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This review highlights the use of the X-ray absorption spectroscopy (XAS) as a local structural tool for selected atoms in several host
materials. The main characteristics of XAS to be element-sensitive and its applicability to all states of matter, including crystalline
solids and amorphous and liquid states, permit an in-depth study of the structural properties of a large variety of materials. This
includes intercalation materials where a host structure can accommodate guest species. Host guest equilibria are at the basis
of a large variety of technological applications; in particular they have been used for energy storage, ion-exchange membranes,
electrochromism, and analytical sensing. A selection of XAS experiments conducted in the field of batteries, mainly on cathodes,
and applications in the field of metal hexacyanoferrates and double layered hydroxides are outlined.

1. Introduction

Since the discovery of X-rays by Rontgen [1] over 100 years
ago in his laboratory in Wurzburg, X-rays have provided
a nondestructive testing of a wide variety of materials. X-
ray methods cover many techniques based on scattering,
emission, and absorption properties of the X-ray radiation.
X-ray diffraction probes the order ofmatter at the atomic level
and X-ray crystallography is essential in relating the atomic
structure of solids to their functions and physical properties.
A review on high energy X-ray diffraction from glasses and
liquids has been published in this journal [2] recently. X-
ray emission spectroscopy makes possible the determination
of the chemical composition of samples by simply looking
at the emitted X-ray fluorescent lines and nowadays is one
of the most useful analytical techniques [3]. The absorption
property of X-rays has been used in analytical techniques
based on contrast, like imaging and tomography. Owing to
today’s X-ray sources by which X-rays are generated by rel-
ativistic electrons or positrons in international laboratories,
in storage rings machines, the beam intensity is trillions of
timesmore brilliant with respect to traditional X-ray sources,
offering unprecedented advantages. It is therefore possible
to verify the existence of fine structures in X-ray absorption

spectra and, once a theory has been formulated [4, 5], the X-
ray absorption fine structure (XAFS) (XAFS is another term
used nowadays. The general preference is to use either XAS
or XAFS to refer to the entire spectrum, which comprises
the XANES (near the edge spectrum, within 30 eV or so),
and EXAFS to refer to the extended part. Therefore XAS =
XAFS = XANES + EXAFS) became a strong analytical tool
for structural studies. Because XAFS does not require long-
range crystalline order, it has been used with great success
in many research fields, and the basic principles and several
applications of the XAS spectroscopy have been illustrated
in several books in the 80s [6, 7] and also recently [8, 9].
Several reviews are also available, concerning development of
the EXAFS theory [10], the application to liquids [11], catalysis
[12, 13], and electrochemical interfaces [14]. A theme issue
of the Journal of Synchrotron Radiation has been dedicated
to BioXAS (biological XAS) [15] and another one appeared
on the Coordination Chemical Reviews [16] on inorganic
materials. An excellent explanation of the physics of the X-
ray and its interaction with matter is available in the book by
Als-Nielsen and McMorrow [17].

An X-ray absorption spectrum is an accurate measure
of the X-ray absorption coefficient as a function of incident
X-rays, in an energy range, that is, below and above the
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Figure 1: Interaction of X-ray photons with matter.

absorption edge of the selected element of material under
investigation. Thus, it is element-specific and comprises
electron transition and features that are modified by electron
scattering with nearest neighbor atoms. An X-ray absorption
spectrum can be divided into two regions which originate
with different physical-chemical mechanism: XANES (X-ray
absorption near edge structure) and EXAFS (extended X-ray
absorption fine structure), even though the two structures
can be recorded simultaneously in one X-ray absorption
spectrum. The XANES region, comprising the absorption
edge itself and the features immediately beyond the edge
(to ∼100 eV after the edge), is strongly sensitive to oxidation
state and coordination chemistry of the absorbing atom of
interest. The EXAFS region has been largely exploited to
gain quantitative structural information such as first shell
distance of the metal site and coordination number. EXAFS
comprises periodic undulations in the absorption spectrum
that decay in intensity as the incident energy increases well
over (∼1000 eV) the absorption edge.These undulations arise
from the scattering of the emitted photoelectron with the
surrounding atoms.

2. X-Ray Absorption Coefficient and XAS

When a sample is exposed to X-rays it will absorb part of
the incoming photon beams, as indicated in Figure 1. This
absorption is mainly generated by the photoelectric effect,
especially for hard X-rays. Other phenomena occurring are
heat, X-ray fluorescence and production of electrons (the
detection of which is at the basis of an X-ray photoelectron
spectroscopy experiment, XPS), and of course the scattering
of X-rays which is another fundamental X-ray-material inter-
action. This scattering could be either coherent, also called
elastic (i.e., X-ray diffraction, where the scattered photons
interfere with each other) or incoherent, leading to the family
of inelastic scattering-based techniques.

As displayed at the bottom of Figure 1, the absorption of
X-rays can bemeasured quantitatively, and it follows a similar
exponential decay given by the Beer law (recent studies on
the history of the Beer’s law to the optical spectroscopy
have indicated the Bouguer-Lambert-Beer law to be the more
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Figure 2: The photoelectric absorption process which creates core
hole and its relaxation by fluorescent X-ray emission or Auger
electron emission.

appropriate term to name this famous exponential decays)
valid for optical transitions. The quantity of interest here is
called linear absorption coefficient 𝜇 and it can be considered
analogous to the absorbance 𝜀 in UV-vis spectroscopy. It is
measured in [cm−1]. Actually, because of the applicability
to all states of matter, it is more convenient to use the
mass absorption coefficient 𝜇

𝑚

obtained by normalisation
to the density of the material 𝜌, that is, (𝜇/𝜌); therefore the
dimension becomes [cm2/g].The absorption coefficient 𝜇(𝐸)
describes how X-rays are absorbed as a function of energy
𝐸. Generally matter becomes more transparent to X-rays at
higher energies; that is, X-rays aremore penetrating following
a decreasing function proportional to (1/𝐸3) of the quantity
𝜇(𝐸). However, at a certain energy a dramatic increase of the
absorption coefficient 𝜇(𝐸) can be observed, which is called
X-ray absorption edge, and this behavior is brought up by the
photoelectric effect.

