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a  b  s  t  r  a  c  t

Structural  changes  in the  surface  of  edge  plane  highly  oriented  pyrolytic  graphite  (HOPG)  electrodes  were
studied  in  ethylene  carbonate  (EC)-based  electrolytes  by in  situ  Raman  spectroscopy.  The  Raman  spectra
revealed  that  the  surface  crystallinity  of  graphite  was  significantly  lowered  by  the  initial  intercalation
and  de-intercalation  reactions  of  Li+.  This  structural  degradation  resulted  in  a sluggish  stage  transition
of  Li-GIC  in  the  vicinity  of  the  edge  plane  in the  subsequent  potential  cycle.  On  the  other  hand,  when  the
film-forming  additive  vinylene  carbonate  was  used  in the EC-based  electrolyte  solution,  the  crystallinity
eywords:
raphite
dge plane
aman spectroscopy
ithium-ion battery
dditives

of  the  edge  plane  HOPG  was  maintained  even  after  potential  cycling.  In addition,  the  phase  transition
of  Li-GIC  during  the  2nd  potential  cycle  proceeded  in the  same  manner  as  in the  initial  cycle.  Based  on
the present  results,  we  discuss  the  suppressive  role  of  film-forming  additives  on the  degradation  of  the
surface  structure  as  it relates  to  the  intercalation  mechanism  of  Li+.

© 2012 Elsevier B.V. All rights reserved.

inylene carbonate

. Introduction

Electrochemical intercalation and de-intercalation reactions of
i+ have been used in the electrodes of lithium-ion batteries. Dur-
ng charging, Li+ is intercalated into negative electrodes, and is
oncurrently de-intercalated from positive electrodes. The reverse
eactions occur during discharging. The charge and discharge reac-
ions need to take place with high reversibility over 1000 or more
ycles in 10–15 years if lithium-ion batteries are to be used in
lectric-powered vehicles. To improve the cyclability and durability
f lithium-ion batteries, it is necessary to understand the degra-
ation mechanism of lithium-ion batteries upon repeated cycling.
owever, the deterioration that occurs in each cycle is very sub-

le, and hence it is not always easy to detect irreversible reactions.
n situ analysis methods, such as in situ Raman spectroscopy [1],  in
itu X-ray diffraction (XRD) [2],  in situ Fourier transform infrared
pectroscopy [3] and in situ scanning probe microscopy [4],  should
e useful for detecting such minute irreversible reactions dynam-
cally, compared to ex situ measurement techniques. In addition,
n situ measurement methods enable us to analyze the interior
f lithium-ion batteries without exposure to air, whereas the

∗ Corresponding author. Tel.: +81 774384977; fax: +81 774384996.
E-mail address: doi@saci.kyoto-u.ac.jp (T. Doi).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.01.141
electrochemical reactions of lithium-ion batteries are very sensitive
to air.

Li+ is intercalated into graphite negative-electrodes to form
graphite intercalation compounds (GICs) [5].  A distinctive feature of
Li–GICs is a staging phenomenon, which is characterized by inter-
calated layers that are periodically arranged in a matrix of graphite
layers. The phase transition of GICs upon charging and discharg-
ing has been studied so far by XRD [6–8] and Raman spectroscopy
[9,10]. As a result, the variation in the staged structures of GICs with
the electrode potential has been elucidated in detail. Li+ is inter-
calated through the interface between the graphite electrode and
electrolyte solution. Hence, the kinetics of interfacial Li+ transfer
should be influenced more by the surface structure of graphite than
by the bulk structure. Laser Raman spectroscopy can detect Raman
scattering near the electrode surface, and therefore is useful for
investigating the surface crystal structure of electrodes. Hexagonal
graphite crystallizes in the D4

6h space group, and has two doubly
degenerate Raman active E2g modes at 42 and 1581 cm−1 [11]. Our
group previously studied variation of the E2g line with the electrode
potential by in situ Raman spectroscopy [10], and reported that the
Raman spectral changes associated with phase transitions occurred
reversibly during charge and discharge cycles; the intensity and fre-

quency of the E2g lines at around 1580 cm−1 varied with the phase
transition of Li–GICs. In addition, the electrode potential upon the
electrochemical intercalation of Li+ was found to be determined by
the surface stage of the Li–GICs.

dx.doi.org/10.1016/j.jpowsour.2012.01.141
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:doi@saci.kyoto-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2012.01.141
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Discharge capacities of graphite electrodes gradually fade over
rolonged charge and discharge cycles. Several possible mecha-
isms for this fading of capacity have been suggested, such as
he exfoliation of graphite layers due to solvent co-intercalation
12,13], electronic isolation of graphite particles [14], and an
ncrease in interfacial resistance [15]. In addition, graphite elec-
rodes are known to undergo structural disordering after prolonged
harge and discharge cycles: the intensity of a disorder-induced
ine, which peaks at about 1360 cm−1 in Raman spectra, increases

ith cycling [16]. The interlayer spacing of graphite expands about
0% in the direction of the c-axis with the intercalation of Li+

