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Abstract In this review, the recent advances in the
development of in situ Raman spectroscopy and electro-
chemical techniques and their application for the study of
lithium-ion batteries are revisited. It is demonstrated that,
during a relatively short period of time (1995-2013), the
spectroelectrochemical techniques used for the investiga-
tion of battery components, benefited directly from the
tremendous advances of Raman technology. The most
important step was the implementation of confocal Raman
microscopy in the battery research, which opened the way
to new and more sophisticated applications. This review
shows how the discovery of new Raman techniques such as
surface-enhanced Raman scattering, tip-enhanced Raman
spectroscopy, spatially offset Raman spectroscopy as well
as the integration of Raman spectrometers into non-optical
microscopes, for example AFM and SEM, allowed to
perform two or more analytical techniques on the same
sample region, with an exceptionally high resolution. All
these progresses led to new insights into battery materials
and components such as electrodes and electrolytes, and
helped to understand the electrode/electrolyte interface
phenomena. This enhanced understanding allowed a deeper
insight into important phenomena, as e.g., battery aging
and the dynamic nature of the solid electrolyte interfaces in
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lithium batteries. The high relevance of the information
provided by these techniques in the progress of battery
modeling is another positive contribution. Another area of
high practical significance for the battery field is the
screening of electrode materials, which is facilitated by the
availability of the data provided by spectroscopic methods.
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1 Introduction: historical perspective

The importance of energy storage in all areas of human
activity is significant, and growing. Transportation, smart
grid, life-sustaining medical devices are only some of the
evolving fields in which better batteries play a critical role.
Lithium (Li)-based battery chemistries play an increasingly
important role in all these areas, primarily owing to their
high energy density.

The improvement of batteries is a difficult task, both
from the scientific and the technical viewpoints. New
electrochemical systems reach the marketplace only once
every few years, and the energy density of the Li batteries
increased on the average only by 8-9 % a year since the
early 1990’s [1]. In this context, it is clear that the more
detailed the information acquired about the composition of
a battery and its changes at nanoscale, the more effective
the improvement efforts will become. The investigation of
the structure of batteries and its changes is quite difficult,
because of the complexity of the interactions between the
local chemistry and the electric fields acting during
charging, discharging, and at rest.
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Raman spectroscopy plays a major role in these inves-
tigations. Key advances in Raman techniques were, and
are, instrumental in understanding the way batteries work.

Our intention is to emphasize what the Raman tech-
niques corresponding to the different stages of develop-
ment in Raman technology had added along the way to our
knowledge about batteries. For this purpose, we believe
that it is appropriate to introduce in the text short explan-
atory notes on the instruments and techniques used in
different laboratories. As our paper will follow the Raman
work on batteries in a chronological order, the reader will
see the significance of the advances made in Raman
instrumentation. Different investigation methods are
working in tandem. Information coming from one method
may be reinforced or contradicted by studying the phe-
nomenon with another method. We tried to broaden our
perspective and compare results, whenever this was pos-
sible. A perusal of the publications focused on Li-ion
batteries reveals clearly the importance of the continuity in
research.

The phenomenon of Raman scattering was discovered in
1928 by C.V. Raman, honored for his discovery with the
1930 Physics Nobel Prize. The results of his first experi-
ments were published in Nature [2]. Later, in the same
year, Landsberg and Mandelstam reported the same phe-
nomenon [3]. Together with IR spectroscopy, Raman
spectroscopy laid the foundation of vibrational molecular
spectroscopy. In spite of the technical difficulties of the
beginning, fundamental studies on thousands of com-
pounds were reported. Critical advances in the instrumen-
tation, such as the introduction of photoelectric detectors in
the 1940s and the availability of lasers as monochromatic
Raman sources (in the 1960s), stimulated the renaissance
of Raman spectroscopy. Double-grating as well as holo-
graphic monochromators were designed for Raman spec-
trometers before the 1970s. During the next decade most of
the research instruments were using triple spectrographs
with multichannel detectors, introduced by Dilor, Jobin-
Yvon, and Spex. A major step ahead, paving the way
toward the birth of the modern Raman spectroscopy, was
the coupling of the Raman spectrometer to an optical
microscope, a concept envisaged by Delhaye and Migeon
in 1966 [4].

The first prototype of a commercial instrument—the
molecular optics laser examiner Raman microscope—was
presented in 1974 at both L’Universite des Sciences et
Techniques de Lille in France and the National Bureau of
Standards in Washington [5-7]. A year before, Delhaye’s
group reported on the performance of the new instrument at
the Fourth international conference on Raman spectros-
copy. They have demonstrated that high nominal apertures
allow Raman collection from almost 2w steradians, if the
optical coupling between the microscope and the
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spectrometer is right. The lack of sensitivity of this
instrument, due to high background levels, will be over-
come only later (in the mid 1980s), after the implementa-
tion of high-sensitivity low-noise multichannel detectors
such as the charge-coupled device (CCD) detectors.

The introduction of confocal microscopy (around 1990)
provided improved contrast to Raman maps and a better
depth resolution. Because of the relevance of confocal
Raman microscopy for battery research, it will be presented
separately later; in direct connection with specific
publications.

The incorporation of Raman spectrometers into non-
optical microscopes, such as SEM and atomic force
microscopy (AFM), improved substantially the spatial
resolution and made possible the direct connection of
Raman spectra to local morphological features.

This configuration leads to the transformation of the
Raman spectrum from a measurement of the macroscopic
properties into a local indicator of chemical information.

Among the latest additions to integrated systems is near-
field Raman spectroscopy, where a scanning near-field
microscope is integrated with a Raman spectrometer.

In this review paper, we are following the evolution of
information on electrode materials, solid electrolyte inter-
face (SEI), electrolytes, and whole batteries, as determined
by the progress in both spectroelectrochemical cells and
Raman instrumentation. Looking at the schematic repre-
sentation that shows the approximate time line of the
development of Raman technology (Fig. 1), one can
immediately realize that, at the time when this survey
begins (1995), Raman spectroscopy was already integrated
with microscopy. New developments such as integration
with AFM, and techniques such as Fourier transform-
Raman and surface-enhanced Raman scattering (SERS)
were rapidly joining the Raman arsenal. Tip-enhanced
Raman spectroscopy (TERS) combined Raman spectros-
copy with a local electromagnetic (EM) near-field
enhancement and provided a new approach for studying
nanomaterials.

More recently, a new technique called spatially offset
Raman spectroscopy (SORS) was discovered and investi-
gated by Matousek and collaborators at the Rutherford
Appleton Laboratory in the UK [9]. While conventional
Raman spectroscopy is limited to near-surface regions,
SORS permits the retrieval of Raman spectra of deeper
layers. Inexpensive modular laser Raman spectrometers
based on CCD detection were introduced by companies
such as Ocean Optics and Boston Advanced Technologies,
Inc. [10].

We feel that, as this survey covers almost two decades
of research in the field of LIB batteries, it is only too right
to cite as frequently as possible the groups and the labo-
ratories where the work was performed. At the same time,
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we intend to mention the companies involved in bringing
about the progress in Raman technology. Taking into
account the huge number of publications in the field of
batteries, it is understood that this review cannot be com-
prehensive. The selection of papers is focused largely on
the advances in Raman instrumentation and the conse-
quences for the science of batteries. A comprehensive and
thorough review, where the interested reader can find
Raman data corresponding to a wide range of electrode
materials, is that of Baddour-Hadjean and Pereira-Ramos
[11]. In spite of the different foci (material-oriented vs
instrument-oriented, respectively), an incidental overlap of
information was unavoidable.

