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Abstract

In this paper, an overview of the progress recently achieved in our laboratory in the development and application of four in situ
Ž . Ž .methods, namely in situ X-ray diffraction measurements XRD , differential electrochemical mass spectrometry DEMS , infrared

spectroscopy, and Raman microscopy, is presented. For bulk investigations during cycling, in situ XRD measurements are used, and
explained here in the instance of the reaction of graphite with lithium. Next, three surface-sensitive in situ methods are discussed, namely
DEMS, infrared spectroscopy, and Raman microscopy. As an illustration of in situ infrared spectroscopy and DEMS, we show results for
both the oxidative and reductive decomposition of electrolyte solutions. Finally, a cell for in situ Raman microscopy is described. This
method is well suited, e.g., for an analysis of the structural properties of carbon materials, for a characterization of positive electrodes,
and electrolytes of lithium-ion cells. As an example, Raman spectra measured in situ at a single LiCoO particle selected on the surface2

of a commercial electrode are discussed. q 2000 Elsevier Science S.A. All rights reserved.

Keywords: Lithium-ion cell; Graphite electrode; Lithium cobalt oxide electrode; Electrolyte decomposition; In situ mass spectrometry; In situ infrared
spectroscopy; In situ Raman mapping; In situ X-ray diffraction

1. Introduction

The electrodes used up to now in commercial lithium-ion
cells are based on carbon and lithium metal oxides, typi-

w xcally LiCoO 1 . Their electrode potentials are far beyond2

the thermodynamic stability window of organic elec-
trolytes typically used. Hence, apart from chemical and
mechanical changes in the electrodes during cycling, elec-
trolyte reduction and oxidation will occur at the interfaces
between the electrolyte and the negative and positive
electrode, respectively. A better understanding of the mu-
tual interactions of all components in lithium-ion cells is
therefore not merely essential for further development; it is
one of the current challenges in solid-state electrochem-
istry. The difficult part is that of extracting the relevant
information from working electrodes in situ, because the
properties of all possible surface films and also those of
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the bulk material change to some extent, at least when the
electrodes are exposed to moisture, oxygen, andror CO2
w x2–5 . Moreover, the inevitable exposure of a surface film
to vacuum, which occurs when using analytical methods
such as X-ray photoelectron spectroscopy or Auger elec-
tron spectroscopy, results in a loss of volatile components,
shrinkage of the film, and possibly even chemical changes
in the surface film.

Hence, the use of in situ analytical tools is advanta-
geous. Conceivable in situ methods are either bulk or
surface sensitive. For bulk investigations, in situ X-ray

Ž .diffraction XRD that has been available for more than 20
w x Žyears 6,7 is the first choice. Techniques requiring large

machines such as a synchrotron, a neutron source, etc.,
.will not be considered here. Besides, several sophisticated

in situ methods suitable for the direct investigation of
processes taking place at the electroderelectrolyte inter-
face in organic solutions have been successfully introduced
during the last decade, namely differential electrochemical

Ž . w x wmass spectrometry DEMS 8 , infrared spectroscopy 9–
x w x11 , Raman spectroscopy 12,13 , scanning tunneling mi-

w x w xcroscopy 14 , and ellipsometry 15 . In the following text,
an overview of the progress recently achieved in our
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laboratory in the development and application of four in
situ methods, namely XRD, DEMS, infrared spectroscopy,
and Raman microscopy, will be presented. For each
method, the corresponding electrochemical cell will be
briefly described and, so as to demonstrate the power of
any given technique, representative results will be re-
ported.

2. In situ XRD

In lithium-ion batteries, both the negative and positive
electrode are made from electronically conductive porous,
electrolyte-impregnated composites containing electro-
chemically active matrix materials able to accommodate
Ž .insert, intercalate variable quantities of lithium ions. As a
rule, the lithium insertionrde-insertion intorfrom the elec-
troactive material results in lattice changes of the insertion

Žhost. These changes may be relatively minor e.g., a small
.expansion or contraction of the lattice , but can also be-

come major, involving a change in symmetry of the host
w xlattice 16,17 . Both types of insertion-induced changes can

be conveniently studied in situ by means of XRD. How-
ever, great care must be exercised in designing the cell.
This is because XRD probes the bulk of the particles while
their potential is determined by the lithium concentration
at the particle surfaces. Thus, rapid equilibration of the
entire insertion electrode should be achieved in a well-de-
signed cell. Consequently, the current density distribution
over the surface of the working electrode should be uni-
form, while the internal resistance of the cell should be
minimized. Moreover, a substantial volume of electrolyte
solution is necessary to rapidly supplyrstore lithium ions
consumedrliberated at the working electrode during charg-
ing and discharging cycles.

