be observed, the mixed EC/PC electrolyte sy
ould be considered as a quasi single component elect
ystem. The mixed EC/PC electrolyte shows a lower ele
hemical reactivity than the pure EC electrolyte system a
raphite electrode. The film formation in the EC/PC sys

s hindered on both graphite surfaces and does not de
n the nature of the graphite surface reactivity. EC is

o passivate only relatively reactive graphite surfaces w
igh active surface area.

The difference in reactivity between EC and PC is lin
o the methyl group of PC which increases the electron
ity in the five-membered ring of the cyclic carbonate. In
ase of a lower electron density in the ring, the stabilit
he electrolyte towards reductive electrode potentials sh
ecrease. This is confirmed by the good passivating prop
f the 1F-EC, shown inFigs. 13 and 14. The cyclic voltammo
rams does not show any irreversible process correspo

o electrochemical exfoliation. The extension of the spe
urrent axis reveals the significant cathodic current alr
bserved at 1.75 V versus Li/Li+ in the first electrochem
al reduction indicating the start of the passivation laye
otentials being significantly more positive than the pote
t which the electrochemical exfoliation process is expe
he decomposition of the 1F-EC occurs on graphite surf
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in the mixed EC/1F-EC electrolyte system. The passivation
of the highly crystalline graphite surface in the 1F-EC-based
electrolyte follows the same decomposition mechanism as in
the 1-chloroethylene carbonate electrolyte system reported
elsewhere[43,44]. This difference from the reductive decom-
position of EC which results in mainly ethylene and hydrogen
formation, besides the non-volatile compounds, which can-
not be detected by DEMS. Since 1F-EC already decomposes
at potentials above 1.75 V versus Li/Li+, the protective SEI
layer is formed at potentials being more positive than the
potential at which the EC decomposition would set in.

For the example of heat-treated SLX50 surface, both ethy-
lene and CO2 gas can be observed in the DEMS measurement.
The CO2 formation starts at about 1.5 V versus Li/Li+ which
is similar as in the case of the untreated SLX50. The maxi-
mum of the CO2 formation is observed at 1.1 V versus Li/Li+

and is slightly less positive than in case of the untreated
SLX50. A second CO2 peak is detected starting at 0.75 V
versus Li/Li+, which is the same potential at which the ethy-
lene composition can be detected. In the case of heat-treated
graphite electrode material with low amount of active sur-
face sites, graphite passivation cannot be accomplished only
by the 1F-EC electrolyte component at potentials above 1 V
versus Li/Li+. Therefore, the SEI-film formation is completed
below 1 V versus Li/Li+. In this potential range, both 1F-EC
and EC participates in the SEI-film formation. For the exam-
p ctive
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needs to be adjusted with respect to the electrochemical reac-
tivity towards the individual graphite surface.
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