Available online at www.sciencedirect.com
JOURNAL OF

scrence @ pineor- POWER
SOURGES

www.elsevier.com/locate /jpowsour

ELSEVI

ER Journal of Power Sources 146 (2005) 134-141

Behaviour of highly crystalline graphites in lithium-ion cells with
propylene carbonate containing electrolytes

H. Buga®*, A. Wirsig?, D. Goers}, L.J. Hardwiclé, M. HolzapfeP,
P. Novak?, F. KrumeicH, M.E. Spahf

@ Paul Scherrer Institut, Electrochemistry Laboratory, CH-5232 Villigen PSI, Switzerland
b Swiss Federal Institute of Technology, Laboratory of Inorganic Chemistry, CH-808GhZ Switzerland
¢ TIMCAL Ltd., CH-6743 Bodio TI, Switzerland

Available online 25 April 2005

Abstract

Several TIMREX synthetic and natural graphite negative electrode materials with different particle size distributions were tested with
regard to their compatibility with propylene carbonate used as electrolyte component in lithium-ion cells. The first lithium insertion properties
of these graphite materials were characterised in electrochemical lithium half-cells containing 1MrL&Rylene carbonate/propylene
carbonate as electrolyte systelRost mortenscanning electron microscopy was applied to study the exfoliation process observed for some
of these graphite materials especially with coarser particle sizes. X-ray diffraction, Raman spectroscopy and nitrogen gas adsorption wer
used to characterise and correlate the material bulk and surface properties of the graphite materials with their electrochemical performanc
Differential electrochemical mass spectrometry was applied to study the passivation process of the graphite material surface during the firs
electrochemical reduction. Non-exfoliating graphite materials indicate the formation of an efficient solid electrolyte interphase, which seems
to be kinetically controlled by intrinsic properties of the graphite material bulk and surface.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction [1,2]. The nature of the electrolyte strongly influences the
performance of the graphite negative electrode. In particu-
Graphitic carbon materials are the current materials of lar, not all electrolyte systems are compatible with graphitic
choice for the negative electrode in commercial lithium-ion carbon-based electrodes. Ethylene carbonate (EC) is known
batteries. Among these graphitic carbons, the highly graphi- as a good film-forming solvent component in the battery
tised materials are particularly attractive due to their high re- electrolyte[3-5], while propylene carbonate (PC) contain-
versible specific charge of up to 372 mAhlg good cycling ing electrolytes are reported to show a rather poor behaviour,
stability as well as a high electronic conductivity. The forma- especially with synthetic graphite materigfis7]. Unfortu-
tion of an efficient passivation film on the graphite particle nately, EC cannot be used as single solvent for room temper-
surface during the first electrochemical reduction is essential ature applications due to its high melting point, a low viscos-
for the proper functioning of these electrode materials in the ity causing low electrolyte conductivities as well as a poor
lithium-ion battery. This passivation film, the solid electrolyte wettability. It has to be mixed with co-solvents to sufficiently
interphase (SEI), is the key component for the achievementenhance its low-temperature performance. Mixtures of EC
of good reversibility of the electrochemical insertion process, with dimethyl carbonate (DMC) or diethyl carbonate (DEC)
as well as a high energy density and high rate performanceare usually chosen as electrolyte for lithium-ion céls5].
However, PC-based electrolytes are more favourable with re-
* Corresponding author. spect to their superior low temperature behavi@ué,8,9]
E-mail addresshilmi.buga@psi.ch (H. Buga). flash point and stability against oxidation. But, the use of
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PC is limited if graphite negative electrode materials with a LiPFg is presented. The passivation process of these graphite
high degree of graphitisation are used. This limitation is as- materials is compared by several in situ and ex situ methods
cribed by Besenhard et al. to a phenomenon called solventand correlated with the graphite material bulk and surface
co-intercalation, causing graphite exfoliation, i.e., destruc- properties.