2 In situ Raman measurements: Li insertion
in graphite and other types of carbon

In the context of measurements, “in situ” means that
samples are measured in their natural position or place.
In the case of Raman studies, this refers to studies inside
the electrochemical cell. Under the appropriate experi-
mental conditions, Raman is a nondestructive and non-
invasive technique. The importance and advantages of
using in situ techniques for spectroscopic and micro-
scopic studies on battery materials was emphasized by
Aurbach et al. [12, 13], as well as by Odziemkowski and
Irish [14].

The need for using in situ techniques is a consequence of
the high reactivity of Li-based and other battery materials
not only with the atmospheric components, but also with
aprotic solvents such as alkyl carbonates as well. Even in a
glove box, in an argon (Ar) atmosphere containing traces of
water, oxygen, or carbon dioxide at ppm level, Li is
reactive and, for this reason, in situ methods have to be
used whenever this is possible. Otherwise, very carefully
designed devices have been used to transfer the samples

from the inert atmosphere of a glove box to the Raman
instrument or any other analytical chamber [15]. For TEM,
AFM, and FTIR measurements, samples were often pre-
pared in the glove box and sometimes, in a “flow through”
type glove box [16]. The authors called the method “semi-
in situ” when measurements were performed in a con-
trolled atmosphere [17]. When using techniques such as
X-ray photoelectron spectroscopy (XPS), the high vacuum
would remove the volatile components and produce irre-
versible changes in the materials. For this reason, the
advanced in situ methods such as those used today are
invaluable tools for the characterization of battery materi-
als and interfacial phenomena.

The first in situ cell, used by Inaba et al., a simple home-
made cell is shown in Fig. 2a.

The first cell (Fig. 2a) was made of pyrex glass and the
sample was attached to a stainless steel rod, close to the
optically flat glass facing the laser beam. Because of the
sensitivity of electrode materials (especially Li) to
humidity, the cell is always assembled in an Ar-filled glove
box. The authors used a Jobin-Yvon, T64000 triple spec-
trometer with a CCD detector and the 514.5 nm line of the
Ar-ion laser as a source. By using the simple two-electrode
homemade cell shown in Fig. 2a, Inaba et al. have inves-
tigated Li electrochemical intercalation in highly ordered
pyrolytic graphite (HOPG) and in natural graphite powder,
as well as the corresponding stage structure of graphite
intercalation compounds (GICs). The research on the stage
structure of GICs relies heavily on previous Raman and
infrared work on many kinds of graphite material and the
study of the staging phenomenon was carried out especially
at MIT [20-22]. It is important to point out that hexagonal
graphite belongs to the D@, space group, and has two
allowed Raman modes, E,; and E,,, at 42 and
1,581 em™!, respectively, and, in addition, a line around
1,360 cm_l, associated to the disordered material. It has
been found that the measurement of the stage index can be
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reversible phase transitions, which were correlated with the
Raman spectral changes. It is important to emphasize the 2 2800
good agreement of the Raman results with Dahn’s in situ -
XRD results [24]. This agreement reinforced the idea of *E
developing Raman spectroscopy as a complementary tool - 1800
to X-ray diffraction, for the study of GICs. The next year,
Inaba’s group used a similar but three-electrode cell with —_—
Li foil counter and reference electrodes. The electrolyte
was a mixture of EC and DEC containing 1 M LiClOy. The 700
new cell shown in Fig. 2b was made of polypropylene and —L_ . s

teflon with a pyrex optical window. An Ar-ion laser was
used to irradiate the electrode surface through the optical
window. Li insertion was carried out between 0 and 2.0 V.
The work is especially interesting because mesocarbon
microbeads (MCMBSs), classified as a soft carbon, have
been proposed, at the time, as a promising anode material
in the secondary Li batteries. The interest for this material
was due to its very high capacity, 750 mAh/g, compared
with that of the graphite of only 372 mAh/g. For this rea-
son, the authors attempted to clarify the mechanism of Li
insertion into MCMBs, heat-treated at various tempera-
tures. For the material treated at high temperatures, the
E>g, band showed the formation of staged GICs upon Li
insertion between graphene layers. They found that, in
agreement with XRD results, at high temperatures (above
2,000 °C), MCMBs are graphitized and the Raman bands
appear broadened (Fig. 3), indicating an increase in the
disorder. They showed that, while at high temperatures Li
is inserted between organized graphene layers, in the case
of the material heat-treated at lower temperatures (700 °C)
the high discharge capacity originates from Li inserted into
regions without an organized graphitic structure.
Structures even more disordered than that of MCMB'’s
such as polyparaphenylene (PPP)-based carbon were
studied by Endo et al. at MIT [25]. Because of its highly
disordered structure, PPP has the high Li storage capacity
of 1,100 mAh/g. The cell used for in situ Raman experi-
ments was made of a non-reflective quartz plate (Fig. 5). A
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Fig. 3 Raman spectra of MCMBs heat-treated at 2800, 1800, 1000,
and 700 °C. The spectra are measured under ambient conditions.
Reprinted from [19]. Copyright (1996), with permission from The
Electrochemical Society

sample heat-treated at 700 °C was coated on a copper foil
attached to a nickel wire and a Li foil attached to the Ni
mesh. Charging and discharging in the range 0-2.8 V
during the Raman experiment, against the carbon anode (at
a current density of 30 mA/cm?), were monitored by a
potentiostat/galvanostat. The excitation source was the
632.8 nm HeNe laser line and the Raman instrument was
coupled to a standard Olympus microscope and a collection
optical system, the Renishaw Raman Image Microscope
System 3000. The laser spot diameter reaching the sample
was around 3 pm. This system is a compact laser Raman
microscope that can collect both Raman spectra and images
through a collection optics, based on a standard Olympus
microscope. The samples, placed under the objective (5x,
20x, 50x), are excited by the laser directed through the
microscope, and the scattered light is collected by 180°
backscattering, next to the optical path corresponding to
the incoming laser as shown in Fig. 4. Raman scattered
light passes through a notch filter through a grating that
disperses the scattered light over a CCD array detector. The
spatial resolution of the mapping achieved with this con-
figuration was 1-5 mm (Fig. 5).
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Fig. 4 Schematic diagram of a CCD-based dispersive Raman
spectroscopy system where the CCD detector records the Raman
spectrum of the sample at the focus point

The source of a Raman spectrometer is, generally, a
low-power continuous wave HeNe laser, not exceeding
1 mW radiating power. The laser is enclosed in a protec-
tive housing and, according to the laser hazard classifica-
tion it is a Class 2 laser. However, laser equipment should
be labeled, indicating hazard classification, output power,
and lasing material [Occupational Safety & Health
Administration (OSHA)]. [26].

A Raman spectrum yields information only about the
local composition of a sample, while Raman imaging could
provide the spatial distribution of structural and chemical
information in a heterogeneous sample, as it will be dis-
cussed later.

