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In Situ Characterization of a Graphite Electrode in

Secondary Lithium-Ion Battery Using Raman Microscopy

J.-C. PANITZ,* F. JOHO, and P. NOVAK

General Energy Research Drepartment, Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerlond

A Raman microscopy study of lithium intercalation into the graph-
ite electrode of a lithium-iom battery is presented. An in sifu spectro-
electrochemical cell was designed for direct observation of the elec-
trodefelectrolyte interface. The performance of this cell is discussed
in terms of the results of a calibration expeximent performed at a
single defined point on the electrode surface. The electrode was
made of TIMREX SFG 44 synthetic graphite with polyvinylidene
fluoride binder. The electrolyte was lithium perchlorate, LiClO,,
dissolved in a mixture of ethylene carbonate and dimethyl carbon-
ate. In the region of the carbonyl stretching vibrational medes of
the electrolyvte components, changes in the band profile have been
observed. At electrode potentials negative to 180 mV vs. Li/Li*, a
new band evolved at about 1850 cm~'. This band has tentatively
been assigned to a complex between lithium ions and decomposition
products of the ethylene carbonate elecirolyte component. ‘The max-
imum intensity of this new hand is observed at 5 mV vs Li/Li*; its
intensity decreases with increasing potential upon lithium de-inter-
calation. Raman mapping of the graphite elecirode under poten-
tiostatic conditions indicates that lithivm intercalation does not pro-
ceed homogeneously over the graphite electrode surface at a poten-
tial of 200 mV vs. L/Li*. An additional Raman mapping study was
performed under galvanostatic conditions. With this method, the
presence of “blind spots” an the electrode surface can be detected.
These points lag behind in the process of lithium intercalation. Fur-
thermore, information on changes in the carbon component of the
electrode can be inferred from these measurements.

Index Headings: Ruaman nferuseopy; Lithiom-ion battery; Lithium
intercalation; Uarbon; (raphite.

INTRODUCTION

Secondary lithium-icn batteries have been successfully
introduced into the market in recent years. In these bat-
teries, lithiated metal oxides such as Li CoQ,, LiNiQO,,
or Li,Mn,Q, are used as the positive electrode material,
while carbon serves as the negative electrode material.
For the electrolyte, lithium salts dissolved in nonagueous
solvents are employed. Recent reviews of developments
in this field are available from Dahn et al.' and Winter et
al.? Today the energy density of lithium-ion batteries is
considerably higher than that of the nickel-metal hydride
(NiMH) or NiCd system, yet a potential for further im-
provements exists. One open challenge is the rather large
irreversible charge (in the technical literature called
“charge loss™) encountered during the first charge/dis-
charge cycle of the carbon electrode. It is assumed that
this charge loss is mainly due o decomposition of the
electrolyte on the negative carbon electrode.? A protec-
tive film called solic electrolyte interphase: (SEI) is
formed that allows Li*-ion transfer but prevents electron
transfer. This film has been observed ex situ, e.g., with
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the use of transmission electron microscopy and small-
angle electron diffraction.’ In order to understand the pro-
cesses taking place during the first cycle, several studies
have been performed an sitie. For example, atomic force
microscopy (AFM) has been applied to study SEI for-
mation on HOPG (highly ordered pyrolytic graphite),*s
but experimental difficilties were reported when atternpts
were made to apply this technique to synthetic graphite
powder® Methods such as X-ray diffraction,®® Fourier
transform infrared (FT-IR) spectroscopy,” Raman spec-
troscopy,!-!1? electron spin resonance,’® and differential
electrochemical mass spectrometry (DEMSY 45 have
been employed so far to study lithium intercalation into
carbon electrodes in sifu, inn addition to electrochemical
techniques.'®!?

Raman spectroscopy is especially well suited for the
characterization of carbon materials. The Raman spec-
trum of graphite has been discussed by several authors,
and the spectral features observed have been related to
the structure of the materials investigated.!**2 The prom-
inent feature in the Raman spectra of graphitic carbons
is the E,;2 mode at 158) cm~'. Upon lithium intercalation,
this band shifts to higher wavenumbers. The E,> mode
broadens with increasing lithium intercalation and finally
splits inta twa components. This behavior mirrors the for-
mation of a layered intercalation compound consisting of
alternating graphene sheets and lithium layers. In lithaum-
intercalated graphite compounds, we distinguish between
two types of graphene layers: those adjacent only to cther
graphene layers are called interior graphene layers, and
those adjacent to a lithium layer are called boundary lay-
ers. The high-wavenumber component of the split E,,
mode is assigned to tke E, * mode originating from the
interior graphene layers of the lithium-intercalated graph-
ite. The corresponding low-wavenumber component is
assigned to the same vibrational mode in the boundary
layers of the lithium-intercalated graphite, and designated
as B,,*®. According tc Solin,® the intensity ratio of these
bands may be used to deduce the staging index of the
lithium intercalation <ompound under investigation. A
more detailed description of these observations can be
found in the work of Inaba et al.'® In situ studies of car-
bon electrodes using Raman spectroscopy have shown
that with this method one can indeed monitor the differ-
ent stages of lithium intercalation.'™'? The reverse process
of lithium de-intercalztion can be monitored in the same
way.