tion of the crystal latticg3,8]. Particularly in the first charge

cycle, before the formation of the protective SEI film opC4

is finished, the tendency for solvent co-intercalation is high 2. Experimental

[9]. The exfoliation is finally stopped by the formation of a

protecting SEI film. Aurbach et gJ10,11]suggested that in Different types of TIMREX® (TIMCAL SA, Bodio,

PC solutions graphite particles crack due to gas formation Switzerland) graphite materials were used as negative elec-
on the graphite surface and within existing surface cavities. trode materials. Synthetic (SFG, KS) as well as natural (E-
The graphite anodes are thus “deactivated” due to electricalLSG) graphite material were applied as recei{&8]. The
isolation of the cracked particles by surface films. samples have particle sizedyf) varying from 4 to 75.m.

The influence of the electrolyte system on the exfoliation The number in the graphite designation indicatesitaear-
process has been studied in several publications, but still little ticle size value. For example, in samples with the number 6
is known about the influence of the particular solvent compo- (SFG6, KS6 and E-LSG6) 90% of the particles are smaller
nents on the solvent co-intercalation process, which seems tachan 6.m. The basic parameters of all samples are sum-
be responsible for the graphite exfoliation process that can bemarised iriTable 1 For the determination of the specific BET
observed in the case of some graphite matefi#ls15] Be- surface area, nitrogen gas adsorption measurements were
sides the electrolyte system, the graphite material propertiesperformed at 77 K using a Micromeritics ASAP2010. The
also influence the graphite passivation process. The criticalparticle size distribution was determined by laser diffraction
material parameters reported are the surface chemistry andMALVERN Mastersizer).
morphology, the ratio of basal planes to edge planes, particle The crystallinity of the graphite materials was charac-
size distribution, the ratio of rhombohedral and hexagonal terised by X-ray diffraction (XRD) measurements with a
phase in the graphite crystal structure and the existence ofSTOE Stadip diffractometer in Debye—Scherrer geometry us-
a certain disorder on the particle surfdté,16,17] Careful ing monochromatic Cu &; radiation (1.5418°\). The aver-
investigation of all the factors which play a crucial role forthe age crystallite size along the crystallograptaxis (c) and
graphite passivation or graphite exfoliation, as well as their thea-axis directions|(;) were determined from the FWHM
interaction should give a clearer picture of the complexity of of the carbon (002) and (1 00) Bragg reflexes, respectively,
the SEl layer composition and the SEI formation mechanism. after correction by the factor for the instrumental broadening

In this paper, a systematic study of the first electrochemi- [19]. The rhombohedral fraction (3R phase) was derived by
cal intercalation of lithium into several synthetic and natural the comparison of the intensities of the (1 0 1) hexagonal and
graphites in EC/DMC and EC/PC mixtures containing 1M rhombohedral diffraction peaks.

Table 1
Structural bulk parameters, surface properties and results of the electrochemical charge/discharge measurements (1st cycle irrevdosibdsrbidgterent
TIMREX® graphites in 1M LiPE, EC/DMC and EC/PC electrolyte

Graphite BET dso? (m) Rhombohedral L. (A) La (A) La (A)[Raman] Irreversible charge loss [1st cycle] (%)
(m?g™h 3R-phas® (%) [XRD] [XRD] EC/DMC EC/PC

SFG6 171 33 37 303 622 240 20 19
SFG10 104 6.7 29 360 565 630 17 57
SFG15 8 9.1 23 365 609 760 12 62
SFG44 46 239 17 401 572 530 2 87
SFG75 33 290 16 399 597 680 5 89
KS4 194 36 40 205 345 200 30 34
KS6 138 5.6 29 275 475 210 24 68
KS10 123 75 19 305 613 620 25 805
KS15 120 82 25 297 520 460 20 82
KS44 62 200 12 313 557 390 13 88
KS75 30 240 11 336 543 450 11 91
E-LSG6 142 35 41 335 507 340 18 19
E-LSG15 85 89 29 353 566 620 12 14
E-LSG44 45 229 21 405 600 420 4 81

Structural bulk parameters of graphite were obtained from X-ray diffraction measurements. The particle size distribution of the graphiteniveeidster
laser diffraction (MALVERN Mastersizer). Surface properties: listed specific BET surface areas were obtained from nitrogen adsorption msasmetmen
Raman spectroscopy was used to characterise the crystallinity in the surface-near regions of the graphitelpavétiies).