PPP heat-treated at 700 °C is known to have a quinoid-
like structure. The results show that during the first dis-
charge and charge cycle, the capacity is much lower than
that for a normal cell. In the electrochemical cell used in
this work, the carbon materials are positive electrodes, that
is, the intercalation of Li takes place during the discharge
process. This low capacity is accounted for by the small
surface area of the PPP-700 electrode due to the

dimensional configuration of the Raman cell, and also by
the formation of solid electrolyte interphase (SEI) due to
electrolyte decomposition. The voltage dependence of the
high-frequency band is shown in Fig. 5b. The authors
investigated the structural changes that take place at vari-
ous voltages in detail, as reflected by the Raman spectra,
through the changes in the position and shape, mostly, of
the peak around 1,600 cm™". The position and the shape of
this band are associated to the mechanism of Li interca-
lation. At high voltages (2.8 to ~ 1.0 V), Li is inserted in
the preferred binding sites in PPP-700, without charge
transfer, while in the lower voltage range (1-0.04 V), the
intercalation is found to be similar to the staging phase
transition observed in GICs [27]. The authors concluded
that the relationship between the structure and the elec-
trochemical properties has to be established separately for
each type of carbon because of the specific morphologies.

3 Introduction to confocal Raman microscopy

The first Raman study of a Li/polymer electrolyte symmetric
cell by using confocal Raman micro spectrometry was
published in 1998 by Rey et al. [28, 29] at the Laboratoire de
Physico-Chimie Moleculaire, Universite de Bordeaux.

The schematic view of the Raman spectroelectrochem-
ical cell used by Rey et al. is shown in Fig. 6.

3.1 Confocal Raman microscopy: introduction

The concept of confocal microscopy was developed by
Minsky at Harvard University in the mid-1950s, but the
utility of confocal imaging was demonstrated only much
later, due to advances in laser and computer technology [30].

The application of confocal microscopy to Raman imaging
was first suggested by Delhaye et al. [31]. Compared to the

Fig. 5 a Schematic HeNe Laser beam 1608 r T . T -
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Fig. 6 a Schematic view of the main elements of the Raman
spectroelectrochemical cell in the electrolyte for the symmetrical cell
Li/P(EO),0—LiTFSI/Li. The current density is zero for ¢ < 5000 s,
+0.4 mA/em® for 5000 <t <27000s, and —0.4 mA/cm® for
t > 27000 s. The right scale associates a color to the intensity at
each point. Spurious points at the left and right part of the image are
situated on defects of the Li electrodes. The data are recorded at

traditional wide-field optical microscope, the confocal
microscope has an enhanced resolution and, most importantly,
the capability to collect optical sections from thick samples.

Figure 7 shows that in the configuration of a confocal
microscope there are two pinhole apertures—one, right
after the source that will reduce the stray light, and a
second one, in the front of the detector. In this way, the
small pinhole aperture, refocused through the microscope
objective, will illuminate only one point on the sample.

Figure 8 shows that in traditional wide-field illumination,
a wide cone of illumination is focused over a large volume of
the sample, while in point-scanning confocal microscopy the
size of the confocal spot ranges between 0.25 and 0.8 pm.
The 3D surface of a sample can be reconstructed from the
X-Y-Z scan (Fig. 9a). A surface profile can be obtained by
using an auto-focusing technique as shown in Fig. 9b.
Confocal spectroscopy allows to collect a signal from a
single point on a sample as shown in Fig. 10.

When a confocal microscope is combined with a spec-
trometer, a spectrum can be obtained from a single point on
a sample. In the case of confocal Raman microscopy
instrumentation, the Raman shift obtained from different
spots of the sample will give information on the presence
of different species in the sample and their concentration.

3.2 Characterization of a Li battery by confocal Raman
microspectrometry: Raman imaging

The Raman cell shown in Fig. 6 allowed the examination
of a battery composed of a thick Li foil (120 pm), a
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85 °C with the x50 objective and a 500 pm pinhole. Raman imaging
with the Labram 1B spectrometer is done by coupling the spectrom-
eter to a confocal microscope (300 pm pinhole) and an XY-motorized
table (0.1 pm steps). The electrochemical cell is adjusted below the
microscope objective on a motorized 2D actuator system. Reprinted
from [29]. Copyright (1998), with permission from The Electro-
chemical Society
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Fig. 7 Optical configuration of a laser scanning confocal microscope.
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Fig. 8 Wide field versus confocal point scanning of specimens.
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polymer electrolyte (70-100 pm) (PEO),4, LiN(SO,CF3),,
and a cathode based on V,0s5 [28]. The “optical section-
ing” of the sample is realized with a pinhole of variable
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Fig. 10 Optical scheme for confocal spectroscopy including a
confocal microscope, spectrometer, and multi-channel CCD detector

aperture, placed at the image plan of the microscope.
Spectra are measured along a line of points between the
two electrodes. In this way, plenty of information can be
obtained, not only on the electrolyte but also on the Li
interface and the V,0s5 cathode. Raman imaging is a
powerful technique for generating detailed chemical ima-
ges based on the Raman spectrum of a sample. A complete
spectrum is acquired at each and every pixel of the image,
and then interrogated to generate false color images based
on the material’s composition and structure. Raman
imaging is widely used to characterize the distribution of
components within a sample, but in addition it is sensitive
to material concentration, phase, stress/strain, and
crystallinity.

The authors studied a symmetrical [Li/(PEO),o-LiTFSI/
Li] battery to calculate the concentration gradient in the
electrolyte. They used the 742 cm ™! (8,CF3) line of TFSI
to monitor the concentration of salt in the electrolyte. The

7

Single X-Y-Z optical profile (3D)

two-dimensional plot of the intensity in function of time is
shown in Fig. 6b. It can be seen that for times between
5000 and 27000 s, the polarization (0.4 mA/cm?) induced
an increase of the salt concentration toward the anode and
when the current is reversed, the concentration gradient is
reversed as well.

This is a new and interesting technique for in situ studies
of a Li battery, specifically, for measuring the salt con-
centration gradients in the electrolyte. The polymer elec-
trolyte is placed between the two Li electrodes and heated
in situ. Observations are made at a depth of about 20 um
within the electrolyte. The local salt concentration is
measured as a function of time, current density I, and
electrolyte thickness, and salt diffusion coefficient and
ionic transport numbers can be determined.

Two Raman lines have been selected to measure the
concentration of the salt at a given point: the narrow band
of the anion at 739 cm™! [8(CF;) and d(CH,)] of PEO,
used as internal reference. A calibration line (the ratio of
absorbencies of the two bands) versus 1/n = TFSI/
EO = Li/EO is shown in Fig. 11.

The methodology and the results obtained in Rey’s work
represent a big step ahead. The study of the electrolyte
would not have been possible without the new capabilities
brought about by the confocal micro Raman. They are the
first quantitative data on the electrolyte concentration
gradient. Actually, preliminary results were obtained by
Rey in 1997 [34] but precise measurements on symmetric
cells were precluded by technical limitations. However, the
concentration profiles obtained in this work were in good
agreement with those calculated and reported earlier by
Doyle et al. [35] and with Brissot’s theoretical predictions
[36]. The two groups (Rey’s and Brissot’s) worked inde-
pendently on the same topic and their results comple-
mented each other.

Optical concentration measurements were carried out
through both in situ and ex sifu experiments by Brissot
et al. [37] at the Laboratoire de Physique de la Matieére
Condensée (Ecole Polytechnique-CNRS, Palaiseau) on
symmetric Li/polymer—electrolyte/Li cells similar to those
used by Rey et al. The Li salt used in most experiments was
LiN(CF; SO,),. Salt concentration maps in the cell were
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Fig. 11 Variation of A,, = A[J, (CF3)/A[0(CH,)] for P(EO),~LiTFSI
complexes at 80 °C with 30 <n <6, as a function of the salt
concentration 1/n. Salt concentration gradients were determined for
the Li/V,0s battery as well and a strong increase of the salt
concentration toward the anode is observed in discharge. Reprinted
from [29]. Copyright (1998), with permission from The Electro-
chemical Society

obtained during cycling and used for monitoring the evo-
lution of dendrites. The experimental cell is shown sche-
matically in Fig. 12. Li/polymer—electrolyte/Li cells were
assembled in a dry box and the nickel collectors were
connected to an electrochemical set-up. The cell was
introduced in a furnace and heated at 80 °C. The growth of
dendrites was studied by studying the concentration inho-
mogeneities within the electrolyte.