Here, we present rzsults from an in situ Raman mi-
croscopy study of a graphite electrode. Several cells were
examined, revealing good reproducibility of the measure-
ments. In the following, one representative set of results
is discussed in detail. Our aim was to perform a direct
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Fic. 1. Scheme of the in sity cell. (1) Stainless stecl body contacting
the working electrode; (2} holder for the graphile working electrode
(the graphite is deposited on top of the kolder): (3) current collector for
the lithium counter electrode; (4) counter-electrode (lithium foil);
(5) sapphire window; (6) retaizer ring; (7) cell tody made of (poly)-
propylene.

investigation of the interface between electrolyte and
electrode in order to gain a better understanding of the
electrochemical processes involved. In this way valuable
information on the SEI film should be made available,
depending on its thickness. By using a confocal micro-
scope, we have improved the spatial resolution over that
reported In published work.'®-'* Thus, the lithium inter-
calation process has been monitored at a selected area of
the graphite electrode. In countrast to previous investiga-
tors;'%12 we do not restrigt our discuszsion to the bands
attributed to carbon and lithium-intercalated carbon com-
pounds. The vibrational bands of the slectrolyte solvent
in the vicinity of the electrode surface were taken into
account as well. Since the electrode surface is wetted by
the electrolyte, an interpretation of the results obtained
should rely on information obtained for all components
of the system investigated. The experiment performed
also served to validate the new design of our in sifu elec-
trochemical cell. Further, it was our intention to extend
existing methods towards a spatially resolved spectros-
copy of the lithium intercalation process in carbon elec-
trodos composed of the materiale used in real vorld bat
teries. Up to the present, Raman imaging has been ap-
plied only to glassy carbon covered with water® and to
a lithium cell composed of lithivan, a polymer elecirolyte,
and vanadium oxide.?® We have perfermed Raman map-
ping experiments on graphite electrodes, under both gal-
vanostatic and potentiostatic conditions. In this article, we
report first results and compare the data obtained under
these two conditions.

EXPERIMENTAL

Electrochemistry. The in sitic cell employed is shown
schematically in Fig. 1. The composite working electrode
was a thin film of graphite [TIMREX SFG 44, TIMCAL
AG, mixed with 5 wt % polyvinylidene fluoride (PVDFE),
obtained from Aldrich], which was deposited on the end-
face of a stainless steel rod (2) and typically had a mass
of about 0.1 mg. The counter-electrode (4), was a lithium
foil (Aldrich) pressed by a retainer ring (6) against the
current collector (3). The electrolyte was 1 M LiClO,
(Merck) in a 1:1 w/w mixture of ethylene carbonate (EC,
Selectipur grade from Merck) and dimethyl carbonate
(DMC, Selectipur grade from Merck). The electrolyte
contained <10 ppm water as determinad by Karl-Fischer
titration. The cell components were assembled and her-
metically sealed in a glove box under argon atmosphere.

The cell was placed under the microscope of the Ra-

man system and connected to a standard potentiostat/gal-
vanostat (AMEL, Milano, Model 2049) driven by
QuickLog PC software (Strawberry Tree Inc.). The ex-
periments were performed at room temperature. Typical-
ly, the cell was cycled with a current of 10 pA (~100
pAfmg of graphite) between the potential limits of the
carbon electrode of 1500 and 5 mV vs. Li/Li*. Through-
out this paper, the potentials given are potentials mea-
sured vs. the LI/Li* couple.

Raman Measurements. Raman spectroscopy was per-
formed with a confocal Raman microscope (LabRam, DI-
LOR/Instruments S.A.), with the use of the 530.901 nm
line of an external Kr* jon laser (Innowva 302, Coherent
Inc.). The components of the composite electrode were
first examined ex siry. Measurements under in situ con-
ditions were performed in the cell shown in Fig. 1. With
a microscope objective providing 50X magnification
[Olympus ULWD, 8 mm working distance, qumerical ap-
erture (NA) = (0.55], it is possible to obtain Raman spec-
tra from layers located up to 4 mm below the sapphire
window. With the pinhole diameter of the confocal mi-
croscope adjusted to 200 pm, the lateral resolution is 4
pm, according to the specifications of the manufacturer.
However, it should be peointed out that some optical
throughput and spatial resolution are lost due to the fact
that the laser beam focused on the electrode passes three
media of different indices of refraction.?® Laser power
was limited to 3 mW at the sample in order to avoid local
heating of the graphite particles. With highar power lev-
els, disruption of the electrode surface was observed in
preliminary experiments. Also, bubbles may then form
during the charging and discharging cycles and cause
problems in mapping experiments. The spacing between
the sapphire window and the electrode surface is critical
for a successful experiment; it was found that a distance
of a few hundred micrometers is most uppropriate. Data
were recorded with a spectral resolution of 3 cm-!. The
band positions were calibrated by recording the spectrumn
of a neon lamp.

RESULTS AND DISCUSSION

Electrochemical Performance of the in Siftu Cell. A
typical galvanostatic curve recorded during the first cycle
with a current of 10 pA is shown in Fig. 2A. The dif-
ferent stages of lithium intercalation are clearly distin-
guishable by this method, with different plateaus corre-
sponding to defined stages of lithium intercalation.!? The
Roman numbers in Fig. 2A indicate the dizferent phases
of our experiment. Starting from the open circuit poten-
tial, the electrode was charged to 120 mV ws. Li/Li* (re-
gion I). Then, the cell was left at open circuit for a period
of 12 h; during that time the potential relaxed to 220 mV.
After that, the charging was resamed (region II) and con-
tinned until the potential reached 5 mV. Then, the cell
was again left for 120 min at open circuit, then dis-
charged at 10 pA (region III).

The long-term performance of the cell is shown in Fig.
2B, where the charge accumulated in each cycle under
continuous cycling at 10 wA is given for a period of 8
days. Due to the large ratio of electrolyte volume over
electrode surface area in comparison to rea: batteries, the
“charge loss™ per cycle is relatively high. Nevertheless,
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Fig. 2. (A) Galvanostatic charge/discharge curve of a SFG 44 graphite

electrode recorded with a current of 10 wA (~100 pA/mg graphite) in
the in situ cell (first cycle). After about 2 h, a potential of 120 mV was
attained (region I). After an open circuit period of 12 h, the charging
of the electrode was resumed (region II). In region III, the discharge of
the graphite electrode is shown. (B) Electrochemical performance of the
in situ cell at ~100 pA/mg graphite in a potential window from 1500
mV to 5 mV vs. Li/Li* during 24 cycles (filled squares: charge; open
squares: discharge).

the electrochemical performance of the in situ cell is quite
satisfactory.