In Fig. 1, we show the schematic drawing of an in situ
X-ray cell developed by us, where electrodes from com-
mercial batteries can be used as test samples. The cell,
made mainly from stainless steel, is closed off by a thin
copper or aluminum foil used, both as a window for the

Fig. 1. The electrochemical cell for in situ XRD measurements.

Fig.2. XRD pattern of graphite Timrex w SLM 44 on a 25-mm copper
foil, recorded in the in situ X-ray cell using the electrolyte 1 M LiPF in6

Ž . qECrDMC 1:1 . Potential in mV vs. LirLi ; OCVsopen-circuit volt-
age; the traces were shifted vertically.

X-ray beam and as a current collector. The foil is irradi-
Ž .ated from outside Fig. 1 . The inside of the metal foil is

Žcoated with the electrode mass carbon or lithium metal
oxide, binder and, for the positive electrode, carbon as a

.conductivity enhancer . Many industrial or laboratory pro-
cesses, such as spray coating or the doctor blade technique,
can be used to coat the current collector with the electrode
mass. The only restriction is that any potential preferential
orientation of the particles should be minimized. Another
problem is related to the high intensities of lines corre-
sponding to copper or aluminum, as the metal current
collector absorbs part of the rays reflected from the elec-
trode mass, thus reducing significantly the fraction of rays
received by the detector. However, this problem can be
solved by making the current collector as thin as possible,

Žtypically 10–25 mm this is, in fact, a foil thickness found
w x.in commercial electrodes 18 . Even though the scattering
Ž .from the cell materials foil and sample holder is quite

prominent and the intensities of the relevant lines reaching
the detector are quite low, the line positions are not
affected and can be analyzed. As an example, we show
lithium intercalation into a special graphite for lithium-ion
batteries, Timrex w SLM 44, from a typical industrial

Ž .electrolyte, 1 M LiPF in a 1:1 wrw mixture of ethylene6
Ž . Ž . Žcarbonate EC and dimethyl carbonate DMC battery

w .electrolyte Merck LP30 Selectipur . The reflections 002
Ž .Fig. 2 and 004 of graphite were readily identified and
their shift during lithium intercalation analyzed. The ob-
served line shift is caused by the intercalation of naked

Ž .lithium ions without their solvation shells into the
graphite. In such a case, the interlayer distance between

Žthe graphene layers increases to a moderate extent ca.
. w x10% for LiC 19,20 .6
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3. DEMS

One of the most important prerequisites for good cy-
cling stability of lithium-ion batteries is the formation
during the initial chargerdischarge cycles of a complete
and stable passivation film on the negative electrode called

Ž . w xthe solid electrolyte interphase SEI 16,21 . During SEI
formation, some gases are evolved, mainly due to reduc-

w xtive decomposition of EC 22 . On the other hand, all the
lithium metal oxides commonly used in positive electrodes
of Li-ion batteries become highly oxidizing when fully

Ž .charged delithiated , and oxidative decomposition of the
electrolyte solution resulting in extensive gas evolution can

w xbe initiated during cell overcharge 23 . Both effects, elec-
trolyte reduction and oxidation, have been discussed in
numerous publications. Unfortunately, most of these stud-
ies were performed at model metal electrodes, and care
must be exercised when applying such experimental results
to real battery electrodes, as their surfaces may exhibit
different electrocatalytic activities. Thus, understanding the
oxidation and reduction processes occurring in commercial
lithium-ion cells at the electroderelectrolyte interfaces
remains a major challenge. We have demonstrated that
DEMS can yield useful information on these processes,
especially when combined with complementary methods

w xsuch as in situ infrared spectroscopy 23–26 .
The DEMS method is based on the non-wettability of a

porous membrane that acts as a solvent barrier between the
electrochemical cell and the vacuum system of the mass
spectrometer. A schematic drawing of our DEMS cell is
shown in Fig. 3. A porous working electrode is deposited
onto the membrane using a spray coating process such as

w xthat described in detail in Ref. 24 . The membrane is the
critical component of the cell because it must minimize the
evaporation of low-boiling electrolyte components while

Fig. 3. The electrochemical cell for in situ DEMS.