The results of Brissot’s optical absorption measurements
strongly supported Rey’s data obtained by Raman confocal
microspectroscopy and contributed to its extension to the
study of electrode materials. As a result, Novik et al. [38],
working at the Laboratory for Electrochemistry of the Paul
Scherrer Institute, used an electrochemical cell developed
by the group in conjunction with confocal Raman

upper glass
plate
[ nickel
f// collectors
E

polymer
elctrolyte /
lower glass < & {cm

e
=

plate

Fig. 12 A schematic view of the electrochemical cell. Reprinted
from [37]. Copyright (2001), with permission from Elsevier
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spectrometry to study a commercial LiCoO, electrode.
They demonstrated for the first time that the Raman tech-
nique is suitable for the characterization of not only car-
bonaceous materials, but also single oxide particles in
positive electrodes of Li-ion cell.

The micro-Raman spectrometer was a DILOR Labram
instrument equipped with an Olympus microscope with an
internal He—Ne laser and an external Ar-ion laser. Depth up
to 0.3 mm can be measured when using an ultralong
working distance objective (50x). Low laser power
(34 mW) was used, to avoid damage to the electrode
surface [38, 39]. The Raman spectra of LiCoO, particles
were measured during charging. By adjusting the pinhole
diameter to 200 pm, the lateral resolution was 4 pm. The
spectra of two particles randomly selected on the surface of
a commercial electrode confirmed that the light-colored
particles in the photograph shown in Fig. 13b are indeed
LiCo0O,. During the first galvanostatic charging, the band
corresponding to the A, mode is diminishing with the
increasing potential.

The Raman technique was suggested as a fingerprinting
technique to evaluate the quality of battery materials after
repeated cycling. The authors emphasized the importance
of in situ studies (Raman and others) on practical, com-
mercial electrodes and expressed their belief that only in
this way, the mechanical and chemical changes in the
electrodes and the reactions of the electrolyte at the elec-
trolyte/electrode interfaces can be better understood.

One of the methods that joined the Raman arsenal in the
1970s and allowed the study of these interfaces with a
highly improved sensitivity was SERS.

3.3 SERS technique for the study of SEI films
3.3.1 SEI: mechanism of formation

It is generally assumed that, during the first cycle of a
graphite electrode, a protective film is formed on the car-
bon surface due to the reductive decomposition of the
electrolyte [15, 16, 40—44]. A schematic illustration of the
film-forming mechanism is shown by Besenhard et al. [45]
and the intercalation compound is shown in Fig. 14.

Many surface-sensitive tools have been employed for
the study of the formation of the SEI. Some surface
chemistry aspects of Li-ion batteries are discussed in the
review by Aurbach et al. [47]. Interesting results have been
obtained with both in situ Raman spectroscopy and in situ
video microscopy, by using a confocal Raman microscope
equipped with a video camera (Fig. 15).

In situ mass spectroscopy results showed that the evo-
lution of ethylene gas in EC-based electrolytes starts at
potentials ~0.8 V versus Li/Li* indicating the formation
of the SEIL
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Fig. 13 a The electrochemical
cell for in situ Raman
microscopy. b In situ Raman
spectra measured on open
circuit at the surface of a
commercial LiCoO, electrode

Raman Microscope

in the electrolyte 1 M LiClO, in

EC/DMC (1:1). In the
photograph obtained with an
optical microscope, which
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Fig. 14 Schematic illustration of a ternary GIC involving a. solvated
Lit accommodated between grapheme layers. Reprinted from [46].
Copyright (2010), with permission from Dr. Xu

The discovery of SERS and the application of this new
technique to the battery science contributed substantially
to the elucidation of electrode/electrolyte interface
phenomena.

3.3.2 Introduction to SERS

SERS is a relatively new Raman technique that allows a
strong enhancement of the inherently weak Raman signals
from Raman-active molecules adsorbed onto specially
prepared metal surfaces. It was discovered on a silver
electrode by the Fleischmann group in 1974 [48]. This
technique makes Raman spectroscopy a sensitive method
for surface studies because of the surface enhancement
mechanism. The enhancement of the Raman signal can be
as high as 10"*-10'6 and the detection sensitivity of SERS
has now reached the single-molecule level, under specific
conditions [49]. Two enhancement mechanisms have been
envisaged in the past [50-52]. The most important
enhancement mechanism described in the literature is the
EM one, involving the roughness features on a metal sur-
face (Au and Ag) such as nanostructures, gratings, etc.; this
enhancement is non-selective chemically. The intensity of
the Raman signal is proportional to the magnitude of the

Working Electrode .

19
LiCoO,

400 500 600 700
(b) wavenumber / em™

EM field created by the nanoparticles and aggregates. In
addition to the EM mechanism, a mechanism called
chemical enhancement has been suggested. This mecha-
nism is based on the interactions (charge transfer and
others) between the molecules and the metal surface, and
has been observed for infrared spectroscopy as well [53]. In
spite of the less important contribution to the general
enhancement (no more than one or two orders of magni-
tude), this mechanism is interesting, especially when
interfacial systems, including electrochemical, catalytic,
and biological systems are studied.

TERS is a quite recent technique that uses a metalized
scanning probe microscopy tip to scan across a sample. The
TERS enhancement is due to the local amplification of the
EM field around the tip and the spatial resolution of TERS
is of the same order as the radius of curvature of the tip.

3.3.3 Interface phenomena in LIB studied by SERS

SERS was first used on a model system, a rough silver
surface in an electrochemical environment, by Irish et al.
[54] at the University of Waterloo. The preliminary results
obtained in this work were useful later when more
sophisticated measurement systems were developed.

A pioneering SERS work, a study of the SEI film in Li-
ion batteries, was done by Huang et al. and it was carried
out at the Institute of Physics of the Chinese Academy of
Sciences in Beijing. In their first work [54], these authors
have observed for the first time the surface-enhanced res-
onance Raman spectrum of rhodamine 6G (a probe mole-
cule) and the surface-enhanced Raman spectrum of the SEI
on the surface of Li—Ag alloy formed during the discharge
process. SERS has proved to be a suitable technique for the
study of SEI as its thickness is normally only about
2 £+ 4 nm and the bands are too weak to be observed by
Raman spectroscopy.
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Fig. 15 a Left SERS spectra of Rh 6G and of the SEI film on Li-Ag
alloy electrodes at different discharged states: (a) 0.8 V, (b) 0.4 V,
and (c¢) 0V, which represents different Li-insertion levels, corre-
sponding to LiggAg, Liog; Ag, and Li-Ag, respectively [the
intensity of the spectra in (a) and (c¢) has been doubled for comparison
with (b), (d), and (e)]. (d) The Raman spectrum of Rh 6G adsorbed on
Al surface. (¢) The Raman spectrum of the SEI film on Al sheet after

The authors show that the enhancement effects indicated
by the spectra are due to the modification of the mor-
phology of the original Ag electrode sheet through alloy-
ing. To complete the work and gather more information on
the identity and the structure of species in the SEI film, the
same group [56] has studied the SEI film on a discharged to
0.0 V Ag electrode by using a micro-Raman spectrometer
(Jobin-Yvon U-1000). The enhancement seen in the spectra
is accounted for by the formation of nanostructured Li—-Ag
alloys. The electrolyte was 1 M LiPFg in EC and DEC
(1:1). The SERS spectrum of SEI film on Ag electrode after
discharging to O V in a Li/Ag cell is shown in Fig. 17
(right).