The X-ray photoelectric process which gives rise to such
an absorption is summarised in Figure 2. An X-ray photon
is absorbed by an atom, and the excess energy is transferred
to an electron which is expelled from the atom, leaving it
ionized.That electron is called photoelectron, and we will see
how it is responsible for EXAFS mechanism. The electron
vacancy created in the photoabsorption process leaves the
atom in a very unstable condition and therefore two com-
peting processes may occur. The first is X-ray fluorescence,
in which a higher energy core-level electron fills the deeper
core hole, ejecting an X-ray of well-defined energy providing
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Figure 3: Emission of a photoelectron for an isolated ((a) and (c)) and a coordinated ((b) and (d)) atom. In the latter the absorption coefficient
measured at a central atom threshold shows a fine structure due to the presence of neighboring atoms.

a unique signature of the atoms constituting the material
once those photons are collected by a detector, as in X-ray
fluorescence spectroscopy (XFS). The second process (for
deexcitation of the core hole) is the Auger effect, in which
an electron drops from a higher electron level and a second
electron is emitted into the continuum. The measurement of
these electrons is made possible by Auger spectrometers. In
the hard X-ray region (>2 keV), X-ray fluorescence is more
likely to occur than Auger emission, but for lower energy the
Auger process dominates.

The EXAFS phenomenon arises from the quantum-
mechanical interference resulting from the scattering of a
photoelectron by the potential of the surrounding atoms.This
is seen from Figure 3 where the photoelectron emitted by the
photoabsorbing atom (blue) propagates as a spherical wave
and spread out over the solid. At this point the mechanism
can be different in case of an isolated atom ((a) and (c)) or a
coordinated atom ((b) and (d)). In the latter case, the emitted
photoelectron is reflected off by the neighbouring atoms
(yellow) to the absorbing atom and so does every atom in

the material.The amplitude of all the reflected electron waves
adds either constructively or destructively to the spectrum of
the absorbing atom and hence the X-ray absorption coeffi-
cient exhibits the typical oscillation depicted at the bottom
right of Figure 3. A crucial issue is the recognition that the
photoelectron is not infinitely long lived but must decay as
a function of time and distance, and thus the EXAFS cannot
probe long-range distances. EXAFS can give only local struc-
tural information, of about several angstroms around the
selected atomic species. Of course, this mechanism does not
happen in the case of isolated atoms like Ar gas, and therefore
the corresponding X-ray absorption edge appears featureless
as observed in Figure 3(c). From the time frame of the EXAFS
phenomenon it is helpful to underline that this takes place at
a time scale much shorter than that of atomic motion (also
vibrations), so the measurement is a sum of instantaneous
(snapshot) spectra of molecules at different stages of their
vibrational cycle. This results in a damping of the EXAFS
oscillations and is normally considered in the data analysis
by means of an EXAFS DebyeWaller like factor. Also EXAFS
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Figure 4: Summary of the EXAFS data recording and primary data
reduction of a cobalt hexacyanoferrate sample. Due to the presence
of Fe and Co in the sample, a simultaneous edge is observed. The
oscillations of absorption coefficient carry structural information,
and the FT operator gives the contribution arising from single
atomic shells around the photoabsorber.

should be considered as a bulk technique, because all the
materials which are actually under investigation contribute
to the overall shape of the XAS spectrum. Figure 4 displays
an example of EXAFS data recording and the successive
data interpretation, including the extraction of the typical
oscillations of the absorption coefficient and the Fourier
transformation.

TheXANES region contains a wealth of information.This
region is not only sensitive to the geometrical structurewithin
several angstroms around the central atom (photoabsorber)
but also to its effective charge. The use of edge energy (which
is commonly considered the energy of the inflection point
on the spectrum of the 1st derivative curve) has proven to
be very useful in the determination of the oxidation state of
the photoabsorber. This can be simply explained considering
that atom with a higher oxidation state should have a higher
charge, thus requiring more energy for the ejection of a core
electron. Another useful portion of the XAS spectrum is

the preedge. It is well known that preedge structures [18]
are observed in the rising part of the K-edge spectra of
first raw transition metal. The occurrence of this peak is
due to 1s–3d electronic transition, that is, electric dipole
forbidden but quadrupole allowed. It is generally seen that
complexes in noncentrosymmetric environment have more
intense pre-edge features than centrosymmetric complexes,
and therefore these peaks can be used as a probe for geometry.
The intensity increases following this criterion for geometry:
octahedral < square-pyramidal < tetrahedral. The increase
in intensity has been attributed to metal 4p mixing into 3d
orbitals which provides some electric dipole allowing 1s–4p
character to the transition, and this mixing is favored by
geometrical distortion of the core site. To date, a study has
reported [19] on the Fe K-edge multiplet analysis of the 1s–
3d component, and the same has been done for several other
metals [20, 21]. The electric dipole or quadrupole nature of
the transition has been studied [22, 23]. It is worth pointing
out that pre-edge features have been strongly used in studies
concerning cathode materials based on transition metals
oxide, like V

2

O
5

, in order to deduct some relevant chemical
information.