@ For example, in sample SFG6, 50% of the particles are smaller tham8.3

b Fraction of the rhombohedral phase (3R) in graphite.
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Raman spectroscopy was used to determine the graphite3. Results and discussion
crystallite length along the-axis (Lg) of the near-surface
layers of graphite samples. A confocal Raman micro-  Both, the synthetic SFG and KS as well as the natural
scope (Labram series, Jobin Yvon SA, ex DILOR SA) ac- based E-LSG graphite materials selected for this study be-
quired the Raman spectra. A HeNe Laser (632.8nm) il- long to the family of highly crystalline graphite materials but
luminated the sample with ca. 2.5mW of laser power. show complementary properties in terms of their morphol-
Raman spectra were recorded in the spectral range ofogy. All KS graphite materials consist of relatively isomet-
1000-1900cm?!, under confocal conditions, employing ric particles showing comparatively isotropic properties. The
an x100 objective, with a spatial resolution of 1pfhS. SFG and E-LSG graphite materials have particles with a rel-
The La-value was calculated from the D- and G-band ra- atively flaky morphology and a high degree of anisotropy.
tio using the equation proposed by Tuinstra and Koenig Table 1summarises the results of the detailed material char-
[20]. The full calculation method has been explained else- acterisation analysis performed with these graphites. These
where[21,22] The graphite samples were measured as re- materials were galvanostatically charged and discharged in
ceived and the average,-values were derived from Ra- lithium half-cells using 1 M LiPgin EC/DMC 1/1 (w/w) and
man maps created from 225 spectra recorded from square€£C/PC 1/1 (w/w) as electrolyte system. For a detailed inves-
of 40pm x 40pum located on several randomly selected tigation of the film formation in the first cycle, we analyzed
points on the graphite surface. For each map the band in-the irreversible charge losses and galvanostatic charge curves
tensity ratio was calculated using the Dilor Software Pack- of the first charge/discharge cycleble 1shows the electro-
age and Microcal Origin was employed to derive the mean chemical results for all graphite materials investigated. In the

La-value. case of the EC/DMC electrolyte system, a reversible capac-
The electrochemical measurements were performed atity of up to 372 mAh g, which corresponds to a chemical
25°C in a gas-tight coin-cell-like arrangemel23]. Elec- composition of LiG for the fully inserted graphite electrode,

trodes were prepared by blade-coating the graphite on awas measured for all graphite materials indicating the high
copper foil. Ten weight percent of polyvinylidene difluoride crystalline character of the graphite materials. In fact, the
(Solef 1015) was used as binder. The geometric electrode arealifference of the graphite materials, besides the particle size
was 1.33 cri. Metallic lithium was used as the reference and distribution, lies only in the size of the single crystal domains

counter electrodes. indicated by thd .- andLs-values, but not in the degree of
Unless otherwise stated, galvanostatic measurementscrystallinity of these crystals. The irreversible capacity in-
were performed at a low current density of 10 mAlgof creases with the BET surface area of the graphite materials,