The authors concluded that the the Raman signal of the
SEI can be surface-enhanced by the Li—Ag alloy and that
the reduced species of the solvents and the solute are the
main components of the SEI film: Li,CO;, ROCO,Li,
Li,PO,, and LiOH-H,O [18].

3.3.4 Limitations of confocal Raman microscopy
for the study of SEI

Further Raman studies carried out by using confocal
Raman microscopy as a probing technique [57] clearly
evidenced the limitations of confocal Raman microscopy
for the study of SEI In this work, carried out at the
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discharging to 0 V; Li—Al alloy was formed at this voltage. Reprinted
from [55]. Copyright (2000), with permission from Elsevier. b right
The SERS spectrum of the SEI film on the Ag electrode after
discharging to OV in a Li/Ag cell. (A): Excitation wavelength
514.5 nm Ar" line (B) 488 nm Ar' line. Reprinted from [56].
Copyright (2002), with permission from Elsevier

Laboratoire de Physico-Chimie Moléculaire, Université
Bordeaux, the confocal Raman micro-spectroscopy is used
for the investigation of the composition of the passivation
layer formed on the surface of commercial Li foils. The
authors explained the presence of Li acetylides (Li,C,)
(1,845 cm™") by the effect of local heating generated by
the laser radiation on carbonate species. The native pas-
sivating film consists of an outer layer (1-20 nm) of
Li,CO3/LiOH on a thicker layer of Li,O (10-100 nm)
which is in direct contact with the Li foil. A Labram 1B
spectrometer (Dilor, Jobin-Yvon) with a He/Ne (632.8 nm)
laser and a 50x Olympus objective was used. For the in-
depth analysis at the polymer electrolyte/Li interface,
when using a pinhole of 250 pm at Ay = 514.5 nm, the
axial resolution at this interface is around 5 um for a
polymer electrolyte of 50 um thickness (n = 1.5). For
surface analysis on Li foils, the pinhole was set at
1,000 pm in order to increase the Raman light output. The
cell used for the Raman measurements is shown in
Fig. 16a.

Variable intensities are observed for the features around
500 cm ™! because the thickness of the passivation layer is
not homogeneous. The band at 1,855 cm ™! is assigned by
the authors to the ve_c of the triple bond in Li,C,. The
spectra do not change when Li is exposed to N,, O,, CO,,
or CO atmospheres. No line is assigned to Li carbonate (it
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Fig. 16 a Schematic drawing
of the cell used for the confocal
Raman microspectrometry
experiments. The cell is
installed on a x, y computer-
controlled stage below the
microscope. It can also be
moved vertically along z by
steps of 1 um [56]. b Raman
spectra of the Li foil recorded at

Incident laser beam
and back-scattered

Raman light
Glass '

nine different points with an
incident wavelength of
632.8 nm, a x50, NA = 0.55

objective and P ca. 1 mW/um?.
Reprinted from [57]. Copyright
(2003), with permission from
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was found by IR); it is assumed that it is transformed in
Li,Css by local heating.

The results of this work show, without any doubt, that
Raman spectroscopy is not sensitive enough for the study
of SEI, in the absence of an enhancement mechanism.
Raman bands can only be seen after the sample is locally
degraded under the laser beam.

4 Raman spectromicrotopography of an operating
Li-ion battery

Time- and space-resolved measurements of electrodes in
an operating battery during discharge have been performed
by Scherson’s group at Case Western Reserve University
[58].

The battery used in this work was a thin Li-ion battery
with a carbon anode, a LiCoO, cathode, and a separator as
shown in Fig. 17a. Figure 17c shows the image of the edge
obtained by cutting the battery. Both space- and time-
resolved in situ spectra were taken in an area close to the
center of the battery while charging and discharging the
battery at a constant current of 0.2 mA. Spectra were col-
lected with a Chromex Raman 2000 system equipped with
an Olympus microscope (20x magnification). The Raman
microscope was coupled to a computer-controlled, variable
speed, two-dimensional linear translator. The battery was
moved under the focused laser beam and during this time,
spectra were collected continuously. For the time-resolved
spectra, Raman spectra were taken at the same spot on the
anode during the discharge process as a function of time
(Fig. 18).

The results of this work are particularly valuable for the
generation of dynamic images of Li ion transport within the

Ig.}

600 1000 1400

et
Wavenumbers/cm

(b)

whole battery, images that will be helpful for the assess-
ment of models simulating the flow of Li*.

5 Mapping of the graphite surface with a high volume
resolution (1 um3)

Raman single point and mapping measurements of graphite
surface by using an improved electrochemical cell were
carried out in the Paul Scherrer Institute, by Novak et al. [59].

Figure 19 shows the Raman mapping of the graphite
surface, together with the spatial distribution plot of the L,
values. This is the first work to show the correlation of L,
with the morphological features of the surface of the
graphite electrode.

5.1 Intercalation of supercapacitor-type electrolyte
into microcrystalline graphite and electrochemical
doping of single-walled carbon nanotubes
(SWCNTs)

Raman microscopy was employed for the study of inter-
calation of tetracthylammonium and tetrafluoroborate into
microcrystalline graphite [59]. The in situ Raman cell used
for the collection of the spectra is shown in Fig. 20. The
graphite electrode is covered by an aluminum foil and the
laser shines on it.

The working electrode of the cell in Fig. 20 is graphite,
while the counter and reference electrodes are made of
PTFE-bound activated carbon material. After the cell was
assembled in air, it was transferred to a glove box where
the electrolyte solution was introduced. The laser beam is
focused onto the electrode surface with an Olympus
objective (80x). The authors found that as an effect of both
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(a)

(c)

Fig. 17 Schematic diagrams of the battery (a), spectroelectrochem-
ical cell (b), and microscopic image of a sharp edge of the battery
showing the carbon anode (a 120-140 um thick), the separator (S,
32-34 pm), the LiCoO, cathode (C, >300 pm thick), and the current

Fig. 18 (Right) Image obtained
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Hemicylinders
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(b)

collector meshes (cc), i.e., copper (for a) and aluminum (for C, not
shown) (c¢). Raman spectra were collected along the x-axis in the
direction indicated. Reprinted from [58]. Copyright (2004). Repro-
duced with the permission of ECS—The Electrochemical Society
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of the Raman 2000 showing the LiCoO, Cathode
layered structure of the Li-ion )

battery. (Left) Raman spectra of e
random regions of the cathode,
C; separator, S; and anode,
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Reprinted from [58]. Copyright
(2004). Reproduced with the
permission of ECS—The
Electrochemical Society
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insertion and extraction of the two ions (Et;N*1 and BF, "),
the G-band of graphite developed into a doublet due to the
staged graphite. The results were preliminary but the work
demonstrated that the Raman technique can be applied
successfully to the study of graphite or other carbonaceous
materials in the case of electrochemical double-layer
capacitors. The same group at the Paul Scherrer Institute
[60, 61] has investigated the electrochemical doping of
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SWCNTs in a non-aqueous electrolyte (1 M Et;NBF, in
acetonitrile), which is relevant for electrochemical double-
layer capacitors. The in situ cell was the same as that used
in the previous work (shown in Fig. 27) but the working
electrode was the SWCNT powder. The authors found that
the SWCNT bundles are infiltrated by the electrolyte,
resulting in gravimetric integrated capacitances that equal
those of activated carbons. From a detailed study, they



