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1. Introduction
Raman spectroscopy is a vibrational technique that pro-

vides unique structural information at the atomic scale1,2 on
inorganic and organic compounds. By coupling an optical
microscope to a conventional Raman spectrometer, the
technique becomes a microprobe with a spatial resolution
of less than 1 µm, determined by the wavelength of the

radiation and the numerical aperture of the microscope
objective. This has prompted several significant Raman
applications in various fields dedicated to the characterization
of a wide range of materials: inorganic solids, ceramics,
semiconductor materials, protective coatings, polymers, and
battery materials.

Raman spectroscopy has been found to be very sensitive
to the state of metal oxide supported catalysts, with the
Raman frequencies being dependent on the metallic oxidation
state.3 As the Raman probe is capable of performing studies
of highly localized volumes with dimensions comparable to
the grain sizes or phase size in microstructures, several
research groups have reported Raman studies on polyphase
ceramics. Microphases and inclusions can be observed
directly under the microscope, then allowing the character-
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ization of impurity phases, the study of phase transition
mechanisms,4 or the identification of different polymorphic
forms, as reported, for example, in the case of silicon and
boron nitride5 and partially stabilized zirconia.6 In the latter
case, the use of the Raman imaging technique has enabled
us to map phase-transformed zones accompanying crack
propagation. Intense interest in the investigation and char-
acterization of high Tc superconducting oxides by Raman
spectroscopy has also been demonstrated since their discov-
ery in 1986. In addition to fundamental studies of phonon
and related electronic properties,7 Raman spectroscopy has
been extensively used as a controlling technique to evaluate
the quality of variously prepared high-Tc materials (e.g., bulk
powders, thin films, and single crystals). In particular, it has
been found to be an excellent tool for characterizing the
homogeneity and stoichiometry on the micrometer scale of
superconducting films deposited on substrates through the
observation of specific vibrational modes which are very
sensitive to the oxygen content.8 Micro-Raman spectroscopy
has also been recognized as one of the most sensitive tools
for studying the structural properties of carbonaceous materi-
als.9 In addition to its spatial resolution, which permits the
study of individual microcrystals as well as thin films, Raman
spectroscopy can distinguish between the various forms of
carbon. Thus, carbon with sp3-type bonding (diamond),
carbon with sp2-type bonding (graphite and carbonaceous
materials), and carbon in mixtures with these two types of
bonding (diamond-like carbons) can be characterized by their
Raman spectra.10 Protective diamond and silica coatings have
also been characterized using the Raman microprobe tech-

nique. In the case of diamond films, the deep analysis of
Raman scattering data, including the peak position, intensity,
area, and width, allows us to obtain the sp3- and sp2-bonded
C contents and the nature of internal stresses in the films.11-13

Semiconductors in bulk, thin film, and device configurations
have been thoroughly investigated. For such materials,
Raman microspectrometry is very well suited to collect a
wealth of information on the spatial distribution of physical
quantities such as strains,14 atomic fraction in mixed crystals,
impurity concentrations, free carrier concentrations,15 and
local crystallographic orientation.16 These data are useful not
only to evaluate the quality of a sample but also to infer the
relevant dynamical processes, e.g. growth of crystallites,
atomic diffusion, and reactions at interfaces or surfaces.
Numerous applications of Raman microanalysis can also be
found in the field of art, jewelry, archeology, and forensic
science,17-22 as it constitutes a well adapted technique for
the nondestructive examination of molecular species with
good spatial resolution. Pigment investigation is one of the
most active research domains within art analysis using
Raman spectroscopy,19 but other important research topics
can be found, including the study of corrosion phenomena,20

the analysis of glasses and ceramics,21 and the study of
minerals and gemstones.22

This review is focused on key issues and trends in Raman
research on materials usable as negative or positive elec-
trodes23 in secondary Li and Li ion batteries. Rechargeable
Li metal batteries use metallic Li as the negative electrode
while lithium ion batteries use carbon or a Li intercalation
compound as the negative one. The storage of electrical
energy will be far more important in this century than it was
in the last. The need for clean and efficient energy storage
from renewable sources is important. Rechargeable batteries
are required to power various portable consumer electronic
devices (cell phones, PDAs, laptop computers, etc.), to power
electric vehicles, for implantable medical applications, but
also to store electricity from wind/solar energy. Advances
in rechargeable lithium ion batteries have allowed the success
of mobile electronic equipment, and the worldwide market
for rechargeable lithium batteries is growing every year. But
now an increase in energy and power density to meet these
future challenges is needed. To promote such developments,
it is essential to find new high performance materials but
also to understand the materials properties that are respon-
sible for the electrochemical features, cycle life, and structural
behavior of electrode materials under operation.

The basic process that occurs in a rechargeable lithium battery
is the intercalation of lithium ions into different host materials.
One fundamental problem is the loss of capacity during
successive electrochemical insertion-deinsertion processes. As
is well-known, the electrochemical properties of such materials
(e.g., specific capacity, reversibility, rate capability, cycling
behavior, ...) are strongly dependent on the structural changes
induced by the lithium insertion reaction. Therefore, the
establishment of clear relationships between electrochemical and
structural data seems to be one of the key issues for better
understanding and further improving the electrochemical per-
formance of electrode materials for rechargeable lithium bat-
teries. Considering the experimental techniques carried out to
fulfill this requirement, they allow the obtainment of either long-
range (X-ray, neutron, or electron diffraction, ...) or short-range
data (X-ray absorption, NMR, EPR, XPS, ...). Among the local
probes, Raman spectroscopy is very appropriate, since deter-
mination of frequencies of normal vibrations provides a very

Jean-Pierre Pereira-Ramos was born in Saint-Maur des Fossés, France,
in 1957. He received a Ph.D. in Analytical Chemistry from Université Pierre
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sensitive tool to detect structural variations at the atomic level.
Indeed, unique molecular and crystalline information is then
accessible, e.g. local disorder, changes in bond lengths, bond
angles, coordination, Li dynamics, and cation ordering. As a
matter of fact, a significant amount of Raman data can be found
in the literature. We present here quantitative results obtained
over the past few years from Raman microspectrometry on
metallic lithium, carbonaceous materials, transition metal oxide
MOy (M ) V, Mn, Ti), lithiated transition metal oxides LixMOy

(M ) Co, Ni, Mn, Ti), and phospho-olivine LiFePO4 com-
pounds used as negative or positive electrode materials in Li
or Li ion batteries. These studies have been selected in order
to highlight the extraordinary potential of Raman microscopy
to obtain structural information on the material under operation
and to provide insight into the mechanisms governing the
electrode performances.

2. The Raman Effect

2.1. Principle
It seems appropriate to review first the Raman effect

principle, which is described in detail by Turrell et al.24 The
Raman effect was named after one of its discoverers, the
Indian scientist Sir C. V. Raman, observed the effect by
means of sunlight in 1928. This phenomenon results from
the interaction of light and matter. When a photon of light
interacts with a molecule, the photon can be absorbed or
scattered. Considering the absorption process, it requires,
first, that the energy of the incident photon is equal to the
energy difference between two states of the molecule (this
is referred to as the resonance condition) and, second, that
the transition between the two states is accompanied by a
change in the dipole moment of the molecule. Such condi-
tions are those corresponding to infrared absorption. Photons
which are not absorbed will be scattered and the incident
photons need not to be resonant with two states of the
molecule for scattering to occur. In quantum mechanics, this
interaction is described as an excitation to a virtual state
lower in energy than a real electronic transition, as shown
in the energy level diagram shown in Figure 1a. When
scattering of the photon occurs without any change in the
atomic coordinates of the molecule, the photon is elastically
scattered. It exhibits the same energy (frequency) and,
therefore, wavelength as the incident photon. This process
is commonly referred to as Rayleigh scattering. However,
for a very small fraction of light (approximately 1 in 107

photons), a vibrational motion occurs. A quantum of
vibrational energy is then transferred between the molecule
and the incident photon and the remaining energy is scattered
inelastically such that the energies of the incident and
scattered photons are no longer equal. The process leading
to this inelastic scattering constitutes the Raman effect. In
this case, the molecule may either gain energy from or lose
energy to the photon. If the transfer of energy in the virtual
state is from the photon to the molecule, the scattered photon
will be lower in energy than the incident photon and the
phenomenon is referred to as Stokes Raman scattering.
Conversely, if the transfer of energy in the virtual state is
from the molecule to the photon, the scattered photon will
be higher in energy than the incident photon, which is
referred to anti-Stokes Raman scattering (Figure 1a). In
classical terms, the scattering process can be viewed as a
perturbation of the molecule’s electric field. Vibrational
Raman scattering occurs because a molecular vibration

induces a change in the polarizability. The polarizability, R,
measures the ease with which the electron cloud around a
molecule can be distorted. The change is described by the
polarizability derivative, δR/δQ, where Q is the normal
coordinate of the vibration. The selection rules for Raman-
active vibrations are linked to molecular symmetry and
identify vibrations that change molecular polarizability.

A Raman spectrum is a plot of the intensity of Raman
scattered radiation as a function of its frequency difference from
the incident radiation (Figure 1b). This difference is called the
Raman shift. Note that, because it is a difference value, the
Raman shift is independent of the frequency of the incident
radiation. Figure 1b illustrates the symmetry of Stokes and Anti-
Stokes bands; however, because the ground-state population is
greater than that of the excited state, the Stokes lines are more
intense than the Anti-Stokes lines. For this reason, Raman
spectra are often plotted as a function of intensity versus the
Stokes-shifted frequencies in wavenumbers (cm-1). Frequency
shifts between the incident radiation and the Raman-scattered
radiation correspond to the vibrational energy levels of the
molecule or the crystal. Many parameters, e.g. local environ-
ment, symmetry of the crystal, atomic mass, bond order,
H-bonding, molecular substituents, atomic environment, mo-
lecular geometry, structural disorder, and strains, can affect the
vibrational force constants, which, in turn, dictate the vibrational
energy. Hence, Raman spectroscopy allows the study of
intramolecular vibrations, crystal lattice vibrations, and other
motions of extended solids.

In addition to the Raman shift, which allows the deter-
mination of the vibrational frequencies of the normal modes,
another property can be reached from Raman measurements,
which is the polarization of the diffused light. In the ideal
case of a crystal, the nature of the Raman spectrum depends

Figure 1. (a) Energy level diagram for different processes. (b)
Raman and Rayleigh scattering of excitation at a frequency ν0. The
molecular vibration in the sample is of a frequency νvib.
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on the orientation of the crystallographic axes with respect
to the direction and polarization of both the excitation and
the scattered light. Hence, polarized Raman spectroscopic
investigations of single crystals are very useful in the
interpretation of the Raman spectra of crystalline samples,
since they can, by suitable choices of orientation, lead to
the number and symmetry of the active modes.24

Quantum mechanics requires that only concerted atomic
displacements are allowed for a given molecule. These are
known as normal modes, which refer to molecular vibrations
where each atom moves with the same frequency. A linear
molecule with N atoms has 3N - 5 normal modes, and a
nonlinear molecule has 3N - 6 normal modes of vibration.
There are several types of motion that contribute to the
normal modes. Some examples of molecular vibrations are
as follows:

• stretching—a change in the length of a bond;
• bending—a change in the angle between two bonds;
• rocking—a change in the angle between a group of atoms

and the rest of the molecule;
• wagging—a change in the angle between the plane of a

group of atoms and a plane through the rest of the molecule;
• twisting—a change in the angle between the planes of

two groups of atoms;
• out-of-plane—the atom moves in and out of the plane

of the other atoms.
In a rocking, wagging, or twisting coordinate, the angles

and bond lengths within the groups involved do not change.
Rocking is distinguished from wagging by the fact that the
atoms in the group stay in the same plane.

Molecules or crystals can be classified according to
symmetry elements or operations that leave at least one
common point unchanged. This classification gives rise to
the point group representation for the molecule, which is
uniquely defined by a set of symmetry operations—rotations
Cn, reflections (σh, σV, and σd), inversion i, and improper
rotations Sn ) Cnσh—that transform that molecule into
itself.25 The full information of all symmetry transformations

in a point group is given in the so-called character tables.
Character tables not only give the number and degeneracy
of normal modes, but they also tell us which of the normal
modes will be IR-active, Raman-active, or both. It turns out
that a fundamental transition will be Raman-active if the
normal mode involved belongs to the same symmetry
representation as any one or more of the Cartesian compo-
nents of the polarizability tensor of the molecule.

2.2. Experimental Considerations
The main features of the Raman microspectrometry system

can be described by the basic layout shown in Figure 2 and
described in detail by Delhaye et al.26 In a Raman mi-
crospectrometer, the backscattering geometry is employed:
the laser beam is focused on the sample through the
microscope objective, and then the Raman light is collected
by the same objective in the inverse direction of the incident
light. The use of a microscope operating in a 180° back-
scattering geometry eliminates the need to continually adjust
the laser onto the sample and to focus the scattered light
onto the spectrometer. Raman microspectrometers utilize
research grade microscopes to focus the excitation onto the
sample and to collect and transfer the Raman scattered light
into the Raman spectrometer. High numerical aperture
microscope objectives greatly enhance the spatial resolution
and the optical collection power of the Raman instrument.
These Raman microscopes are easy to use and are capable
of analyzing small areas (∼1 µm2), which is an excellent
spatial resolution to determine the distribution of chemical
species. The concept of confocal scanning microscopy was
introduced by Minsky27 in the early 1960s to overcome some
of the limitations of the conventional optical microscope.
With this technique a significant improvement in both the
contrast and the spatial resolution may be obtained. Unlike
a conventional microscope, where the entire field is il-
luminated, the confocal system measures the intensity of the
light reflected or transmitted by a very small area of sample.

Figure 2. Schematic description of a confocal Raman microspectrometer system
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Detailed theoretical and experimental studies on the proper-
ties of confocal microscopes can be found elsewhere.28 The
application of the confocal principle to Raman spectroscopy
was first described in the 1990s.29 The Raman microscope
focuses the laser beam down to a small volume (on the order
of 1 µm3 in air) and is operated readily in a confocal mode
by placing an aperture at a back focal plane of the
microscope.30 The aperture improves the lateral and axial
spatial resolution of the microscope, allowing nondestructive
depth profiling by acquiring spectra as the laser focus is
moved incrementally deeper into a transparent sample. The
critical importance of a correct interpretation of confocal
Raman data is reported in many works.31-33

Raman microspectrometers are generally composed of
several main parts:
1. The excitation source (laser). Lasers revolutionized Raman
spectroscopy in the 1970s because they give a coherent beam
of monochromatic light and can have very high power. Their
high intensity allows the production of a detectable amount
of Raman scatter.
2. The collection deVice. Monochromatic light from the laser
passes through an interference filter to obtain the desired
bandwidth with an improved rejection of the unwanted
wavelengths. Then the laser beam is reflected by a holo-
graphic notch filter, which is basically a polymeric coating
on a glass substrate. It is specially designed to have low
transmission (high reflectivity) at the laser wavelength and
high transmission at all other wavelengths. Then, the exciting
laser beam is focused on the sample through a microscope
objective. The scattered light is then collected by the same
objective and passed through the notch filter, with the
Rayleigh-scattered light being rejected, which allows an
important gain in sensitivity. The rejection ratio for a single
filter can be as high as 106, which allows a small single-
stage spectrometer to be used in place of the double- and
triple-grating used a few years ago. Indeed, the main
difficulty of Raman spectroscopy is to detect the weak
inelastically Raman scattered light from the intense back-
ground due to the Rayleigh scattered light. Holographic notch
filters typically permit Raman spectral measurements of
frequency shifts greater than ∼100 cm-1.
3. The spectral analysis system and the detector. The
polychromatic light beam collected by the objective of the
Raman microprobe has to be analyzed by a spectrometric
system. When Raman scattered photons enter the spec-
trograph, they propagate through a transmission grating to
separate them by wavelength and are collected by a detector
which records the intensity of the Raman signal at each
wavelength. Significant advances in Raman spectroscopy
have been afforded by the development of detectors, evolving
from photographic plates to photoelectric tubes, photon
counting, and various forms of multichannel detectors:
photodiode arrays (PDA) and, more recently, charge coupled
device (CCD) cameras. These little integrated circuit chips
are extremely sensitive to light and contain thousands of little
picture elements (called pixels) that take the whole spectrum
at once in less than a second. The high detectivity of CCD
detectors allows the use of very low laser power, in order to
prevent thermal or photochemical destruction of the sample.
4. Finally, an acquisition electronics allows the scanning,
the collection, and the processing of the data.

2.3. Advantages and Limitations of Raman
Microspectrometry for the Study of Electrode
Materials for Lithium Batteries

Since Raman microscopy is an optical spectrometry, it has
several characteristics very well suited to the study of
electrode materials. First, under careful excitation conditions,
the analysis is nondestructive. The analysis causes neither
damage nor alteration, so it is possible to continue the
investigation of the same electrode material, even on the
same spot, with another laser wavelength or with another
technique.

Raman experiments can be performed without sample
preparation. Neither special coating nor a controlled atmo-
sphere is necessary. As Raman is relatively unaffected by
strong IR absorbers such as water, CO2, and glass (silica),
no special accessories are needed for aqueous solutions. The
visible excitation source can penetrate transparent container
materials, and thus, Raman measurements can be acquired
through glass vials, envelopes, plastic bags, and several other
packaging materials. This characteristic facilitates the de-
velopment of experimental devices, allowing in situ Raman
investigations of electrode materials under operation. This
is especially desirable when exposure to atmosphere might
change some of a material’s bulk and/or surface properties.

If the low sensitivity of Raman spectroscopy had long been
a major limitation, the detectors have been tremendously
improved and it is now possible to obtain the spectra of
various kinds of electrode materials (composite electrodes,
thin films, single particles, powders, electrode/electrolyte
interfaces, electrolytes, thin films, ...) on a microspot in a
few tens of seconds.

A significant advantage is the capability to focus the
excitation beam on a very small spot, whose diameter
depends on the selected laser wavelength and the aperture
of the objective, typically ∼1 µm. Such a spatial resolution
is required by the heterogeneous character of electrode
materials used in lithium batteries. Because the surfaces of
the composite electrodes typically contain one or two types
of carbon and/or and oxide, a binder, and occasionally an
additive, Raman microspectrometry is a very suitable tech-
nique, as it allows heterogeneous mixtures to be analyzed,
with a lateral resolution at the electrode surface correspond-
ing to a typical particle size of a few micrometers. Informa-
tion about the local structure and chemical composition of
each component may therefore be provided individually.
Furthermore, as confocal Raman microspectrometry is able
to analyze very small volumes on the order of the cubic
micrometer, it is possible to perform Raman imaging from
point by point analysis. Hence, two- or three-dimensional
chemical or structural mapping can be produced with a
micrometric resolution. Another advantage provided by
confocal Raman spectroscopy consists in a true “optical
sectioning” of the sample, because the confocal mode allows
the Raman light coming from the focal plane at the sample
to be selected. Spatial resolution of ∼1 µm3 can be achieved,
which allows the different elements of a working battery to
be investigated (anode, cathode, electrode/electrolyte inter-
face).

Raman spectroscopy is the technique of choice for the
characterization of carbon-based materials used in lithium
ion batteries. This property comes from the fact that the
scattering efficiency gets larger when the laser energy
matches the energy between optically allowed electronic
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transitions in the material. This intensity enhancement
process is called resonance Raman scattering.

In opaque materials, an interesting point concerns the axial
resolution, determined by the optical skin depth (δ) of the
laser beam, whose value is approximately 30-300 nm. The
skin depth (δ) is directly related to the electronic conductiv-
ity, σ, the magnetic permeability, µ, and the laser wavelength,
λ, through the following equation: δ ) (2λ/µσ)1/2. Hence,
an increase in the electronic conductivity will result in
reduction of the optical skin depth. For example, in the case
of highly oriented pyrolytic graphite, Raman spectroscopy
allows us to examine phenomena within a skin depth of about
50-100 nm with a 514.5 nm green laser beam.34

Raman spectroscopy is a well suited technique for the
characterization of the local structure in transition metal
oxides used as positive (or negative) electrode materials in
lithium and lithium ion batteries. From an analytical point
of view, the Raman spectroscopy technique can solve the
problem of phase identification when various environments
are present. Indeed, the wavenumbers and relative intensities
of the Raman bands are very sensitive to the crystal
symmetry, coordination geometry, and oxidation states. For
example, it is possible to differentiate various kinds of metal
oxides whose atomic arrangements are closely related to one
another, to distinguish between different metal oxide com-
pounds having the same elementary analysis, such as
manganese oxides MnO2, Mn3O4, Mn2O3, or between
compounds with the same stoichiometry but different
crystalline structures, such as anatase and rutile TiO2 or cubic
and hexagonal LiCoO2.