6,17].  Thus, structural disordering would be caused by repeated
ycles of expansion and contraction of the crystal structure with the
ntercalation and de-intercalation of Li+. Li+ is intercalated and de-
ntercalated at edge plane graphite. Hence, a change in the structure
f the edge plane should predominantly influence the charge and
ischarge characteristics of graphite [18]. However, most of pre-
ious studies on graphite electrodes have been carried out using
ranulous graphite, and hence no distinction was made between
he edge and basal planes. In the present study, we  used edge plane
ighly oriented pyrolytic graphite (HOPG) as a model graphite elec-
rode, and observed changes in the surface structure during the first
ew cycles by in situ Raman spectroscopy.

. Experimental

A block of HOPG (Momentive, ZYH, mosaic spread: 3.5 ± 1.5◦)
as used in this study. The size of the HOPG block was

 mm × 12 mm × 2 mmt.  The schematic diagram of an electrochem-
cal cell for in situ Raman measurements was shown previously
1].  The HOPG block was clipped between two SUS304 sheets with

 hollow square with minimum pressure required for holding it,
nd used as a working electrode. The electrochemical cell used
ad an airtight structure, and was equipped with optically flat
yrex® glass. The edge and basal planes of HOPG were irradiated
ith a laser beam through the Pyrex® glass to obtain Raman spec-

ra. The distance between the HOPG surface and the Pyrex® glass
as minimized at about 1 mm to suppress scattering from elec-

rolytes. The reference and counter electrodes consisted of lithium
oil. All potentials in the text reflect V vs. Li/Li+. The electrolyte
olutions used were 1 mol  dm−3 LiClO4 dissolved in a mixture of
thylene carbonate (EC) and diethyl carbonate (DEC) (1:1 by vol-
me) with and without 2wt% of vinylene carbonate (VC, Kishida
hemical). The water content in the solution was  less than 20 ppm.
he electrochemical cell held about 50 ml  of electrolyte solution.
he cell was assembled in an argon-filled glove box with a dew
oint below −80 ◦C. Electrochemical Li+ intercalation (charge) and
e-intercalation (discharge) at HOPG were carried out by changing
he potential; the HOPG electrode was swept from 3.0 to 1.0 V at
.5 mV  s−1, then from 1.0 to 0.1 V at 0.2 mV  s−1, and finally from
.1 to 0.01 V at 0.1 mV  s−1. After the electrode was held at 0.01 V
or 5 h, the potential was swept in an anodic direction up to 3.0 V.
aman measurements were carried out continuously under poten-
ial control. The integration time for each measurement was  90 s,
hich is very short compared to the total charging and discharging

ime, and hence spectral changes during each Raman measurement
re considered to be negligible. Raman spectra were excited with a
32.81 nm line (50 mW)  of a He–Ne laser through an objective lens:
0-powered and 100-powered long-focus objective lenses were
sed during potential control and before and after potential cycling,

espectively. The scattered light was collected in a backscatter-
ng (180◦) geometry. The Raman spectra were recorded using a
pectrometer (Horiba Jobin-Yvon, HR-800) equipped with a mul-
ichannel charge coupled device (CCD) detector. All experiments
ere carried out at an ambient temperature of ca. 25 ◦C.
Fig. 1. In situ Raman spectra of edge plane HOPG electrode obtained at potentials
ranging from 3.0 to 0.01 V in 1 mol  dm−3 LiClO4/EC + DEC during the initial cathodic
polarization.

3. Results and discussion

In cyclic voltammograms of the edge plane HOPG electrode
obtained at 0.5 mV  s−1 (not shown), a cathodic current was seen
at potentials below about 1.0 V and a corresponding anodic cur-
rent was  observed at around 1.2 V during anodic scan [18]. These
redox currents should be mainly attributed to the intercalation and
de-intercalation of Li+. The voltammogram obtained in the sec-
ond cycle was  very similar to that in the initial cycle. Fig. 1 shows
in situ Raman spectra of edge plane HOPG at various electrode
potentials during a cathodic scan from 3.0 to 0.01 V in 1 mol  dm−3