J Appl Electrochem (2014) 44:23-43

35

E
g Current Collector
b Glass Window
3 (0.1 mm thick)
Cell Cover
— O-rings
Separator
Workin e i
Erectm£ s {
\——‘— Counter Electrode
Cell Body —t— t (Lithium or Oxide)
(a) [ Titanium Current Collector

Fig. 19 a The electrochemical cell for in situ Raman microscopy.
b Mapping of graphite surface: Image of a graphite sample (top) and
spatial distribution plot of L, values (bottom, map 50 x 50 points). L,
is the length of the graphene crystallite sheets. The high volume
resolution permitted the study of the surface heterogeneity of the

concluded that, at low polarizations,
SWCNTs can be used for charge storage.
The intercalation of a ionic liquid such as 1-methyl-1-
propylpiperidinium [bis(trifluoromethylsulfonyl)]imide
(MPP,TFSI) into composite graphite electrodes was stud-
ied with cyclic voltammetry by Markevich et al. [62].
The authors used the electrochemical cell shown in
Fig. 21. The ionic liquid (or molten salt) studied in this
work was a solution based on MPP,TFSI. Pure IL and IL
solutions containing a LiN(SO,CF;), (LiTFSI) salt were
studied. The authors have studied the behavior of graphite
electrodes in MPP,, TFSI containing 1 M LiTFSI, in order
to understand the phenomena of cointercalation of the IL
cation and Li ion as well as the passivation of the graphite
surface. An in situ Raman microprobe technique with
microscopic lateral resolution, in conjunction with cyclic
voltammetry is used for real-time monitoring and the
Raman spectra were collected from five selected points. The
electrochemical responses were measured simultaneously.
The intercalation of IL cations into the graphite structure
was evidenced by the development of the 1,602 cm™'
shoulder of the G-band during the charging at a potential
higher than 0.3 V versus Li/Li". The process of Li-ion
intercalation with the formation of Li—-GICs was demon-
strated by the emergence of the E,; (b) band at 1,602 cm ™!
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graphite electrode. The advantage of the new configuration of the cell
is the proximity of the graphite electrode to the optical window,
eliminating the overlap of the Raman spectrum of the electrolyte.
Reprinted from [59]. Copyright (2005), with permission from Elsevier

at potentials about 0.2 and 0.3 V versus Li/Li*. Because of
the heterogeneity of the electrode material and the different
local surface conditions, differences in the behavior of the
different points on the electrode were observed. The Raman
spectra indicated the coexistence of the two intercalation
processes during the first three cycles and the passivation of
the graphite electrode by surface film formation.

6 Next-generation electrode materials

Advances in solid-state chemistry led to the development
of various candidate cathode materials with high cyclic
stability and a high reversible specific charge. Because of
their low cost, abundance, and non-toxicity, transition-
metal-layered oxides with excess Li are emerging as the
most promising high energy density cathode materials for
the next-generation electrode materials. They are consid-
ered to be solid solutions of the type (x) Li,MnO3(1 — x)
LiMO, (M = Mn, Ni, or Co) and are also known as
“layered-layered” composite cathode systems. The chal-
lenges and prospects of the high-energy layered cathode
materials are discussed in a recent review paper [63].
Li,MnOs3 is known to be electrochemically inactive
because Mn is in its +4 oxidation state. However, it has
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Fig. 20 Three-electrode in situ Raman cell in (a) the fully assembled
stage and (b) an enlarged area showing the separate components
(expanded, not to scale). This is a upgraded Raman cell that allows
measurements with a reference electrode (previously: two-electrode
set-up). The electrochemical intercalation of tetraecthylammonium
(Et,N") and tetrafluoroborate (BF, ™) into and out of microcrystalline
graphite is studied. Reprinted from [60]. Copyright (2006), with
permission from Elsevier

been shown that when charging the cathode above 4.5 V,
the material is activated electrochemically due to the
simultaneous extraction of Li and O, and the activation
results in the formation of the MnO, host structure which
can reversibly intercalate Li ions.

Both ex situ [64] and in situ Raman spectroscopy at
elevated temperatures [65] were instrumental in elucidating
the activation mechanism of Li,MnQOj;. It has been dem-
onstrated that, during the initial charging, the layered
structure of Li,MnOj; is transformed into a spinel-like
phase. At 60 °C, after the first charge at 4.7 V, the Raman
spectrum showed a pronounced blue shift of the peak,
accompanied by a decrease of the intensity. The authors
accounted for the changes by a Li de-intercalation from the
structure and the formation of a cubic Li—-Mn spinel phase.

Similarly, under in situ conditions, at 50 °C, upon
charging, it was found that the A, band was shifted toward
higher wavenumbers (from 615 to 630 cm ™). The authors
have assigned the observed shift to the partial formation of
a spinel-like phase.
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Fig. 21 Schematic view of the electrochemical cell used for in situ
Raman measurements: three-electrode spectroelectrochemical cell
(pyrex, air-tight). Micro-Raman spectrometer HR 800 (Jobin-Yvon
Horiba), power limited to <0.3 mW to avoid local heating of graphite,
spectra collected from five arbitrarily selected points, ambient
temperature. The cell was assembled in a glove box, under Ar gas.
Reprinted from [62]. Copyright (2008), by permission of The
Electrochemical Society

A Raman study of a similar layered compound
(Li; 5Nig 175C09.1Mng 5,0,) has shown that, in the range of
4.1-4.4 V, the extraction of Li takes place from both the
transition metal layer and Li layers, as shown by the
changes in the two characteristic peaks at 445 and
544 cm™~! [66]. After the removal of oxygen, the transition
metal ions diffuse to the vacant sites.

7 Nanostructured materials for advanced Li-ion
battery electrodes

The interest in using nanomaterials for advanced Li-ion
battery electrodes stems from their high storage capacity
and cycle life. The most important material, considered
suitable to replace graphite anodes, proved to be nano-
structured silicon (Si) such as Si nanotubes used for battery
anodes [67], Si nanowires [68-70] and Si nanoparticles
inserted in graphene sheets [71] Nanocomposites including
Si nanoparticles have also been used as anode materials
[72]. Mesoporous carbon particles filled with tin, tin sul-
fide, and vanadium oxide nanoparticles have been prepared
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Fig. 22 a Raman spectra of Si nanotubes and Si wafer reference. The inset is the FTIR spectrum of Si nanotubes. b Schematic diagram of Li-ion
pathway in the Si nanotube. Reprinted from [67]. Copyright (2009), with the permission of American Chemical Society

Green laser
514 nm
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Fig. 23 a Illustration of the in situ Raman measurements in a coin
cell battery. b In situ Raman measurements of a-Si:H particles with
the electrode composition of 70:20:10 of active a-Si:H, conductive
carbon Super-P, and binder PVDF. TO is the phonon mode of a-Si:H,
and S represents the solvent peaks. D- and G-bands correspond to the
conductive carbon present in the electrode. The Raman signatures

and tested. A short review on the new nanomaterials used
in Li batteries can be found in Aurbach [73]. In addition to
nanostructured Si, -MnO2 nanoparticles were used for the
fabrication of transparent Li-ion batteries [74]. In most of
these studies, Raman spectra were used in order to clarify
the structural changes upon lithiation. (see also reference
[75]) For example, the Raman spectra of Si nanotubes and
a wafer reference are shown in Fig. 22.