Spectroscopic Performance of the in Sifie Cell. The
effect of magnification of the microscope on the outcome
of the Raman experiment is shown in Fig. 3. The upper
trace shows the Raman spectrum recorded when the laser
beam was focused on the graphite electrode at a potential
of 800 mV with the use of an objective with 50X mag-
nification. The confocal aperture was adjusted to a di-
ameter of 200 pm. The lower spectrum was recorded
under the same conditions, except for the use of an ob-
jective with 10X magnification. Both spectra have been
normalized to the height of the strongest band at 900
cm~!. The signal-to-noise (S/N) ratio is better for the
spectrum recorded with 10X magnification, but the E,,2
mode of graphite is more readily distinguished from the
signals due to electrolyte components when 50X mag-
nification is used. Since the laser beam penetrates into
the graphite material only to a very small depth, the better
discrimination of the graphite band obtained when work-
ing with the 50X objective is simply due to the smaller
volume of the focal cone sampled for the spectrum shown
in the upper trace of Fig. 3. This observation also ex-
plains the difference in S/N ratio between the two spectra.
Working with the 10 objective we sample a larger vol-
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Fic. 3. Intensities of the graphite E,? band and signals of the electro-

lyte components. The 8/N is better in the lower trace recorded with a
microscope objective with 10X magnification, but the upper trace re-
corded with a 503¢ objective shows a better discrimination of the graph-
ite signal from the electrolyte signals. Potential: 800 mV vs. Li/Li*.

ume of a transparent liquid, resulting in a better S/N per
urnit measurement time, but less information from the in-
terface between the electrolyte and the graphite electrode
is obtained. All subsequent experiments were therefore
performed with the use of the objective with 50X mag-
nification.

Ex Situ Characterization of the Electrode Compo-
nents. Raman mapping was employed to characterize
both the SFG 44 graphite and the PVDF binder used for
electrode preparation. Trace A in Fig. 4 shows the Raman
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Fic. 4. Raman spectra of graphite SFG 44 (A), polyvinylidene fluoride
(B). and the film electrode on top of the electrode support (C).
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Fie. 5. Raman spectra of electrolyte solutions prepared Jrom 3 X350 viv
mixtures of ethylene carbonate and dimethyl carbonate. {4y Without
LiCIO,; (B) 1 M LiCIQ,; (C) 2 M LiCO,. The Jdashed line indicates
the shift in band position with increasing lithium concentration. Note
also the changes in the band profiles.

spectrum of SFG 44, averaged over 144 points. The Ra-
man spectrum of PVDF is shown in trace B, while the
averaged Raman spectrum of the composite graphite
electrode is given in trace C. The Raman bands of PVDF
are superimposed on a st-ong background (trace B). The
authors of a recent investigation®” concluded that this
background is due to interaction between low-wavenum-
ber phonons and the high-wavenumber vibrations of the
CH groups in PVDE From an inspection of the Raman
spectrum of the composite graphite electrode (Fig. 4C),
we found that the position of the E, ;> mode of the graph-
ite used did not change under the process conditions em-
ployed in electrode preparation. No bands assignable to
PVDF appear in spectrum C, but the background emis-
sion has increased considersbly over that in the Raman
spectrum of neat SFG 44.

The electrolyte/solvent system used in the cell was in-
vestigated as well. The nteraction of EC with LiClO,,
was investigated by Hyodo and Okabayashi® with the
use of quantitative analysis of the Raman spectra. To our
knowledge, similar inves:igations were not published for
the solvent system used here. In Fig. 5, the Raman. spectra
of the EC/DMC mixture are shown. Only the region of
the carbonyl stretching vibrations is displayed here. Spec-
trum A was recorded for -he mixture of the solvents with-
out the electrolyte salt, LiClQ,. Traces B and € show
spectra of the solvents cbtained after adding LiClO, in
concentrations of 1 M and 2 M, respectively. In order 10
improve the readability of the figure, consecutive: spectra
were shifted vertically by constant amounts. Therefore,
Fig. 5 does not reveal the evolution of the backgzround
level, which increases with increasing concentration of
lithium salt. The shape change of the band pwofile is
clearly visible. The intensity ratios of the bands consti-
tuting the profile change, as well as a shift in band po-
sition to higher wavenurrbers, occur with increasing lith-
ium perchlorate concentration. The band positions were
calculated by using noniinezar least-squares (NLLSQ) fit-
ting procedures implemented in the Origin 5.0 software
package (Microcal Inc.). For spectrum A, the fallowing
values were found [full width at half maximum (FWHM)

linewidths are given in brackets]: 1751 [15.3] em™!, 1772
[9.3] e, 1796 [12.3] em~/, and 1807 [21.6] cm~L. The
relative intensity ratios obtained from this calculations are
35.8:15.1:22.2:26.5. The band lowest in wavenumber is
assigned to DMC; the other three bands are assigned to
the EC component of the solvent mixture.? It is known
that the C=0 stretching vibrazion of EC is coupled by
Fermi resonance to the overtone of the ring breathing
vibration;??-?! this facior accounts for the bands at 1772
and 1796 cm~'. The third band at 1807 cm™! is assigned
to a combination band.** The addition of LiClOQ,, trace
B, leads to the following new set of values for the band
positions: 1751 [17.1] em~!, 1773 [11.5] cm™!, 1797
[23.9] cm™!, and 1810 [18.9] cm~'. The relative intensity
ratios are 22.6:17.3:45.1:14.6. Like the data shown In
trace A, band profile B is best described by using four
Voigt profiles. This approach no longer holds true for
spectrum C, recorded with 2 M LiClO, dissolved in the
EC/DMC mixture. Here, six bands were used instead in
order to describe the experimental results. The band po-
sittons and corresponding linewidths (FWHM) are 1727
[11.1] em~!, 1751 [19.0] cm~Y, 1774 [14.1] cm™!, 1789
[19.2] em~t, 1802 [17.9] cm™!, and 1811 {16.7] c;n~". The
relative intensity ratios obtained are 1,9:26.2:18.5:18.9:
200.5:14.0. We are well aware that the number of bands
used in the last calculation dtrace C) is an arbitrary
choice. Detailed studies on the electrolyte used are under
way and will be presented elsewhere. Here, we are in-
terested only in obtaining reference data for comparison
with data obtained in the modzl battery electrochemical
cell under investigation.