LiCIO4/EC + DEC. The line that peaks at 1580 cm−1 is well known
to be related to the crystallinity of carbonaceous materials, and is
assigned to the Raman active E2g mode frequency (G band) [11].
The other observed lines were assigned to Raman scattering from
solvents and salts in the electrolyte [19]. Variation of the Raman
shift of the lines at around 1580 cm−1 in the 1st and 2nd poten-
tial cycles is summarized in Fig. 2a and b, respectively. The line
at around 1580 cm−1 gradually shifted toward lower wavenum-
bers with a decrease in potential, and then shifted toward higher
wavenumbers during a cathodic scan down to 0.01 V. In this region,
no lines indicative of staged phases were observed. This fact indi-
cates that Li+ was  intercalated randomly between every layer of
HOPG; i.e., a dilute stage-1 phase was  formed [10,20]. While the
electrode potential was held at 0.01 V, the line assigned to dilute
stage-1 again broadened, and two lines newly appeared on both

sides of the original line, as shown in Figs. 1 and 2a. The new lines
were located at about 1575 and 1600 cm−1 and the Raman shift
hardly changed with time. The intensity of the new lines increased
with time, while that of the original line decreased. Based on the
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crystal structure should occur on edge plane HOPG during the initial
potential cycle. This assumption can be examined by considering
the spectral changes before and after potential cycling. Fig. 3 shows
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ig. 2. Variation of the electrode potentials of edge plane HOPG, integrated charge a
nd  potential cycles between 3.0 and 0.01 V. The electrolyte solution used was 1 mo

iterature, the new lines were assigned to the interior and bounding
ayer modes of stage-4, i.e.,  a phase transition from dilute stage-1 to
tage-4 occurred [10]. The formation of a dilute stage-1 phase and
he subsequent phase transition from dilute stage-1 to stage-4 are
nown to occur at higher potentials above 0.2 V when a graphite
lectrode is charged with a constant current at a reasonably slow
ate. However, these phase-changes were observed at 0.01 V in this
tudy because of the relatively rapid potential scan.

When the electrode potential was scanned in an anodic direc-
ion from 0.01 V, the two lines assigned to stage-4 approached the
riginal line, as shown in Fig. 2a; the lower and upper frequency
omponents shifted towards higher and lower wavenumbers,
espectively, and then disappeared at around 0.5 V. These behaviors
re different from the nearly unchanged Raman shifts of the two
ines during the intercalation of Li+. Thus, the two lines changed
rreversibly during the initial potential cycle, which implies that
rreversible changes should occur at edge plane graphite during the
ntercalation process. This assumption is proven by in situ Raman

easurements in the second cycle. After the electrode potential
as scanned back to 3.0 V, in situ Raman measurements were again

arried out during the 2nd cycle in the same manner. The amount of
harge consumed during the 2nd charge, which was  evaluated by
ntegrating the voltammogram, was 41 C. This value was almost the
ame as that in the initial charge, as shown in Fig. 2a and b. In the 1st
ycle, however, the amount of charge consumed irreversibly was
valuated to be 2 C, whereas almost reversible in the 2nd cycle. The
harge should be consumed by the formation of a surface film on

raphite, particularly in the 1st charge. Therefore, the amount of Li+

ntercalated in the 2nd cycle should be 2 C more than that in the ini-
ial cycle. However, the lines indicative of the formation of a stage-4
hase did not appear within the measurement time, and only the
t, and Raman shift of the lines at around 1580 cm−1 with time in the (a) 1st and (b)
3 LiClO4/EC + DEC.

shift of the G band was observed, as shown in Fig. 2b. Thus, the
phase transition of graphite electrodes was  prevented in the 2nd
cycle. These results suggest that some significant changes in the
Raman shift (cm )

Fig. 3. Raman spectra of edge plane HOPG electrodes (a) before and (b) after poten-
tial cycling, and basal plane HOPG electrodes (c) before and (d) after potential
cycling. The electrolyte solution used was  1 mol  dm−3 LiClO4/EC + DEC.
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ig. 4. Variation of the electrode potentials of edge plane HOPG, integrated charge a
nd  potential cycles between 3.0 and 0.01 V. The electrolyte solution used was  1 mo

n situ Raman spectra of the edge plane HOPG electrodes obtained
t 3.0 V before and after potential cycling, together with those of the
asal plane HOPG electrodes as a reference. After potential cycling,
he G band at around 1580 cm−1 broadened and two peaks newly
ppeared at around 1330 and 1620 cm−1 for the edge plane HOPG
lectrodes, as shown in Fig. 3b. The peak at around 1360 cm−1 is
scribed to the Raman inactive A1g mode frequency [21]. The peaks
t around 1360 (D band) and 1620 cm−1 (D′ band) appear in the case
f a finite crystal size and imperfections in the carbonaceous mate-
ials. On the other hand, such a structural change was not observed
or the basal plane HOPG electrodes. These results clearly indicate
hat the crystallinity of edge plane graphite should decrease with
he initial potential cycle. In fact, in Fig. 2a, the Raman shifts of
he two lines assigned to stage-4 showed different behaviors under
nodic and cathodic polarization, as described above. This fact indi-
ates that the surface crystallinity was already degraded during the
ntercalation of Li+.