Since it does not need a long-range structural order, Raman
spectroscopy also constitutes an alternative structural tool,
as it allows the study of “amorphous” compounds, thin films,
or cycled cathode materials which exhibit poor XRD
information due either to their low crystallinity, their
preferential orientation, or structural disorder.

From a more fundamental point of view, Raman spec-
troscopy constitutes a local probe of great interest, comple-
mentary to long-range structural techniques such as X-ray
or neutron diffraction, to study the cathodic material under
or after operation. The determination of frequencies of
normal vibrations provides various useful data on the local
structure variations induced by the lithium insertion dein-
sertionprocess in the latticehost, e.g. changes inmetal-oxygen
bond lengths, metal oxidation state, lithium environment,
lattice distortions, disorder, lithium-lithium interactions,
lithium-host lattice interactions, and cation ordering. Fur-
thermore, the use of high resolution Raman microscopy
mapping allows the identification of the local processes that
contribute to the electrode capacity loss, through the analysis
of the surface composition and distribution. This type of
information is of great interest insofar as the processes that
occur on a microscopic scale can be directly linked with the
macroscopic behavior.

The main limitation of Raman spectroscopy is the dif-
ficulty in making this technique quantitative, due to the
experimental effort needed to measure and calibrate the
Raman band intensities, due to the small surface it probes,
and due to the fact that its sensitivity strongly depends on
the polarizability of the analyzed molecules. This yields, for
example, an extremely good capacity to detect minimal
amounts of anatase and rutile (TiO2) and on the other hand
a very low sensitivity toward manganese dioxide (MnO2).
It is also not a suitable technique for the analysis of metallic

compounds, as nearly all pure metals are Raman silent, and
some materials are quite unstable under the local heating
due to the exposition to the laser light. Fluorescence (much
more intense than the Raman signal) can also limit Raman
usefulness. Background fluorescence occurs often in impuri-
ties or organic materials of the sample (typically fluorescence
of the electrolyte). This problem can be partly solved by
changing the laser wavelength in order to separate the Raman
and the fluorescence spectra, since electronic fluorescence
is excited by a specific wavelength.

2.4. Advanced Experimental Approaches for
Raman Characterization of Lithium Battery
Components

These whole characteristics have prompted the in situ
application of Raman spectroelectrochemistry and stimulated
the emergence of novel experimental approaches during the
past decade. The ability to spatially and temporally probe
working lithium batteries with Raman spectroscopy might
provide another opportunity for researchers to experimentally
verify theoretical models used to simulate the lithium ion
dynamics.

The first in situ Raman spectroscopic studies in an
operating lithium rechargeable battery focused on the
intercalation of lithium ions into various oxide-based cath-
odes (e.g., LixCoO2, LixMn2O4, and LixV2O5)35-37 and
graphitic anodes.38-43 Rey et al. demonstrated the successful
application of confocal Raman microspectrometry for in situ
characterization of a lithium battery that consisted of a Li
metal anode, a P(EO)20LiN(SO2CF3)2 polymer electrolyte,
and a V2O5 cathode.44,45 The authors could detect structural
changes in the V2O5 cathode, concentration gradients in the
polymer electrolyte, and contaminating agents that formed
at the lithium-electrolyte interface. An innovative applica-
tion of Raman microscopy was presented in several studies
reported by Panitz and Novak,43,46-48 who used Raman
surface mapping to generate local surface composition
images of 30 × 35 µm2 areas (at 2 µm lateral resolution) of
LiCoO2 positive and carbon negative electrodes from com-
mercial lithium batteries. The mapping technique application
of Raman microscopy has provided unique insight into the
mechanisms of specific chemical or electrochemical pro-
cesses that may be responsible for the cell degradation, as
demonstrated by the numerous works reported by Kostecki
et al. on positive49-54 and carbon negative55,56 electrodes used
in Li ion and high power Li ion cells. In situ simultaneous
spectroscopic and electrochemical measurements on single
particle electrodes were successfully performed by Scherson
et al.,57-60 who collected high quality, time-resolved Raman
spectra as a function of the applied potential from single
particle graphite electrodes embedded in thermally annealed
Ni foils57 as well as single particles of LiMn2O4 isolated in
a microelectrode.58,59 The same group reported an in situ
space- and time-resolved Raman spectromicrotopography
experiment of an operating lithium ion battery.60 This
arrangement enabled Raman spectra to be collected continu-
ously from a sharply defined edge of the battery exposing
the anode, separator, and cathode, during charge and
discharge. Clear evidence was obtained regarding the state
of charge of graphite particles within the anode and, to a
lesser extent, of LiCoO2, during battery discharge as a
function of both position and time. More recently, Kostecki
et al.61 proposed an experimental approach enabling inves-
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tigation of the in situ spectroscopic behavior of several
individual LiNi0.8Co0.15Al0.05O2 particles in composite cath-
odes during a galvanostatic charge/discharge cycle while
Migge et al.62 performed confocal Raman spectroscopy on
a specially designed button cell to study the intercalation of
lithium into single particle graphite electrodes. Burba et al.63

lately described a modification to industrially available coin
cells to facilitate routine in situ Raman spectroelectrochemi-
cal measurements of electrodes in lithium batteries. The
authors tested their strategy on Li//V2O5 cells. This approach
is of importance for researchers to easily construct cells for
in situ spectroscopy in addition to cells that are used in
normal electrochemical evaluations.

3. Lithium Metal and Carbon-Based Electrodes

3.1. Lithium Metal Anodes
The lithium metal electrode is of great interest to battery

researchers because of its high theoretical specific capacity.
To date, however, problems associated with the reversibility
of the deposition-dissolution process at the interface have
prevented its successful application in secondary batteries
for commercial purposes. The poor reversibility is due to
nonuniform current density across the lithium surface under
electrochemical operation. This limitation has been related
to the formation of an inhomogeneous film on the metal
surface. The film, known as the solid electrolyte interphase
(SEI), is composed of various reduction products, which
result from reaction between lithium and the electrolyte
solution.64 Charge-discharge cycling of the electrode re-
quires the transport of lithium ions through the inhomoge-
neous film, which results in irregular deposition (charging)
or dissolution (discharging) at the electrode surface and
subsequent “dendritic deposition” of Li, which limits the
cyclability of the Li electrode.64

Raman investigation on the lithium metal/electrolyte
interface in an attempt to identify the passive surface film
has so far been unsuccessful. A few Raman studies performed
on the electrolyte itself have nevertheless allowed the
identification of species present in the electrolyte and near
the electrode surface,38,65 the characterization of the local
structure of solvated lithium cations,66,67 and the access to
the transport properties in polymer electrolytes through the
concentration profiles obtained from in situ confocal Raman
microspectrometry experiments.44,45 A sealed lithium optical
cell was specially designed and tested, with the aim to
investigate alternative electrolyte systems for use with lithium
metal electrodes.68 The authors reported optical images of
lithium surface deposits and in situ Raman spectra arising
from both the electrolyte and the deposits formed during
charge-discharge cycling of lithium metal electrodes. Nev-
ertheless, the authors were not able to confidently assign the
Raman peaks corresponding to the deposited species.

Researchers have employed a wide range of techniques
to study the processes which occur on the lithium surface.
The surface chemistry of lithium in organic electrolytes has
been investigated using (FTIR) spectroscopy, EDAX, and
XPS.69 The results showed that solvents, such as propylene
carbonate (PC), were decomposed on lithium and formed
surface films of lithium alkylcarbonate, ROCO2Li, and that
the lithium surface consisted of Li2CO3, LiOH, Li2O, and
lithium halides. Raman studies focusing on the lithium anode
are scarce. Indeed, as far as the characterization of the surface
is concerned, the sensitivity of normal Raman is rather

limited, since Raman signals are only obtained after a
degradation reaction has occurred.70 Because surface-
enhanced Raman scattering (SERS) provides an increase of
sensitivity as a result of the large enhancement effect (up to
a factor 107), this technique has been more helpful in
identifying the SEI on an Ag anode through the formation
of a nanometer-scale islandlike Li-Ag alloy on the electrode
surface.71 These experiments have allowed the detection of
LiOH, H2O, and Li2CO3 as the main stable species of the
SEI film on the surface of the Ag electrode discharged in 1
M LiPF6/EC-DEC electrolyte.72

3.2. Carbonaceous Materials
Carbon-based materials have received considerable atten-

tion as negative electrodes,73 because they constitute good
alternatives to solve the problem of cycle life and safety
raised by the use of metallic lithium. Indeed, graphite serves
as a host structure for lithium intercalation and the structure
is resilient enough to provide reversibility by allowing easy
insertion and deinsertion of lithium. Graphite exists in various
forms ranging from a crystalline state to an almost amorphous
state. The raw materials used to produce carbon anodes
include natural graphite, oil pitch, coal tar, hydrocarbon gas,
benzene, and various resins. In practice, at room temperature,
graphite accepts sufficient lithium to form LiC6, which on
delithiation can deliver 372 (mA h)/g.73 The relation between
the electrochemical features of Li intercalation into various
carbon-based materials and their crystal structure has been
described in detail.74 Before focusing on the Raman contri-
bution to the study of carbon electrode materials, we present
some salient aspects of the vibrational features of carbons.

3.2.1. Raman Spectra of Carbons

From a structural point of view, hexagonal graphite
consists of stacked sheets with the carbons within the layers
arranged in a two-dimensional network of regular hexagons.
It crystallizes in the D6h

4 space group and has two doubly
degenerate Raman-active modes,75 both vibrating in the plane
of the sheets, E2g1, at 42 cm-1, and a strong C-C stretching
mode, E2g2 (G-band), at 1582 cm-1. Figure 3 shows the sharp
intense band at 1580 cm-1 observed for a natural graphite
crystal and HOPG. Because of the weak interlayer bonding,
graphite crystals are subject to disorder along the c axis while,
at the same time, the strong intralayer carbon-carbon
bonding maintains a high degree of order within the
individual carbon sheets. This so-called turbostratic disorder
strongly influences the Raman features. Hence, in addition
to these allowed two lines, many kinds of graphite materials
exhibit a disorder-induced A1g line (D-band) at about
1350-1360 cm-1. Figure 3 illustrates the typical Raman
features observed for polycrystalline graphite, with the 1357
cm-1 band appearing for well-crystallized graphite with small
particle size but not with large grain single crystals. This
mode has been linked to the break of symmetry occurring
at the edges of graphite sheets originating from some kind
of imperfection and disorder, such as defects, discontinuity
in crystallites, and stacking disorder in the crystal structure
of graphite.75 The line width and D/G band intensity ratio
vary depending on the structure of the carbon (Figure 4).
Several authors10,75 have found a linear relationship between
the inverse of the intraplanar microcrystallite dimension La

and the ratio of the intensity of the disorder-induced D-line
to that of the Raman-active E2g2 G-line, ID/IG, denoted R.
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From the value of R, the crystallite size along the a-axis, La,
can be calculated according to the equation of Tuinstra and
Koenig: La ≈ 4.4/R [nm]; however, this equation, originally
developed for an excitation wavelength of 488 nm, must be
taken cautiously, as Raman intensities of carbonaceous
materials have been found to depend on the excitation
wavelength. As a matter of fact, Mernagh et al.76 have
investigated the Raman spectrum of carbon black and found
that the R value depends on the laser energy Elaser used for

the Raman excitation. This strong dependence of the R value
upon the laser wavelength has been further observed in many
different graphitic materials, amorphous-C materials,77 pol-
ished glassy carbon samples,78 pyrolytic graphites,79 carbon
nanotubes,80 disordered graphite,81 graphite edges,82 as well
as carbon foams.83 The complete understanding of the
intensity dependence of the D-band in graphitic materials
as a function of Elaser and La is of fundamental importance,
since Raman spectroscopy is one of the preferred tools for
the characterization of graphitic carbons. Vidano et al.84

performed a systematic investigation of the Raman spectra
of different kinds of carbon materials by varying the laser
excitation wavelength, and they observed that the wavenum-
ber value of the disorder-induced D-band also varies linearly
with increasing Elaser, with the slope of this dependence being
∂ωD/∂Elaser = 50 cm-1/eV. The laser energy dependence of
the D-band frequency was observed in many different
graphitic materials, and the slope of this dependence was
observed to be independent of the material type.78 The first
attempt to explain the dispersive behavior in the frequency
of the D-band was presented by Baranov et al.,85 who
proposed that this band originates from a double resonance
(DR) Raman process in graphite. This concept was further
developed by Thomsen and Reich,86 who calculated the
scattering cross section for the double resonance mechanism
that gives rise to the D-band. Despite the fact that the
dispersive behavior of the D-band frequency has been
successfully understood by the DR mechanism, the strong
Elaser dependence of the ratio ID/IG is still an open problem
and there is not yet a theory that explains the dependence of
the ratio ID/IG on the crystallite size La.87

3.2.2. Graphite Intercalation Compounds

Because Raman spectroscopy is a pertinent tool for the
study of ion insertion into carbonaceous materials, many
groups have studied the Raman spectra of graphite intercala-
tion compounds (GICs).88-93 The most important property
of graphite intercalation compounds is the staging phenom-
enon, which corresponds to intercalate layers that are
periodically arranged in a matrix of graphite layers. The stage
index, n, denotes the number of graphite layers between
adjacent intercalate layers. Li-intercalated graphite is an
example of a donor GIC, with the lithium layers donating
electrons to the graphitic carbon layers, and different phases
have been reported: stage-1 LiC6, stage-2 LiC12 and LiC17,
stage-3 LiC18, and stage-4 LiC27.93 Table 1 summarizes the
main features reported for stage 1-3 Li-graphite.93 Intercala-
tion of guest species into a host structure of carbon strongly
affects the position, shape, and intensity of the E2g2 band at
1582 cm-1. A Raman doublet is observed for GICs with stage

Figure 3. Raman spectra of various graphitic carbons, recorded
using a laser excitation line of 514.5 nm. Reprinted with permission
from ref 10. Copyright 1989 Materials Research Society.

Figure 4. Raman spectra of various noncrystalline carbons,
recorded using a laser excitation line of 514.5 nm. Reprinted with
permission from ref 10. Copyright 1989 Materials Research Society.

Table 1. Raman Frequencies (ω) and Widths (Γ) for High
Frequency Graphitic Bounded- and Interior-Layer Phonons for
Stage 1-3 Li-Graphitea

compd temp (K) stage ω (cm-1) Γ (cm-1) (fwhm)

LiC6 300 1 1596 ( 2 35 ( 4
LiC6 300 1 1594 ( 3 48 ( 4
LiC12 300 2 1592 ( 2 33 ( 5
LiC17 300 2 1598 ( 2 28 ( 3
LiC17 300 2 1604 ( 4 33 ( 4
LiC12 240 2 1590 ( 3 33
LiC18 240 3 1602 ( 2 20 ( 4

1577 ( 2 20 ( 3

a Reprinted with permission from ref 93. Copyright 1987 the
American Physical Society.
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n > 2, at wavenumbers close to the singlet E2g2 of pristine
graphite.88-93 The lower wavenumber component E2g2(i)
(around 1580 cm-1) corresponds to graphitic layers not
adjacent to intercalate layer planes (named “interior layers”)
whereas the upper wavenumber component E2g2(b) (around
1600-1610 cm-1) corresponds to graphite layers adjacent
to intercalate layer planes (named “bounded layers”). For n
e 2, only bounded carbon layers exist, and a single Raman
line is observed, around 1600 cm-1 for stage-1 LiC6. Whereas
LiCx phases are difficult to detect by X-ray diffraction owing
to the very weak intensity of the (hk0) diffraction peaks,
Raman spectrometry is a pertinent tool to determine the stage
of the Li intercalation process in carbonaceous materials
through the analysis of the shape, the frequency shift, and
the relative intensity of the Raman features in the 1570-1620
cm-1 range.89

3.2.3. Carbon-Based Anodes for Lithium Ion Batteries

Numerous works are devoted to the Raman study of
lithium intercalation into carbon-based anode materials.
Spectroscopy experiments have been conducted either in ex
situ38,55,56,94,95 or in situ39-43,57,60,62,96-98 conditions, on different
kinds of carbons: highly oriented pyrolitic graphite (HOPG),
natural graphite, cokes, carbon fibers, synthetic high tem-
perature graphite, multiwall carbon nanotubes (MWNTs), or
spherical mesocarbon microbeads (MCMBs). Much informa-
tion has been drawn from the observation of the Raman
features: the nature of the lithium intercalated phases, the
local distribution of lithium across the surface of graphite
or carbon particles, the degree of surface structural disorder
on graphitic anodes, the stability of the carbon-based material
during electrochemical cycling and aging, etc.

During an in situ Raman study of the electrochemical
lithium insertion into the HOPG electrode, Inaba et al.39

showed spectral changes associated with phase transitions
corresponding to different staged LiC27 (n ) 4), LiC12 (n )
2), and LiC6 (n ) 1) phases, occurring reversibly during a
charge and discharge cycle. The authors observed that the
electrode potential was determined by the “surface stage”
of graphite intercalation compounds. Recent advances in
Raman spectroscopy in the latest years have made it possible
tostudythedynamicaspectsofLi intercalation-deintercalation
into single carbon particles embedded in thermally annealed
Ni foils,57 using in situ, time-resolved Raman microscopy.
By analyzing the position of the prominent G band, the
authors were able to determine spectroscopically and in real
time the average concentration of Li+ within the volume of
the particle probed by the laser beam all along the electro-
chemical lithium deintercalation process. More recently,
Migge et al.62 used in situ confocal Raman microspectroscopy
to investigate the first cycle of lithium intercalation-
deintercalation into single graphite particles. During the first
charge of the battery, they found the typical spectroscopic
fingerprints of the LiC27, LiC12, and LiC6 phases. However,
the intercalation process was not homogeneous, even in
single graphite particles, depending on various parameters
of the working battery, such as current density, electrolyte,
and temperature. Raman studies of the electrochemical Li
intercalation into mesocarbon microbeads (MCMBs) heat
treated at different temperatures40 and multiwall carbon
nanotubes (MWNTs)94 revealed the same intercalation mech-
anism in the case of MCMBs heat treated at 2800 °C; that
is, lithium is inserted between graphene layers via stages of
GIC formation. Conversely, for MCMBs heat treated at 1800

and 1000 °C and MWNTs, the authors reported a random
Li insertion without the formation of staged phases.