The results presented in Fig. 5 can be summarized as
follows: The band assigned to DMC changes in line-
width, but not in position. Upon addition of the lithium
salt, the intensity of this band decreases relative to that
of the buands of EC, which show significad shifts in
wavenumber. We conclude, therefore, that the interaction
of Li* is weaker with DMC than with EC. In the context
of the present work, the observation that the EC band
profile shifts to higher wavenumber with increasing
LiClO, concentration is the most important one.

Single-Point Raman Spectra Recorded During the
First Cycle. A selection of Raman spectra recorded dur-
ing the first charge-discharge cycle is shown in Figs. 6
and 7. Data were recorded from the same spot throughout
the experiment. The spectra recorded while charging the
cell are given in Fig. 6. The diagram to the left corre-
sponds to phase I of the experiment (cf. Fig. 2A); the
spectra shown in the figure to the right were recorded in
phase II of the first half-cycle. Band positions and line-
widths calculated for the spectra shown in Figs. 6 and 7
are listed in Tables I and II, respectively. Traces A-D in
Fig. 6 show that the intensity of the E,> mode decreases
with decreasing electrode potential. In addition, a shift in
band position from 1581 to 1592 cm™! is noted (see Table
). Trace E, recorded while the potential was in the range
from 203 to 202 mV, shows a split of this band into two
components, in agreement with results previously report-
ed.'® Within this subset of spectra, the bands assigned to
the C=0 stretching vibration of the EC and DMC solvent
components undergo littie change. It is known from
DEMS experiments that ethylene is evolved in the po-
tential window between 800 and 300 mV vs. Li/Li*. This
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FiG. 6. (1) Raman spectra obtained at one specific point on the graph-
ite electrode surface during the first charging half cycle. Spectra A~F
were selected from the set of spectra recorded during charging from
702 mV (A) to 122 mV (F), corresponding to region I in the galva-
nostatic curve displayed in Fig. 2A. The dotted line is placed at the
initial band position of the graphite signal. (I} Raman spectra recorded
after the cell was left at open circuit for equilibration. Charging was
resumed at a potential of 199 mV (spectrum G) and ended during the
measurement of spectrum L (region II of the galvanostatic curve, Fig.
2A). The dashed arrow indicates the position of the new feature ob-
served. The potentials at which the spectra were recorded are listed in
Table 1.
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Fic. 7. Raman spectra obtained at one specific point on the graphite

electrode surface during the first discharge half-cycle (lithium de-inter-
calation, region Il in Fig. 2A). Specira A—K were sefected from the set
of spectra recorded during discharge in the range from 5 mV (4) to
1210 mV (K). The potentials at which the spectra were recorded are
listed in Table 11

result has been attributed to the formation of the SEIL™
With the Raman technique, no spectral features of the
SEI can be detected within this same potential window.

Spectrum G, recorded just before the charging was re-
sumed (Fig. 24, region II), shows one broad band in the
range of 1550-1630 cm~!. However, the band profile is
best described by two Voigt profiles. The NLLSQ anal-

TABLE L Band positions and linewidths [full width at half-maximum, (FWHM)], both in cm! for spectra recorded during lithium
intercalation, as calculated by using curve fitting procedures. The linewidth is shown in square brackets. The intensity ratio is defined as

I(E, 2™)/HE, ™), This table refers to data shown in Fig. 6.

Bands assigned to
graphite and Li,C,

Carbonyl stretching
vibrations of DMC and EC

Int. Observed in
Spectrum® (E,2™) (B,,7®) E,D ratio DMC EC EC this work
Region I
A (703-688) 1581 1751 1773 1801
[22.4] [16.2] [12.1) [26.2}
B (503-484) 1584 1751 1773 1801
(15.2] [15.6] [10.1] [28.2]
C (307-295) 1589 1751 1772 1802
[16.5] [14.5] [9.5] [31.7]
D (231-222) 1541 1592 1752 1775 1802
[42.6] [30.7] [16.8] [13.01 [27.2]
E (203-202) 1574 1599 8.5:25.7 1752 1772 1800
[13.2) [26.8] [13.3] [10.9] [25.0]
F (162-154) 1573 1597 7.2:27.1 1752 1772 1801
[13.3} [33.4) [11.7] [12.4] [28.3]
Region 11

G (199-188) 1582 1601 16.3:24.2 1752 1774 1802
[25.6] [28.4] [14.6] [11.3] [27.3]
H (167-152) 1576 1601 8.8:31.1 1751 1773 1801
{13.0] [28.1] [15.7] [8.0] [34.8)
I(145-138) 1574 1600 7.7:43.1 1751 1773 1802
[10.5] [33.8] {18.8] [10.8] [34.4}
J (135-125) 1574 1600 6.8:37.6 1751 1773 1800
[12.4] [34.2] [14.1] [12.6] (21.3)

Kb (102-101) 1578 1602 31.1:11.9 1752 1773 1799 1813 1858

[44.5] [37.8] [14.4] [11.5] [19.5] [11.3] [17.5]

L (10-5) 1536 1751 1773 1800 1816 1850

[97.7] [15.4] [12.0] [22.7] [32.0] [38.3]

* Spectra were recorded under galvanostatic conditions. Therefore, the potential range (in mV vs. Li/Li*) covered during acquisition of each spectrum

is listed after the identifying letter.