3. Experimental and In situ Studies

A typical XAS experiment is conducted using synchrotron
radiation because the high intensity source guarantees high
S/N of the measurement.This allows catching any oscillatory
structure of the absorption coefficient, that is, the structural
content of an X-ray absorption spectrum. The experimental
setup of an XAS beamline is described in several books
[6, 8] hence it will not be specified here. Basically, two
geometries are used for this purpose, namely, transmission
and fluorescence, even though electron yield detection of
XAS can be possible and it is particularly important for
studies of surfaces.

In transmission geometry the sample is placed between
Io and I detectors and the absorption is measured according
to the Beer law exponential decay, as mentioned before. The
fluorescence detection is carried out by tilting the sample of
45 degrees and collecting the fluorescence X-rays by using
a solid state detector at the right angle with respect to Io.
One of the advantages of XAS spectroscopy in the field of
battery materials is the use of in situ recording, that is, to
collect XAS spectra during a discharge or charge process. To
perform such an experiment, a spectroelectrochemical cell
needs to be designed.The experimental aspects of which have
been reviewed and explained in several articles [14, 24]. This
cell consists of a cathode, which contains the active material,
a lithium foil, a separator, which is typically a polymeric
membrane likeCelgard, an electrolyte, and a solvent, typically
polypropylene carbonate (PC) or ethylene carbonate (EC).
The cell is packaged in a dry-box, sealed and adapted to the
beamline, as shown in Figure 5. The term operando has also
been used in the community which indicates more generally
the recording of an XAS spectrum under reaction conditions.
Therefore it is often used in the field of heterogeneous
catalysis in order to assess the molecular structure of the
active phase [10, 11].
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Figure 5: Typical experimental set-up for an in situ XAS experiment on a battery. The experiment has been conducted at ELETTRA
synchrotron radiation in Basovizza, Italy. A selection of XANES spectra at the Ni K-edge taken during the experiments is displayed and
corresponds to a selected state of charge of the voltage profile, defined by the same color of the lines.

Figure 5 also displays the common strategy of analysis of
these in situ experiments. XANES and EXAFS spectra are
collected at a specific state of charge (or discharge) of the
battery, which are indicated by the same color in the figure.
In this way, all the structural and electronic modifications
occurring at the selected site upon lithium insertion and
release are highlighted and can be successively studied. The
example in Figure 5 deals with a cathode material based
on nickel oxide. Certainly, in case of cathode with several
metal in the structure, like the new lithium-excessmanganese
layered oxide, which is a solid solution of Li

2

MnO
3

and
LiCo
1/3

Ni
1/3

Mn
1/3

O
2

, the XAS can be tuned to all metal sites
to reveal both structural and charge modifications of each
metal core.

4. Data Analysis

Data analysis of an XAS spectrum is generally done using
code programs which can perform ab initio calculations,
and they are useful for either XANES or EXAFS. Once a
spectrum has been registered during dedicated beam time
at synchrotrons, the easiest way to see the spectra and to
perform a general data manipulation is using the IFEFFIT
program [25]. Computer code programs which simulate
the XANES spectrum are MXAN [26] and FDMNES [27].
MXAN is also able to fit the XANES part (from the edge
to about 200 eV) of experimental X-ray absorption data. The
method is based on the fitting between the experimental
spectrum and several theoretical calculations generated by
changing the relevant geometrical parameters of the site

around the absorbing atom. The X-ray photoabsorption
cross-section is calculated using the full multiple scattering
scheme. A computer programwhich is used for the analysis of
metal L-edge and EELS (electron energy loss spectroscopy) is
called CTM4XAS and it is also available [28].

For the EXAFS analysis there are basically three computer
programs: GNXAS [29, 30], FEFF [31, 32], and EXCURVE
[33, 34]. Briefly, the GNXAS package is an advanced software
for EXAFS data analysis based on multiple-scattering (MS)
calculations and a rigorous fitting procedure of the raw
experimental data, which allows to fit simultaneously any
number of spectra containing any number of edges, to use
directly the raw data without any preanalysis, to account
for complex background multielectron excitation features,
to use various model peaks for the doublet, triplet, and
quadruplet distribution functions, including non-Gaussian
distribution models. FEFF is an automated program for ab
initiomultiple scattering calculations of X-ray absorption fine
structure (XAFS) and X-ray AbsorptionNear-Edge Structure
(XANES) spectra for clusters of atoms. The code yields
scattering amplitudes and phases used in many modern
XAFS analysis codes.The last version of the code, FEFF9, has
been released and its features were summarized recently by
Rehr [35]. EXCURV is a program which simulates EXAFS
spectra using rapid curved wave theory from the parameters
of the radial shells of atoms surrounding the central atom.
Figure 6 shows a detailed example of EXAFS data analysis,
in terms of single atomic contribution, which is due to the
various atoms surrounding the photoabsorber.Thefigure also
displays the relative FT of the EXAFS signal.
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A typical consequence of an in situ XAS experiment,
where the absorption coefficient is measured during a change
of an external variable, is the large number of XAS data files
produced. This is particularly true in the case of a spec-
troelectrochemical experiment involving a battery during
the charge/discharge process. Recently, a methodology based
on a joint chemometry, dynamic XAS approach, has been
proposed, allowing a more complete understanding of the
cell dynamic during charge/discharge processes [36]. Briefly,
by applying the multivariate curve resolution (MCR) analysis
[37] to a complete set of XAS spectra (about 60) obtained
on a Cu

0.1

V
2

O
5

xerogel cathode during the charge, it was
possible to determine the number of species involved in the
experiment and the range of existence of each of them and to
obtain the spectra of the pure components. For the viewpoint
of the cell dynamic, this data treatment evidenced the occur-
rence, for the first time, of three species during the battery
charging. The structural identification has been revealed by
the successive EXAFS analysis, which has confirmed three
different chemical environments ofCuduring the experiment
(for a more complete list see the ESRF website at http://www
.esrf.eu/Instrumentation/software/data-analysis/Links/xafs).