carbon to allow for the complete formation of the SEI. After which is in agreement with other results reported for such
a potential of 5mV versus Li/lliwas reached, the charging type of carbons in the literatufg5,26]
continued potentiostatically until the specific currentdropped  In the case of the 1 M LiP§ EC/PC 1/1 electrolyte, the
below 5mAgt. The electrochemical lithium de-insertion first galvanostatic charge/discharge shows a strong increase
was performed at a constant current of 10 mA gntil a cut- of the irreversible capacity especially for the coarse graphite
off potential of 1.5V versus Li/LYi with subsequent potentio-  materials. At the same time, the reversible capacity drops
static stabilisation at this potential until the specific current significantly. The increase of the irreversible capacity is due
dropped below 5mATgt. to an additional irreversible process, which is indicated in
The electrodes for the post mortem scanning electron mi- the galvanostatic potential curves as an additional potential
croscopy (SEM) studies were first galvanostatically charged plateau. Depending on the type and particle size distribution
at 10mA g to 300mV versus Li/Li, then the cells were  of the graphite negative electrode material, this additional ir-
equilibrated at 298K for 48 h at this potential. Afterwards, reversible potential plateau during the first electrochemical
the cells were dismantled, the graphite electrodes washedithium intercalation is observed at different potentials. Dur-
with dry DMC, and dried in an argon atmosphere. SEM ing this irreversible process, the exfoliation of the graphite
studies were performed on a LEO 1530 Gemini microscope, electrode occurs. The potential plateau corresponds to the ir-
which was operated at low voltage (usually 1 kV) to achieve reversible, charge consuming process of film formation on
a suitable contrast of the surface details in the secondarythe graphite surface freshly created by the exfoliation pro-
electron images and to minimise charging of the uncoated cess. As shown in more detail in the following, the potential
samples. difference of this plateau for the different graphite materi-
Differential electrochemical mass spectrometry (DEMS) als can be correlated with the crystallinity, morphology and
was used to study the processes of electrolyte decomposisurface chemistry of the graphite.
tion and SEI formation. The formation of ethylene, propy- Fig. 1 shows the first galvanostatic lithium insertion/de-
lene, hydrogen and/or carbon dioxide, respectively, on the insertion into SFG graphite with different particle sizes using
graphite electrodes was followed during the firstelectrochem- 1 M LiPFg in EC/PC. With increasing particle size, the PC
ical reduction in the different carbonate-based electrolyte sensitivity of these graphite materials increases, i.e., the size
solutions. The DEMS set-up has been described elsewheref the potential plateau increases. (Note that the laxgje “
[24].



H. Buga et al. / Journal of Power Sources 146 (2005) 134-141 137

1.4 1.4

1.2 1 1.2

Potential /V vs. Li/Li*
Potential / V vs. Li/Li*

T T T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 o9 0 2 4 6 8 10 12 14
xin Li, C, xin Li C,

Fig. 1. First electrochemical intercalation/de-intercalation cycle of lithium  Fig. 2. First electrochemical intercalation/de-intercalation cycle of lithium
into TIMREX® SFG graphite with different average particle size in 1M into TIMREX® KS graphite with different average particle size in 1 M
LiPFg, EC/PC (1/1) as electrolyte: (A) SFG6, (B) SFG10, (C) SFG15, (D) LiPFs in EC/PC (1/1) electrolyte: (A) KS4, (B) KS6, (C) KS10, (D) KS15,
SFG44 and (E) SFG75. (E) KS44 and (F) KS75.

values inFig. 1are fictitious because of the exfoliation, i.e., co-solvated intercalation of propylene carbonate in the
there is no real compounddCs or LigCs.) Whereas in case  graphite structure but recently was observed in case of
of SFG6 (graphite A irFig. 1) with dsge,=3.3m no addi- exfoliation in an EC electrolyt§22]. The low potential of
tional irreversible potential plateau can be observed, SFG44the exfoliation in propylene carbonate observed for KS6
(graphite D) with adsgo, of 23.9um indicates a strong ir-  indicates a particular electrochemical reduction mechanism
reversible process. At the same time, the initial potential of of the KS6 electrode. Interestingly, the irreversible processes
the start of the irreversible process shifts to more positive for all other KS graphite materials start at the same potential
potentials, the coarser the SFG graphite materials are. Forof about 0.90V versus Li/l'i. The size of the additional
the SFG6 material, the short plateau at ca. 800 mV versuspotential plateau increases with the particle size from
Li/Li * corresponds to the SEI film formation. In the case KS10 (graphite Cdsoe=7.5nm) and KS15 (graphite D,

of SFG10 (graphite Bisge=6.7m), an additional plateau  dsges=8.2um) to KS44 (graphite Edsge,=20.0pm) and
appears starting at a potential of about 0.65V versus Li/Li KS75 (graphite Fdsgy=24wm). These electrochemical
This irreversible plateau corresponds to graphite exfoliation. processes also correspond to graphite exfoliation.