Ž . Ž .Fig. 4. CV top and two MSCVs center and bottom recorded in the
Ž .electrolyte 1 M LiPF in ECrDMC 1:1 at an ;75 mm thick graphite6

w Ž .Timrex SFG 6 electrode bold line, first cycle; thin line, second cycle .
The MSCVs exhibit mass signals mr zs27 and mr zs2, representing
ethylene and hydrogen, respectively. The scan rate was 0.4 mVrs.

retaining sufficient permeability for volatile reaction prod-
ucts. These products are pumped off continuously through
the membrane during the electrochemical reaction, and are
analyzed on-line with a quadrupole mass spectrometer.

ŽHence, intensity changes in mass signals mass-spectrum
.cyclic voltammograms, MSCV can be detected as a func-

tion of time andror potential and, thus, can be correlated
Ž .with current peaks in the cyclic voltammogram CV or

plateaus on galvanostatic chargingrdischarging curves.
Using DEMS, we were able to show in a direct way

that during the first charging of graphite electrodes differ-
ent gases are evolved, an effect which can be correlated
with current peaks in the CVs that are attributed to SEI

w xformation 23,25 . Fig. 4 shows a typical DEMS experi-
w Žment with a Timrex SFG 6 electrode about 75 mm

.thick, with a porosity of about 70% in the battery elec-
w xtrolyte Merck LP30 27 . The evolution of ethylene and

hydrogen is typical for the ECrDMC electrolyte, but the
difference between these results and those obtained earlier

Ž .on much thinner electrodes -10 mm is striking. In
particular, it is clear from Fig. 4 that the SEI formation

w xprocess, which is responsible for ethylene evolution 26 , is
not complete during the first cycle. Thus, an effective SEI
film formation on practical thick electrodes requires much
more time than expected on the basis of earlier experi-
ments involving thin model electrodes. Moreover, using
DEMS, we studied the oxidative decomposition of carbon-
ate-based electrolyte solutions on lithium metal oxide com-

w xposite electrodes 23 and were able to conclude that CO2

is evolved in most cases. However, in EC-based elec-
trolytes, much less CO is evolved than with propylene2
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Ž .carbonate PC . At LiNiO composite electrodes in2

ECrDMC-based electrolytes, CO was detected at poten-2

tials as low as 4.2 V vs. LirLiq. In contrast, both at
LiCoO and LiMn O composite electrodes we saw no2 2 4

CO formation up to a potential of 5.5 V vs. LirLiq.2

Thus, when compared with LiNiO , both LiCoO and2 2

LiMn O will provide a much higher safety margin with2 4

respect to the problem of gas evolution on overcharge.

4. In situ infrared spectroscopy

During both the electrochemical reduction and oxida-
tion of electrolyte solutions in lithium-ion batteries, surface
films containing organic and inorganic compounds are

w xformed on the respective electrodes 28,29 . High-vacuum
techniques normally applied for the analysis of surface

w xfilms do not reflect the state of the film in situ 30 .
ŽBecause of its molecular specificity, infrared andror Ra-

.man spectroscopy would be an ideal method if it could be
applied in situ. Two major problems have to be solved.
First, the electrolyte solution strongly absorbs infrared
light. Thus, thin-layer external reflectance or, alternatively,

w xinternal reflectance techniques must be used 30 . Second,
there is a problem of sensitivity if very low absorptions
from species on or near an electrode have to be detected.
This problem can be overcome by subtracting spectra
recorded at different potentials. Under optimum condi-
tions, the sensitivity of infrared detection of, e.g., CO is2

w xmuch higher then with the DEMS 31 .
Our experimental approach is based on the subtractively

normalized interfacial fourier transform infrared spec-
Ž . w xtroscopy SNIFTIRS technique 30 . A hermetically sealed

spectro-electrochemical cell designed for measurements in
Ž .water and oxygen-free environment is used Fig. 5 . It is a

thin layer, one-compartment cell provided with a plane
Ž .optical window CaF or ZnSe . The cell is installed in the2

Fig. 5. The electrochemical cell for in situ infrared spectroscopy.

Fig. 6. SNIFTIR spectra measured on a polished nickel electrode in the
electrolyte 1 M LiPF in EC over a potential interval from 3.6 to 5.6 V6

vs. LirLiq.

FTIR spectrometer with the surface of the working elec-
trode in a horizontal position. Thus, relative to a conven-
tional SNIFTIRS cell much less electrolyte is needed. The

w xconstruction details are described in reference 32 . The
working electrode is a mechanically polished glassy car-
bon disc spray-coated with a thick layer of, e.g., graphite
with binder. Alternatively, for investigations of reactions
occurring at current collectors the working electrode is
made from polished copper, aluminum, or nickel metal.
The potential-dependent changes at the electroderelectro-
lyte interface andror in the thin electrolyte layer between
the electrode and the optical window are visualized by
plotting R rR , where R is the reflectance single beamE 0 E

spectrum taken at the working electrode potential and R0

the background single beam spectrum taken usually at the
open-circuit potential.