5. Applications to Battery Materials

There is a tremendous interest in batteries with high energy
and high power density for a wide variety of applications,
from portable equipment, computer laptops, to hybrid elec-
tric vehicles and also batteries for load levelling [38–40]. In
this context, fundamental studies of high rate intercalation
into nanostructured and microstructured porous hosts have
been performed in order to explore the insertion properties of

guest ions such as lithium or sodium, into the host structure,
which identifies the cathode in a battery. The rate and
efficiency of such intercalation reactions are of fundamental
importance to the chemists because they permit the use of
the hosts in intercalation batteries [41]. In this context, Li-
insertion compounds (and hence Li-battery technology) have
been the subject of intensive research based on the fact that
Li is the most electropositive (−3.04V versus SHE, standard
hydrogen electrode) as well as the lightest (equivalent weight
6.93 g/mol) metal, thus facilitating the design of storage
system with high energy density [41].

Among the most known Li-insertion compounds used
for cathode materials, V

2

O
5

-based structure, Li
(𝑥)

CoO
2

, or
LiNiO

2

or LiNi
(1-𝑥)Co(𝑥)O2 layered rock salt system as well as

manganese spinel system, Li
(𝑥)

Mn
2

O
4

, have been extensively
studied and used in commercially rechargeable batteries [41,
42]. Some of them have intrinsically crystalline structure,
but composite electrodes based on porous gel materials,
have frequently been proposed. For instance, aerogels and
similar nanostructured porous hosts are among these new
materials that promise to enhance the rates of intercalation
without those compromising their excellent thermodynamic
characteristics [43]. New studied materials also include
lithium iron phosphate, LiFePO

4

, in both amorphous and
crystalline states, which present the advantage of using Fe
which is inexpensive and nontoxic. Iron is also considered
the fourth most abundant element in the Earth’s crust.
Figure 7 is a sketch of the amorphous V

2

O
5

gel structure.
The typical layered structure is observed, with only difference
in interplanar distance among layers. The displayed layered
structure also holds true for Li

(𝑥)

CoO
2

and Li
(𝑥)

NiO
2

. In
those layered materials the space among layers can be used
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.

to accommodate lithium in reversible intercalation/release
reactions, and the layered structure is normally retained
during the process.

Because of the amorphous, ill-crystalline state led by
these materials after intercalation/release processes, X-ray
absorption spectroscopy (XAS) is the technique of choice
for retrieving structural and electronic information. The
main characteristics of these studies include the following:
(i) XAS is an element-specific technique which allows to
select a particular metal threshold (generally a K-edge) to
obtain the local structure around a selected metal atom;
(ii) XAS could be tuned to different sites (e.g., Fe and P
in amorphous LiFePO

4

) giving two independent absorption
signals even if we are investigating the same compound,
enhancing therefore the reliability of the analysis; (iii) X-ray
absorption near-edge spectroscopy (XANES) can be used to
reveal the formal oxidation state of the probed atom as well
as information concerning the symmetry of the metal site;
(iv) XAS is a local probe and therefore can be complemented
with XRDmeasurements (in case of crystalline materials) for
long range order studies; (v) the possibility of doing in situ
measurements where the XAS spectra are collected during
charge and discharge. In this case the structural modification
of themetal site can bemonitored during the electrochemical
process while the XANES portion of the spectrum provides
quantitative information about the change of oxidation state
and local symmetry.

In general, the characterization of the local structures of
intercalation hosts by XAS is intended to reveal the nature of
the sites for intercalation, the changes of these structural sites
during insertion/release of lithium, and the reversibility of
structural changes during cycling with in situ techniques.The
use of EXAFS spectroscopy in the field of battery materials
has been first reported byMcBreen in a pioneeringwork [44],
and reviewed successively [45–47], and also recently reported
by other authors [48, 49].This section summarises a selection
of studies of the most promising candidates for positive
electrodematerials for lithium batteries [41, 42] conducted by
XAS techniques: V

2

O
5

-based structures [50], LiCoO
2

layered
structure, LiMn

2

O
4

-based spinel structure, and the LiFePO
4

olivine structure. Historically, the first studies dealt with the
vanadium pentoxide gels; therefore we will highlight them
first. A comprehensive account of the XANES characteristics
of a series of vanadium oxides has been reported by Wong et
al. [51].

5.1. Vanadium Oxide-Based Materials. The first studies of
V
2

O
5

material for lithium batteries have been conducted in
the early 90s, with experimental works done at the Syn-
chrotron LURE in France [52] using an in situ cell [53].
Followed research is conducted at theUniversity of Camerino
on LiV

3

O
8

[54] and NaV
3

O
8

[55], using the same beamline.
Crystalline V

2

O
5

[56] and vanadium doped manganese gel
[57] have also been reported. Successively, an extensive use of
the XAS spectroscopy onmaterials based on sol-gel synthesis
of vanadium oxides, has been done mainly by researchers
at the University of Minnesota, conducting experiments at
LURE, France, and Brookhaven National Laboratory, USA.
Those materials are generally amorphous and have inter-
calation capacity as high as 650Ah/kg with corresponding
specific energies exceeding 1600Wh/kg. The local structural
modification of V

2

O
5

aerogel materials has been investigated
in a series of chemically intercalated samples [58]. An in
situ XAS study conducted on V

2

O
5

xerogel upon lithium
intercalation and release [59] revealed the changes of the
effective charge of vanadium. For the first time, the structural
reversibility of V