The same type of plateau is observed at about 0.72V ver-  Fig. 3 shows the first charge/discharge cycle of E-LSG
sus Li/Li* for SFG15 (graphite Cdsge,=9.1wm). Interest- electrodes with different particle sizes in EC/PC electrolyte.
ingly, in the case of SFG 44 (graphite DB5go,=23.9um) The behaviour of the E-LSG graphite materials in the mixed
and SFG75 (graphite Elsgo=29um) the initial potential EC/PC electrolyte is quite similar to the behaviour of the other
of the irreversible process is at about 900 mV versus Li/Li

and seems to be independent of the particle size distribution.

The potential differences of the irreversible plateaus indicate |

different reduction mechanisms of the EC/PC electrolyte. 124 B A &
Almost the same trend as for the SFG graphites was ob- = 1

served for the KS graphites, as showirig. 2 The discharge 3 1.0

curve for the KS4 graphite (graphite A Fig. 2 with a par- 2 5 8_‘ L\W‘WW»(

ticle size of about 3.6.m) shows the SEI formation plateau _3_ ]

around 0.80V versus Li/ti A small additional plateau at g 0.6

ca. 0.40V versus Li/lYi eventually may be linked to exfoli- £ 1

ation of a very small number of particles. Post-mortem SEM & %47 {8 C

studies of the discharged KS4 electrode indicate a uniform 45 }

SEI film on the surface of the KS4 electrode as presented in ] \k_g___\ —

Fig. 4(top). No exfoliation of the particles could be found in 004 A ~

the SEM study. —

KS6 (graphite B) displays an additional potential plateau
atabout 0.55 V versus Llltldu”ng the first electrochemical Fig. 3. First electrochemical intercalation/de-intercalation of lithium into