Several works have demonstrated that Raman micros-
copy constitutes a very convenient diagnostic tool to
estimate the surface structural changes occurring on
graphitic materials.47,55,56,95,99-105 Indeed, a quantitative
characterization of the degree of surface disorder can be
obtained from the analysis of the Raman bands observed
at 1357 and 1580 cm-1. These studies have shown that
several parameters such as sample preparation, surface
modification, heat treatment, and cell operating conditions,
greatly influence the surface crystallinity and, hence, the
electrochemical performances of carbon-based
anodes47,55,56,95,99-101,104,105 and carbon-coated LiFePO4

cathodes102,103 for Li ion batteries. In the course of the
understanding of the graphite disordering mechanism,
Kostecki et al. used Raman microscopy and atomic force
microscopy (AFM) to study the effect of structural changes
which occur in graphitic materials during Li ion cell
cycling at ambient and elevated temperatures.55,56,104 The
authors evaluated the near-surface and surface changes
resulting from the exposure of graphitic electrodes to
stresses associated with elevated temperature and numer-
ous Li intercalation-deintercalation cycles, in terms of
graphite structure disordering and SEI layer morphology,
thickness, and composition change. By applying high
resolution Raman microscopy mapping, a nonuniform
gradual structural degradation process was found in
graphite upon cycling at 60 °C. The authors also detected
the formation of nonhomogeneous electrolyte decomposi-
tion products within the bulk of the anode. The Raman
data were found to be in good correlation with the
corresponding experimental electrochemical data, indicat-
ing an increase of cell impedance and a loss of reversible
capacity. A nonuniform current density distribution was
thought to be responsible for large Li concentration
gradients within the crystalline structure of graphite
eventually surpassing the tensile stress of graphene planes.
The authors suggested that the gradual disordering of the
graphite anode during prolonged cycling leads to the
fragmentation of surface graphene and subsequent con-
tinuous SEI layer reformation reducing the reversible
capacity of the cell.55,56

It is well-known that the electrochemical behavior of the
carbon anode depends not only on the type of carbon
materials but also on the solvent and electrolyte system used
in batteries. A prominent example is the incompatibility of
propylene carbonate (PC) electrolytes with highly crystalline
graphite materials. During the electrochemical insertion of
Li+ in such electrode materials from PC-based electrolytes,
the graphite structure exfoliates, leading to severe battery
failure.69,95,106 An in situ Raman study of the graphite surface
structure revealed drastic Raman spectral changes in the high
potential range during the first discharge process in LiClO4

EC/DME solution, where large irreversible capacity losses
take place.41 Frech et al.41 suggested that this alteration of
the graphite surface structure corresponded to extensive
graphite exfoliation caused by solvent cointercalation with
lithium ions and subsequent decomposition. Hardwick et al.98

recently used in situ Raman microscopy to compare the
stability in PC of two microcrystalline graphites with
different grain sizes (3 and 24 µm) toward exfoliation. A
split of the G-band at higher wavenumber was detected only
for the sample with larger crystallite size and the largest
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irreversible charge loss, indicating the presence of solvated
ions intercalated into graphite. This spectral change was
associated with the beginning of the exfoliation process. In
situ Raman microscopy was also newly used to demonstrate
large cation (EMI+) and anion (TFSI-) intercalation into
microcrystalline graphite during cyclic voltammetry experi-
ments from the ionic liquid (EMI-TFSI).97 The Raman
spectral series (Figure 5) clearly displays, with the split of
the G-band at 1578 cm-1, the intercalation of these ions into
graphite. From the analysis of the intensity ratio E2g2(i)/
E2g2(b), Hardwick et al.97 show that GICs between stages 2
and 3 were formed at the potential limits of 0.55 V for
(EMI+) and 5.05 V vs Li/Li+ for (TFSI-). Furthermore, a
significant increase in the ID/IG ratio is observed after both
the anodic and cathodic cycles, which indicates graphite
deterioration on anion intercalation. Such a result may have
a negative impact for the use of ionic electrolytes when
carbon additive is used as conductive agent at the high
voltage cathode.

4. Transition Metal Oxide-Based Compounds

We intend to present here a review of the most prominent
data reported for various metal oxide-based materials, which
have been selected in order to highlight the contribution of
Raman spectroscopy in the area. The results of these studies
have provided a better understanding of the different
processes responsible for the loss of electrochemical per-
formance, which constitutes a key step to have an idea about
improving the electrode material. Particular attention will
be paid to the LixV2O5 and the LixTiO2 systems, for which
a thorough analysis has been provided using Raman mi-
crospectrometry thanks to a careful and rigorous experimental
approach combined with a theoretical analysis based upon
lattice dynamics simulations.

4.1. Lithium Cobalt Oxide LiCoO2

This cathodic material deintercalates lithium at a very high
voltage, ca. 4 V vs Li/Li+. Three basic lithiated systems (as
well as their substitutive derivative forms) with high operat-
ing voltage are presently known. These are LiCoO2 and
LiNiO2 with the pseudolayered R-NaFeO2 structure, and the
3D spinel LiMn2O4. To improve their electrochemical
properties, the mixed compounds resulting from various
substitutions on the transition metal site have been investi-
gated in these structures.

In 1980, Mizushima et al.107 proposed using layered LiCoO2

with the R-NaFeO2 structure as an intercalation cathode. It
took around 10 years to put LiCoO2 to commercial use. This
oxide is now mainly used as the cathode material in
commercial lithium ion batteries.108 The layered structure of
LiCoO2 is shown in Figure 6. LiNiO2, LiCrO2, and LiVO2

also adopt this structure. These LiMO2 compounds, prepared
at temperature ranges of 700-900 °C, are rock salt-structured
materials based on a close-packed network of oxygen atoms
with Li+ and M3+ ions in octahedral interstices in this

Figure 5. In situ Raman spectra series of the first (a) EMI+ and (b) TFSI- intercalation into graphite. Insets in the figure show Raman
spectra before (bold line) and after (thin line) one cycle. Laser excitation line: 632.8 nm. Reprinted with permission from ref 97. Copyright
2008 Elsevier.

Figure 6. Crystal structure of R-NaFeO2-type compounds.
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packing in alternating (111) planes. This (111) ordering
introduces a slight distortion of the lattice to hexagonal
symmetry.

LiCoO2 crystallizes in the hexagonal (R3jm) space group
(D5

3d) with a unit cell consisting of one formula unit (Z ) 1)
and unit cell parameters ahex ) 2.82 Å and chex ) 14.08 Å.
The atoms of the LiCoO2 units are on sites with symmetries
and coordinates given below:

By factor group analysis, the total irreducible representa-
tion for the vibrational modes of LiMO2 is obtained as A1g

+ 2A2u + Eg + 2Eu. The gerade modes are Raman-active,
and the ungerade modes are IR-active. The two Raman-
active modes are especially simple. In the A1g mode, two
adjacent oxygen layers move rigidly against each other and
parallel to the c axis, whereas the atomic displacements in
the Eg mode are perpendicular to the c axis (Figure 7).

The Raman spectrum of LiCoO2 was first reported by
Inaba et al.,109 who studied the effects of replacing Co in
LiCoO2 by Ni. The Raman-active lattice modes were later
assigned by the same team from polarized Raman measure-
ments on a c-axis oriented LiCoO2 thin film.110 Two Raman-
active modes have been found, which correspond to oxygen
vibrations involving mainly Co-O stretching, ν1(A1g) at 595
cm-1, and O-Co-O bending, ν2(Eg) at 485 cm-1.

The mechanism of lithium deintercalation and intercalation
in LiCoO2 has been investigated using XRD.108,111,112 The
discharge curve and the lattice parameters changes in bulk
Li1-xCoO2 are shown in Figure 8. The a axis remains
practically constant, whereas the c axis increases from
≈14.08 to 14.45 Å for 0 < x < 0.5, due to the production of
a second hexagonal phase with an expanded c parameter.108

The expansion in the c axis has been ascribed to an increase
in the electrostatic repulsion between adjacent CoO2 layers
because negatively charged oxygen-oxygen interactions
increase with the removal of lithium ions.112 Two monoclinic
phases were also reported, one at about x ) 0.45, and another
for 0.75 < x < 1.108 One single study reports the Raman
spectra of Li1-xCoO2 powder prepared by electrochemical
lithium deintercalation.110 The spectral changes were well
correlated with the structural changes determined by X-ray
diffraction, namely as a series of phase transitions. In
particular, a set of two new bands, located at lower
wavenumbers, are observed for the second hexagonal phase
(Figure 9). These downward shifts of both bands have been

found in good agreement with the increase of the c-axis
length as lithium ions are deinserted. However, the expected
Raman peak splitting due to the distortion in the monoclinic
phase was not observed. In situ Raman spectroscopy has also
been conducted on thin film electrodes of pure LiCoO2.35,113

An interesting feature concerns the reported invariance of
the peak frequency with the electrode potential,35 which is
not discussed by Itoh et al. but can be correlated to the
specific structural response of a LiCoO2 thin film reported
later by Kim et al.114 from XRD measurements on thin films,
that is different from the structural behavior usually known
for the LiCoO2 powder. Indeed, when the cutoff voltage is
limited to the conventional value of 4.2 V corresponding to
the Li0.5CoO2 material, the XRD patterns of charged films
at 4.2 V showed negligible change in the c lattice parameter.
Five or ten cycles are needed to induce the appearance of
the conventional Li0.5CoO2 expanded phase observed from
the first charge for the bulk material. In another work, Itoh
et al.113 reported that applying potentials more positive that
4.7 V leads to a sudden increase of the Raman background
signal which was ascribed to the formation of a film on the
LiCoO2 electrode surface in organic solution (LiClO4/PC or
EC).

Micro-Raman spectrometry constitutes a convenient and
powerful technique for the qualitative microstructural analysis
of LiCoO2 cathodes. Because Raman spectroscopy is capable
of detecting unambiguously the nature of the cobalt oxide
phases present, lithiated or not, it has been extensively used
for the characterization of powders115-117 and thin film
electrodes.118-127 Considering the fabrication of the LiCoO2

compound, especially when the thin film material is prepared
at low temperature, Raman microspectrometry is thoroughly
used as a quality control tool to check the nature and
crystallinity of the LiCoO2 active phase as a function of the
synthesis conditions and to detect the presence of residual
secondary phases, such as Co3O4 or Li2CO3.118-127 An
important point concerns the formation of the layered LiCoO2

structure, which is known to be crucial for obtaining a good
rechargeability of the cell. Indeed, a low temperature spinel
LiCoO2 phase (prepared at 400 °C and denoted as LT-LiCoO2)
has been reported, with different electrochemical features
compared to the high temperature layered LiCoO2 structure
(prepared at 850 °C and denoted as HT-LiCoO2).115,128-130

Comparison of cyclic voltammetric curves for LT- and HT-
LiCoO2 emphasizes a large difference in the electrochemical
behavior (Figure 10). The LT LiCoO2 is characterized by
unusual broad anodic and cathodic peaks with a difference
between the peak potentials greater than 200 mV; these latter
are located at 3.75 and 3.45 V. A faradaic yield around 0.4
F/mol is involved in both cases.

Standard powder neutron diffraction and X-ray diffraction
cannot unambiguously distinguish between layered and spinel
LiCoO2.128-131 Conversely, from a spectroscopic viewpoint,
the ideal spinel type LiCoO2 belongs to the space group
Fd3m, for which the Bravais cell contains four molecules
(Z ) 4), and four Raman-active modes, A1g, Eg, and 2F2g,
are predicted.131 As shown in Figure 11, each LiCoO2 crystal
structure gives rise to a specific Raman fingerprint; that is,
four Raman bands are observed at ca. 605, 590, 484, and
449 cm-1 for LT-LiCoO2, whereas only two Raman bands
at 597 and 487 cm-1 are observed for the layered
HT-LiCoO2.131,132 This result is consistent with the theoretical
prediction given for a spinel (Fd3m) and hexagonal (R3jm)
crystal, respectively. These spectral disparities justify the

Figure 7. Atomic displacements of the IR and Raman-active modes
of hexagonal (R3jm) LiCoO2.

Co: (3a, D3d) 0, 0, 0
Li: (3b, D3d) 0, 0, 1/2

O: (6c, C3V) 0, 0, u 0, 0, uj
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systematic use of Raman spectroscopy for the structural
determination of lithiated cobalt oxide phases. When used
as a thin protective layer on the nickel cathode of a molten
carbonate fuel cell (MCFC), LiCoO2 is also of particular

interest due to its good mechanical resistance and low cost.
In this field, Raman spectroscopy is also of interest, as it
has allowed, for instance, obtainment of relevant information
on the nature and stability of cobalt oxides layers when
exposed to a second-generation electrolyte, Li2CO3-Na2CO3,
at 650 °C,132 showing the in situ formation of a cubic LT-
LiCoO2 thin layer, instead of the usually layered HT-
compound reported in molten carbonate media.133,134

Over the past few years, attention has been focused toward
application of Raman spectroscopy as an in situ vibrational
probe of electrode materials in an operating Li ion battery
during discharge-charge cycles. A specially designed in situ
cell was developed by Novak et al.46 with LiCoO2 as cathode
material and graphite as anode (Figure 12). This approach
allowed access to the Raman signature of LiCoO2 particles
randomly selected on the surface of the commercial electrode.
The authors observed that, upon lithium insertion into the
host material, the background intensity rises significantly
whereas, upon lithium deinsertion, the background intensity
is nearly constant. These results were found in accordance
with those reported earlier by Itoh at al. for a three electrode
configuration.35 More recently, in situ Raman measurements

Figure 8. (a) Continuous charging curve of Li1-xCoO2 at a rate of 0.17 mA · cm-2 at 30 °C. (b) Lattice parameters of the hexagonal unit
cell of Li1-xCoO2. Triangles indicate the converted unit cell parameters from the monoclinic cell. Reprinted with permission from ref 108.
Copyright 1994 The Electrochemical Society.

Figure 9. Variations of the peak wavenumbers of the upper (closed
circles) and lower (open circles) Raman bands with x in Li1-xCoO2.
Symbols in parentheses designate poorly fitted data. Excitation with
514.5 nm radiation. Reprinted with permission from ref 110.
Copyright 1997 Wiley.

Figure 10. Cyclic voltammetric curves at 40 µV/s for HT-LiCoO2

and LT-LiCoO2. Reprinted with permission from ref 130. Copyright
1997 The Electrochemical Society.

Figure 11. Raman scattering spectra for (a) spinel LT-LiCoO2 and
(b) layered HT- LiCoO2. Excitation with 514.5 nm radiation.
Reprinted with permission from ref 132. Copyright 2004 Elsevier.
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in an operating Li ion battery during discharge were carried
out with the aim to construct time-resolved, two-dimensional
maps of the state of charge within the electrodes.60 However,
if clear evidence was obtained for changes in the amount of
Li+ within particles of graphite during battery discharge, this
effect was observed to a lesser extent for the LiCoO2 cathode.

4.2. Lithium Nickel Oxide LiNiO2 and Its Substitutive
Derivative Compounds LiNi1-yCoyO2 (0 < y < 1)

The limited capacity of LiCoO2, its high cost, and toxicity
are considered as drawbacks, especially for large scale applica-
tions. In order to overcome these problems, another layered
compound of interest, LiNiO2, has been investigated. However,
this material suffers from a tendency to nonstoichiometry in
relation with the presence of an excess of nickel135 and from
poor thermal stability in its highly oxidized state (Ni3+/Ni4+).
Indeed, the metastable layered structure Li0.5NiO2 transforms
into the cubic spinel on heating to 300 °C. The substitution
of nickel by cobalt has been reported to be an easy way to
stabilize the two-dimensional (2D) structure. The use of the
solid solution LiNi1-yCoyO2 (0 < y < 1), has therefore been
explored, and improved electrochemical properties have been
reported.136 The Raman spectra of lithium-cobalt-nickel
oxides have been reported by many authors.109,131,137,138 It
turns out that replacing Co by Ni does not change the space
group, but both bands assigned to the Eg and A1g Raman-
active modes in (R3jm) symmetry are found to decrease
drastically in intensity with increasing Ni content (Figure
13). Hence, the Raman scattering efficiency of LiNiO2

appears to be very weak in comparison to that of other rock-
salt compounds. The origin of these features was ascribed

to a reduction of the rhombohedral distortion by increasing
Ni content or/and an increase in the electrical conductivity
in LiNiO2.109 Conversely, the Raman spectrum of a PLD
deposited LiNi0.8Co0.2O2 film recently reported by Ramana
et al.139 exhibits intense features at 478 and 587 cm-1 which
are not discussed by the authors, whereas they are contradic-
tory toward previous data related with the same composi-
tion.109 Another effect of cobalt substitution in LiNi1-yCoyO2

powdered samples concerns the observed shift of both Raman
bands toward higher frequencies, from 544 cm-1 in LiNiO2

to 595 cm-1 in LiCoO2 for the A1g mode and from 465 cm-1

in LiNiO2 to 485 cm-1 in LiCoO2 for the Eg mode.137 These
frequency shifts are consistent with the observed decrease
of the hexagonal unit cell parameters as the Co content
increases (from 2.86 Å to 2.82 Å for the intralayer
metal-metal distance ahex and from 14.15 Å to 14.08 Å for
the interlayer parameter chex) when y varies from 0.3 to 1.138

It is suggested that the observed increase in vibrational
frequencies with the cobalt content is related to the increase
in the bond covalency inside the layers.

With the aim to better understand Li ion battery cell
performances and the factors that limit battery lifetime, Kostecki
et al. carried out several studies to characterize the degradation
processes occurring on the surface of multisubstituted-based
LiNi1-y-zCoyAlzO2-based electrodes during storage or electro-
chemical cycling under different conditions.49-54,61,140-142 Using
a set of microscale and nanoscale techniques (e.g., Raman
microscopy, current-sensing atomic force microscopy, FTIR,
XPS, EDX, XRD, NMR) coupled to the electrochemical
analysis, the authors obtained maps yielding information about
the chemical composition and structure of the electrode material.
Raman microscopy mapping of LiNi0.8Co0.15Al0.05O2 composite
cathodes harvested from high power Li ion cells showed that
the surface distribution of carbon additives in these cathodes
changes noticeably upon aging and/or cycling at elevated
temperature52 and also upon cycling over different depths of
discharge.53 The noticeable difference in the active material
to carbon concentration ratio at the surface of the cathode
was thought to be at least partially responsible for the
observed power and capacity losses. Very recently, the same
group put forward the nonuniform local kinetic behavior of
individual oxide particles using in situ61 and mapping Raman
microscopy.50 The micro-Raman spectra of the tested
LiNi0.8Co0.15Al0.05O2 cathode50 provided clear evidence of the
inhomogeneous state of charge (SOC) of oxide particles on
the cathode surface despite deep discharge of the Li ion cells
at the end of the test. As shown in Figure 14, the spectra of
oxide particles vary significantly as a function of location
on the cathode surface. The 475/554 band relative intensity
and peak half-width were found to vary noticeably with
lithium content in the lattice from in situ Raman measure-
ments.61 This has allowed the authors to assign the Raman
features of the cycled cathode to fully discharged, partially
charged, and fully charged Li1-xNi0.8Co0.15Al0.05O2 particles.
From these results, the authors proposed that electrode
degradation is due to a deterioration of electronic contact
resistance within the composite cathode. Carbon additive
rearrangement, formation of surface films, as well as the poor
intrinsic properties of the oxide active material would
contribute to this nonuniform local kinetic behavior, which
constitutes a common degradation mode for composite Li
ion cathodes.50,61

Since the interesting observation of high discharge capacity
with Li(Ni1/3Co1/3Mn1/3)O2 material in 2001 by Ohzuku and

Figure 12. Example of an electrochemical cell developed for in
situ Raman microscopy. Reprinted with permission from ref 46.
Copyright 2000 Elsevier.

Figure 13. Raman scattering spectra of LiNi1-yCoyO2 powder
samples. Excitation with 514.5 nm radiation. Reprinted with permission
from ref 109. Copyright 1995 The Chemical Society of Japan.
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Makimura1,143 enormous research on the layered cathode
materials based on Li(NixCoyMn1-x-y)O2 with various values
of x and y has been reported in the literature.144-148 A latest
ex situ structural study by X-ray diffraction and Raman
scattering at various stages of charging and discharging of
the Li(Ni0.8Co0.1Mn0.1)O2 cathode material showed that the
host layered structure is maintained throughout the electro-
chemical lithiation delithitation process in the 3-4.5 V
range.148 XRD data evidenced a reversible and continuous
change in the lattice parameters, with a decreasing and c
increasing, during the electrochemical extraction, while the
Raman spectra exhibit two peaks at ∼500 and 560 cm-1

characteristic of the rhombohedral layered symmetry, with
slight frequency variations.

4.3. Manganese Oxide-Based Compounds
Manganese oxides (MOs) with three- and two-dimensional

crystal networks constitute a large family of porous materials
that can accept foreign species in their tunnel or interlayer space.
There is a wide variety of natural and synthetic MOs, including
the various allotropic forms of MnO2 and ternary lithiated com-
pounds LixMnOy. Having good electrochemical performance,
they are attractive as positive electrode materials for lithium
cells because manganese has economical and environmental
advantages over compounds based on cobalt or nickel.149,150

4.3.1. MnO2-Type Compounds

MnO2 was originally developed as the positive electrode
for primary alkaline batteries.151 Extensive research was
carried out during the last few decades to improve the

reversibility of lithium insertion in the manganese dioxide
cathode for rechargeable Li//MnO2 cells.152 Since then, much
effort has been devoted to the study of lithium insertion into
various forms of manganese dioxides, especially synthetic
products prepared by either electrolytic (EMD) or chemical
(CMD) methods that belong to the nsutite (γ-MnO2) group,
for use as cathodes in lithium batteries.153,154 Lithium
accommodation in γ-MnO2 occurs predominantly by inser-
tion into the (2 × 1) tunnels of the ramsdellite (R-MnO2)
domains, while the �-MnO2 domains only accommodate 0.2
Li in the (1 × 1) channels.73 Besides the γ-MnO2 form, which
suffers from moderate capacity, low reversibility, and poor
cycling stability, there are many MO materials under study,
such as LiMn2O4 spinel-like phases,150,155 layered LiMnO2,156

and new layered phases, such as hexagonal RLi0.51Mn0.93O2

and orthorhombic �Li0.52MnO2.157

The common crystallographic unit building the lattice of
MOs and that of their lithiated products is the basal MnO6

octahedron. Table 2158 summarizes the crystallographic data
of various MO compounds. As shown in Figure 15, their
structure can be described as a close packed network of
oxygen atoms consisting of edge- and corner-sharing MnO6

octahedra forming tunnels of various sizes for the insertion
of Li ions, leading to more or less compact structures in
which Mn4+ and/or Mn3+ ions are distributed.