2

O
5

xerogel which extends up to 5 Å around
the vanadium site has also been proven. Successively, similar
studies by in situ XAS have been conducted on the aerogel
and ambigel vanadium oxide cathodes [60, 61] and on
LiNiVO

4

material [62]. The structure of the pristine V
2

O
5

xerogel has been studied by EXAFS spectroscopy in a grazing
incidence geometry [63] analysing the local environment
of the vanadium site along the 𝑧-direction, further proving
the occurrence of a bilayer structure due to two sheets of
V
2

O
5

facing each other. The EXAFS fitting has confirmed
the existence of a vanadium-vanadium interaction between
two different V

2

O
5

layers and an oxygen bridge between
them. The large asymmetry of VO

6

units in vanadium oxide
materials makes the EXAFS analysis of the first shell a
challenging one, and the use of intrinsically polarized syn-
chrotron radiation X-ray beamwas necessary to discriminate
contribution from 𝑥-𝑦 plane to the 𝑧-axis in an oriented
sample. A combined analysis of 𝑥-𝑦 and 𝑧-axis polarized
EXAFS spectra has permitted to build up the most suitable
fitting parameters for an EXAFS spectrum recorded on the
powder of V

2

O
5

aerogel, demonstrating consistency of the
polarized and the powder experiment [64].

To enhance the rate of insertion, amorphous V
2

O
5

was
doped with several polyvalent cations such Ag, Cu, and Zn.
An increase of the conductivity by more than three orders of
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magnitudewas observed. Subsequent intercalation of Li+ into
the doped materials proved to be facile and highly reversible.
To study the structural sites of the polyvalent ions, XAS
spectra have been recorded at the zinc, copper and vanadium
K-edges in a series of aerogel-like and xerogel V

2

O
5

doped
materials [65, 66]. X-ray absorption spectroscopy has been
used to probe the local structure of vanadium pentoxide as
well as the local environment of the insertedmetal site, thanks
to the selectivity of the EXAFS probe. A study on the Zn-
dopedV

2

O
5

samples permitted to identify an unconventional
site for the guest metal, with the Zn ion interacting with a
single bilayer [67]. Furthermore, a series of Zn and Cu doped
aerogel-like V

2

O
5

samples was investigated in a framework
of collaboration between theUniversity ofMinnesota and the
University of Bologna, demonstrating the equivalency of the
preferred site for Cu and Zn. The EXAFS analysis showed
also that the vanadium atomic environment is not altered by
the doping metal insertion and that copper and zinc are 4-
fold coordinated by almost coplanar oxygens in both xerogel
and aerogel-like oxide hosts [68]. When the doping ions
interact with a single bilayer, an important consequence is
that the interlayer space is free and available for further ion
insertion.This has been proved by an in situ XAS experiment
on a Cu

0.1

V
2

O
5

xerogel cathode [69], a material that can
deliver 180mAh/g in 80 minutes and discharge for more
than 450 cycles without any capacity fading. These excellent
properties have been reported to be related to the “free” space.
In addition, EXAFS data showed that the copper ion was
reduced to metallic state during the lithium insertion and
was reoxidised returning to the same site in the lattice upon
lithium release. A further paper which highlights the ability
of XAS technique to determine the preferred site of Cu and
Zn as doping metal, in both aerogel-like and xerogel forms,
using a straightforward application of multiple scattering
(MS) formalism in the XAS data analysis, has been published
by Giorgetti et al. [70]. In addition, samples of LixV

3

O
8

have
been the subject of soft X-ray absorption study as well [71].
Asmentioned in Section 4, a chemometric approach has been
applied to study the XANES spectra evolution during in situ
scanning of a Cu

0.1

V
2

O
5

xerogel secondary battery [36].

5.2. Cobalt and Nickel Oxide-Based Materials. Since early
research studies in the field of lithium battery around the
80s, the LiCoO

2

layered structure has been widely used
as cathode materials since it exhibits good electrochemical
capacity [42]. But the drawbacks of such materials such
as high cost stimulated the battery communities in search
for good alternatives. The isostructural LiNiO

2

exhibited an
initial capacity of 200mAh/g, but unlike LiCoO

2

, it is difficult
to prepare with a good reproducibility and stoichiometric
quantities. Both LiCoO

2

and LNiO
2

possess a layered struc-
ture where a cubic close packed oxygen array provides two-
dimensional network of edge shared Co(Ni)O

6

octahedra
for the lithium intercalation/release. The chemical stability
and cyclability of these layered electrodes can be obtained by
adding a small amount of other elements. Since the year of
2000, a lot of structural studies have been conducted by XAS
spectroscopy. One group at Brookhaven was very prolific in
this area and conducted several in situ studies [72–76]. In

particular, from the XANES curves [72] it was observed that
the high-surface-area Li

1-𝑥Ni0.85Co0.15O2 cathode material
leads to the oxidation of Ni3+ to Ni4+ well before the end
of charge (𝑥 ≈ 0.85) and that the Co atoms do not oxidize
during the initial stages but close to the end of charge. In
addition, EXAFS [74] showed a reduction in the Jahn-Teller
effect during oxidation of Ni3+ to Ni4+, as expected. Similar
studies have been conducted onmaterials dopedwithGa [73],
Al [76], and Fe [77]. Choi et al. [78] also investigated the
systematic variations of the 1s → 3d and 1s → 4p transitions
in Li
𝑦

CoO electrode, where the insertion of lithium causes
the local structure around Co atoms to become asymmetric.
A study from the National Taiwan University of Science
and Technology reported on the surface/bulk mechanism of
delithiated commercial LiCoO

2

cathode [79]. From soft XAS
experiment using both total electron yield and fluorescence,
it has been demonstrated that the oxidation state of oxygen
as well as the electronic transitions on the surface and in
the bulk of the delithiated compounds are different. Recently,
a combined XAS-RIXS (resonant inelastic X-ray emission)
[80] study conducted on LiNi

0.65

Co
0.25

Mn
0.1

O
2

material [81]
has showed a strong screening behavior of the Li ions between
the oxide layers, and an XAS study has been conducted on
LiCoO

2

particles with nanoscale [82].