“thium_ in_sertion in_EC/PC Kig. 2. This relatively low TIMREX® E-LSG graphite with different average particle size in 1 M LiPF
potential is not typical for the exfoliation created by the EC/PC (1/1) as electrolyte: (A) E-LSGS, (B) E-LSG15 and (C) E-LSG44.
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two graphite types (KS and SFG). With increasing particle of the crystalline structure and amorphisatj@8]. The same
size, the PC sensitivity of E-LSG increases, as was discussedrend was observed for the SFG and E-LSG graphite by post
for SFG graphite and KS graphites above. However, E-LSG6 mortem SEM as seen for the KS graphite (not presented in
(graphite A inFig. 3) and E-LSG15 (graphite B) does not this paper).
seem to exfoliate in the PC/EC electrolyte system. Both ma-  Comparing to the electrochemical behaviour of the SFG
terials show similar small irreversible process at ca. 0.80V and KS materials in the PC/EC electrolyte, the stability of
versus Li/Li*, which could correspond to the SEI film for- the E-LSG material in PC containing electrolytes generally
mation process. seems to be higher. This could be due to a different surface
To find an explanation for the observed differences, the morphology of the natural graphite E-LSG material. How-
graphite electrodes were charged to 300 mV versus Li/Li ever, Raman spectroscopy measurements indicate no signifi-
and subsequently stabilised potentiostatically at this poten-cantly decreaseld,-values, which could correlate with a par-
tial for 2 days. SEM images were taken from the charged ticularly high concentration of superficial defects. High su-
graphite electrodes of the dismantled half-cells containing perficial defect concentration and carbon disorder has been
EC/PC electrolyte. KS4 graphite electroéé, 4, top) shows reported as reason for the high PC stability of graphite neg-
a uniform and relatively dense film on the graphite particles ative electrode materigl 6]. Another parameter, which has
indicating the passivation film formed by electrolyte decom- been reported as responsible parameter for good stability of
position products during the electrochemical reduction pro- the graphite material in a PC containing electrolyte is the con-
cess. No exfoliation of the particles could be observed. In centration of stacking defects in the graphite crystal structure
the case of KS75 graphite electrodgd. 4, bottom), exfo- [16]. In fact, the fraction of rhombohedral phase measured is
liation of a fraction of the graphite particles in the electrode higherin case ofthe E-LSG materials in comparisonto the KS
can be observed. Some particles (mainly of larger size) showand SFG graphites with appropriate particle size distribution.
a significant expansion of their dimensions (see arrows), butFig. 5 shows the fraction of rhombohedral fraction for dif-
other particles indicate only a partial exfoliation, i.e., the ex- ferent particle size distributions for the SFG, KS and E-LSG
foliation of only some single crystals of the graphite particle. graphite powders. The rhombohedral stacking defects occur-
With increasing particle size, the number of exfoliated par- ring in the bulk volume of graphite powders could be linked
ticles in the graphite electrode increases. This is manifested,to a graphite surface morphology that favours a fast reac-
at the same time, by a larger potential platelig.(2). The tion with decomposition products resulting from the solvated
exfoliation of the graphite material is linked to a cleavage of EC and PC insertion process. These products precipitate on
some of the graphite particles until the complete destruction the carbon surface leading to an efficient SEI-film forma-
tion, which hinders graphite exfoliation. On the other hand,
it was recently shown that even for purely hexagonal graphite
the graphite exfoliation can be suppressed by optimising the
surface morphology, e.g. by oxidising the graphite surface
at elevated temperaturgx7,30,31] It seems quite possible,
thatthe stability of graphites in PC containing electrolytes de-
pends not only on one material parameter, but on a number of
parameters. It might be possible that certain graphite struc-
tures, i.e., graphite materials with low amount of stacking

50
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—4—KS —e -E-LSG —>—SFG

w
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.
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Rhombohedral part / %
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Fig. 4. Post mortem SEM images of a TIMREXS4 (top) and a KS75

(bottom) graphite negative electrode after stabilization at 300 mV vs.'Li/Li ~ Fig. 5. Correlation between the rhombohedral fraction (XRD) and the par-
ina 1M LiPRs, EC/PC (1/1) electrolyte. ticle size of the SFG, KS and E-LSG graphite powders.
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defects have a stronger tendency to exfoliate than graphites 450
with a higher amount of structural stacking defects. A second
critical parameter, which must be considered is the graphite 400+ —
surface and its ability to form a passivation film during the 350
electrochemical reduction. However, it should be noted that
the rhombohedral stacking defects may only indirectly in- 300
dicate the graphite stability toward PC. The graphite defect -<
structure could be linked to a material parameter, which has _° 250
not been identified yet but directly affects the exfoliation ten- ——KS — -E-LSG —0—SFG
dency[16,17] 2001
Analyzing the data of the different graphite materials pre- 150 . . . . : . .

sented inrable 1and the electrochemical behaviourin EC/PC
as discussed above, it becomes evident that both, synthetic
and nature graphite electrodes with a larger particle size
(dsp>20m) show wide additional plateaus between ca. 0.90 Fin. 6. Correlation between the-value (XRD) and the particle size for th
and 0.50V versus Lillin 1M LiPFs, EC/PC (1/1) QUE 10 o ko and £.180 greshite pondore oo e partle sizeforthe
the exfoliation process. An explanation could be that the ex-