Figure 16 shows the Raman scattering spectra reported
for various manganese dioxide compounds.158,159 Because the
Raman cross section of Mn-oxide is relatively low, the
Raman features of MOs are rather weak. Three major regions
can nevertheless be distinguished: at 200-450, 450-550,
and 550-750 cm-1. They correspond to spectral domains
where the skeletal vibrations, the deformation modes of the

Figure 15. Schematic representation of the various manganese
dioxide frameworks showing the variation in the chain and tunnel
(m × n) structures. (a) pyrolusite (1 × 1), (b) ramsdellite (1 × 2),
(c) hollandite (2 × 2), (d) birnessite (1 × ∞), (e) romanechite (2 ×
3), and (f) spinel (1 × 1). Reprinted with permission from ref 158.
Copyright 2004 Elsevier.

Figure 14. (a) Average Raman spectrum of the fresh composite
LiNi0.8Co0.15Al0.05O2 electrode; (b) 52 µm × 75 µm Raman image
of the composite LiNi0.8Co0.15Al0.05O2 cathode from the cycled cell.
The image was collected at 0.7 µm resolution. The intensities of
red, blue, and green colors correspond to the integrated band
intensities of LiNi0.8Co0.15Al0.05O2, and D, G carbon bands of each
spectrum, respectively. (c) Raman microscope spectra of three
individual LiNi0.8Co0.15Al0.05O2 particles in the tested cathode.
Reprinted with permission from ref 50. Copyright 2007 Elsevier.
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metal-oxygen chain of Mn-O-Mn in the MnO2 octahedral
lattice, and the stretching modes of the Mn-O bonds in
MnO6 octahedra occur, respectively.

Few works reported the vibrational spectra of pyrolusite
�-MnO2, ramsdellite R-MnO2, and γ-MnO2 compounds. A
careful examination of the results published up to now shows
discordance regarding Raman spectra reported by different
researchers. Strohmeier at al.160 and Kapteijn et al.161 found
that MnO2 was not Raman-active, whereas Gosztola et al.,162

Bernard et al.,163 Buciuman et al.,164 Widjaja et al.,165 and
Julien et al.158,159 reported Raman spectra of MnO2 with
different spectral features. These disagreements are due to
various factors as follows:

(i) the confusing structural characterization of MnO2

compounds (X-ray diffraction patterns are frequently broad,
indistinct, or absent);

(ii) the wide variety of synthesis routes, which determine
the structural and physicochemical properties (the structural
differences are commonly attributed to variations in oxygen
stoichiometry, Mn oxidation state, particle size, and the type
of defect chemistry);

(iii) the low Raman activity for most of the manganese
oxides;

(iv) the high sensitivity of many manganese compounds
(contrary to nickel compounds) under the laser beam. Most
MOs are so black that they absorb the photon energy, which
results in local heating at the localized region. This point

should be considered with particular attention, since local
heating can cause misleading shifts and broadening of the
Raman modes due to photoinduced or thermal-induced
chemical reactions. Indeed, reduction reactions are easily
produced, leading to degradation compounds such as Mn2O3

and Mn3O4.165-167 It follows that accurate and reliable
determination of the pure Raman components of MO
compounds is not yet elucidated and that particular caution
should be taken toward reported Raman spectra.

The birnessite-type manganese oxides constitute another
class of materials with layered structure, with water mol-
ecules and/or metal cations occupying the interlayer region
(Figure 15d). It has been recently shown that attractive
electrochemical performances, with stable capacities of 170
(mA h)/g after 40 cycles at C/20 (Figure 17) could be reached
for sol-gel prepared birnessite doped with Co (SGCo-Bir)
with chemical formula Co0.15Mn0.85O1.84 ·0.6H2O.168 The
Raman features of several birnessite compounds were first
reported by Julien et al.169 As shown in Figure 18, in spite
of a slight variation in band positions and relative band
intensity, the general similarity of the spectra suggests that
samples are characterized by the same basic structure. In
fact, MnO6 octahedral layers are separated by layers of lower-
valent cations (Li+, Na+, Mn2+, etc.) and by layers of water.
The highest Raman band is assigned to the symmetric
vibration ν(Mn-O) of the MnO6 group, with A1g symmetry
in the Oh

7 spectroscopic space group. This mode is observed

Table 2. Crystallographic Data of Some MO Compoundsa

compd mineral crystal symmetry lattice parameters (Å) features

MnO manganosite cubic (Fm3m) a ) 4.44 rock-salt
R-MnO2 hollandite tetragonal (I4/m) a ) 9.96; c ) 2.85 (2 × 2) tunnel
R-MnO2 ramsdellite orthorhombic (Pbnm) a ) 4.53; b ) 9.27; c ) 2.87 (1 × 2) tunnel
�-MnO2 pyrolusite tetragonal (P42/mnm) a ) 4.39; c ) 2.87 (1 × 1) tunnel
γ-MnO2 nsutite complex tunnel (hex) a ) 9.65; c ) 4.43 (1 × 1)/(1 × 2)
δ-MnO2 vemadite hexagonal a ) 2.86; c ) 4.7 (1 × ∞) layer
λ-MnO2 spinel cubic (Fd3m) a ) 8.04 (1 × 1) tunnel
MnOx, H2O birnessite tetragonal ahex ) 2.84; chex ) 14.64 (1 × ∞) layer
MnOOH groutite orthorhombic (Pbnm) a ) 4.56; b ) 10.70; c ) 2.87
R-Mn2O3 bixbyite cubic (Ia3) a ) 9.41 C-type
Mn3O4 haussmannite tetragonal (I41/amd) a ) 9.81; c ) 2.85 spinel-like

a Reprinted with permission from ref.158 Copyright 2004 Elsevier.

Figure 16. Raman scattering spectra reported for various manganese dioxide frameworks. Pr is the intergrowth rate of the pyrolusite into
the ramsdellite matrix. Excitation with 514.5 nm radiation. (a) Reprinted with permission from ref 158. Copyright 2004 Elsevier. (b) Reprinted
with permission from ref 159. Copyright 2006 Elsevier.
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at 625 and 640 cm-1 for Li-Bir and Na-Bir, respectively,
and at 646 and 638 cm-1 for SG-Bir and SGCo-Bir,
respectively. A correlation between the wavenumber value
of this stretching mode and the interlayer d-spacing was
proposed.169 The band located at 575 cm-1 is attributed to
the ν(Mn-O) stretching vibration with F2g symmetry and is
commonly related to the vibrational stretching frequency
inherent to the presence of Mn4+ ions. Its intensity is
particularly strong in birnessite compound compared with
the literature data related to lithiated spinels due to the high
content of Mn4+ in the birnessite family.168-170 The Raman
spectrum of SGCo-Bir, where cobalt partly substitutes for
manganese, displays similar features to SG-Bir, MnO1.84,
0.6H2O. As a result of the substitution of Mn4+ by Co3+ ions
in MnO2 layers,168 a frequency shift of 10 cm-1, from 575
to 585 cm-1, was observed169 for the ν(Mn-O) stretching
vibration with F2g symmetry (Figure 18). This result was
correlated with a strengthening of the Mn-O bond in the

Co-doped SG-bir. This finding is in good accordance with
the better structural stability of the host lattice for the Co-
doped material during cycling, as illustrated in Figure 17.

4.3.2. Ternary Lithiated LixMnOy Compounds

Lithiated transition manganese oxides involved as positive
electrode materials in high voltage lithium ion batteries
exhibit different crystallographic structures. As a conse-
quence, the number of active bands in the vibrational spectra
of these compounds varies significantly, depending on their
local symmetry (Table 3). Two classes of materials are
currently being studied: the spinel-type and the rock-salt-
type compounds. The Li-Mn-O phase diagram shown in
Figure 19 highlights the positions of spinel and rock salt
compositions within the λ-MnO2, MnO, and Li2MnO3 tie-
triangle. It emphasizes the wide range of spinel and rock
salt compositions that exist in the Li-Mn-O system.

4.3.2.1. Stoichiometric Spinel Phases in the Li-Mn-O
System. Stoichiometric spinels fall on the tie line between
Mn3O4 and Li4Mn5O12. They are defined by a cation/anion
ratio M/O of 3/4. The stoichiometric spinels of importance
for lithium battery applications form a solid solution between
LiMn2O4 and Li4Mn5O12. They are considered currently of
technological interest as insertion electrodes for rechargeable
4 V lithium batteries because of their diffusion pathways
for Li ions, their low cost, low toxicity, and high energy
density (due to the combination of high capacity and high
voltage).150,171-174 The structural, chemical, and electrochemi-
cal properties of the LiMn2O4 system have been extensively
reported.150,171,175 LiMn2O4 has a normal spinel structure,
which is cubic with the space group Fd3m (O7

h) containing
8 AB2O4 units per unit cell. It can be represented by the
formula {Li}8a[Mn2]16dO4, in which the subscript 8a indicates
occupancy of tetrahedral sites by Li+ ions, with Mn3+ and

Figure 19. Li-Mn-O phase diagram showing the compositions
of spinel, defect spinel, and rock salt structures. Reprinted with
permission from ref 171. Copyright 2003 Elsevier.

Table 3. Structure and Raman Activity for Various Lithiated Transition-Metal Oxide Materials

compd type of structure space group Raman activity

LiCoO2 layered hexagonal rock-salt D5
3d - R3jm A1g + Eg

mLiMnO2 layered monoclinic rock-salt C2h
3 - C2/m 2Ag + Bg

LiMn2O4 normal cubic spinel Oh
7 - Fd3m A1g + Eg + 3F2g

λMnO2 modified cubic spinel Oh
7 - Fd3m A1g + Eg + 2T2g

Li2Mn2O4 normal tetragonal spinel D4h
19 - I41/amd 2A1g + 2B1g + 6Eg + 4B2g

Li0.5Mn2O4 ordered cubic spinel Td
2 - F4j3m 3A1 + 3E + 6F2

Figure 17. Comparison of the evolution of the specific capacity
with the number of cyles at C/20 for the sol-gel birnessite (O)
and for the sol-gel Co-Birnessite (b). Reprinted with permission
from ref 168. Copyright 2002 Elsevier.

Figure 18. Raman spectra of birnessite-type manganese oxides (a)
MnO1.84 ·0.6H2O, (b) Co0.15Mn0.85O1.84 ·0.6H2O, (c) Na0.32MnO2 ·0.6H2O,
and (d) Li0.32MnO2 ·0.6H2O. Excitation with 514.5 nm radiation.
Reprinted with permission from ref 169. Copyright 2003 Elsevier.
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Mn4+ ions (in 1:1 mixture) being randomly distributed over
the octahedral 16d sites and oxygen anions in 32e Wyckoff
positions (Figure 20a). The approximately cubic close-packed
array of oxide ions incorporates MnO6 octahedra, connected
to one another in three dimensions by edge sharing (Figure
15f) LiO4 tetrahedra, sharing each of their four corners with

a different MnO6 unit and a three-dimensional network of
octahedral 16c holes and tetrahedral 8a sites. When the
lithium ion diffuses in the structure, first it moves from the
8a site to the neighboring empty octahedral 16c site and then
to the next 8a site in such a way that the Li+ takes the
diffusion path (8a-16c-8a) (Figure 20b).

Vibrational features of spinel oxide structures have been
widely studied. Tarte et al. published numerous infrared data
on spinels and solid solutions.176-178 White et al. treated the
vibrational spectra of spinel structures by a factor group
analysis.179 The various types of ordering were considered,
and the predicted changes were compared with literature data.

Early spectroscopic data on electrochemically prepared
spinel-type LixMn2O4 composite electrodes were obtained
from FTIR measurements.180,181 Observation of LiMn2O4

Raman features at 593 and 628 cm-1 was first reported from
in situ measurements of lithium ion electroinsertion in a
spinel-type Pt/λ-MnO2 electrode.182 Ammundsen et al.183

calculated the lattice dynamics of spinel-structured lithium
manganese oxides using atomistic modeling methods, which
allowed the prediction and the assignment of the Raman
spectra of lithiated, fully delithiated, and partially delithiated
LixMn2O4 thin films. In good agreement with the calculations,

Figure 20. Schematic representation of the structure of AB2O4 spinel
lattices showing (a) the smallest (primitive) cubic unit cell of a normal
spinel (Fd3m space group) and (b) the diffusion path of lithium.
Reprinted with permission from ref 73. Copyright 2001 Elsevier.

Figure 21. Raman spectra of spinel LiMn2O4, Li0.5Mn2O4, λ-MnO2, and Li2Mn2O4. Excitation with 514.5 nm radiation. Reprinted with
permission from ref 171. Copyright 2003 Elsevier.

Table 4. Calculated and Observed Wavenumbers (in cm-1) for Raman-Active Modes of LiMn2O4, λ- MnO2, and Li0.5Mn2O4 Thin
Films, Assuming a F4j3m Space Group for the Latesta

LiMn2O4 λ-MnO2 Li0.5Mn2O4

calcd obsd calcd obsd symmetry species calcd obsd symmetry species

354 365 382b T2g(1) 313 296 296b T2
434 432 426b 479 463 462b Eg 317 E
455 480 483b 511 498 501b T2g(2) 385 380b T2
597 590 580b 630 647 644b T2g(3) 457 425b E
598 625 625b 592 592 596b A1g 481 493 483b T2

537 522b T2
559 560 563b A1
586 E
593 597 596b A1
615 612 611b T2
646 630 648b T2
665 657 A1

a Most values are reported from ref 183. b Values reported from ref 171.
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five Raman-active modes are observed for the LiMn2O4

phase, one of A1g symmetry at 625 cm-1, one of Eg symmetry
at 426-432 cm-1, and three of T2g symmetry at 365-380,
480-485, and 580-590 cm-1 (Table 4 and Figure 21). The
slight underestimation of the calculated A1g mode for
LiMn2O4 (598 instead of 625 cm-1) was ascribed to a small
deviation from the model used to describe the electronic
polarizability of oxygen ions in LiMn2O4 (transferred without
any change from the λ-MnO2 model).183 In a localized
vibration analysis, Julien et al.171 attributed the broadness
of the highest frequency A1g mode to the existence of two
types of Mn-O vibrating entities: isotropic Mn+IVO6 octa-
hedra and locally distorted Mn+IIIO6 octahedra. According
to the same author, the shoulder peak around 580 cm-1 of
T2g symmetry would mainly originate from the stretching
vibration of the Mn+IV_O bond. Its intensity would depend
on the Mn+IV concentration in the spinel and reflect the Mn
average oxidation state for this reason. The lowest energy
T2g(1) phonon would predominantly derive from a vibration
of the Li sublattice and can be viewed as a Li-O stretching
motion.

On studying the effect of chromium substitution on the
lattice vibration of spinel lithium manganate by performing
a combinative micro-Raman and X-ray absorption (XAS)
analysis, Hwang et al.184 provided a new interpretation of
the Raman spectrum of LiMn2O4. On the basis of the
dynamic local structural information obtained from XANES/
EXAFS experiments, the authors assigned the two intense
features at ∼580 and ∼620 cm-1 as totally symmetric A1g

modes for regular Mn+IVO6 octahedra and tetragonally
distorted Mn+IIIO6 octahedra, respectively. This new inter-
pretation was further supported by the comparison with the
reference spectra of Li2Mn2O4 and λ-MnO2 and the good
correlation between the ratio of Mn+IV/Mn+III concentration
and the relative intensities of the two Raman peaks.184 An
interesting result provided by this study is that the relative
intensity of the two main Raman peaks of the spinel lithium
manganate can be used as a measure for estimating the local
symmetry and the oxidation state of manganese ion in the
spinel lattice.

Therehavealreadybeenmanyreportsonthecharge-discharge
characteristics of the LixMn2O4 cathode.173-175 The theoretical
specific capacity of LiMn2O4 is 148 (mA h)/g. The open
circuit voltage (OCV) curve of LixMn2O4 (0 < x < 2) is shown
in Figure 22.

The structural changes of LixMn2O4 powder electrodes
during charge and discharge have been mainly characterized
by X-ray diffraction173,185-187 and neutron powder diffrac-
tometry.185 However, due to the high symmetry of the spinel
system, the low X-ray scattering power of lithium, and the
occurrence of partial occupation of the various cation sites,
the XRD patterns are not always easily interpreted. It is often
difficult not only to determine the precise distribution of
cations in a given pure phase but also to quantitatively
analyze multiphase mixtures or to distinguish between
different phases with similar lattice constants. This problem
is especially acute for LixMn2O4 with 0.2 e x e 1, as the
cubic cell parameter changes by only 3% over the entire
composition range. Diffraction data obtained from electrodes
is commonly of poor quality due to degradation of crystal-
linity during cycling, the presence of other phases (carbon,
electrolyte), and compositional inhomogeneity.

While vibrational spectroscopy cannot give the detailed
structural information available from high quality diffraction

data, it is sensitive to the local environments of lithium and
transition metal cations in the oxide lattice. The number,
frequency, and relative intensities of the vibrational bands
depend upon both coordination geometries and bond strengths
(which may, in turn, depend on occupancy factors and
oxidation states). Poorly crystalline or amorphous compo-
nents that make only broad background contributions to XRD
patterns are, however, represented quantitatively in FTIR and
Raman spectra.

Lithium may be electrochemically extracted from
LiMn2O4, at a potential of about 4 V vs metallic lithium,
corresponding to the (I) + (II) region in Figure 22, according
to the oxidation reaction:

In this composition range, LixMn2O4 retains the cubic
symmetry and appears to be composed of a single phase for
0.5 < x < 1. As lithium is removed from the tetrahedral 8a
site, there is a monotonic decrease in the cubic cell parameter.
The OCV curve is nearly flat, showing two distinct plateaus
above and below x ) 0.5. The flat part of the discharge curve
in the range x < 0.5 is considered to be a two-phase region
in which a new cubic phase is produced and exists up to
full electrochemical delithiation near a composition x ≈
0.015. The Li0.015Mn2O4 phase (termed λ-MnO2) has a
slightly modified cubic symmetry, with the removal of
lithium ions resulting in the loss of the T2g(1) phonon at low
wavenumber 365-382 cm-1 (see Tables 3 and 4). Phonon
lattice calculations predict that the T2g and Eg modes should
increase in wavenumber whereas the A1g mode should
decrease in wavenumber183 (Table 4). However, this predic-
tion is not supported by any structural consideration. The
experimental Raman spectrum of λ-MnO2, reported in Figure
21, is in good accordance with these calculations, in terms
of both number of bands and frequencies.

For intermediate compositions between LiMn2O4 and
λ-MnO2, the local symmetry no longer belongs to the Fd3m
space group. A lower symmetry has been proposed with the
F4j3m (Td

2) space group (Table 3). It turns out that a richer
Raman fingerprint is expected for the partially delithiated

Figure 22. Open circuit voltage (OCV) curve of LixMn2O4 (0 < x
< 2) at 30 °C. Reprinted with permission from ref 173. Copyright
1990 The Electrochemical Society.

LiMn2O4 f LixMn2O4 + (1 - x)e- +

(1 - x)Li+ 0.2 e x e 1
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compounds, with 12 expected Raman-active modes instead
of 5 for LiMn2O4. This analysis is supported by reported
experimental Raman data for the Li0.5Mn2O4 phase, sum-
marized in Table 4 and Figure 21. In this structure, every
second lithium tetrahedral site is vacant, producing an
ordered Li configuration, which has been experimentally
observed for the Li0.5Mn2O4 composition.188 This subtle
ordering transition could be responsible for the flat potential
curve observed for 0.5 < x < 1 (Figure 22).