The authors assigned the sharp band in the Raman
spectrum at around 516 cm™ " to the Si-Si stretching mode
(same as in the wafer), and the weak peak around
957 cm™! to the amorphous Si-Si stretching mode (same
in the wafer). The strong peaks at 1,360 and 1,580 cm ™!
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were measured at different potentials during the charging and
discharging process corresponding to (a) initial, (b) 2V, (c) 1.2V,
(d) 0.65V, (e) 0.57 V, (f) 0.35 V, (g) 0.1 V, (h) 2nd cycle lithiation
0.19 V, and (i) 2nd cycle de-lithiation 0.58 V. Reprinted from [76].
Copyright (2010), with permission from the American Chemical
Society

are assigned to the D-band, related to the disorder in the
material and the G-band (graphene band) of carbon,
respectively. In this work, the Si nanotubes are coated with
carbon which promotes the SEI formation. The Raman
spectra have confirmed the presence of a very thin coating
of carbon. The very high reversible charge capacity
(3,247 mA/h/g) of the nanotubes is accounted for by the
increased accessible area of the electrolyte, and the Li ions
being able to intercalate both in the interior and the exterior
of the nanotubes as shown in Fig. 22b.

Using nanostructures such as nanowires, nanotubes,
nanorods, etc., is one of the approaches to overcome the
problem of volume expansion and contraction of Si upon
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New battery

Used battery

Fig. 24 a, c Exhibit high roughness and grain structure, typical for
used batteries. b Raman spectra of cathode: LiCoO, (red), de-lithiated
LiCoO, (green), and Co30, (blue). The resolved bands may be

lithiation/delithiation [77]. The approach used in Muruge-
san’s work is coating Si with copper (Fig. 23).

The in situ Raman measurements of a-Si:H particles have
shown important changes in Raman scattering intensity at
1,600 cm™' (G-band of graphitic carbon) because of the
lattice relaxation of carbon due to Li insertion. Raman
spectra proved that Li is intercalated into the carbon com-
ponent of the electrode and provided mechanistic insight into
the lithiation/de-lithiation process and the role of the Cu
layer. The authors suggested that the principal role of the
copper coating is to suppress the decomposition of the
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related with the structural distortion or the surface change during the
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solvent. The advantages and disadvantages of nanomaterials
in Li batteries, supercapacitors, and fuel cells are discussed
in an excellent review article by Arico et al. [78].

The role of nanomaterials in terms of electrochemical
performance is discussed in Lee and Cho’s review [79] as
well as in the paper of Liu et al. [80]. The excellent rate
performance of nanostructured materials is accounted for
by the short diffusion length.

Nanostructured transitional metal oxides were success-
fully investigated for both electrochromic and Li-ion bat-
tery technologies [81]. Crystalline tungsten oxide nanorods
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Fig. 25 AFM and Raman images from the same place of the new
cathode: a AFM topography height, b phase, ¢ magnitude; d Raman
intensity map corresponding to the 579 cm ™' peak, e Raman intensity
map using 674 cm™' peak, f chemical map (red color corresponds to
the LiCoO,, green color is de-lithiated LiCoO, (Co;0, is absent on
this cathode, because the intensity of peak at 674 cm™' is never
ranked over the intensity of peak 579 cm™'); g ratio of peak
intensities at 579 and 674 cm™". Black color corresponds to the de-
lithiated cathode; yellow color corresponds to the intercalated one.
Reprinted from [86]

and nanoparticles as well as molybdenum oxide nano-
structures were incorporated into porous films and used for
electrochromic applications with very good results.
Spherical molybdenum oxide nanoparticles were tested for
battery applications and a high reversible capacity was
found. Raman spectra in this work were used mostly to
assess the degree of crystallinity. This publication is
important because for the first time, the authors emphasized
the similarity between electrochromic materials and anode
materials for Li-ion batteries. Nanostructured tungsten
oxide for electrochromic applications was also prepared by
Badilescu et al. [82, 83] and Li [84] where Raman analysis
revealed the correlation between the presence of the e-
monoclinic crystal phase of the tungsten oxide and the
electrochromic performance.

8 Combined AFM and Raman microscopy
for advanced analysis of batteries

8.1 Introduction to the combined instrumentation
(AFM-Raman)

Raman spectrometers can be easily incorporated into non-
optical microscopes, for example, SEM and AFM. Inte-
grated systems enable users to perform two or more ana-
lytical techniques on the same sample region, under the
same conditions, in a single instrument [85].

The combined technique correlates the chemical infor-
mation, obtained through the Raman spectra, with image-
based information. Manufacturers now propose two types
of combined instruments—integrated and interfaced sys-
tems, respectively. Fully integrated systems are offered by
manufacturers such as NTegra Spectra, WiTech, Horiba,
and others. The manufacturers had to solve many problems
related to the inherent differences between the two meth-
ods, for example, in acquisition times and spatial
resolution.

8.2 AFM-Raman study of a Li battery

Cathodes from used batteries were analyzed by using
combined AFM and Raman microscopy [86, 87].

The method allows finding the distribution of degraded
areas on the surface of the positive electrode (LiCoO,). The
simultaneous recording of AFM and Raman images is done
on an NTEGRA Spectra (NT-MDT) instrument, integrated
with Renishaw inVia Raman spectrometer. The “old”
laptop battery, after 1,200 charging—frecharging cycles,
had only 25 % of its nominal capacity while the second
was new, charged to ~65 %. The AFM results provided
information about the size, shape, and orientation of the
particles. The results showed that the cathode from the new
battery is much smoother than the one of the used one. In
the aged battery, the extraction of Li has caused the crystal
cell to expand and individual microcrystals are seen on the
surface. Both the state of the surface and the corresponding
spectra depend on the electrochemical history. AFM ima-
ges from both batteries are shown in Fig. 24.

The two strong bands observed at 472 and 579 cm™
correspond to v, (E,), O-Co-O bending and v; (4,,), Co-O
stretching modes, respectively. During the charging
(extraction of Li), the main peaks undergo a small shift and
the intensity of the 515 and 674 cm™' band increases. The
two bands are assigned to the vibrational modes of Li,O and
Co030,, the degradation products of the cathode. The figure
shows 2D Raman and AFM maps from the same place of the
cathode removed from the new battery (Fig. 25).

By studying simultaneously the AFM and the Raman
images, important information on the electrode material

1
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Fig. 26 Surface observation of
the positive electrode of a Li-ion
battery by optical microscope.
Raman spectra of LiCoO, and
Co304 on Li-ion battery positive
electrode surface. Reprinted
from [87]

LiCoO, @ 600 cm-1

Fig. 27 3D Raman images of positive electrode in a Li-ion battery.
Reprinted from [87]

can be found. For example, because the main degradation
product of the positive electrode (LiCoO,) is Co30y4, by
using their specific bands, 3D images show the state of the
degradation of the electrode (Figs. 26, 27).

An intriguing use of the ability of Raman spectroscopy
to evaluate the composition changes at the grain boundary
of a particle in an electrode is proposed by Jebaraj and
Scherson in a recent paper. This work shows the continuing
trend for miniaturization in spectroelectrochemistry, the
implementation of new methods capable to investigate
microparticle electrodes and single-particle microbatteries
[88]. These changes can be correlated with the state of
charge of the particles. For this purpose, the authors built a
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measurement cell capable to perform micro-Raman spec-
troscopy on a single particle and correlate it with voltam-
metric data measured on that particle. They studied
graphite microflakes, particles of LiMn,04, as well as
single-particle microbatteries belonging to other chemis-
tries [Zn | MnO, and Ni(OH), | MH]. Based on the success
of this approach, the authors are looking at the use of
Raman microscopy for the examination of the edge surface
of an operating battery during charging and discharging.
Such information is highly relevant for the validation of the
macroscale theoretical models of battery behavior.