foliation of larger particles leads to a stronger increase of pc/Ec electrolyte within one graphite family. SFG6 has a
the BET SSA than the exfoliation of smaller particles. Thus, |oy | -value of 2404 (high amount of disorder) and does
the electrolyte decomposition on the larger electrode surface, ot exfoliate whilst SFG75 with Ba-value of 680A (organ-
which is freshly created by the exfoliation process of coarser jsed structure with fewer defects) exfoliates. Therefore, these
particles, leads to a higher charge loss and a larger potenyesyits may verify that graphitic materials, which possess a
tial plateau. It seems also likely that electrodes consisting of mre ordered structure, are more vulnerable to layer opening,
larger particles are less compact and have a higher number ofyhich permits the intercalation of solvated lithium-ions at the
defects in the electrode structure and higher electrode porosyeginning of the electrochemical reduction cyi@8]. How-
ity. These morphological characteristics called “free vacan- eyer, the results of the Raman measurements do not give an
cies” (vacancies between neighbouring graphite particles in eyplanation for the differences in PC compatibility between
the electrode), can easily lead to exfoliation due the greaterine gifferent graphite families.
amount of contact area between the liquid electrolyte and A already discussed above, besides the graphite crystal
the graphite surface during the reduction of solution species sty cture, texture and particle size distribution the graphite
throughout the first cathodic polarisatif@g]. The amount  gyrface can also affect the ability to passivate during the first
of such free vacancies is directly correlated with the particle gjectrochemical reduction. A possible explanation for the dif-
shape of the graphite and thus plays an important role in theference in the SEI film formation mechanism for different
SElfilm formation. We suppose that, the higher contingent of materials can be deduced from differential electrochemical
vacancies in the electrode in the case of larger particles pro-mass spectrometry measurements. The evolution of volatile
vides a higher probability for solvent co-intercalation at the reaction products was monitored as a function of the graphite
electrode surface thus favouring the electrochemical exfolia- potential for the first electrochemical insertion/de-insertion
tion of the graphite during the first electrochemical reduction. ¢ycle of lithium into graphite using a mixed EC/PC elec-

Fig. 6 shows the correlation between the crystallite size
in c-direction (¢) and the particle size of the tested graphite
materials. Generally, graphites with coarser particle size dis- f\
tribution show larget_¢-values and have a higher tendency 70 1! \

O~ /

towards exfoliation. However, there is no clear correlation be- 60

tween the_¢-values and the differences of PC compatibility //( \/

10 20 30 40 50 60 70 80
Particle size dg/ um

80

between the three different graphite families.
Due to the smaller penetration depth of the Raman laser E 40 , \\\—3— S il
beam (some micrometers) compared to the X-ray beam, Ra- —* 0 ——KS
man spectroscopy was used to characterise the crystallinity -O-E-LSG
in the surface-near regions of the graphite partiokg. 7 L B
shows thel,-values calculated from the intensity ratio of 10
the D- and G-band observed in Raman spectroscopy. Gen- o
erally, graphite materials with coarse particles show higher 0 10 20 30 40 50 & 70 80

values for the correlation length, i.e., a higher surface crys-
tallinity and a lower concentration of superficial disordered
carbon at the surface. We could say that coarse pa_rtiC|(_95 Withrig. 7. Correlation between the-value (Raman) and the particle size for
largerLa-values have a stronger tendency to exfoliate in the the SFG, KS and E-LSG graphite powders.

Particle size distribution dgg / pm
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For SFG44 the formation of both ethylene and propylene
- Etrzy'elne 11 Stt gydle is shifted to less positive potentials and starts concurrently at
ikt i ca. 0.85V versus Li/lYi. Obviously, the graphite passivation
Maximum at 495 mV formation of an effective SEI film is hindered on the sur-
Maximum at 515 mV face of the SFG44 particles. The exfoliation and subsequent
degradation of the graphite structure is initiated before an ef-
fective SEI film is formed. The gas formation rate increases
Ethylene: Starts at 995 mV with decreasing potential. Gas formation can be observed
Propylene: Starts at 1020 mV even during the electrochemical‘lde-insertion process, in-
dicating the electrolyte decomposition on the new surface
created by the graphite exfoliation process. Graphite passi-
‘ - - - - = vation apparently is never accomplished in the mixed EC/PC
0.0 0.5 1.0 1.5 2.0 electrolyte. Thus, only in the case of SFG6 but not for SFG44,
Potential / V vs. Li/Li* a complete graphite surface passivation during the first elec-
T trochemical lithium insertion from the EC/PC electrolyte
occurs.