The results shown in Fig. 6 have been selected to
demonstrate what happens in lithium-ion cells during over-
charge. Electrolyte solutions based on PC, EC, DMC, and
their mixtures are readily oxidized at nickel current collec-
tors at the working potentials of charged positive elec-

Ž q.trodes in lithium-ion batteries G4 V vs. LirLi . How-
Ž .ever, the oxidation of EC-based electrolytes Fig. 6 yields

much less CO than the oxidation of PC. No CO evolu-2 2

tion was observed during DMC oxidation. In an electrolyte
mixture based on ECrDMC, the component with the
higher dielectric constant, EC, is preferentially oxidized
w x33 . Thus, in future attempts to optimize the electrolytes
of the ECrDMC type for commerical cells, major atten-
tion should be given to lowering the oxidation rate of the
high-dielectric-constant component in the solvent mixture
w x32,33 .
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5. In situ Raman microscopy

In lithium-ion batteries, carbonaceous materials are used
in both electrodes. One of the open questions is the change
occurring under continuous cycling in the microstructure
of the carbons. Raman spectroscopy is well suited for an
analysis of the structural properties of carbonaceous mate-

w xrials 34–36 . Moreover, the electroactive oxides used in
positive electrodes can readily be characterized also using

w xRaman spectroscopy 37,38 . Unfortunately, the surfaces of
the electrodes are not homogeneous; they typically reveal
one or two types of carbon andror an oxide, a binder, and
occasionally an additive. Thus, a lateral resolution at the
electrode surface corresponding to a typical particle size of
a few micrometers must be achieved in order to be able to
characterize each component in a working electrode indi-
vidually. For this type of investigations, in situ Raman
microscopy is a suitable technique.

In Fig. 7, we show the schematic drawing of the in situ
w xRaman cell developed by us 39 , where electrodes from

commercial batteries can be used as test samples. We work
Žwith a confocal Raman microscope LabRam, DILORrIn-

. qstruments using the 530.901 nm line of an external Kr
ion laser. By using a microscope with an ultralong-work-

Ž .ing-distance objective Olympus with 50= magnification
it is possible to obtain good quality Raman spectra from a
depth of up to ca. 0.3 mm below the sapphire optical
window. With the pinhole diameter adjusted to 200 mm,
the lateral resolution is 4 mm according to manufacturer
specifications. The laser power was adjusted to 3–4 mW in
order to avoid damage to the electrode surface.

Measurements performed by us on graphite-based elec-
trodes during the first lithium intercalationrde-intercala-

w xtion cycle confirmed the published results 12,36 . In addi-
tion, mapping techniques were applied to show that lithium
intercalation does not proceed homogeneously all across a

w xcarbon electrode 26 . Here we demonstrate for the first
time that the Raman technique is also suitable for an in
situ characterization of single oxide particles in positive

Fig. 7. The electrochemical cell for in situ Raman microscopy.

Fig. 8. In situ Raman spectra measured on open circuit at the surface of a
commercial LiCoO electrode in the electrolyte 1 M LiClO in ECrDMC2 4
Ž .1:1 . In the photograph obtained with an optical microscope, which
covers an area of ca. 15=15 mm, the arrows indicate the points where the
two spectra were measured.

electrodes of lithium-ion cells. As an example, a Raman
spectrum measured at a LiCoO particle randomly selected2

on the surface of a commercial electrode is shown in Fig.
8.

The spectra in Fig. 8 confirm that the light-colored
particle in the photograph is LiCoO , whereas no spectral2

features of the oxide are observed in the dark region.
Spectra of this LiCoO particle recorded one after the2

other during the first galvanostatic charging are shown in
Fig. 9. The band assigned to the A -mode of LiCoO is1g 2

vanishing with increasing potential rapidly, in agreement
w xwith results reported in the literature 40 . This behavior

Fig. 9. Raman spectra recorded in situ during charging of a commercial
Ž .LiCoO electrode in the electrolyte 1 M LiClO in ECrDMC 1:1 .2 4

Potential in mV vs. LirLiq; the traces were shifted vertically.
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was explained with an increase of the electrical conductiv-
ity by about two orders of magnitude in Li CoO , for1yx 2

w xx)0.04 41 . Interestingly, the E band of LiCoO is2g 2

observed with only very low intensity in the in situ spectra
Ž .Fig. 10, bottom , although the magnitude of this band is
about half of that of the A -mode in a reference material1g
w x40 . A superimposition of Raman bands of EC, DMC,
ClO- and the features of LiCoO does not explain the4 2

weakness of the E -mode since Fig. 8 shows that bands of2g

the electrolyte and LiCoO are sufficiently separated. Thus,2

the orientation of the LiCoO particle with respect to the2

polarization of the laser beam is supposed to be responsi-
ble.