® Alternatively, the band assigned to lithium-intercalated graphite may be described (using a single Voigt profile, centered at 1583 ¢, and having
a linewidth (FWHM) of 56.2 cm~!. The correlation coefficient is only slightly lower in this calculation.
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TABLE II. Band positions and linewidths for spectra recorded during lithium de-intercalation. The intensity ratio is defined as K(E, )Y/
I(E,2®). These spectra are shown in-Fig. 7. ‘

Bands assigned to
graphite and Li,C,

Int.
Spectrum?® (Bag®®™» (B, 20 (B2} rato Carbonyl stretching vibration Observed in this work
Region III

A (5-10) 1536 1751 1773 1800 1816 1850
[97.7] [15.4] [12.0] [22.7] [32.0] [38.3)
¢ B (56-89) 1537 1751 1773 1798 1812 1854
[63.21 [21.0] [13.2] [23.2} 20.6 {47.5)
C (92-99) 534 1751 1774 1799 1813 1853
(62.7] [24.7] [15.3] [19.3] (18.6] [59.6]
o D (146-148) 1555 1578 16G2 6.3:10.5 1751 1773 1799 1815 1858
{60.8] {z1.4] [32.9 [15.3] [12.5} [£9.1) [18.2] [33.3
E (159-159) 1578 16C1 21.4:252 1751 1774 1800 1815 1860
{45.3] [£3.2] [13.5] [12.8] [17.7) [15.3] {28.09
F (183-191) 1573 1599 9.6:35.3 1752 1773 1799 1812 1861
[12.8] [32.2) [14.9] [12.9] [17.2) 9.7 {30.93
G (206-219) 1574 16C0 12.5:29.7 1752 1774 1799 1812 1864
[15.2] [27.7] [18.9] [10.0] [19.6] 8.1] [n.a]
H (233-239) 1573 1569 12.4:27.4 1752 1772 1800 —_— 1861
[17.7] [24.3)] [14.4} [12.1} [26.1] e 16.7

1 {(446~572) 1581 1752 1777 1799

[12.5] [15.6) [25.4} [13.0]

I (741-924) 1580 1750 1771 1802

[26.4] [15.6) [14.3]) [30.0]

K (1209-1305) 1581 1751 1775 1769 1814
{25.0] [15.2) 114.8] 117.8] L10.4]

* Spectra were recorded under galvanostatic conditions. Therefore, the potential range (in mV vs. LifLi*) covered during acquisit:on of each spectrum

is listed after the identifying letter.

ysis revealed that the intens:ty ratio of these two com-
ponents changed during the deriad at open circuit. Ad-
ditionally, shifts in band pesition and a line broadening
are observed after that period (cf. Table I). After a short
charging period, two componeants are again clearly visible
in the band profile (trace H). The intensity ratio J[E,2®)/
I[E,*®] of the spectra decreases from trace G to trace J.
This result ic in agreomont with tho litcrature and refleots
a continuous change of the stage index Trom 4 to 3 and
further towards 2.1%% Application of the doublet nzodel
to the next spectrum (trace K shows thar the high-wave-
number component (tke Ey.>> mode) of this profile de-
creases in intensity. It should e mentioned that the signal
shown in trace K can alsc be approximated by using a
single Voigt profile centered at 1383 c~! (ef. Table I).
The latter description implies that in this potential region
(102-103 mV) the surface consisted of LiC,,, where only
boundary modes should be detectable.® The observation
that the band profile recordsd for the CT=0 stretching
vibration remains unchanged. is valid, ton, for the subset
of spectra shown in traces G to J. However, when the
plateau seen at a poteatial of about 100 mV is reached
(cf. Fig. 2A), curve fitting indicates the presence of ad-
ditional bands in the C=0 stretching region. A band de-
tected at about 1850 cm™! rises in imtensity with decreas-
ing potential and is stzongest for the spectrum recorded
at low potential (~5 mV vs. Li/Li*). This band has not
yet been described in -he literature. A tentative explana-
tion for this band is the formation of complexes between
Li* and EC and/or its decomposition products. As stated
above, ethylene evolution iz confined to the potential
window between aboul 800 and 300 mWV.' Thus, the EC
decomposition products protably are species originating
from oligomerization reactions of EC. Another possible
interpretation is associated with the observation of short-

range orientation effects in liquid BC,* which may be
amplified at higher lithium ion concentrations. It has been
demonstrated above that the Ramar bands of EC change
with changing lithium concentration. Finally, we want to
point out that this band around 1850 cm™' is observed
only in the electrclyte solution very close to the electrode
surface.

Tho formation of LiCyy and LiC, at low poleatinls re
sults in the disappearance of the band typical for the in-
terior graphene layers. Thus, the spectrum recorded in the
low potential range (10-5 mV, trace L) shows no signal
in the wavenumber range of the E, *® mede. This phe-
nomenon had already been observed by Inaba et al.'® and
is contrary to the findings of Eklund et al.,*> who char-
acterized LiC, and other graphite intercalation com-
pounds (GICs) of various staging indices with Raman
spectroscopy. Eklund et al. observed that the Raman band
of LiCy is close in position to the E,,*» mode of pristine
graphite. To explain this discrepamcy, it has been pro-
posed that LiC,, because of its high elecirical conductiv-
ity, has a very small penetration depth for the excitation
laser beam; hence the detection of this band becomes
virtually impossitle.!%!? Moreover, Inaba et al.' reported
a broad band around 1500 cm™. According to the
NLLSQ analysis performed on our-data, a broad band at
1536 cm™! is found that might be assigned to a lithium-
intercalated compound. For GICs o7 the heavy alkali met-
als, which have a different stoichiometry (instead of the
MC; compound, WIC; are formed for M = K, Rb, Cs), a
broad band is recorded at around 1450~1500 cm~".2* The
experimental results obtained so far suggest the presence
of a lithium surface GIC within the penetration depth of
the laser that possibly differs in sto:chiometry from LiC,.