5.3. Spinel LiMn
2

O
4

and Other Manganese Oxide Spinel-
Based Systems. The relative abundance of manganese has
aroused the interest of developing cathodematerials based on
LiMn

2

O
4

spinel structures, where cubic close packed oxygen
provides a three-dimensional array of edge shared MnO

6

octahedra for the lithium insertion and release. Unfortu-
nately, this spinel structure suffers from the cooperative Jahn-
Teller distortion by Mn3+ ion which causes the material to
undergo a phase transition from cubic to tetragonal, leading
to a rapid degradation of the electrode. Layered LiMnO

2

has been considered first as an alternative, but it transforms
to spinel structure upon cycling. Considerable improvement
of cyclability has been reached by substitution of Mn with
transition metals. A certain number of papers appeared in
order to study this issue from the structure and charge
viewpoint. Yoon et al. [83] studied the electronic structure of
electrochemically Li-ion deintercalated Li

1-𝑥Mn
2

O
4

system
for various Li compositions using soft X-ray absorption
spectroscopy (XAS) andChan looked into the valence change
in a surface modified LiMn

2

O
4

spinel [84]. In the following
years a lot of studies have been conducted in electrode
materials with spinel structures, where partial substitution
of Mn by another metal has been observed. Cobalt doped
LiMnO

2

cathode [85, 86], copper-nickel [87], nickel-cobalt
[88, 89], nickel [90], magnesium-nickel [89], and nickel-
cobalt-aluminum [90] analogs have also been the subject of
extensive XAS studies, using in situ approaches. These stud-
ied have suggested that the doping metal plays a key role in
maintaining the layered structure during cycling, by creating
a mixed oxide phase where all the manganese ions are kept
at Mn4+ oxidation state and the doping metal is responsible
for the redox properties. This mechanism is called charge
compensation and has been further addressed also using soft
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XAS study, as seen in a paper by Yoon et al. [91]. In fact by
measuring both hard (atmetal K-edge) and soft (atOK-edge)
XAS spectra, the relative importance of oxygen involvement
in the redox reaction of Li

1-𝑥Co1/3Ni1/3Mn
1/3

O
2

has been
investigated, concluding that a large portion of the charge
compensation during lithium release is achieved on the
oxygen site. Recently, this strategy has been applied to study
the redox mechanism of Li

1.16

Ni
0.15

Co
0.19

Mn
0.50

O
2

positive
electrode during the charging and discharging processes [92].
Deb et al. investigated the charge-compensation mechanism
and structural perturbations occurred in the system during
cycling of layered LiNi

1/3

Co
1/3

Mn
1/3

O
2

system by in situ
XAS and proposed a novel electrochemical in situ cell
specifically designed for long-term X-ray experiments [93].
The same material has been further investigated by Kim et al.
[94]. The electronic and local structures of partially anion-
substituted lithium manganese spinel oxides as positive elec-
trodes for lithium-ion batteries were investigated using XAS
[95], clarifying that the good cyclability depends on the anion
doping effect. Titanium doped spinel samples were investi-
gated as well [96, 97]. The element-specific nature of X-ray
absorption spectroscopy to reveal the chemical and structural
details of a surface treatment in protection of high-capacity
cathode materials has been reported [98]. Another report
concerns novel lithium-excess manganese layered oxides,
which can also be seen as a solid solution of zLi

2

MnO
3

and (1-
z)LiCo

1/3

Ni
1/3

Mn
1/3

O
2

.Thepaper addressed the uncommon
large reversible capacity for the Li-excess manganese layered
oxides, which originates from the electrochemical redox
reaction of the oxygenmolecules at the electrode surface [99].
This study complements the one by Armstrong [100] which
suggested that lithium extraction above 4.5 V is accompanied
by a loss of oxygen.

5.4. Lithium Iron Phosphate. LiFePO
4

was considered
another promising candidate for cathode materials due to
its low cost and good safety characteristics. Its structure is
olivine, described by a hexagonally close packed oxygen
array in which there are PO

4

tetrahedra and FeO
6

octahedra.
This structure is intrinsically a poor electron conductor.
Several methods have been developed to improve the
conductivity, for instance, by including carbonaceous
material and in control of the particle size and also by
doping of multivalent cations in substitution of the Fe. XAS
studies on the extraction and insertion of lithium in LiFePO

4

electrodes [101, 102] have proved the existence of two
separated phases for the fully charged and fully discharged
materials: LiFe(II)PO

4

corresponding to the initial state of
the battery, whereas in the delithiated state (FePO

4

) iron
was found to be in the Fe(III) state. A recent work by Inoue
[103] also analyzes the charge of Fe during charge-discharge
cycling. These measurements on the LiFePO

4

cathode show
that the material retains good structural short-range order
leading to superior cycling. A recent work examined [104]
the changes in electronic structure in the cobalt analogs,
LiCoPO

4

, whereas the amorphous FePO
4

material has been
studied by Hong et al. [105]. Giorgetti et al. [106] studied
the local structure arrangements of submicrocrystalline

lithium iron phosphate and its precursors, obtained by
sol-gel synthesis. The joint use of XANES and EXAFS taken
at Fe K-edge pointed out the modification of the Fe site
during the synthesis steps, indicating that such a material is
different from the conventional crystalline LiFePO