Continuous charge-discharge cycling of LixMn2O4 elec-
trodes in the high voltage region (I + II) results in significant
capacity fading, particularly when they are charged at
potentials greater than 4 V. A FTIR spectroscopy study has
demonstrated that overcharging causes a gradual conversion
to a lithium-poor defect spinel material Via dissolution of
manganese ions in the electrolyte.181

Electrochemical insertion of lithium into LiMn2O4 pro-
ceeds in a very different manner for 1 e x e 2, in the flat
region (III), according to a reduction reaction involving a
phase transition from cubic spinel to an ordered tetragonal,
Li2Mn2O4 phase:

For 1 < x < 2, LixMn2O4 is a mixture of two distinct phases:
the original cubic phase and a tetragonal spinel-type com-
pound. This phase transition is provoked by the Jahn-Teller
distortion due to the increase in Mn3+ (3d4) concentration
during intercalation of lithium in LiMn2O4. As a conse-
quence, the crystal symmetry is lowered from cubic to
tetragonal, which results in a volume expansion of about
6.4%. Mechanical degradation due to the large volume
change during the cubic-to-tetragonal phase transition is the
primary cause of capacity fading in the 3 V region (1 < x <
2).

The structure of Li2Mn2O4 is a distorted spinel, which
belongs to the I41/amd space group (see Table 3). According
to a neutron diffraction study, the added Li ions go into the
previously vacant 16c octahedral sites, and about half of the
lithium ions in the tetrahedral 8a sites move also in the 16c
position.189 The cubic-to-tetragonal transition is detected only
by the splitting of some peaks in the X-ray diffraction
patterns whereas lithium incorporation into LiMn2O4 leads
to an important change in the vibrational features. As shown
in Figure 21, the Raman spectrum of tetragonal Li2Mn2O4

is dominated by four typical lines located at 607, 398, 279,
and 258 cm-1. It should be noticed that a greater number of
bands was expected from the spectroscopic analysis, which
predicts 14 Raman-active modes for the tetragonal Li2Mn2O4

phase with D4h
19 symmetry: 2A1g + 2B1g + 6Eg + 4 B2g (Table

3). A straightforward description of the experimental Raman
spectrum of tetragonal Li2Mn2O4 is not yet provided, even
if some tentative assignments have been speculated from a
localized vibration analysis.190

Raman microspectrometry constitutes a very efficient
probe for the identification of electrochemically produced
spinel-like lithiated manganese oxide materials. In situ
Raman measurements during the charge-discharge of a
LiMn2O4 composite cathode have been performed.36 How-
ever, only poor structural information can be drawn due to
the limited frequency range, low quality Raman spectra and
local inhomogeneity. In situ Raman investigation of pure
Li1-xMn2O4 (0 e x e 1) thin films produced by electrostatic
spray deposition did not allow a straightforward analysis,

since the Raman spectra are hampered by the lines of the
sapphire optical window and the electrolyte.191 On the other
hand, in situ spectroelectrochemical Raman measurements
performed by Scherson et al. on a LiMn2O4 single crystal
microelectrode during simultaneous cyclic voltammetry
experiments have afforded the spectroscopic fingerprints of
λ-MnO2, Li0.5Mn2O4, and LiMn2O4, respectively.59,192 From
the analysis of the Raman spectra using classical least-squares
(CLS) curve resolution, the authors provide the fraction of
the different LixMn2O4 components as a function of the
potential (Figure 23). The obtained results allow direct
correlations to be made between the state of charge of single
particle electrodes and their Raman spectroscopic properties,
thereby providing means of monitoring spatiotemporal effects
induced by Li intercalation-deintercalation.

One of the main routes considered to reduce the capacity
fading of LiMn2O4 is partial substitution of manganese by
transition metals M.73,193,194 As a matter of fact, LiMxMn2-xO4

(M ) Cr, Co, Ni, Al, Li, ...) materials are regarded as
attractive cathodes for lithium batteries, allowing the cell
voltage to be increased to 5 V with an improved cycle life.
The stabilization of the octahedral 16d site is achieved by
reducing the amount of Mn3+ causing the Jahn-Teller
distortion. The enthalpy of the cubic-to-tetragonal phase
transition in partially substituted LiMxMn2-xO4 spinels
gradually decreases with increasing amount of substituent
and is completely suppressed with 10-20 mol % of
substitution in the octahedral Mn site.193 The variation of
the specific capacity with cycle number for various LiM1/

6Mn11/6O4 spinels (M ) Cr, Co, Ni, Al) is reported in Figure
24. It can be seen that the cells with substituted LiMn2O4

show better cycling characteristics than the one with undoped
LiMn2O4.

Several studies have shown that the improvement in the
cycleability of the substituted LiMxMn2-xO4 was related to
the enhanced stability of the local structure of the materials
in comparison to that of LiMn2O4.195 Furthermore, when the
cations involved have indistinguishable scattering power,
vibrational spectroscopy has proved to be very powerful in

LiMn2O4 + e- + Li+ f Li2Mn2O4

Figure 23. (top) Fraction of each of the components of LixMn2O4

as a function of the potential extracted from Raman data using
classical least-squares (CLS) curve resolution. (bottom) Normalized
charge determined by coulometric analysis of the voltammetric
curve (left ordinate, solid curve) and fraction of Li0.5Mn2O4 as a
function of the potential (scattered symbols). Reprinted with
permission from ref 192. Copyright 2005 The Electrochemical
Society.
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determining symmetry changes undetectable by XRD. In
spite of this, only limited Raman studies have been devoted
to this topic, presumably because of the difficulties in
interpreting the Raman spectra of such materials.

On investigating the question of cation ordering in
Li-Mn-O spinels with 1/4 substitution on the octahedral
sites, Strobel et al. reported several IR and Raman changes
which have been related to the presence of well-separated,
ordered cationic sites and symmetry lowering, depending on
the nature of the substituent.196 A Raman study of the
evolution of the local structure of spinel LiNixMn2-xO4 with
the Ni substitution (0 < x e 0.5) was performed.197 Particular
attention has been paid to the position of the A1g Raman
band, which reflects the [MO6] octahedron compactness (M
) Ni, Mn). Its value depends on the nature and the rate of
the substituent (Figure 25). The variation of the A1g Raman
wavenumber with the nickel content indicates that there exists
a critical composition level in LiNixMn2-xO4 with respect
to the local structural stability of the materials. Hence, the
most compact [MO6] octahedron with the highest bond
energy of Mn(Ni)-O was formed at the Ni substitution of x
) 0.2.

Raman investigations were conducted for LiNixMn2-xO4

(0 < x < 0.5)198 and LiCoxMn2-xO4 (0 < x < 1)199 thin films
as well as for lithium-rich Li1+δMn2-δO4 powders.200 In
particular, Uchida et al. clearly showed that in situ Raman
spectroscopy is very helpful in clarifying the valence states

of the metals in LiNixMn2-xO4
198 and LiCoxMn2-xO4

199 thin
film electrodes during the electrochemical lithiation/delithia-
tion processes.

4.3.2.2. Layered Rock Salt Phases in the Li-Mn-O
System. Stoichiometric rock salt compounds are located on
the tie line between MnO and Li2MnO3 (Figure 19). These
layered lithiated manganese oxides are also under investiga-
tion for battery applications.156,201 Among them, R-LiMnO2

exhibits the largest initial capacity for the 4 V region, but it
suffers from severe capacity fading after the first charge
process.156 In fact, most layered compounds have structural
features in common with spinels and convert readily upon
cycling.

The structure of R-LiMnO2 is monoclinic (C2/m space
group, C3

2h spectroscopic symmetry, Z ) 2) because the
coordination polyhedron around the Mn3+ ions is distorted
due to the Jahn-Teller effect. This compound exhibits cation
ordering of the R-NaFeO2 structure, in which Li+ ions are
located between the MnO6 sheets, in the same octahedral
2d interstices as Mn3+ ions, whereas oxygen anions are in
4i sites. According to the group theory, the monoclinic
LiMnO2 oxide is predicted to show three Raman-active
modes with 2Ag + Bg species. As shown in Figure 26a, three
main peaks are detected in the Raman spectrum of the
monoclinic LiMnO2 phase, at 422, 481, and 603 cm-1, with
this latest peak being attributed to the Ag mode involving
the symmetric stretching vibration of equatorial oxygen
atoms, while the shoulder at 575 cm-1 is attributed to the
stretching mode of Mn ions bonded to axial oxygen atoms.190

Indeed, in the case of layered LiMnO2, a manganese ion
possesses six neighbor oxygen ions with two different Mn-O
distances, that is two Mn-Oequatorial ) 1.91 Å and four
Mn-Oaxial ) 2.32 Å.202

Therefore, Raman spectroscopy is very effective in
identifying closely related structures such as rock-salt (Figure
26a) and spinel lithium manganate (Figure 26b) phases. On
studying the local structural changes of lithium manganese
oxide upon electrochemical cycling, an irreversible Mn
migration process into the interlayer lithium site was found
from the first charge process, which results in the creation
of a spinel-like cation ordering203 (Figure 26c-e).

Figure 24. Specific capacity as a function of the cycle number
for LiM1/6Mn11/6O4 (M ) Cr, Co, Ni, Al). Reprinted with permission
from ref 73. Copyright 2001 Elsevier.

Figure 25. Raman spectra of the LiNixMn2-xO4 compounds. Laser
excitation line: 514.5 nm. Reprinted with permission from ref 197.
Copyright 2006 Elsevier.

Figure 26. Micro-Raman spectra for (a) monoclinic layered
LiMnO2, (b) cubic spinel LiMn2O4, (c) delithiated LiMnO2, (d)
relithiated LiMnO2, and (e) electrochemically cycled LiMnO2.
Excitation with 514.5 nm radiation. Reprinted with permission from
ref 203. Copyright 2001 The Electrochemical Society.
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Work is underway by several groups to improve the
metastability by admetal doping or by pillaring the layers.
In fact, less rigid manganese oxide structures, and those not
based on a cubic close packed array of oxygen atoms, are
much more likely to remain phase-stable upon cycling in a
lithium cell configuration. As an example, LixMnO2 com-
pounds derived from Na0.44MnO2 exhibit remarkable stability
in polymer or in carbonate-based electrolytes, attributed to
the double tunnel structure, which cannot easily undergo
rearrangement to spinel.204,205 However, LixMnO2 exhibits
poor cycling behavior in room temperature ionic liquids,
which potentially offer a wider stability window.206 A
vibrational study was recently performed, using Raman
microscopy and FTIR spectroscopy, which showed evidence
for the formation of a thick surface film on the LixMnO2

cathode arising from surface decomposition, phase transfor-
mation of part of the material, and direct oxidation of the
electrolyte at the cathode.207 This complex surface layer,
whose thickness is found to increase during cycling, would
create electronic barriers within the composite cathode and
affect both rate capability and charge capacity.

In conclusion, the wide variety of Mn-O and Li-Mn-O
crystalline phases makes the Raman probe particularly
relevant to identify the local signature of each family of
compounds. Raman research in this field leads to two
different sets of data. Considering the MO system, it is clear
that, apart from general considerations, there is up to now
no clear and relevant trend in the literature data for a
straightforward assignment of the complex and various
vibrational features of MnO2-based compounds. In particular,
there is a lack of experimental approach devoted to the study
of either chemically lithiated samples or cathode materials
under operation. In contrast, for the more attractive spinel
system LiMn2O4 working at 4 V as well as for the layered
LiMnO2 material, detailed spectroscopic data are available
with a relevant interpretation of the Raman spectra for the
charged and discharged electrodes. Raman spectroscopy
constitutes a particularly powerful technique in this field,
since it affords in many cases a clear identification of the
phases whereas X-ray diffraction data analysis is hampered
by their high structural similarity. It remains however that
this complex system is far from being completely investi-
gated. Other spinel compositions such as Li2Mn3O7,
Li2Mn4O9, Li4Mn5O12, etc. require additional efforts, both

to obtain reference Raman spectra and to provide consistent
assignments.

4.4. Vanadium Pentoxide V2O5

Vanadium pentoxide is an attractive material for applica-
tions in electrochromic thin film devices and as cathode in
lithium batteries, due to its capacity to accommodate up to
three lithium ions per mole of oxide, providing a high specific
capacity around 450 (mA h)/g in the voltage range 4/1.5
V.208-213 The electrochemical performances are strongly
related to the nature and the amplitude of the structural
changes induced by the lithium insertion-deinsertion pro-
cess, which has prompted a great number of studies focusing
on the structural features of V2O5 and its lithiated LixV2O5

phases.

4.4.1. V2O5 Structure

V2O5 crystallizes in the Pmmn space group, with lattice
parameters a and c of the orthorhombic cell equal to 11.50
and 4.40 Å, respectively. The point symmetry group of V2O5

is D2h. The structure of the vanadium-oxygen layers in V2O5

is presented in Figure 27. It can be seen (Figure 27c) that
the vanadium atom is located within the oxygen coordination
polyhedron VO5 and is shifted away from the plane formed
by four oxygen atoms at a normal distance of 0.47 Å. Four
types of V-O bonds, characterized by their particular bond
length, can be distinguished:

- the short and strong apical VdO1 bonds, d1 ) 1.577 Å,
- the bridge V-O3 bonds, d2 ) 1.779 Å,
- the “ladder step” V-O2 bonds (giving two equivalent

intra ladder V-O21 and V-O22 bonds), d3 ) 1.878 Å,
- the interchain V-O2 bonds (labeled as V-O2′1 in Figure

27c), d4 ) 2.017 Å.
Polarized Raman214 and IR reflection215 spectra of the V2O5

crystal have been thoroughly studied and interpreted on the
basis of phonon state calculations. More recently, a qualita-
tive characterization of the normal vibrations of the V2O5

lattice has also been performed in terms of atomic displace-
ment.216 With all valence V-O bonds being oriented along
coordinate axes (Figure 27), any bond-stretching mode
involves oscillations of particular oxygen atoms along
particular Cartesians axes. Moreover, due to the difference
in bond lengths, the spectral lines characteristic for the bond-

Figure 27. Crystal structure in V2O5 in xy (a), in xz-projection (b), and in local vanadium environments (c). The V atoms are shown by
the small black circles, and the O2 and O3 atoms are shown by the large black circles. The O1 atoms are shown by the large open circles.
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stretching oscillations of the different V-O bonds can be
easily assigned. There are four symmetry-equivalent atomic
positions per unit cell for the V, O1, and O2 atoms and only
two for the O3 atoms, because they lay in the mirror plane
perpendicular to the x axis. All these positions correspond
to atoms of the same layer, and all layers, which alternate
with each other in the z-direction, are equivalent. By using
the standard table of characters of irreducible representations
of the D2h group, 12 symmetric combinations can be built
from Cartesian displacements of four equivalent atoms, six
of which are IR-active and six others of which are Raman-
active. The Raman-active combinations are shown in Figure
28, with numbers 1, 2, 3, and 4 referring to the four
symmetry equivalent atomic positions for a given atom in
the unit cell. It is seen that the x- and z-displacements give
rise to the Ag and B2g modes while the y-displacements give

rise to the B1g and B3g modes. Taking also into account the
infrared B1u and B3u IR-active modes related to x, z-
displacements respectively and the Au and B2u species related
to y-displacements, the vibrational species for V, O1, and
O2 atomic motions can be represented as

Due to the special position of the O3 atoms, the x(O3)
displacements do not contribute to Ag and B1u modes, the
z(O3) displacements do not contribute to B2g and B3u modes,
and the y(O3) displacements do not contribute to B1g and Au

modes. Hence, the vibrational species for the motion of this
atom can be expressed as

In total, the optically vibrational modes of V2O5 are obtained
from the overall contributions of each atom after subtracting
the acoustic modes (Γacoustic ) B1u + B2u + B3u)

It follows then that 21 modes are expected in the Raman
spectrum of V2O5.

The Raman spectrum of V2O5 is shown in Figure 29. The
frequency distribution of the normal vibrations of V2O5, with
their assignments to particular atomic displacements, is
presented in Table 5. The modes originating from the same
atomic displacement are gathered in the rows of Table 5.
The modes of different symmetry are arranged in different
columns in this table.

The bond-stretching modes cover the interval of 500-1000
cm-1. First, z-displacements of O1 atoms give rise to the
highest frequency ν(d1) mode at 994 cm-1. It corresponds
to the in-phase stretching vibration of all apical V-O1 bonds.
The Raman-active ν(d1) mode of B2g symmetry expected

Figure 28. Symmetric atomic displacement combinations for the
Pmmn space group. The numbers 1, 2, 3, and 4 refer to the four
symmetry equivalent atomic positions for a given atom in the unit
cell. Reprinted with permission from ref 216. Copyright 2008
American Chemical Society.

Figure 29. Raman spectrum of V2O5 (in red) and the deconvolution
shown below (in black). Excitation with 532 nm radiation. Reprinted
with permission from ref 216. Copyright 2008 American Chemical
Society.

Table 5. Symmetry and Frequency Distribution of Normal
Vibrations of the V2O5 Lattice with Their Assignment to
Particular Atomic Displacementsa

atomic displacement assignment Ag B2g

Z(O1) ν(d1) 994 976b

X(O3) ν(d2) 848b

X(O2′) ν(d4) 526 502b

Z(O3) δ(V-O3-V) 480
X(O1) F(VdO1) 403 350b

Z(O2) 302 310b

X(V) δ(O2-V-O2) 195 195
Z(V) δ(O3-V-O2) 104 143b

atomic displacement assignment B1g B3g

Y(O2) ν(d3) 700 700
Y(O1) F(VdO1) 282 282
Y(O3) δ(O2-V-O2) 220b

Y(V) δ(O3-V-O2) 144 144

a Reprinted with permission from ref 216. Copyright 2008 American
Chemical Society. b Not observed experimentally.

Γ(V) ) Γ(O1) ) Γ(O2) ) 2Ag + 2B2g + B1g +
B3g + 2B1u + 2B3u + Au + B2u

Γ(O3) ) Ag + B2g + B3g + B1u + B3u + B2u

Γ(V2O5) ) ∑ Γ(i) - Γacoustic

Γ(V2O5) ) [7Ag + 7B2g + 3B1g + 4B3g + 7B1u +
7B3u + 3Au + 4B2u] - [B1u + B2u + B3u]

Γ(V2O5) ) 7Ag + 7B2g + 3B1g + 4B3g + 6B1u +
6B3u + 3Au + 3B2u
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around 976 cm-1 was not detected in our spectra. According
to the general theory of Raman intensities, the main
contributions to the Raman tensor for the bond-stretching
modes are determined by derivatives of bond polarizability
with respect to the bond lengths. Owing to the symmetry of
the B2g representation, half of the V-O1 bonds stretch,
whereas the other half compress. This could explain that this
mode is hardly observed in spite of the fact that it is Raman
allowed from symmetry considerations. A very weak Raman
line located at 976 cm-1 was assigned the B2g mode by
Abello et al.214

Next in the frequency scale is the ν(d2) mode, which comes
from x(O3) displacements and which corresponds to an
antiphase stretching of the V-O3 bonds forming the
V-O3-V bridges. This mode of B2g symmetry, calculated
at 848 cm-1, was also not detected experimentally.214 Its low
Raman intensity is caused by the fact that the V-O3-V
bridge is pseudocentrosymmetric (V-O3-V angle is 148°).

Then follows the ν(d3) mode (at 700 cm-1) involving the
y(O2) displacements. It corresponds to an antiphase stretching
of the V-O2 bonds. The V-O2 bonds (1.88 Å) are longer
than the V-O3 bonds (1.78 Å). Correspondingly, the
frequencies of the O2-modes are lower than that of the O3-
mode.

The Raman-active mode at around 526 cm-1 originates
from the ν(d4) stretching vibration involving x-displacements
of O2′ atoms. The Ag mode gives rise to the Raman line
observed at 526 cm-1. The B2g line at 502 cm-1 was not
detected because of its low intensity.