The Raman spectra recorded during the first discharge
half cycle are given in Fig. 7. In reverse order, the same
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changes in the Raman spectra are seen as already reported
for the first charging half-cycle. Upon discharge, the line-
width of the band at 1536 cm™! gradually decreases (frac-
es A-C), according to resulis obtained by NLLSQ anal-
ysis of the data shown in Fig. 7. These results are com-
piled in Table II. At potentials >140 mV, a broad profile
is observed that is composed of three bands. This profile
is observed throughout the potential window from 140 to
240 mV (traces D and E). The broad profile changes in
shape and is then composed of two well-resolved lines
at potentials >180 mV. Traces E G, and H in Fig. 7 show
these spectra. The intensity ratio J[E,*®)I[E,,*™] in-
creases in this subset (cf. Table II), as required by the
model proposed in Ref. 23. Interestingly, while the line-
width of the E,,*® mode increases, the linewidth of the
E,*® mode becomes smaller. This pattern reflects the
changes in stacking sequence of ithe graphene sheets as-
sociated with the lithium de-intercalation processes.

The intensity of the band at about 1850 cm™! decreases
with increasing potential, its position shifts to higher
wavenumber (cf. Table II), and its linewidth decreases.
The single line attributed to graphite with low lithium
content (dilute stage 1 GIC) is first observed at a potential
of 257 mV. In this spectrum (Fig. 7, trace I), and in all
spectra recorded at more positive potentials (iraces I-K),
the band at ~1850 cm~! is no longer visible. This ob-
servation suggests that this feature can be assigned to a
complex of lithium ions with EC and/or its decomposi-
tion products. Upon lithium intercalation, the band at
about 1850 em™! is first observed at a potential of about
100 mV. At this potential, the formation of LiC,, is com-
plete, and the formation of LiC, begins. The concentra-
tion of lithium ions in the vicinity of the electrode shows
a maximum during this stage, and it will stay at a high
level during the de-intercalation process, as long as GIC
phases with high lithium content prevail. At potentials
positive to ~250 mV, the lithivm ion supply from the
bulk of the electrode drops off. Finally the electrode sur-
face becomes depleted of lithium ions. According to this
model, the formation of the complex between lithium
tons and EC is confined to a potential window where
large amounts of lithium ions are transported across the
interface. It is suggested that the signal at about 1850
cm™! may therefore be used as a marker band for the
amount of lithium ions present in the surface region of
the electrode.

Raman Mapping Experiments Performed under in
Site Conditions. In situ Raman mapping experiments
were performed on the graphite composite electrode. In
one type of experiment, the cell was cycled galvanostat-
ically. Other experiments were performed potentiostati-
cally. The results are compared with measurements per-
formed at neat SFG 44 graphite and at as-prepared elec-
trodes (cf. Fig. 4). Before we discuss the results in detail,
some remarks about the way data will be represented
seem appropriate. A measurement time of 4 min per point
had to be used in the acquisition of the data. This con-
dition placed a limitation on the number of points that
could be sampled during one mapping experiment, be-
cause our experimental setup maintains a stable focus for
a period of no more than about 2-3 h. For longer periods,
focusing deteriorates because of mechanical vibrations.
Currently, this consideration implies that the number of

1194 Volume 53, Number 10, 1999

FiG. 8, Video micrograph of the region on the electrode surface used
in the potentiostatic mapping experiment. The white bordered square
represents an area of 50 pm X 50 um. The positions of the points where
the spectra shown in Figs. 9a and 9b were recorded are indicated by
letiers.

points in one Raman map is limited to about 30-45
points.

The results of Raman mapping studies are commonly
presented in the form of contour diagrams or a gray scale
or color map, where an intensity ratio of two specific
bands is plotted to convey the information drawn from
the experiment. We decided to illustrate the results using
a gray scale map without any interpolation between the
points. As mentioned before, the Raman signals are su-
perimposed on a strong background. A background cor-
rection has been attempted by using the routines imple-
mented in the software package provided by the manu-
facturer of the Raman microscope. A polynomial of
fourth order was used. Subtraction of the background im-
proved the representation of the data, but inconsistencies
arose in the calculation of intensity ratios. Therefore, we
decided not to use background-corrected data for the gen-
eration of contour maps and used the raw data instead.
Just a few spectra will be displayed as examples from
the use of background-corrected and normalized data
(Figs. 9, 12, and 15).

Potentiostatic Experiment. The potentiostatic map-
ping experiment was performed during the second charg-
ing half-cycle at four different electrode potentials. Once
the potential had been adjusted to the chosen values, the
cell was allowed to equilibrate until the current was lower
than 0.1 pA. Raman maps were sampled from the region
that is shown in a video micrograph in Fig. 8. The three
letters placed into the white frame (dimension 50 pm X
50 um) represent the location of single-point spectra used
to illustrate our results. The spectra taken from the points
mentioned were analyzed by using curve fitting; the cor-
responding results are included in Table 1II. Since the

" differences in band position and shape are rather small

for the data recorded at 1500 and 800 mV, and therefore
of no great interest, only the spectra recorded at potentials
of 440 and 200 mV are shown in Figs. 9a and 9b, re-
spectively. The data recorded at 1500, 800, and 440 mV
imply a rather homogeneous electrode surface; only the
mapping experiment performed at 200 mV revealed dif-



TABLE III. Band positiins and linewidths in_spectra recorded for
potentiostatic Raman mapping at points indicated (¢f Fig, 8). Spec-
tra recorded at 440 and 200 mV are shown in Figs. 92 and 9b. Only
results for the bands assigned to graphiie and lithium-intercalated
graphite are included. The intensity ratio is defined as I(E,*")/
HE,™).