4

on the
short-range order. The P K-edge in lithium iron phosphate
has been used to analyze the electronic structure of the
delithiated Li

1-𝑥FePO4 cathode by Yoon. The gradual shifts
on the main edge towards higher energy indicated that P–O
bonds become less covalent. And from the observation of
the pre-edge peaks behavior the authors concluded that
the electrochemical delithiation results in the hybridization
of P 3d states with the Fe 3d states [107]. Recent studies
have been conducted addressing the specific role of the
vanadium substitution of Fe in LiFePO

4

[108], a report on a
mixed Fe-Mg-Mn phosphate electrode [109], the structural
study of the LiFePO

4

-LiNiPO
4

solid solution [110], and the
heterogeneous behavior of a composite electrode of LiFePO

4

[111]. In addition the enhanced electronic conductivity
found in doped samples has encouraged structural studies
of delithiated LiFe

0.5

Co
0.5

PO
4

[112], on carbon coated
LiFe
0.33

Mn
0.67

PO
4

[113] and on pure Li
3

V
2

(PO
4

)
3

and
Na
3

V
2

(PO
4

)
3

materials embedded in a carbon matrix as a
candidates for Li and Na batteries, respectively. In the latter
study, XAS analysis [114] has evidenced small and reversible
changes in the interatomic distances of vanadium after the
1st cycle, indicating very rigid structures during alkali metal
extraction.

5.5. Miscellanea. Finally, a few papers appeared recently on
a wide variety of new intercalation materials using the XAS
probe. Due to the potential interest inMg batteries [115] an in
situ study reports the mechanism of electrochemical depo-
sition of magnesium from a precursor, and the reversibility
reaction for the new Na

1-𝑥Ni0.5Mn
0.5

O
2

material for Na-
based battery has been followed by XAS [116]. It has been
reported that as sodium ions are extracted, nickel ions are
oxidized to the trivalent state while the manganese ions
remain electrochemically inactive in the tetravalent state.
Sodium cycling performance has been also investigated in
Na
0.74

CoO
2

material [117]. Dominko reported on in situ XAS
of Li
2

MnSiO
4

and Li
2

FeSiO
4

cathode materials [118], and
Cabana on the possibility of using Li

7.9

MnN
3.2

O
1.6

as a new
cathode material [119]. The charge-discharge performance of
a rechargeable lithium/sulfur battery has been investigated by
in situ XAS [120]. The SEI (solid electrochemical interface)
formation on electrode has been the subject of two structural
investigations [121, 122].

6. Application to Metal Hexacyanoferrates

Metal hexacyanoferrates (MHCF), also called bimetallic
cyanides, are a class of inorganic polymeric materials which
belongs to Prussian Blue (PB), a pigment discovered by
a Berlin draper Diesbach [123] in the eghteenth century.
Historically, there are twomain characteristics of PB: its color,
due to the mixed oxidation state of iron, and its zeolitic
character which makes the PB a substance capable of taking
in and out, or trapping, guest molecules in the cavities of
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Figure 8: Structure of Prussian Blue analog, that is, metal hexa-
cyanoferrates (MeHCFs). Fe andMe atoms are in the corner of each
cube, occupying the 4a and 4b crystallographic sites of the Fm3m
space group (soluble structure). Countercations as well as water are
placed in the interstitial 8c position (violet) and can be mobile,
giving rise to awide variety of applications.The insoluble structure is
formed when Fe(CN)

6

vacancies are present, and the N empty sites
are occupied by O of coordinated water.

the lattice. From the structural viewpoint these materials are
characterized by a rigid three-dimensional cubic network of
repeating units of –NC–Ma–CN–Mb–NC–, where Ma is Fe
in hexacyanoferrates (and it could be other transition metals,
in hexacyanometallates) and Mb is Co and/or Ni and other
transition metals [124]. Both Ma and Mb sites are typically
octahedral, and the sites at the cube centre are occupied by
water as well as countercations as necessary to achieve charge
neutrality. This regular structure is depicted in Figure 8, and
can be referred to as soluble structure, which is described
by the space group Fm3m. Depending on the method of
preparation, these compounds also feature structural defects.
Particularly, the presence of Fe(CN)

6

vacancies and the
partial occupancy of zeolitic water lead to the so-called
insoluble structure, where the N empty sites are occupied by
O of coordinated water. It is worth pointing out that the term
soluble for the PB actually corresponds to highly insoluble
complex, but it gives the appearance of forming a solution
in water due to a facile peptization as a blue colloidal sol.
Structurally speaking, despite the fact that the majority of PB
compounds are cubic, other crystal symmetries are found in
few other hexacyanoferrates [125–127].

In the past decade, renewed attention to these materials
is based on their use as magnetic devices [128–133]. In fact,
the discovery of the photoinduced magnetization in some
hexacyanoferrate compounds [134] paved the way to exten-
sive studies. Other properties of the metal hexacyanofer-
rates are electrochromism, electrocatalysis [135], ion-sieving
membranes, charge storage, diffusion properties, corrosion
protection, and analytical sensing [136–138]. Among the
different preparation methods, hydrothermal synthesis and
ultrasonic conditions have been proposed for the preparation
of Berlin Green (the oxidized form of PB) microcrystals [139]

and PB nanocubes [140, 141]. Also, nanostructures of cobalt
analog of PB has been proposed [142–144].