The angle-bending modes cover the 200-500 cm-1 range.
It is more difficult to determine the frequency distribution
for these modes because of considerable coupling. The
Raman peak at 480 cm-1 can be assigned to bending
vibrations of the V-O3-V bridge angle (Figure 27). Raman
bands in the frequency region between 400 and 200 cm-1

correspond to the modes which involve the x- and y-
displacements of O1 atoms at 403 and 282 cm-1, respectively,
and the z-displacements of O21 and O22 atoms at 302 cm-1.
These atomic displacements produce the δ(O1-V-O2) and
the δ(O1-V-O3) bending deformations. Corresponding
modes can be characterized as the F(VdO1) bond rocking
oscillations. The F(VdO1) deformation in the xz-plane, which
involves the O1 atom oscillations along x-axis, gives rise to
the Ag Raman peak at 403 cm-1. The Raman features at
around 300 cm-1 correspond to y-oscillations of O1 atoms
accompanied with z-oscillations of O2 atoms. Two peaks in
the low-frequency region are associated with the modes
involving displacements of the V atoms. The line at 195 cm-1

comes from the Ag and B2g modes with the atoms oscillating
along the x-axis, δ(O2-V-O2). The most intense Raman
line at 144 cm-1, δ(O3-V-O2), corresponds to a mixture
of signals coming from B1g and B3g. The B1g mode involves
the shear motion of the ladders, whereas the B2g consists of
rotations of the ladders along their axes. The high intensity
of this line reflects the long-range order in the plane of the
vanadium oxygen layers.

4.4.2. LixV2O5 Bulk Phases

In spite of numerous studies, the Li/V2O5 system is far
from being completely elucidated, and this is mainly due to
the complex nature of the lithiated phases involved during
the lithium insertion-deinsertion process according to the
electrochemical reaction:

The typical discharge-charge curve of a composite V2O5

cathode exhibits several voltage plateaus corresponding to
well-known phase transitions reported for the bulk LixV2O5

system (Figure 30). Depending on the amount of lithium (x)
intercalated in V2O5, several structural modifications have
been reported.208,211,213,217-223 The R-, ε-, and δ-LixV2O5 were
identified in the 0 < x e 1 composition range. Above 3 V,
the R-LixV2O5 phase occurs with x < 0.1 whereas the pure
ε-phase exists in the range 0.3 < x < 0.7. Then the pure
δ-phase appears with x between 0.9 and 1. The lithium
contents corresponding to the limiting composition of the
three solid solutions differ slightly from one report to another.
The crystallographic data of the LixV2O5 phases are reported
in Table 6.224

The structure of the vanadium-oxygen layers is rather
similar in pure V2O5 and in the R, ε, and δ phases of LixV2O5

(Figure 31), with however an increased puckering of the
layers revealed by the decrease in the a parameter in the ε
and δ phases. Moreover, the increase of the number of
inserted lithium ions between the layers is responsible for
the increase in the c parameter. All these phase transitions
are fully reversible in the 0 < x e 1 composition range, and
the structure of the pristine V2O5 phase is recovered upon
deintercalation. The situation becomes more problematic for
lithium contents x > 1, with the δ-phase being transformed
into a γ-one on the third voltage plateau at 2.2 V via an
irreversible reconstruction mechanism.211,213 The space group
of the γ-LiV2O5 structure is Pnma. As in the R- and δ-phases,
this structure still contains the V2O5 layers perpendicular to
the z-axis. However, the structure of the γ-phase differs from
the structure of the δ-phase markedly (Figure 31). The Li
atoms are shifted in the x-direction from their symmetric
positions in the δ-phase. This is accompanied by important
deformations of the V2O5 layers leading to irreversible
symmetry loss and bond breaking. It follows that the γ-phase
structure remains stable even after deintercalation of all Li
atoms,213 leading to a new metastable γ′ variety of V2O5.221

Figure 30. First discharge-charge curve of a composite LixV2O5

electrode showing the different phases electrochemically produced
in the 0 < x < 2 composition range. C/10 rate.

Table 6. Lattice Parameters for r-V2O5, ε-Li0.52V2O5, δ-LiV2O5,
and γ-LiV2O5 Phasesa

R-V2O5

(Pmmn)
ε-phase
(Pmmn)

δ-phase
(Amma)

γ-phase
(Pnma)

a (Å) 11.51 11.38 11.24 9.69
b (Å) 3.56 3.57 3.60 3.60
c (Å) 4.37 4.52 9.91 10.67

a Reprinted with permission from ref 224. Copyright 2006 American
Chemical Society.

V2O5 + xe- + xLi+ a LixV2O5 0 < x e 3
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The intercalation of three lithium ions in V2O5 is possible
through the formation of a weakly crystallized phase, namely
ω-Li3V2O5 with a tetragonal222 or cubic223 symmetry. How-
ever, some authors225 put in doubt the Li/V2O5 phase diagram
for x > 1, reporting the appearance of a mixture of LixVO2

and Li3VO4 compounds instead of the so-called “γ-” and
“ω-phase”.

A number of structural investigations on the LixV2O5

system have been carried out using different experimental
techniques such as X-ray diffraction,219,225,226 X-ray ab-
sorption,227 NMR,228 EPR,229 and neutron and electron
diffraction.230-232 Some researchers have also used Raman
spectroscopy to characterize powder37,45,63,224,233 and thin
films216,234-239 LixV2O5 crystalline phases. The first vibrational
ex situ study on chemically prepared lithium vanadium
pentoxides carried out by Frech et al. focused on the δ-, ε-,
and γ-Li0.95V2O5 compounds.233 However, only the γ-Raman
spectrum can be safely considered, with the other spectra
probably corresponding to degradation compounds locally
produced under the laser beam. In situ experiments were
performed by the same authors on a composite γ-Li0.95V2O5

cathode in an operating rechargeable cell with the aim to
study the transformation of γ-LiV2O5 into γ′-V2O5 and
	-Li2V2O5.37 Four LixV2O5 samples differing from their
intercalation degree during the second discharge process were
investigated, but only poor spectral changes were detected,
with the Raman spectra recorded for the x ) 0.1, 0.93, and
1.15 compositions being nearly identical, especially in the
high frequency range. In situ Raman microspectrometry was
successfully applied to characterize a lithium battery involv-
ing pure lithium metal at the anode and V2O5 powder at the
cathode.45,63 Rey and Lassègues45 examined a functioning
Li/P(EO)20LiN(SO2CF3)2/V2O5 solid polymer electrolyte
lithium cell with in situ confocal Raman microspectrometry.
The authors provided a quantitative evaluation of salt
concentration gradients in the electrolyte and detected
polluting species (LiOH, Li2CO3, Li2O, Li3N) at the lithium
electrolyte interface. Conversely, Raman changes of the
composite V2O5 positive electrode were hampered by
fluorescence of the polymer electrolyte. A recent spectro-
electrochemical investigation was carried out on a modified
coin cell specially designed to facilitate routine in situ Raman
measurements.63 Raman spectra were nevertheless limited
to the 650-1000 cm-1 range, which prevents consistent
phase identification, especially in the absence of X-ray
diffraction data. However, Burba et al. tentatively assigned

the Raman spectra observed during the first discharge at 2.5
and 2.1 V to the ε- and γ-phases, respectively.

In fact, the literature data related to the Raman features
in the Li/V2O5 system are very scarce and controversial,
essentially due to inappropriate experimental conditions and
also because the efficiency of Raman spectroscopy depends
on the availability of a relevant band assignment. The
spectroscopic data on the lithiated phases have been recently
enriched by Raman microspectrometry investigations, which
afforded reference Raman spectra for the ε-Li0.5V2O5,
δ-LiV2O5, and γ-LiV2O5 bulk phases chemically prepared224

and to follow the structural changes occurring in a LixV2O5

thin film under operation.216,237,239 We develop in the fol-
lowing the most prominent results extracted from these
studies.

Figure 32 shows the Raman spectra obtained for the
ε-Li0.5V2O5 and δ-LiV2O5 phases prepared through soft
chemistry reduction reactions224 and compared to that of
V2O5. The Raman spectrum of ε-Li0.52V2O5 exhibits several
spectroscopic changes: the intensity of the translational mode
is strongly quenched, and its wavenumber is shifted from
145 to 154 cm-1. Several modes in the 200-700 cm-1 range
are also shifted toward higher wavenumber: 196-218 cm-1,
404-420 cm-1, 480-486 cm-1, 526-535 cm-1, 697-703
cm-1. Conversely, the VdO stretching mode along the c axis
decreases in frequency from 994 to 983 cm-1. This shift in
frequency has been shown to be consistent with the
lengthening of the VdO bond from 1.58 Å for the R-phase
to 1.6 Å for the ε-phase.

The Raman spectrum of δ-LiV2O5 can also be compared
with that of V2O5 (Figure 32 and Table 7). The low intensity
of the bands in the low-frequency part of the Raman
spectrum, as well as the broadening of the bands, indicates
that the δ- phase is less ordered than the R- and ε-lattices. It
is seen also that the same single line, corresponding to the
VdO stretching mode along the c axis, dominates the high-
frequency part of the Raman spectra. In the spectrum of the
δ-phase, this line is narrow and shifted up to 1008 cm-1

with respect to 994 cm-1, typically observed for the R-phase.
This line can serve as a spectral fingerprint of the δ-phase.
Other marked distinctions of the Raman spectrum of this
phase are the presence of the peak at 630 cm-1 and the
disappearance of the peak at 480 cm-1. The Raman features
of the δ-phase reflect the particularity of this structure. As

Figure 31. Schematic representation of the structures of the
different LixV2O5 phases electrochemically produced in the 0 < x
< 2 composition range. Reprinted with permission from ref 211.
Copyright 1994 Elsevier.

Figure 32. Raman spectra of V2O5 (a), ε-Li0.52V2O5 (b), and
δ-LiV2O5 (c). Excitation with 532 nm radiation. Reprinted with
permission from ref 224. Copyright 2006 American Chemical
Society.
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shown in Figure 33, the O1-O1 distances in the δ-phase
(2.77 Å) are markedly shorter than those in the R- and
ε-phases (3 Å). The relatively high wavenumber of the VdO
stretching mode could reflect the steric VdO repulsion,
which becomes very strong in the δ-phase because of
pronounced layer puckering.

Raman spectroscopy has allowed the investigation of the
δ f ε f γ phase transitions during appropriate heat-
treatment. X-ray diffraction measurements224 showed that δ
f ε phase transition is initiated around 100 °C and that εf
γ transformation proceeds from 135 °C. The δ f ε
transformation ends at 170 °C, with the ε- and γ-phases being
simultaneously present. Finally, at 250 °C, the complete
transformation of ε into γ-LiV2O5 is achieved. These results
are consistent with those recently reported using a synchro-
tron X-ray powder analysis.240

The evolution of the Raman spectrum of δ-LiV2O5 vs
temperature in the 100-250 °C range (Figure 34) shows that
the δ f ε transformation begins from 100 °C, as indicated
by the emergence of the high frequency band at 975 cm-1.
Up to 170 °C, both δ- and ε-phases coexist, with the δ-phase
growing at the expense of the ε-phase. At this temperature,

the nucleation of the γ-phase begins, as evidenced by the
appearance of a new feature at 945 cm-1. At 200 °C, the
Raman spectrum changes drastically, with the emergence of
intense and well resolved Raman features in the whole
wavenumber range showing the crystallization of the
γ-LiV2O5 phase. The ε f γ transformation ends at 250 °C,
as indicated by the disappearance of the 985 cm-1 band.
Raman data for the resulting γ-LiV2O5 phase are reported
in Figure 35 and Table 7. It follows that the thermal treatment
of the δ-phase at 250 °C allows us to obtain the pure γ-phase
LiV2O5, with lattice parameters a ) 9.69 Å, b ) 3.60 Å,
and c ) 10.67 Å (Table 6). These values are in good
agreement with those previously reported.219-221 The space
group of the γ-LiV2O5 crystal is Pnma (D2h

16). The xz-
projection of this structure is shown in Figure 33d. As in
the R and δ-phases, V2O5 layers are perpendicular to the
z-axis and built up of V-O2 ladders connected by V-O-V
bridges. Likewise, in the δ-phase, the layers are alternatively

Table 7. Wavenumbers (in cm-1) of Raman-Active Modes
Observed for the r-, ε-, δ-, and γ-Phases of LixV2O5 Samplesa

R-V2O5 ε-Li0.52V2O5 δ-LiV2O5 γ-LiV 2O5

145vs 154s 145vw 145
196vw 218w 271vw 171, 197
283s 284m 355vw 209
304s 300m 420s 271, 282
404s 420s 435s 301, 327
480m 486w 533s 376
526s 535m 630m 404
697s 703s 690m 482
994s 983s 837vw 528

1008vs 546
647
703, 737
881
947
966
992, 997

a vs, very strong; s, strong; m, medium; w, weak; vw, very weak.
Reprinted with permission from ref 224. Copyright 2006 American
Chemical Society.

Figure 33. Crystal structures of δ-LiV2O5 (c) and γ-LiV2O5 (d)
in the xz-projection. Reprinted with permission from ref 224.
Copyright 2006 American Chemical Society.

Figure 34. Raman spectra of heat-treated δ-LiV2O5 at different
temperatures. Excitation with 532 nm radiation. Reprinted with
permission from ref 224. Copyright 2006 American Chemical
Society.

Figure 35. Raman spectrum of γ-LiV2O5. Excitation with 532 nm
radiation. Reprinted with permission from ref 224. Copyright 2006
American Chemical Society.
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shifted on the vector b/2 and the unit cell of this structure is
doubled in the z-direction; however, the structure of the
γ-phase differs from the structure of the δ-phase markedly.
The Li atoms are shifted in the x-direction from their
symmetric positions in the δ-phase. This is accompanied by
important deformations of the V2O5 layers. Each second
ladder undergoes a strong transformation: it rotates along
the y-axis and the O atoms of neighboring vanadyl groups
exchange their positions. These displacements are shown by
curved arrows. As a result of such a deformation, two
nonequivalent V positions (labeled as V1 and V2) appear
and the V1-O3-V2 bridges become strongly nonsymmetric.

The Raman wavenumbers observed for the γ-LiV2O5

polycrystalline powder are in good agreement with those
previously measured for a LiV2O5 single-crystal.241 Further-
more, on comparing the Raman features of γ-LiV2O5 and
V2O5 (Table 7), the following considerations can be drawn:
first, all the main spectral features observed in V2O5 can be
clearly discriminated in the spectrum of γ-LiV2O5. Second,
some bands, which have a singlet form in the Raman
spectrum of V2O5 and ε- and δ-V2O5, are clearly 2-fold split
in the spectrum of γ-LiV2O5. Third, some new spectral
features not seen in the Raman spectrum of V2O5 can be
detected in the spectrum of γ-LiV2O5 (bands at 209, 376,
546, 647, 881, and 966 cm-1). At least two factors can
account for the distinction between the spectra of these
crystals. First, the nonequivalent character of the ladders in
the lattice of γ-LiV2O5, inducing two kinds of vanadium
environments, must lead to the 2-fold splitting. Second, the
Li atom oscillations may couple with some modes of the
V2O5 lattice.

A very interesting point which has to be outlined is the
possibility for the Raman microprobe to induce in situ phase
transitions, only by increasing the power of the incident laser
beam illuminating the sample. This effect is well illustrated
in Figure 36, where the spectral changes observed are related
to the successive δ f ε f γ phase transitions. It is
noteworthy that the γ-phase formation is achieved at a laser
power less than 1 mW, as a result of the great instability of
the δ-phase. This peculiarity is at the origin of numerous
misinterpretations in the literature, with the Raman response
being strongly affected by this severe experimental artifact.

4.4.3. LixV2O5 Crystallized Thin Films

As for bulk oxides in composite electrodes, the elec-
trochemical properties of pure thin films are strongly
dependent on the structural changes induced by the lithium
insertion reaction. Several studies carried out on poly-
crystalline films242-247 seem to show that the structural
features of the lithiated LixV2O5 phases can be significantly
different from that known for the bulk material. In situ
and ex situ XRD experiments performed on sol-gel,226,246,247

electrodeposited,244,245 and sputtered242,243,248,249 LixV2O5

films have shown the existence of an unexpected elongated
c axis for x ) 0.8 as well as the nonappearance of the
δ-phase usually observed213 in bulk samples from x ≈ 0.6/
0.7.

On the other hand, few Raman spectroscopy studies have
been carried out on polycrystalline V2O5 films.234-239 Fast
amorphization of the sputtered oxide was observed,234 with
the V2O5 lines vanishing nearly completely from the early
lithium content, whereas practically no change seemed to
take place in the PLD film in the 0 < x < 1 composition
range.235 Moreover, only two compositions were reported
by Ramana et al.,235 and the Raman spectra were simply
assigned on the basis of the phase diagram known for the
bulk material. We develop in the following recent results
obtained from ex situ and in situ Raman spectroscopic
analysis of crystallized V2O5 thin films prepared by radio
frequency magnetron reactive sputtering without any heat
treatment,216,239 with particularly attractive electrochemical
properties.248-251 A specific structural response was evidenced
for such films, which strongly contrasts with that known for
bulk samples.

The galvanostatic discharge-charge curves of a 0.6 µm
sputtered thin film (Figure 37) show two well-defined
insertion steps located at about 3.4 and 3.2 V, as expected
for the crystalline form of V2O5. The value of the specific
capacity recovered at C/15 rate, 22 µAh/cm2, corresponds
to the accommodation of 0.94 Li+ ion per mole of oxide.
This insertion reaction is reversible, as shown from the lack
of polarization and the efficiency of 100% in the charge
process. No influence of the current density on the discharge
potential and capacity is seen from C/15 up to C/5 rate, and
the specific capacity is seen to decrease by only ≈18% when
the C rate increases from C/15 to 8C. Moreover, the
polarization observed at high rate never exceeds 150 mV,
which suggests a high kinetics of lithium transport.

Figure 38 pertains to Raman spectra with different x values
in LixV2O5 thin films. Examining the 0 e x e 0.5 composi-
tion range, several comments can be made: (i) The intensity

Figure 36. Raman spectra of (a) δ-LiV2O5 powder illuminated
with a laser power of 0.2 mW. (b) δ- and ε- phases observed under
a laser power of 0.6 mW. (c) ε- and γ- phases observed under a
laser power of 0.8 mW with an integration time of 20 s. (d) γ-phase
observed under a laser power of 0.8 mW with an integration time
of 90 s. (e) γ-phase observed under a laser power of 0.8 mW with
an integration time of 900 s. Excitation with 532 nm radiation.
Reprinted with permission from ref 224. Copyright 2006 American
Chemical Society.

Figure 37. First discharge-charge cycles of a V2O5 thin film
(thickness 0.6 µm) at different C rates. Reprinted with permission
from ref 216. Copyright 2008 American Chemical Society.

Electrode Materials for Lithium Batteries Chemical Reviews, 2010, Vol. 110, No. 3 1303



of the translational mode at low frequency is progressively
quenched, and its wavenumber is shifted from 145 to 153
cm-1 for x ) 0.5. (ii) A significant loss of intensity is
observed in the 200-700 cm-1 range. (iii) In the vanadyl
stretching frequency range, a new component at 985 cm-1

appears from the first lithium content, which continuously
increases in intensity at the expense of the 997 cm-1 band
and shifts up to 980 cm-1 for x ) 0.5 (Figure 39). (iv) Several
modes in the 400-800 cm-1 range are progressively shifted
toward higher wavenumber (Figures 38 and 40): 404 to 420
cm-1, 527 to 533 cm-1, 702 to 705 cm-1. Conversely, the
482 cm-1 band gradually shifts toward lower wavenumbers,
up to 470 cm-1 for x ) 0.33, and then completely disappears.
(v) The two lines at 282 and 303 cm-1 do not undergo any
frequency shift but progressively broaden to give rise to a
single and broad band centered at 290 cm-1 for x ) 0.5.

In the 0.5e xe 0.94 composition range, the whole Raman
spectrum of the LixV2O5 film electrode is little affected. The
stretching mode at 980 cm-1 remains unchanged in fre-
quency, while a new line at 958 cm-1 appears from x )

0.75. In addition, the 533 cm-1 band shifts to 527 cm-1

whereas the 705 cm-1 line gives rise to a broad and
asymmetric signal centered around 730 cm-1.