9 Other in situ techniques

Li-ion batteries are complex electrochemical systems and
their investigation requires fairly sophisticated methods.

Different characterization techniques have been used for
the study of battery materials, either alone or in tandem
with Raman spectroscopy. The intent in this section is to
mention their existence, and the type of information they
provide, as opposed to giving a comprehensive description
of all the in situ techniques. This information, as provided
by state-of-the-art, noninvasive techniques, is briefly
described below.

For example, while X-ray diffraction was used almost
from the beginning of battery science to measure the
lattice changes of the Li™ insertion host [24] during the
last decade, new methods based on X-rays joined the
arsenal and enriched the information. Among them are
methods such as X-ray absorption spectroscopy, X-ray
absorption near-edge structure (XANES), and extended
X-ray absorption fine structure (EXAFS) as well as XPS
also called electron spectroscopy for chemical analysis
(ESCA) [89].

All these methods are element specific, sensitive, and
require only small sample volumes. The most recent
techniques (XANES and EXAFS) are able to indicate any
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change in the oxidation states of elements such as Ni, Co,
and Mn. XPS and ESCA allow the analysis of all the ele-
ments in the outermost 10 nm of the surface as well as the
chemical composition of SEI on a graphite anode [90].
However, because of the high-energy photons, there is
always a risk of radiation damage [13, 15]. The evolution
of in situ X-ray diffraction techniques and their benefits to
the field of energy storage is described in the comprehen-
sive review paper of Morcrette et al. [91].

In situ neutron diffraction has proved to be even more
sensitive to Li than XRD [92]. Light elements such as Li,
H, and O can only be localized by using neutrons. At the
same time, by using this method, neighboring elements can
be distinguished easily, while by XRD this is not possible.
However, because of the weak interaction of neutrons with
matter, measurements need a considerable amount of
material and/or long acquisition times. In order to better
define the diffraction volume, circular neutron diffraction
cells have been designed [93]. Lattice parameters as well as
the phases present in the electrodes in their charged states
can be determined. For example, LiCoO, has been found as
a layered and a cubic spinel-type phase and both of them
insert Li*.

Neutrons have a high penetrating power, which means
that the measurements do not represent only the surface
region of the sample. Both electrodes can be observed
simultaneously, and spatially resolved measurements can
be conducted by defining a scattering volume and thus the
areas where their degradation begins can be identified [94].
By using this technique, the authors demonstrated that the
degradation (capacity loss) is spatially heterogeneous in
both the graphite anode and the spinel-based cathode of
commercial Li-ion batteries [95].

The NMR techniques provide chemical information
based on chemical shift of various nuclei [96, 97]. Solid-
state 'Li NMR proved to be useful for the study of the
evolution of SEI on graphite anodes when different alkyl
carbonates were used as electrolytes [98].

Ex situ NMR studies may give interesting information
on electrode materials because they allow the use of
modern methods such as magic angle spinning. In these
studies, the battery, after being cycled to a specific state of
charge, is taken apart to perform NMR. However, ex situ
methods fail to give information on short-lived species.
In situ NMR studies make use of 'Li-quadrupole nucleus
with a spin I = 3/2, more sensitive than SLi. The first
'LiNMR studies were carried out on graphitic carbon.
Distinct Li NMR peaks were evidenced for each stage with
the peaks shifted to high frequencies with increasing Li
content. In situ NMR was found to be a quantitative and
nondestructive method to study the conditions under which
dendrites form, but lacks spatial information. However, the
noninvasive visualization of Li microstructures on the

negative electrode became possible only after the devel-
opment of the Li MRI technique, and overcoming the
technical difficulties related to the orientation of electrodes
to the RF field [99]. It was found that the rate of dendrite
formation is different under different electrochemical
conditions. Moreover, with this technique, dendritic
structures can be distinguished from moss and quantified.
The capability of visualizing the irregular porous micro-
structures has been shown to be very important for
understanding how to prevent battery overheating and/or
short-circuiting that may result in ignition.

Raman spectroscopy was often used in tandem with
in situ FTIR, either in external or in internal reflectance
mode, because of the strong absorption of the electrolyte
solution. However, the interpretation of spectra, especially
those of SEI, is sometimes difficult, because of the over-
lapping weak bands. The experimental approach and
infrared data on battery materials can be found in some
excellent review papers [38, 100]. In situ AFM and SEM
have been used since a long time to quantify the expansion
of the grapheme planes during the intercalation of Li* [16,
101, 102]. AFM-Raman integrated systems have been
discussed in Sect. 8.

All these methods extract and interpret information on the
electrode materials and the electrode/electrolyte interphase
to probe the evolution of the electrochemical behavior under
various conditions. As discussed in Sect. 7, the most efficient
way to investigate battery materials is to correlate the
chemical information, obtained through Raman, IR, and
NMR spectra, with image-based information provided by
the most sophisticated microscope systems.

One of the most relevant areas of activity in battery
science, for which the availability of the real-time infor-
mation regarding the evolution of structure and chemical
composition during battery charging and discharging is
essential, is battery modeling [103]. The precise under-
standing of the dynamic nature of SEI, of the interfacial
reactions, and of the nature of the different processes
leading to changes in the internal resistance requires a
significant input based on data provided by the techniques
described here. The synergism between the experiment and
modeling is one of the most powerful tools at our disposal
for progress in battery science and technology. Raman-
based investigation techniques play an essential role in this
ongoing effort.

10 Conclusion
In this review we have demonstrated that the Raman
techniques, in tandem with other methods, were extremely

helpful in understanding the mechanisms of Li intercala-
tion and were instrumental in screening new electrode
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materials for LIB. In situ Raman studies of battery com-
ponents closely followed the recent advances in the
development of Raman technology. Chronologically, this
trend started with Raman studies on HOPG and on other
types of carbon, a logical beginning, taking into account
the already existing substantial knowledge on graphite and
the corresponding stage structure of GICs. By studying the
mechanism of insertion of Li into different types of carbon
used as anode materials, through simultaneous Raman and
electrochemical measurements, it was possible to connect
the capacity of intercalation to the degree of disorder of the
material. Further studies, made possible by the imple-
mentation of confocal Raman microscopy, focused on the
polymer electrolyte and its concentration gradient and later
on the characterization of oxide materials in positive
electrodes of Li-ion cells. After the Raman arsenal was
enriched by the discovery of SERS, the application of this
new technique to the battery science, contributed to
understanding the electrode/electrolyte phenomena.

As we have emphasized, the most important advance-
ment during the almost 20 years of Raman work discussed
in this review was the discovery and development of
confocal Raman microscopy. By using this technique, the
simultaneous investigation of electrodes and electrolyte
became possible, together with quantitative data such as
the concentration gradient of the electrolytes, the compo-
sition of SEI, etc. Most importantly, the confocal micros-
copy in integrated systems allowed the study of the
degradation of electrode materials under different condi-
tions and helped to solve safety issues.

In conclusion, the analysis of data obtained either only
by Raman spectroscopy or through a combined method-
ology, by using more and more sophisticated electro-
chemical cells, points toward an unprecedented expansion
of the spectroelectrochemical methods in the field of Li-ion
batteries.
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