Bands assigned ta
graphite and LiC,

Intensity
Spectrum E, E, 20 Bz ratio
1500 mV
A 1280
[21.5]
B 1380
201
C 1281
[19.2]
800 mV
A 1280
[22.6]
B 1280
[1e71
C 1280
22.01
440 mV
A 1584
lad]
B 1585
118.0]
C 1585
113.8]
200 mV
A 1576 1600 14.5:30.7
£13.2] [25.2]
B 1579 1600 14.8:21.9
[26.2] [35.2]
C 1580 1585 15.5:20.3
[14.2 [50.1]

ferences between band shapes recorded at locations A,
B, and C. In the region between 156C and 1610 cm™!,
two well-resolved limes appear in trace A of Fig. 9b, a
broad signal is observed for trace B, and trace C appar-
ently shows only one band with a shoulder at higher
wavenumber. The NLLSQ analysis of these spectra
showed that two bands should be emplcyed in describing
each profile. According ta the data compiled in Table II,
traces A and B are spectra of GIC species. From the
observation that the intensity ratio J[E,,20)/f[B,,*®] is
smaller at point A than at point B, we deduce that the
extent of lithium irtercalation differs between these
points. The progress of lithium intercalztion at point A is
greater that at point B. For trace C in Fig. 9b, the band
positions were 1580 and 1585 cm~!. These values are
typical for pristine graphite or the dilute stage 1 GIC
found at higher potentials. Thus, we wonder when ex-
amining the spectrum recorded at poirt C why a point
that showed a normal behavior at 440 mV (band position
1585 em™', dilute stage I GIC) shows signs of lithium
de-intercalation at 200 mV., Nevertheless, it is safe to con-
clude from the results presented that lithium intercalation
does not proceed hotnogeneously over the electrode sur-
face. It is known tkat lithium intercalates faster into
HOPG single crystals oriented with the edge planes to-
wards the electrolyte ' Through the basal plane, inter-
calation can occur only at defect sites.® n electrodes with,

o o ©
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FIG. 9a. Raman spectra recorded in the second cycle at a potential of
440 mV vs. Li/Li#* during charging at the points indizated on the mi-
crograph (Fig. 8).
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FIG. 9b. Raman spectra recorded in <he second cycle at a potential of
200 mV vs. Li/Li~ during charging at the points indicated on the mi-
crograph (Fig. 8).
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FiG. 10, Charge/discharge curve (solid line, left-hand ordinate) and
intensities of the non-Raman background (diamonds, right-hand ordi-
nate) recorded during the second cycle under galvanostatic conditions
at 10 pA (~100 pA/mg graphite). Background data shown were derived
from raw data. The Roman numbers indicate the windows within which
Raman mapping experiments were performed. The letters at the larger-
sized diamonds correspond to the points at which the spectra displayed
in Fig. 12 were recorded. The current was switched off after charging
to 1400 mV.

a polycrystalline synthetic graphite such as SFG 44, both
basal and edge planes will be exposed towards the elec-
trolyte, leading to different lithium intercalation rates at
different sites. These kinetic effects may be observed
only at potentials where large amounts of lithium are in-
corporated by the host material. As long as the amount
of lithium intercalated is small, as in the formation of the
dilute stage I GIC phase, no observable differences exist.

Galvanostatic Experiments. Galvanostatic Raman
mapping experiments were conducted during the second
and third charging/discharging cycle. In the second cycle,
a current of 10 wA was used, whereas during the third
cycle, the cell was cycled with a current of 40 pA, in
order to see whether the occurrence of the band around
1850 cm™! depends on the current density. The galva-
nostatic mapping experiment has the advantage that, for
each point sampled, a fresh surface element is irradiated
with the laser beam.

The galvanostatic curve measured during the second
cycle is displayed in Fig. 10 (left-hand ordinate). Five
Raman maps were collected during this cycle. The po-
tential window of each Raman map can be read from the
trace of Fig. 10, by referring to the different sections
identified by Roman numbers. The background intensity
recorded during the experiment (right-hand ordinate} is
shown by diamond symbols, each representing one spec-
trum. Background intensity is defined as the average in-
tensity in the interval between 2000 and 2025 cm™!,
where no Raman bands are observed. We recall that the
background intensity can be attributed to the PVDF bind-
er and the LiClO, salt, as shown in Figs. 4 and 5. It
emerges from Fig. 10 that the background level increases
with the onset of the charging process. A maximum is
reached in the potential window corresponding to the
transition from LiC,, to LiC,. After that, the background
slowly decreases. Since no Raman bands of PVDF have
been detected in the composite graphite electrode (cf. Fig.
4, spectrum C), we conclude that PVDF is distributed
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FiG. 11. Non-Raman background intensities (circles) and intensity ra-
tios (squares) against time obtained within potential window I of the
galvanostatic curve displayed in Fig. 10. Intensity ratios are calculated
by dividing intensity in the bandpass 1570 to 1590 em~! by the intensity
in the bandpass 1650 to 1675 cm™!. The letters at the drawn-out symbols
mark the data points discussed in the text and correspond to spectra
shown in Fig. 12.

rather homogeneously in the electrode material and the
background contribution of PVDE is constant. We there-
fore attribute the change in background level to changes
in lithium salt concentration in the solution very close to
the electrode. Support for this conclusion comes from the
observation that the background recorded in the bulk
electrolyte is constant during the entire charging/dis-
charging process.

The results of the mapping experiment performed in
potential window I are shown in Fig. 11. The upper graph
contains the sequence of intensity ratios, and the lower
figure is constructed from the corresponding background
level values defined above (cf. Fig. 10). Intensity ratios
were calculated by using the average intensity in the
wavenumber interval from 1570 to 15390 cm™!, divided
by the average intensity recorded in the bandpass from
1650 to 1675 em~'. Comparing corresponding points in
the two graphs, we observe a correlation between the two
descriptors used. Within the time window shown, the
background level increased by a factor of about 2, where-
as the intensity ratio decreased by about 10%. With few
exceptions, a high intensity ratio is found when the back-
ground level is low. Especially noteworthy are the drawn-
out data points in the lower right corner, marked with A
and B, respectively. Point A represents the 31st spectrum
recorded within potential window I, and is shown in Fig.
12, trace A. The Raman spectrum of point B (cf. Fig. i2,
trace B) was recorded 12 min earlier, and contains fea-
tures typical for the intercalation stage reached at this
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Fic. 12. Raman spectra recorded at the drawn-out points shown in
Fig. 11. Spectrum A is contrasted with spectrum B, which. was recorded
prior to trace A at a slightly higher potential. Both spectra are recorded
at potentials of about 100 mYV, but the surface point coresponding io
the spectrum shown in trace A lags behind in the lithium intercalation
Process.

potential range. Both spectra are recorded in a potential
range where spectra of stage 3 or stage 2 should be ob-
$efved, but from the features in kig. 12, trace A, only
weakly Intercalated graphite can be inferred. An intensity
ratio that is typical for this phase is observed, together
with a distinctly lower background. We suggest as an
explanation that, in the absence of a sufficient lithium ion
concentration, intercalation takes place at a lower rate.
Thus, the point in the lower left corner corresponds to a
“blind spot™ of the electrode surface, which was detected
in the galvanostatic Raman mapping experiment.