Drastic expansion of a HOPG electrode, ca. 150%, is known to
ccur at potentials negative than 1.0 V vs. Li/Li+ in EC-based elec-
rolyte solution [22]. Besenhard et al. attributed this expansion to
he intercalation of solvated Li+ [22]. The co-intercalated solvents
re subsequently decomposed to form immobile products between
he graphite layers, which should serve as a foundation for surface
lm. This reaction model has been proven by in situ scanning tun-
eling microscopy observation of the step edges on HOPG basal

lane [13,23]; when solvated Li+ is intercalated at 1.1 V, the basal
lane in the vicinity of the step edge is raised by about 1 nm,  and
his is called a hill-like structure. The solvated Li+ is then decom-
osed at more negative potentials of ca. 0.75 V between graphite
t, and Raman shift of the lines at around 1580 cm−1 with time in the (a) 1st and (b)
3 LiClO4/EC + DEC containing 2 wt% VC.

layers and the decomposition products result in large swellings
with irregular shapes, called blisters. The height of the swellings
is approximately 20 nm,  which is much higher than the hill-like
structures. Since the interlayer spacing of graphite is 0.335 nm, it is
not so strange that severe deformation of the crystal lattice should
occur upon the formation of hills and blisters in the vicinity of the
edge planes. Such a locally drastic expansion of graphite would
induce local stresses within graphite layers. These localized stresses
might result in irretrievable damage to the host graphite, such
as irreversible expansion of the interlayer space, the disordering
of carbon atoms, and the breaking of C–C bonds. Thus, degrada-
tion of the surface crystal structure of graphite can be expected
to occur by the intercalation of solvated Li+ and/or its subsequent
decomposition between graphite layers. This assumption can be
proven by the use of film-forming additives in electrolyte solutions.
Additives, such as vinylene carbonate (VC) [24], ethylene sulfite
(ES) [25] and fluoroethylene carbonate (FEC) [26], are known to
be reductively decomposed on a graphite surface to form a pas-
sivating surface film. These reactions take place at relatively high
potentials of around 1.1 V, and therefore the co-intercalation of EC
and DEC should be suppressed. In fact, no evidence for solvent co-
intercalation was  observed by in situ AFM [27]; the hill and blister
structures did not appear in electrolytes containing VC, ES, or FEC.
Fig. 4a and b show variation of the Raman shift of the lines at around
1580 cm−1 in the 1st and 2nd potential cycles, respectively. With

the addition of VC to the electrolyte, in situ Raman spectra obtained
in the 2nd potential cycle were very similar to those in the initial
cycle; the lines indicative of the phase formation of dilute stage-1
and the subsequent phase transition from dilute stage-1 to stage-4
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ere observed even in the 2nd cycle. Fig. 5 shows in situ Raman
pectra of the HOPG edge plane obtained at 3.0 V before and after
otential cycling in EC + DEC-based electrolyte solution containing
C. No line indicative of the D and D′ bands appeared after the
st potential cycle. These results clearly indicate that the surface
rystallinity can be maintained even after the intercalation of Li+.
herefore, the above assumption is clarified to be valid. Based on the
resent results, film-forming additives not only provide a superior
urface film on graphite electrodes, but also play an important role
n maintaining the crystal structure of the graphite surface during
harge and discharge reactions.

. Conclusion

The changes in the surface crystallinity of edge plane HOPG were
bserved by in situ Raman spectroscopy under potential control
n 1 mol  dm−3 LiClO4 dissolved in a mixture of EC and DEC with
nd without the addition of VC. Raman spectra revealed that the
urface crystallinity of the edge plane HOPG significantly lowered
ithin only a single charge/discharge cycle when no additives were
sed. In addition, the phase transition of Li–GIC upon Li+ interca-
ation was more sluggish in the 2nd cycle than in the 1st cycle.
n the other hand, when an electrolyte solution containing VC
as used, the crystal structure of edge plane HOPG was main-

ained even after potential cycling. In addition, the stage transition

[
[
[
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of Li–GIC during the 2nd potential cycle proceeded in the same
manner as in the 1st cycle. Based on the present results and a
consideration of the intercalation mechanism of Li+, the structural
degradation of the graphite surface should be caused by severe
deformation of the crystal lattice upon the co-intercalation of sol-
vent molecules. Degradation of the crystal structure of edge plane
graphite should result in the sluggish stage transition of Li–GIC in
the subsequent charge and discharge cycle. The slow charge and
discharge reactions should result in low rate capability and small
reversible capacities. Therefore, to improve the charge–discharge
characteristics of graphite negative-electrodes, further studies are
needed to identify solvent systems or additives that can suppress
the co-intercalation of solvent molecules.
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