It follows that the structural variations depicted all along
the lithium insertion process from the Raman microprobe
consist in rather moderate local distortions which allow the
thin film material to accommodate up to 0.94 Li/mol of oxide
without breaking of the orthorhombic symmetry. These
structural changes consist mainly in (i) an increase of disorder
within the V2O5 layers, as suggested by the significant
decrease in intensity of the 145 cm-1 mode and the significant
loss of intensity observed in the 200-700 cm-1 range; (ii) a
weakening of the vanadyl stretching mode, illustrated by the
shift in frequency of the apical V-O1 stretching mode toward
lower frequency values; (iii) a stiffening of the lattice along
the a direction, suggested by the shift of the 404 and 527
cm-1 modes, which both come from oxygen displacements
along the a axis. These changes may reflect the puckering
of the V2O5 layers, as indicated by the observed decrease of
the a parameter from 11.51 to 11.35 Å when the lithium

Figure 38. Raman spectra of a galvanostatically lithiated LixV2O5 thin film, 0 e x e 1. Excitation with 532 nm radiation. Reprinted with
permission from ref 216. Copyright 2008 American Chemical Society.
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content increases from 0 to 0.55.249 In the 0.5 e x e 0.94
composition range, the Raman spectra fit well with that
previously reported for εLi0.5V2O5 and εLiV2O5 powders.224

Moreover, the new line observed at 958 cm-1 for the highest
lithium uptakes (x g 0.75) is well consistent with the
presence of an additional kind of vanadium atom in the
epsilon lithium-rich phase. Indeed, although the lithium
positions in the ε-phase remain to be determined accurately,
a unique type of lithium site has been described for the whole
ε phase domain. It consists of elongated cuboctahedra joining
common faces,252 with the symmetry of such sites remaining
unchanged with x. It was however reported that increasing
the amount of lithium in the ε-phase leads to a lithium-rich
phase (called ε′) in which the lithium environment is
modified:219,231,252-254 for lithium amounts below x ) 0.5,
the number of unoccupied cuboctahedra exceeds the number
of occupied octahedral, whereas, above x ) 0.5, neighboring
cuboctahedra have to be occupied. This induces a change in
the interatomic Li-Li distances: the shortest Li-Li distance
decreases from 7.2 Å for x < 0.5 to 3.6 Å for x > 0.5.219

As shown in Figure 41, in situ Raman microspectrometry
experiments performed on sputtered thin films239 confirm the
data obtained from ex situ measurements. The in situ Raman
spectra of thin film electrodes collected along the galvano-
static charge process (Figure 42) show a progressive and
complete recovery of the whole characteristic Raman features
of the pure V2O5 lattice, in terms of both intensities and
frequencies. Such a finding is in good agreement with the
excellent electrochemical reversibility evidenced in the 3.8/
2.8 V potential range.248-251

One of the major findings of this Raman investigation is
that the expected lithiated δ phase, which exhibits a strong
line at 1008 cm-1 for x > 0.5,224 is never identified in the
V2O5 thin film electrode. Instead of that, in the 0.5 e x e
0.94 composition range, both the Raman and XRD experi-
ments provide evidence for the existence of a solid solution
behavior, with the interlayer c parameter of the ε-phase
varying to an unusually large extent, up to 4.68 Å. This lattice
parameter value corresponds to that known for the chemically

formed εLiV2O5.220 This result strongly contrasts with the
more pronounced structural changes described for the
conventional composite V2O5 cathode,213 with the emergence
of one- and two-phase domains as well as the formation of
the δ phase from x ≈ 0.6/0.7. The lower magnitude of the
structural changes evidenced for the thin film electrode can
be ascribed to the nanosize effect of V2O5 planes with a cross
section of 40 nm × 200 nm stacked perpendicular to the
substrate. Hence, a more homogeneous Li insertion reaction
takes place in the present films, avoiding the local over-
lithiation phenomenon. This favors a better relaxation of the
host lattice and a lower structural stress.

4.5. Titanium Oxide-Based Compounds
In the framework of the research for new electrode

materials for lithium batteries, negative electrode materials
have to be developed working at a higher potential than that
of the currently used carbon or graphite electrodes (∼1 V
vs Li), which are to be replaced for safety reasons.255

Titanium oxides with the Ti4+/Ti3+ redox couple working at
approximatively 1.5 V vs Li/Li+ fulfill this requirement. We
will focus on lithium titanate Li4Ti5O12 and anatase TiO2.

Figure 39. Enlarged view in the high-frequency range of the
Raman spectra of a galvanostatically lithiated LixV2O5 thin film,
0.5 < x < 1. Excitation with 532 nm radiation. Reprinted with
permission from ref 216. Copyright 2008 American Chemical
Society.

Figure 40. Evolution of the Raman band wavenumbers at 403,
526, 700, and 984 cm-1 as a function of x in the LixV2O5 thin film,
0 < x < 1. Reprinted with permission from ref 216. Copyright 2008
American Chemical Society.
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4.5.1. Lithium Titanate Li4Ti5O12

Lithium titanates, which are known in the spinel and the
ramsdellite form, are interesting candidates as negative
electrodes in Li ion batteries. Presently, they are being
evaluated for use in the next generation of secondary lithium
cells. The most widely considered metal oxide for low
potential applications is spinel Li4/3Ti5/3O4 (Li4Ti5O12),255-263

reported as a zero strain insertion compound.255-258 This
material shows an extremely flat voltage plateau at 1.55 V
(Figure 43), allowing the reversible insertion of 0.8 to 1 Li
per Li4/3Ti5/3O4 formula unit, leading to a theoretical specific
capacity of 175 (mA h)/g, with an exceptional cycling
stability.257 The demonstration of the use of Li4Ti5O12 as a
negative electrode in a high-power lithium battery with safety
has been done. Excellent cycle life was achieved for
Li4Ti5O12//LiCoO2 cells.262

The constant working potential of this material suggests
a two-phase reaction between the defect spinel Li4/3Ti5/3O4

and the fully lithiated Li7/3Ti5/3O4 according to the general
equation proposed by Ohzuku et al.:258

Both lithium titanium oxides crystallize in the Fd3jm space
group (Figure 44). In the structure of the spinel Li4/3Ti5/3O4,
the octahedral 16d sites are randomly occupied by Li+ and Ti4+

whereas the tetrahedral 8a positions are occupied by Li+.
Insertion of additional lithium transforms the spinel
Li4/3Ti5/3O4 into a structure of the NaCl type, Li7/3Ti5/3O4, by
incorporation of the inserted lithium into octahedral 16c
positions. Simultaneously, the tetrahedral Li+ ions of
Li4/3Ti5/3O4 are shifted to 16c positions. Hence, in the rock-
salt Li7/3Ti5/3O4 phase, the octahedral 16c positions are
occupied by lithium, and the occupancy of the octahedral
16d positions is the same as in Li4/3Ti5/3O4, but in contrast,
the tetrahedral 8a positions are not occupied.

The difference in the unit cell volume of Li4/3Ti5/3O4 and
lithium-rich Li7/3Ti5/3O4 is extremely small. For instance, on
studying the structural changes as lithium accommodation
proceeds in Li4/3+xTi5/3O4 using XRD, Bach et al.260 reported
only a negligible modification in the cubic cell parameter,
from 8.344 Å for x ) 0 to 8.357 Å for x ) 0.9. These results
have been confirmed by Scharner et al.,263 which show the
ordered rock-salt structure of lithiated Li7/3Ti5/3O4 using high
angle X-rays scans.

Raman data on lithium titanium oxide spinels are very
scarce.264-268 The vibrational analysis of Li4Ti5O12 can be

Figure 41. Detailed view of the in situ Raman spectra collected during the first discharge of a LixV2O5 thin film electrode. 0 e x e 0.94.
Excitation with 532 nm radiation. *LiClO4/ACN bands.

(Li)8a(Li1/3,Ti5/3)16dO4 + e- + Li+ a
(Li2)16c(Li1/3,Ti5/3)16dO4
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done using the factor-group theoretical treatment of normal
A[B2]O4 spinel-type compounds (Oh

7), which predicts five
optic mode Raman-active vibrations A1g + Eg + 3F2g (see
Table 3). While studying the superconducting Li1+xTi2-xO4

system,266 Liu et al. reported five phonon bands for poly-
crystalline Li4/3Ti5/3O4, with slightly different frequencies
compared to those of Leonidov et al.,265 that is three main
lines centered at 239, 427, and 675 cm-1 and weak features
at 274 and 367 cm-1 (Figure 45).

Proskuryakova et al.264 and Leonidov et al.265 analyzed
the Raman spectrum of the Li4Ti5O12 spinel. Six Raman
bands were observed at room temperature, at 160, 235, 335,
430, 675, and 740 cm-1, with the most intense lines being
located at 235, 430, and 675 cm-1. The authors propose a
qualitative band assignment in the following terms: the higher
frequency bands at 675 and 740 cm-1 were assigned to
vibrations of Ti-O bonds in TiO6 octahedra whereas the
440 and 335 cm-1 Raman lines were assigned to the
stretching vibrations of the Li-O bonds in LiO4 and LiO6

polyhedra, respectively. The Raman bands below 300 cm-1

were attributed to the bending vibrations of O-Ti-O bonds
(235 cm-1) and O-Li-O bonds (160 cm-1).

A Raman spectrum of a pristine Li4Ti5O12 electrode
reported by Julien et al. was found to display bands at 671,
430, 347, 271, and 232 cm-1 which were tentatively assigned
to the five expected A1g, F2g, and Eg symmetry species for
the spinel Oh

7 spectroscopic point symmetry group.267 It is

Figure 42. In situ Raman spectra series of the first discharge-charge process of a LixV2O5 thin film electrode. 0 e x e 0.94. Excitation
with 532 nm radiation. *LiClO4/ACN bands.

Figure 43. Typical charge and discharge curve of a Li4/3Ti5/3O4

pellet. C rate: 2.1 mA/g. Reprinted with permission from ref 263.
Copyright 1999 The Electrochemical Society.
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noteworthy to outline the very weak Raman intensity of this
spectrum in the low frequency region compared to other
reported Raman data.265,266

In contrast to the Li-Mn-O system, there is practically
no Raman data related to electrochemical lithium insertion
in titanate spinels. This is probably due to the lack of
theoretical analysis based on lattice dynamics simulation,
which prevents a consistent analysis of the vibrational
features exhibited by the rock-salt lithium-rich compound.
Raman spectra have been reported267 for a Li4+xTi5O12

electrode material electrochemically reduced up to x ) 2.7
(Figure 46). The main effect of lithium insertion is the shift
of the strongest component from 675 to 642 cm-1 for the
fully lithiated material and the decrease of the Raman activity
in the low frequency region. However, the authors did not
provide any explanation for the observed evolution and
proposed instead a tetragonal structure for the fully lithiated
Li7Ti5O12 compound without structural validation. This
assertion is rather surprising because factor group theory
predicts 14 Raman active modes for the tetragonal D4h

19

spectroscopic point group. Aldon et al. reported the chemical
lithium insertion into the Li4Ti5O12 spinel.268 Using XRD,
neutron diffraction, NMR, and Raman spectroscopy, the
authors proposed a different mechanism for chemical lithium
insertion; that is, the spinel to the rock-salt transition would
not occur in the chemically inserted phase.The Raman
spectrum of the chemically inserted Li5.9Ti5O12 shows an

overall broadening of the lines, changes in wavenumber
values, and new features, but these variations are not
discussed.

4.5.2. TiO2 Anatase

Titanium dioxide TiO2 is an interesting candidate for
electrode applications in photoelectrochemical solar cells269

and rechargeable lithium batteries.270 The tetragonal anatase
polymorph of titanium dioxide is of special interest, due to
its ability to store a significant amount of Li as well as its
insertion potential around 1.5 V. The first ex situ XRD
investigation of the anatase LixTiO2 system reported the
existence of a tetragonal to cubic phase transition,271 which
was not validated by further neutron272,273 and in situ powder
X-ray diffraction274 investigations, which rather invoked a
phase transformation toward a Li-rich phase, here referred
to as lithium titanate (LT), with orthorhombic symmetry.

As far is known from the literature, spectroscopic data
for the anatase bulk have been limited because of the poor
availability of single crystals.275-277 Nevertheless, two Raman
spectroscopic studies275,276 and one IR study277 made it
possible to determine all the zone-center vibrational frequen-
cies. Considering the anatase LixTiO2 system, Raman data
are limited to a few studies.278-282 The main contributions
were recently reported on composite powder electrodes.280-282

We report here recent results obtained from a Raman study
on LixTiO2 composite electrodes (0 e x e 0.6), with the

Figure 44. (a) Crystal structure of Li4/3Ti5/3O4 (space group Fd3jm). (b) Crystal structure of Li7/3Ti5/3O4 with the space group Fd3jm. Reprinted
with permission from ref 263. Copyright 1999 The Electrochemical Society.

Figure 45. Raman spectra of polycrystalline Li1+xTi2-xO4 powders
showing the end members (a) LiTi2O4 and (f) Li4/3Ti5/3O4. Excitation
with 514.5 nm radiation. Reprinted with permission from ref 266.
Copyright 1994 Elsevier. Figure 46. Raman spectra of a Li4+xTi5O12 electrode at different

Li uptake. Excitation with 514.5 nm radiation. Reprinted with
permission from ref 267. Copyright 2004 Elsevier.
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pure anatase powder being synthesized via the sol-gel
process.280,281 Structural changes and reversibility will be
discussed in relation with structural data drawn from XRD
experiments. We will also illustrate through this example
the interesting contribution of lattice dynamics simulation
to perform a quantitative and thorough analysis of the Raman
features.

TiO2 anatase has a tetragonal symmetry283 (space group
D4h

19 I41/amd, number 141). The unit cell parameters are a
) b ) 3.8 Å; c ) 9.61 Å. It is known that zigzag chains are
formed in the close packed planes due to anion stacking and
the half occupancy of the octahedral sites by titanium ions.
Each [TiO6] octahedron shares two adjacent edges with other
[TiO6] units in the (b, c) plane to form infinite, planar double
chains parallel to a and b (Figure 47). These double chains
share corners with identical chains above and below and are
shifted along the c axis with respect to each others. Finally,
all [TiO6] octahedra share four edges, and all oxygen ions
are bonded to three titanium ions.

The typical discharge curve of TiO2 anatase is shown in
Figure 48. At a C/20 rate, one main discharge process located
at 1.75 V is evidenced and corresponds to the insertion of
0.56 Li ion per mole of oxide according to the reaction:

The charge process occurs at a higher voltage around 1.9
V. The efficiency (Qox/Qred) of the intercalation process in

the anatase is around 80%. These electrochemical data show
that the extraction of lithium is only partially quantitative
whatever the depth of discharge is.

Several authors have shown that chemical272,273 or
electrochemical271,274 lithium insertion in the anatase structure
induces from the first lithium contents a phase transformation
leading to lithiated titanate Li0.5TiO2. Ohzuku et al. reported
from XRD powder experiments a cubic symmetry for the
Li0.5TiO2 compound.271 However, recent works based on
X-ray274 and neutron272,273 diffraction found an orthorhombic
structure for lithiated titanate Li0.5TiO2, indexed with the
Imma space group.

In fact, the initial anatase structure with tetragonal sym-
metry and the new orthorhombic lithiated titanate structure
have very close diffraction patterns. The orthorhombic
lithiated titanate consists of edge-sharing TiO6 octahedra
giving rise to an open structural framework. The lithium ions
are located between the TiO6 octahedra within the octahedral
voids. The overall orthorhombic distortion of the atomic
positions in the change from anatase to lithium titanate is
small. XRD studies272,273,280 showed the following changes
in the unit cell dimensions of the anatase structure upon
lithiation: from a ) b ) 3.8 Å, c ) 9.61 Å to a ) 3.81 Å,
b ) 4.07 Å, c ) 9.04 Å. In lithium titanate, the a and b
axes become different in length by about 7%, mainly
increasing in the b direction and decreasing in the c direction
by 9%. Examination of the interatomic distances (Table 8)
reveals that the anatase structure is deformed upon lithiation.
This entails a lowering of symmetry by loss of the C4 axis
on going from the pristine TiO2 tetragonal I41/amd to the
orthorhombic Li0.5TiO2 Imma structure.

According to Cava et al.,272 the Li ions in the orthorhombic
phase are randomly located in about half of the available
interstitial octahedral 4e sites. This suggestion was also
deduced from theoretical calculations.284 Hence, only a
maximum uptake of 0.5-0.6 Li+ ions per mole of TiO2 can
be inserted in the lithiated titanate structure at room tem-
perature. This result agrees with recent quantitative NMR
findings285 and with the composition value of the electro-
chemically formed Li0.56TiO2 orthorhombic phase.280

The Raman spectra observed for different LixTiO2 (0 e x
e 0.6) compositions are shown in Figure 49. Corresponding
wavenumbers of the Raman bands are reported in Table 9.
At low Li concentration (up to x ) 0.15), the Raman

Figure 47. Schematic structure of TiO2 anatase.

Figure 48. First discharge charge curve at the C/20 rate of a TiO2

anatase electrode as a function of the depth of discharge in 1 M
LiClO4/PC: (a) x ) 0.56; (b) x ) 0.45; (c) x ) 0.3. Reprinted with
permission from ref 280. Copyright 2004 Wiley.

TiO2 + xe- + xLi+ + S LixTiO2

Table 8. Interatomic distance (in Å) in tetragonal anatase TiO2
and in orthorhombic lithium titanate Li0.5TiO2 at 10 K.
Subscripts eq and ax denote the oxygen coordination in the (a,b)
plane and in c direction, respectively. Reprinted from ref 280.
Copyright 2004 with permission from Wiley

anatase TiO2 (I41/amd) lithium titanate (Imma)

4Ti-Ti 3.0384 2Ti-Ti 3.1344
4Ti-Oeq 1.9367 2Ti-Ti 2.8914
2Ti-Oax 1.9792 2Ti-Oeq 1.9416

2Ti-Oeq 2.0438
1Ti-Oax 1.9639
1Ti-Oax 2.1331
2Li1-Oeq 2.0487
2Li1-Oeq 1.9301
1Li1-Oax 2.3697
1Li1-Oax 2.5991
2Li2-Oeq 2.1135
2Li2-Oeq 2.1465
1Li2-Oax 1.6717
1Li2-Oax 3.2972
2Li3-Li3 2.5473
2Li3-Li3 3.5033
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spectrum is very close to that of the pure titanium oxide.
Only a complex band structure in the high frequency region
seems to indicate the presence of a new system. Along with
increasing x up to x ) 0.3 and x ) 0.5, several spectroscopic
changes are observed: (i) The main bands of pure anatase
(144, 398, 518, and 639 cm-1) are clearly observed; however,
the band at 518 cm-1 shifts to 525 cm-1 and the band at
639 cm-1 slightly shifts to 634 cm-1. (ii) Several new bands
appear: a complex band structure in the high wavenumber
region, a band at 559 cm-1 whose intensity increases with
x, another broad-band structure around 320-330 cm-1, and
two bands in the low wavenumber region at 166 and 233
cm-1.

According to the factor group analysis,275 the 15 normal
modes of TiO2 anatase have the irreducible representation
1A1g + 1A2u + 2B1g + 1B2u + 3Eg + 2Eu. The A1g, B1g,
and Eg modes are Raman active, and thus, six fundamental
transitions are expected in the Raman spectrum of anatase:

The typical Raman fingerprint of anatase, shown in Figure
49 curve a, exhibits five Raman bands at 144, 198, 398, 518,
and 639 cm-1. The band at 518 cm-1 splits into two
components at 507 cm-1 and 519 cm-1 only at 73 K.275

Upon increasing the Li concentration in the TiO2 host
lattice, the evolution of the Raman spectra clearly indicates
the emergence of a new phase. For low Li content (x ) 0.15),
the local symmetry of pure anatase is conserved, as shown
by curve b in Figure 49. Upon increasing the Li concentra-

tion, the modification of the original anatase Raman spectrum
indicates a break in the local symmetry, probably due to the
appearance of the lithiated phase Li0.5TiO2 with an orthor-
hombic symmetry (Imma). This new phase exhibits several
typical Raman bands with wavenumbers listed in Table 9.
A good agreement exists with the experimental data recently
reported from an in situ Raman study on nanosized TiO2

anatase powders.282 A Raman study on TiO2 anatase thin
films278 reported several broad Raman bands, located at 176,
224, 316, 405, 531, and 634 cm-1. However, the vibrations
of the propylene carbonate/LiClO4 electrolyte and the ITO
substrate hinder most of the Raman spectrum from being
observed. Moreover, the authors did not assign the observed
new features to the Li0.5TiO2 phase.