These DEMS measurements indicate significant differ-
ences between the SFG6 and SFG44 graphite surfaces to
passivate during the first electrochemical reduction in the
EC/PC electrolyte system. The differences of the passiva-
tion properties of the SFG6 and SFG44 surface might be
due to differences in the surface morphology, indicated by
Raman spectroscopy. The lower surface crystallinity, i.e., the
higher concentration of superficial defects of SFG6 and disor-
: , dered carbon could provide a higher amount of energetically
v E— , ; = : favoured points at the graphite surface where the passiva-

0.0 0.5 1.0 15 2.0 tion could occur. It is probably, that not the smaller particle
Potential / V vs. Li/Li™ size but the increased graphite surface reactivity of the SFG6
graphite material, which is caused by this decreased surface
Fig. 8. DEMS measurements in half-cells with SFG6 (top) and SFG44 (bot- ¢y sta|linity, could be the true reason for the stability of the
tc_)m) vs. metallic L! and 1M LiPE, EC/PC (1/1) electrolyte. The mass SFG6 graphite in PC containing electrolyte systems.
signals corresponding to ethylen®/£=27) and propylenenyz=41) for-

mation were monitored as a function of the potential applied to the graphite
electrode at a scan rate of 0.4 mV/s (MSCV mode).

lon current [107'2A]

——Ethylene 1 st Cycle
Propylene 1 st Cycle

Ethyleine: Starts at Bﬁb mV
Propylene: Starts at 850 mV

lon current [10”"'A]

trolyte system. Besides non-volatile polymeric decomposi- 4. Conclusions

tion products, which are deposited on the electrode surface,

hydrogen, ethylene and propylene gas are typically formed The stability of highly crystalline graphite materials to-
during the electrochemical decomposition of EC/PC elec- wards exfoliation of the graphite structure during the first
trolytes[32]. The ethylene and the propylene gas formation electrochemical lithium insertion in mixed ethylene carbon-
were used to monitor the graphite passivation and film form- ate/propylene carbonate electrolyte systems depends on the
ing processFig. 8 shows, in the case of SFG6 and SFG44 passivation ability individual graphite surface. Graphite sur-
graphite electrodes, the mass spectrometric cyclic voltamo-faces with a high defect concentration tend to passivate
grams (MSCVs) of massvz=27 and 41, representing the at more positive potentials. If the passivation process is
mass signal of the ethylene and propylene gas fragments, recompleted before the electrochemical exfoliation starts, the
spectively. Inthe case of SFGEI(. 8 top) the initial ethylene  graphite exfoliation process can be avoided.

and propylene formation could be detected for both gases at  Besides the surface parameters influencing the surface re-
about 1.0V versus Li/lYi. The ethylene and propylene signals  activity of the graphite electrode material with the electrolyte
show a maximum at 495 and 515 mV versus Li/Liespec- system, the graphite crystallinity and texture determines its
tively, and almost disappears at potentials negative to 200 mV exfoliation tendency. Apparently, graphite particles contain-
versus Li/Li*. The electrochemical reduction of ethylene and ing single crystals with low amount of defects tend to exfoli-
propylene carbonate apparently is responsible for the SElate easier than graphite powders containing a higher amount
film formation process, which is completed at more positive of crystal defects. To achieve graphite passivation and ef-
potentials than the initial exfoliation of graphite particles. fective SEI formation before the graphite exfoliation process
Another hint for the completed formation of the SEI film in  setsin, the electrolyte composition needs to be adjusted to the
the first cycle is the fact that almost no gas evolution can be individual surface properties of the graphite used as negative
observed during the second charge/discharge cycle. electrode material.
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