The galvanostatic curve recorded in the third cell cycle
is shown in Fig. 13. We recall that in this experiment a
high current of 40 pA was used. The plateaus corre-
sponding to the different GIC stages are therefore less
well resolved, especially in the discharge half-cycle. The
backeround levels calculated in the same way as above
are shown as well. There is a striking similarity between
the curves recorded during the second and the third cycle.
The maximum value of the background is obtained in the
same potential window as before. This observation sup-
ports the interpretation that has been given above, relat-
ing the background level to the lithinm ion concentration
very close to the surface.

The lower resolution in the galvanostatic curve is mir-
rored in the Raman spectra recorded during this run,
which show no well-resolved features in ihe potential
window corresponding to the transition from. stage 4 to
stage 2 upon charging. A map of intensity ratios defined
as above and obtained during the third cycle is shown in
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Fii. 13.  Galvanostatic curve {solid line, left-hand ordinate) and inten-
sities of the non-Raman background (diamonds, right-hand ordinate)
recorded during the third cycle under galvancstatic conditions at 40 pA
(~400 pA/mg graphite). Background data shown were derived from
raw data. The letters at the larger-sized diamonds correspord to the
points at which example spectra were taken {cf. Fig. 15).

Fig. 14. The intensity ratio decreases upon lithiur inter-
calation and increases upcn lithium de-intercalation. A
complete cycle can thus be described graphically. A few
spectra have been selected as examples to illusteate this
map. Figure 15, trace A, shows the Raman spectrum re-
corded at the very start of the experiment. Trace B dis-
plays the spectrum recorded at the first distinct plateau
below 200 mV. It should ke recalled that with a current
of 10 pA current in the first cycle, well-resolved spectra
were recorded (cf. Fig. 6, traces E H, and JI). Finally,
trace C shows the spectrum recorded at the lowest po-
tential. Again, a broad band around 1540 cm~" is ob-
served. Also, the feature around 1850 cm™! is observed
at Jow potential, as in the second cycle (cf. Fig. 12, trace
R).

CONCLUSION

Successful operation of the Raman spectro-electro-
chemical irn situ cell designed in our laboratory has been

Y Axis / um

T T T T 1 T * i

0 10 20 30 40 50

X Axis [ pm

FiG. 14, Raman map obtained from the intensity ratios defined by
intensity In the bandpass 1370 to 1590 cm™' over inteasity in the band-
pass 1650 1o 1675 cm~\. The letters mark the points for which repre-
sentative spectra are shown in Fig. I5. A high value of the intensity
ratio is typical for the initial and final phase of the charging/dizcharging
cycle, where the E,.* band of carbon is observed.
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Fic. 15. Selection of Raman spectra recorded during the third cycle
at points indicated in Figs. 13 and 14. Spectrum A was recorded in the
potential window 900-480 mV, whereas spectrum B was obtained over
the potential range 145-135 mV. Note the feature around (850 ¢!
that is present in trace C, recorded at low potential (25 mV).

demonstrated. With our device, the electrode/electrolyte
interface can be studied with improved spatial resolution
with components used in commercial battery systems.
The experiments performed have revealed important
changes in the band profile of the C=0 stretching region
of the electrolyte components in the potential window
from about 100 to 5 mV. These changes do occur only
in the vicinity of the electrode surface and should there-
fore be attributed to reversible changes in the structure
of the solvent and/or the SEI occurring at high degrees
of lithium intercalation; alternatively, the formation of a
complex between lithium ions and the EC component of
the solvent or its decomposition products might be in-
voked. We have observed this band during the first, sec-
ond, and third cycle in our cell. Possibly, this band is
useful as a marker band describing the effects of high
lithium ion concentration at the electrode surface.
Potentiostatic experiments have been performed in the
second cycle. The potentiostatic mapping routine pro-
vides a spatially resolved picture of lithium intercalation
in a quasi-equilibrium situation. It was found that the
intercalation process does not proceed homogeneously
over the electrode surface at a potential where larger
amounts of lithium ions are transported across the inter-
face. This observation can be related to the structure of
the graphite electrode. Both graphite edge planes and bas-
al planes are exposed towards the electrolyte, with edge
planes showing faster lithium intercalation rates. It is con-
cluded that differences in lithium intercalations rates are
directly related to the differences of spectral features ob-
served. A galvanostatic Raman mapping experiment was
performed during the second cycle. A further galvano-
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static image was obtained in a third cycle experiment,
with a higher charge/discharge rate. The changes in spec-
tral features observed in the C=0 region are independent
of the current density used. In the galvanostatic experi-
ments, the presence of a “blind spot™ has been detected.
Within such an area, lithium intercalation is apparently
very slow, when compared to neighboring areas. A re-
lation between an intensity ratio determined for the Ra-
man bands of graphite and lithium intercalated graphite,
which describes the process of lithium intercalation, and
the non-Raman background intensity recorded has been
established. With decreasing Raman intensity ratio, the
non-Raman background increases. It is thought that the
background level yields valuable information about the
lithium ion concentration at the electrode/electrolyte in-
terface during the cycle, with higher background level
values corresponding to higher lithium ion concentration
at the interface.

The measurement time of 4 min per point is rather long
and must be reduced significantly by changes in the op-
tical setup before Raman imaging methods can routinely
be applied to the generation of Raman maps of reason-
able size. But even now, the results obtained in our pre-
liminary Raman mapping experiments are valuable for a
characterization of electrodes in lithium-ion cells under
operating conditions.
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