The tetragonal-to-orthorhombic structural transition implies
a lowering of symmetry of the TiO2 lattice from D4h to D2h.
As a consequence, the A1g and B1g modes of the tetragonal
anatase lattice transform into Ag modes, and Eg modes split
into B2g (x) and B3g (y) modes of the orthorhombic LT lattice.
It has been determined that nine lattice modes are predicted
for orthorhombic Li0.5TiO2:

Due to the small extent of the structural distortion, a quite
moderate perturbation of the phonon states of the TiO2 lattice
can be expected. However, the coupling between TiO2 lattice
modes and vibrations of the Li atoms will cause considerable
changes in the Raman spectrum, giving rise to the emergence
of new modes assigned to lithium vibrations and band
splitting due to perturbed lattice modes.281

The interpretation of the complex Raman spectrum of
lithiated anatase requires the knowledge of Li positions. The
NMR285 and quasi-elastic neutron scattering data273 suggest
that the Li ions occupy several positions within the octahedral
interstices and that dynamic hopping between them occurs.
Neutron scattering data273 were interpreted with triply split
Li positions, namely Li1, Li2, and Li3, one of which (Li2)
was found considerably displaced from the center of the
interstitial site with the shortest Li-Oax distance of 1.67 Å
(Table 8).

Lattice dynamics simulations were performed in order to
determine the frequency region of vibrations of Li atoms
within the TiO2 host lattice.281 Within these simulations, the
potential model of the TiO2 lattice275 was supplemented by
the Li-O, Li-Ti, and Li-Li potentials. Taking into account
the variety of possible Li atom positions, the Li-O force

Figure 49. Raman spectra of electrochemically lithiated LixTiO2 (x ) 0; 0.15; 0.3; 0.5; 0.56). * indicates PC/LiClO4 vibrational bands.
Excitation with 514.5 nm radiation. Reprinted with permission from ref 280. Copyright 2004 Wiley.

Table 9. Raman Wavenumbers (in cm-1) Observed for a
Discharged LixTiO2 Electrodea

x ) 0 x ) 0.15 x ) 0.3 x ) 0.5

144s 144s 144s 144s
166w 166m

198 198 233vw 233vw
320-335b 320-335b
357 357

398 397 397s 397s
450w 450b 450b

518 518 525 525
559 559

639 637 637 634
848 847 847

897 894
934 930

a Reprinted with permission from ref 280. Copyright 2004 Wiley. s,
strong; m, medium; w, weak; b, broad.

ΓRaman ) 1A1g + 3B1g + 3Eg

ΓRaman(LT-lattice) ) 3Ag + 3B2g + 3B3g
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constant K was represented as a function of Li-O distance
R. The dependence K(R) was retrieved from the available
references on the Li-O force constant values in different
molecules and crystals286 and justified by the quantum
mechanical simulations.281 Spectral calculations have been
carried out for each Li position, with R(Li-O) values shown
in Figure 50. Taking into account the Li-O stretching modes
along each of the three orientations, 12 Raman active modes
are expected for each of the three Li positions in lithiated
titanate Li0.5TiO2:

This leads to a complex pattern of simulated Raman
spectra which enabled the assignment of all the experimental
observed features (Figure 51).

The Raman spectrum and X-ray diffraction patterns of the
reoxidized material (Figure 52) are typical of anatase, which
indicates the recovery of the tetragonal framework upon
oxidation. However, some extra-Raman bands are still
observed in the high wavenumber region. This result suggests
the presence of strong Li-O bonds which are not broken in
the course of the reoxidation process and which are probably
responsible for the partial loss of rechargeability of the
material evidenced in Figure 48.

In conclusion, Raman experimental data280 on the
lithiated TiO2 anatase system, supported by lattice dynamics
simulation,281 allowed access to the following straightforward
information: (i) Li ions in the lithiated titanate phase have
multiple positions in the octahedral interstices of this
orthorhombic structure. The multiplicity of possible Li
positions manifests itself in the Raman scattering spectra as
splitting of the bands originating from Li atom oscillations
along different orientations. This leads to the occurrence of
multiple Raman bands originated from the Li atoms vibra-

tions, covering a wide wavenumber range from 450 up to
950 cm-1. Simulated spectra show six Li-bands lying above
450 cm-1 and six lattice modes below 650 cm-1. (ii) Some
Li interactions take place with the TiO2 lattice, with this
perturbation leading to the splitting of the low frequency
lattice modes. (iii) Particular Li positions with rather short
Li-O distances were found to give rise to high wavenumber
features above 800 cm-1

. (vi) Partial electrochemical re-
chargeability could be explained by the existence of several
modes in the high frequency range observed for the charged
electrode material and assigned to rather strong Li-O bonds
which are not broken in the course of the reoxidation.

Figure 50. Multiple Li environments in LT-Li0.5TiO2, with the
different Li-O bond lengths indicated (in Å). Reprinted with
permission from ref 281. Copyright 2004 American Institute of
Physics.

ΓRaman(LT) ) (3Ag + 3B2g + 3B3g)lattice + (Ag +
B2g + B3g)Li

Figure 51. Simulated Raman spectrum of TiO2 anatase and lithium
titanate with Li atoms in the Li2 position (b), in the Li3 position
(c), and in the Li1 position (d) in comparison with the experimental
Raman spectra of anatase (e) and Li0.5TiO2 (f). The Li modes are
labeled by bold letters in parts b-d. The TiO2 lattice modes are
labeled in italic in parts a and d. Assignment of the observed spectral
features induced by lithium intercalation is shown by dotted lines.
Reprinted with permission from ref 281. Copyright 2004 American
Institute of Physics.

Figure 52. Raman spectra of a LixTiO2 electrode, x ) 0 (TiO2),
x ) 0.5 (lithiated titanate phase), and a reoxidized electrode
Li0.04TiO2. Excitation with 514.5 nm radiation. The X-ray diffraction
pattern of Li0.04TiO2 is shown in the inset. Reprinted with permission
from ref 280. Copyright 2004 Wiley.
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5. Phospho-olivine LiFePO4 Compound
Over the past few years, phosphate-based materials LiM-

PO4 (M ) Fe, Mn, Co, or Ni) isostructural with olivine have
generated considerable interest as a new class of cathodes
for lithium ion rechargeable batteries.287-290 Indeed, in
contrast to LixCoO2 materials, which decompose at elevated
temperature, leading to oxygen evolution, LiMPO4 com-
pounds have a highly stable three-dimensional framework
due to strong P-O covalent bonds in (PO4)3- polyanion,
which prohibits the liberation of oxygen.287 These charac-
teristics provide an excellent safety and a high stability of
the battery under operation.

Much attention has been focused on the low cost and low
toxicity LiFePO4 compound because of its attractive theoreti-
cal capacity (170 (mA h)/g), based on the two-phase reaction
occurring at a 3.4 V vs Li+/Li working potential:287-290

Its excellent stability during normal cycling and storage
conditions make this material particularly attractive for large
scale applications such as hybrid vehicles (HEVs) and electric
vehicles (EVs). However, the major drawbacks are the low
capacities achieved at even moderate discharge and the poor
rate capability, associated with limited electronic and/or ionic
conductivity. To address these issues, researchers have
optimized the synthesis techniques to minimize particle size,
which proved successful in achieving long-term cyclability
of nanosized LiFePO4,291 or have incorporated additives to
increase conductivity. The latter approach includes coating
olivine particles with carbon by incorporating an organic or
polymeric component with the precursors before firing,103,292

adding metal particles to the mix,293 or solid-solution
doping294 by metals having higher valence than Li+. All have
met success in improving performance. An example of
optimization is illustrated in Figure 53, where the quality of
the carbon coating, achieved by additive incorporation,
accounts mainly for the performance variation.

There have been several investigations into the structure
of LiMPO4 compounds. The majority have used Mössbauer
spectroscopy and X-ray absorption spectroscopy to focus on

the local structure around transition metal ions.290,295,296

Tucker et al. used 7Li and 31P magic angle spinning nuclear
magnetic resonance (MAS NMR) to investigate the environ-
ment of the Li and P atoms in some LiMPO4 materials.297,298

The vibrational features of olivine-type compounds are well
documented. Early work by Paques-Ledent and Tarte focused
on identifying the atomic contributions of vibrational modes
in a series of LiMPO4 olivine compounds.299,300 Using a
computational simulation employing a normal coordinate
analysis based on the Wilson’s FG matrix method,301

Paraguassu et al.302 provided for the first time a complete
set of Raman wavenumbers for LiMPO4 (M ) Fe, Co, Ni)
with their assignments to vibrational motions and symmetry
species of the crystal group. Their predicted values are in
good agreement with the experimental Raman features
reported for single crystals.303,304

LiFePO4 is characterized by a true olivine structure (space
group D2h

16 Pnma). The primitive unit cell is centrosym-
metric, with four formula units in the cell. There are two
types of octahedral sites; the divalent cations Fe2+ are
randomly located on the largest 4c site with Cs symmetry,
the monovalent cations Li+ are located on the smaller 4a
site with Ci symmetry. The pentavalent cations P5+ are
located in “isolated” tetrahedra PO4 in the 4c site with Cs

symmetry. They bridge the FeO6 chains to form an intercon-
nected three-dimensional structure (Figure 54). The arrange-
ment of the different coordinated groups was previously
provided.305

Group theory303,304 showed that the normal vibrational
modes of LiMPO4 are distributed on the irreducible repre-
sentation of the D2h point group as

The number of predicted active fundamentals is rather large:
36 for the Raman spectrum, but the number of observed
bands is smaller than the number of predicted active
fundamentals. It is usual, although not strictly correct, to
classify those vibrations into internal and external modes.300

Internal modes refer to vibrations occurring in the PO4
3-

tetrahedra and external to pseudorotations and translations
of the units. The translations include motions of the center-
of-mass PO4

3- and M2+. It should be mentioned that this
separation is a guide to discussion only, because the
vibrations may be coupled. Assignments of the LiMPO4

internal modes are made using the simplified Herzberg’s

Figure 53. Discharges of Li/1 M LiPF6, EC-DMC/LiFePO4 cells
at 0.055 mA/cm2, showing the carbon coating improvement
achieved by incorporating small amounts of a polyaromatic additive
during the sol-gel synthesis. (a) Sol gel synthesis with additive,
1.15% total carbon; (b) solid state synthesis from iron acetate, 1.5%
carbon; (c) sol gel synthesis with no additive, 0.69% total carbon;
(d) sol gel synthesis with no additive, 0.4% total carbon. Reprinted
with permission from ref 103. Copyright 2003 The Electrochemical
Society.

LiFePO4 a FePO4 + e- + Li+

Figure 54. Schematic representation of the polyhedral structure
of LiFePO4, showing the arrangement of tetrahedral PO4 and
octahedral FeO6 entities. Reprinted with permission from ref 287.
Copyright 1997 The Electrochemical Society.

Γvibr ) 11Ag + 7B1g + 11B2g + 7B3g + 10Au +
14B1u + 10B2u + 14B3u
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notation for the vibrational modes of a free PO4 tetrahe-
dron.306 According to this formalism, the free PO4 group
representations decompose into the irreducible representa-
tions of the Td symmetry group as A1 + E + F1 + 3F2.
Among these, the internal vibrations in terms of symmetry
species are A1(ν1) symmetric P-O stretching, E(ν2) sym-
metric O-P-O bond bending, F2(ν3) antisymmetric P-O
stretching, and F2(ν4) antisymmetric O-P-O bond bending.
The Raman wavenumbers and assignments observed for
LiFePO4 are summarized in Table 10. The Raman spectrum
of LiFePO4 is shown in Figure 55.

Raman spectroscopy was used to follow the chemical
delithiation process in LixFePO4 (0 e x e 1).307 Important

changes in the spectral features were observed in the first
delithiation step; they are the presence of new lines with
increased intensities upon LixFePO4 delithiation, several band
splittings, and frequency shifts (Figure 56). In particular, new
Raman bands were observed in the ν1 and ν3 stretching region
at 911, 962, 1064, 1080, and 1124 cm-1. In spite of a lack
of thorough vibrational analysis and symmetry assignments,

Table 10. Raman Wavenumbers and Assignments for LiFePO4

Figure 55. Raman spectrum of LiFePO4 microcrystals. Excitation
with 514.5 nm radiation. Reprinted with permission from ref 302.
Copyright 2005 Wiley.

Figure 56. Raman spectra in the 800-1200 cm-1 frequency range
obtained for chemically delithiated LixFePO4 samples. Excitation
with 532 nm radiation. Reprinted with permission from ref 307.
Copyright 2004 The Electrochemical Society.

Electrode Materials for Lithium Batteries Chemical Reviews, 2010, Vol. 110, No. 3 1313



the authors assigned these new features to the FePO4

compound. The Raman band positions were found to be
independent of the lithium content, and these results were
consistent with the two-phase process usually described.287

Conversely, a recent vibrational study reported a contrast-
ing finding which failed to support the well accepted two-
crystalline-phase mixture model for lithium extraction.308 In
this work, the main Raman bands observed for delithiated
Li0.11FePO4 were found to be in good agreement with those
previously reported.307 However, a deconvolution analysis
of the vibrational spectra provided evidence for an additional
significant broad-band contribution, in both the Raman and
FTIR spectra of Li0.11FePO4. The authors claimed that the
two-phase process for transformation of LiFePO4 into FePO4

upon lithium extraction probably includes a pathway where
a highly disordered phase is generated.

The carbon coating of the LiFePO4 matrix required for
the electrochemical application of this material hinders any
bulk Raman data on the LixFePO4 cathode material to be
obtained. This is illustrated in Figure 57, where the typical
Raman spectrum of a LiFePO4 powder exhibits only a sharp
band at 953 cm-1 and two weaker bands at 997 and 1098
cm-1 assigned to the internal modes of the (PO4)3- anion.103

These weak features are explained by the fact that Raman
spectroscopy allows examination of phenomena on a carbon
surface within a limited penetration depth (∼50-100 nm

with a 514.5 nm green laser beam34). In fact, two intense
broad bands located at ∼1590 and 1350 cm-1 are observed,
which are assigned to carbon vibrations on the basis of the
corresponding features in the spectrum of graphite. The
structure at 1590 cm-1 mainly corresponds to the G-line
associated with the optically allowed E2g zone center mode
of crystalline graphite. The structure at 1350 cm-1 mainly
corresponds to the D-line associated with the disorder-
allowed zone-edge mode of graphite. In so far as the
structural properties of carbons are known to be strongly
related to the shape of the G and D bands,9-13,38,47,75,95,99-101

Raman spectroscopy in the field of LiFePO4-based cathode
materials is a very convenient diagnostic tool to evaluate
the quality of the carbon coating on LiFePO4 powders and
films.102,103,309-313 This property is of utmost importance, since
these studies indicated that the structure of carbon coating
influences greatly the electrochemical performance. As a
matter of fact, the shapes of the D and G carbon bands were
found to change substantially with the pyrolysis temperature
and the nature of the precursor material. This effect is
illustrated in Figure 57, where the Raman spectra of the
residual carbon are resolved into four components located
at ∼1190, 1350, 1518, and 1590 cm-1 (Figure 58). The bands
at 1190 and 1518 cm-1 have an uncertain origin but were
assigned to short-range vibrations of sp3-coordinated carbons,
as already observed in disordered carbon blacks and diamond-
like carbons. Several authors102,103,309-313 proposed a relation-
ship between the electrochemical capacity and the integrated
Raman intensity ratios of D/G bands and sp3/sp2 coordinated
carbons. As shown in Figure 59, the lower both ratios, the
higher the performance exhibited by the LiFePO4 composite
electrode. This trend was interpreted in terms of the
increasing amount of larger graphene clusters in the very
disordered carbon structure and, consequently, an improved
electronic conductivity of the carbon deposit.

6. General Conclusion
The application of Li batteries is becoming more prevalent,

and demand for the next generation of energy storage for
transportation and renewable energy is becoming very high.
Through the examples developed in this review, we expect
to have provided background and context for applying a
powerful analytical tool to further understand battery materi-
als, making advances more likely.

Figure 57. Micro-Raman spectra for different processed LiFePO4

powders. The corresponding electrochemical discharge capacities
are (from top to bottom) as follows: 58, 77, 106, 120, 126 (mA
h)/g. Excitation with 632 nm radiation. Reprinted with permission
from ref 103. Copyright 2003 The Electrochemical Society.

Figure 58. Raman spectrum of the residual carbon of a LiFePO4

powder, with the deconvolution shown below. Excitation with 632
nm radiation. Reprinted with permission from ref 102. Copyright
2007 The Electrochemical Society.

Figure 59. Electrochemical discharge capacity of LiFePO4 elec-
trodes in lithium cells vs structure of residual carbon. Reprinted
with permission from ref 103. Copyright 2003 The Electrochemical
Society.
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We hope to have convinced the reader of the considerable
interest there is in using Raman spectroscopy for better
understanding of the relationships between the structure and
electrochemistry of electrode materials for lithium batteries.
Indeed, the research reviewed in this work clearly demon-
strates that it is now possible to obtain a wealth of structural
information from the Raman study of various Li intercalated
host lattices, from carbon to transition metal oxides and
phosphates.

The beneficial aspects of Raman microspectrometry within
the field of rechargeable Li batteries and Li ion batteries
highlighted in this review are the following:

1. Most of the electrode materials, including carbonaceous
compounds, transition metal oxides, and phospho-olivines,
are Raman active compounds.

2. From an experimental point of view, Raman spectros-
copy is a nondestructive and noninvasive analysis technique
under appropriate experimental conditions and does not
require any specific conditioning of the sample, which makes
its use possible under various environments.

3. Over the past few years, several groups have demon-
strated the application of Raman spectroscopy as a powerful
in situ vibrational probe of electrode materials for Li-
batteries.

4. The ability to spatially and temporally explore working
lithium batteries has also been confirmed in several works,
which might provide another opportunity for researchers to
experimentally verify theoretical models used to simulate the
movement of Li+ ions inside batteries.

5. Raman spectroscopy constitutes a very pertinent local
tool to enrich the knowledge of the structure of Li intercala-
tion compounds at the scale of interatomic bonds by
providing information regarding local disorder, changes in
bond lengths, bond angles, coordination, Li dynamics, metal
oxidation state, and cation ordering. For instance, several
authors have shown that, in the case of carbon, LixTiO2

anatase and LixV2O5 systems, Raman spectroscopy has
allowed access to a dynamic picture of the structural changes
induced by the electrochemical reaction as a function of
various parameters such as Li content, grain size, electrode
morphology, or temperature. In other respects, it has also
been possible to answer specific electrochemical questions,
such as (i) the loss of electrochemical reversibility for LixTiO2

related to the existence of strong Li-O interactions and (ii)
the large irreversible capacity of carbon-based electrodes due
to a solvent/Li+ cointercalation leading to graphite exfolia-
tion. For the LixV2O5 system, Raman investigations revealed
that the structural response was strongly influenced by the
electrode morphology (bulk/thin film) and the nanosize effect.
In the case of LiFePO4, the electrochemical performance of
the carbon coated cathode has been found to be strongly
related to the amount of graphene clusters evaluated from
the Raman analysis of the carbon bands.

6. New and pertinent data allowing the identification of
the local processes that contribute to the mechanism of Li-
battery degradation on cycling or aging have been recently
obtained from the great possibilities offered by the confocal
Raman imaging technique. Through comparison of peak
positions and peak intensities, quantitative and qualitative
information concerning the composition of electrode materi-
als can be extracted, such as the spatial distribution of the
different electrode components at the surface of the electrode,
especially useful for composite electrodes, or the repartition
of the local mechanical stresses induced by the electrochemi-

cal reaction. For instance, the Raman mapping technique
allowed in several cases demonstration that the microscopic
information can be directly linked to the macroscopic
behavior. Indeed, through access to Raman images showing
a marked change in the material’s structure as well as its
surface composition and distribution after prolonged charge/
discharge cycling and/or storage, the searchers get a better
understanding of the nature of the processes that affect the
electrochemical performance of the electrode and the whole
battery.

The ultimate step for a significantly improved and wider
application of Raman microspectrometry will consist in
systematically combining a rigorous experimental approach
with appropriate lattice dynamics simulations. This is the
price to benefit from well founded fingerprints for the various
lithiated host lattices involved in the electrochemical reac-
tions. Of course, this requires challenging the scientific
community for developing reliable theoretical analysis,
allowing a comprehensive view of the local structure and
Li-induced distortions and then a relevant interpretation of
Raman bands. This should make the Raman spectroscopy
more efficient, in terms of both analytical and mechanistic
analysis, and it prompts the interest of this technique for
many researchers implicated in materials science applied to
the field of energy storage.
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