A possible future application of the in situ Raman
technique is to use it as a fingerprint technique to judge the
quality of battery materials after repeated cycling. The
feasibility of such an approach is demonstrated in Figs. 10
and 11. Fig. 10 shows two diagrams: the top one displays
the time-dependence of the potential of the LiCoO elec-2

trode and the off-band background intensity recorded in a
spectral region where no Raman bands were observed.
Both charging and discharging steps were followed by

Ž .open circuit OCV periods of 1-h duration. Whereas the
off-band intensity is roughly constant during the first

Ž .Fig. 10. Top Time dependence of the potential, E, of a commercial
LiCoO electrode during galvanostatic cycling in the electrolyte 1 M2

Ž .LiClO in ECrDMC 1:1 and the off-band background Raman intensity4

recorded in a spectral region where no Raman bands were observed.
Ž .Bottom Raman spectra of LiCoO recorded in situ at the points A, B,2

and C. The spectrum of the electrolyte solution was subtracted after
normalization, and the traces were shifted vertically.

Fig. 11. Raman spectra recorded in situ during cycling of a commercial
Ž .LiCoO electrode in the electrolyte 1 M LiClO in ECrDMC 1:1 . Top:2 4

Žbefore cycling; bottom: after four deep galvanostatic cycles the spectrum
was recorded after equilibration for 2 h at a constant potential of 2.75 V

q .vs. LirLi . . The inset shows a reference spectrum of LiCoO recorded2

ex situ.

Ž .charging half cycle lithium de-insertion , it increases dur-
Ž .ing the discharging half cycle lithium insertion , and

drops rapidly after the current is switched off. The letters
A, B and C indicate the points where the corresponding
Raman spectra displayed in the bottom part of Fig. 10
were recorded. The spectrum of the electrolyte solution
was subtracted from these spectra after normalization, and
the traces were shifted vertically. Trace A, recorded at the
beginning of the experiment, shows clearly the A -mode1g

at 595 cmy1, and a weak feature at a position where the
E -band would have been expected. After charging, the2g

Ž .features due to LiCoO are not observable trace B . At2

potentials negative to 3700 mV, the band assigned to the
A -mode emerges again, as demonstrated with spectrum C1g

Žrecorded in the OCV period calculated band position 594
y1 .cm . The signal intensity of the A -mode is lower than1g

Ž .that originally observed trace A , and its linewidth is
slightly increased. This indicates that after the electro-
chemical cycle, the LiCoO phase is slightly more2

w xlithium-deficient 40 . Fig. 11 compares the in situ spec-
trum recorded before cycling with a spectrum obtained
after four deep galvanostatic cycles, recorded after 2 h at a
constant potential of 2.75 V vs. LirLiq. The ratio of the
intensity of the A -band to the electrolyte band at 5181g

cmy1 helps to compare the spectra — it is lower for the
cycled material by about 20%.

In summary, we show that Raman microscopy is feasi-
ble for in situ analyses of electrode materials. The results
indicate subtle changes in these materials during cycling.

w xAs shown by us earlier on graphite electrodes 39 , Raman
microscopy is capable to monitor the lithium-ion concen-
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tration at the electroderelectrolyte interface by analyzing
the background intensity recorded at various potentials.
Common to both positive and negative electrodes is that,
upon lithium insertion into the host material, the back-
ground intensity rises significantly, whereas upon lithium
de-insertion from the host material the background inten-
sity is nearly constant. Thus, an optical method is available
to study the ion transport at the interface.

6. Conclusions

It follows from our in situ experiments on electrodes of
practical thickness that in some cases in lithium-ion batter-
ies, the electrochemical processes do not proceed homoge-
neously at different sites of the electrode surface. More-
over, significant differences exist between the results
obtained in model systems and those obtained at practical
electrodes. We conclude that more care need to be exer-
cised in applying some of the models suggested in the
literature to the complex electrochemistry of lithium-ion
batteries.
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