The structure of MHCFs allows to investigate different
phenomena in EXAFS spectroscopy: (i) the multiple scatter-
ing; (ii) the multiple-edge data analysis; (iii) the possibility of
analyzing molecular complex formed by common structural
units which shares same sets of parameters. These aspects
will be highlighted here. The peculiarity of MHCF structures
of being formed by an almost perfect linear –NC–Ma–CN–
Mb–NC– atomic chains coupled to a high degeneration of the
atomic chains (six in the soluble structure, see Figure 8) and
a short distance between Mb and Ma (about 5 Å) produce a
strong multiple scattering effect on the EXAFS signal. This
has been demonstrated with XANES and EXAFS studies of
Fe(CN)

6

3−/4− ions [145–147] where the multiple scattering
signal results are enhanced by the focusing effect [148]. The
enhancement of the EXAFS oscillation becomes even more
pronounced in the case of four collinear atoms vibrating
around the equilibrium positions, and this effect has been
called superfocusing [149]. In the late 90s Na

2

CoFe(CN)
6

has been used as prototype of four-body multiple scatter-
ing XAFS calculation [149] and a similar study has been
conducted on Co/Ni hexacyanoferrate [150]. The multiple
scattering (MS) formalism represented the best approach for
a correct XAS interpretation since the pioneering work by
Lee and Pendry [151] and further developed for the EXAFS
case by the work of Natoli, Benfatto, and coworkers [152, 153].
A second significant aspect of an EXAFS measurement of
MHCFs is evidenced from Figure 4. Due to the contiguous
atomic numbers of Fe and Co, that is, Z (Fe), Z+1 (Co), the
twometal edges appear very close. In such a case data analysis
can be carried out at the two edges simultaneously. This
approach has first been applied to the L edges (LI, LII, and LIII)
in liquid and crystalline Sn [154] and then extended to the
analysis of K-edges byZhang et al. [155, 156]. It has been called
multiple-edge structural refinement. Otherwise, data analysis
could be done on the two edges separately. In addition, the
high symmetry of MHCFs makes feasible fitting procedures
using a reduced number of structural parameters, leading
to a very reliable EXAFS minimization. To date, multiple
edge approach using some correlated parameters has been
reported in the literature [155], and the first example of a
multiple edge approach concerning three contiguous metal
edges with the peculiar characteristic of sharing the entire
structural parameters has been presented by Giorgetti and
Berrettoni [150] on nickel/cobalt hexacyanoferrate.The triple
probe has allowed extending the number of experimental
data to a factor of three (about 1200 from 400), even using
the same parameters.

Due to a large Co-N first shell modification of magnetic
FeCo cyanides during temperature scan, the use of the
XANES and EXAFS probes has become popular in the
90s, with several studies conducted in Japan. The XANES
spectrum at both metal edges proved essential in the
determination of CoIII/CoII ratio in these molecular com-
plexes, confirming the occurrence of spin transitions [157,
158]. Also, the group of Verdaguer in Paris studied the con-
dition to observe a photoinduced magnetization in several
FeCo cyanides with variable amount of Co, by the XAS
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technique [159]. The study was completed with measure-
ments at L

2,3

edges [160] and analyzing the role of the
Fe(CN)

6

vacancies in some cesium derivatives [161]. Com-
bined EXAFS and XANES simulations aimed at checking
the vacancies in cobalt hexacyanoferrates have been recently
reported [162]. X-ray absorption fine structure spectroscopy
has also been used to study the photoinduced magnetic
transition in other hexacyanometallates, including FeMn
[163], CoW [164], and CuMo [165]. In these studies, even
though the EXAFS analyses have been done using single shell
fitting procedure and the single edge approach, new data
concerning the metal ligand bonding and phase transition
have been revealed.

Not only K lines of metal hexacyanoferrates have been
recorded and analyzed in EXAFS experiments but also the
L lines, which gives complementary information concerning
the covalency and charge of the metal ligand bond [166].
In particular, it has been evidenced metal-to-ligand charge
transfer (MLCT) from 2p XAS spectrum of several bimetallic
cyanides [167] has been evidenced, a study concerning the
crystal field parameter [168], the specific role of the alkali
metal [169], and the study of the electronic configuration
of thin film of RbCoFe and NaCoFe deposited on an Si

3

N
4

substrate [170].
Due to the wide application of MCHF in the field of

electrochemistry, there has been an extensive use of XAS
spectroscopy for the structural characterization of electrode
materials. Bulk microcrystals of CoHCF [171], Ni/Co HCF
[172, 173] cathodical deposits of thin films of NiHCF [174],
and CoHCF in presence of PAMAM doped silica matrix
[175, 176] have been studied. Those reports demonstrated the
suitability of the EXAFS probe to address problems at the
chemical/electrochemical interface. An EXAFS study of the
electrodeposited Co and Ni hexacyanoferrate films revealed
which metal is responsible for the electrochemical response
[177]. Recently, a paper presented in-depth studies of Cu and
Fe K-edge thresholds in a series of different electrodeposits
of CuHCF on carbon surfaces [178]. The study demonstrates
that it is not possible to obtain a “pure” electrosynthesized
CuHCF, because a small amount of PB is anyway deposited
during the synthesis and a second step consisting of Cu2+ ions
intercalation is needed to prepare amore performingmaterial
[138]. The inserted copper reaches the defective structural
(not interstitial) sites. This conclusion has been extended to
deposits on indium tin oxide (ITO) substrates [179].

Bleuzen et al. [180] reported a study using energy dis-
persive XAS of two FeCo cyanides under variable pressure
and room temperature, demonstrating a departure from a
cubic symmetry, whereas a phase transition was observed in
manganese hexacyanoferrate [181]. Magnetic PB derivatives
have been probed by resonant inelastic X-ray scattering [182],
revealing the temperature dependence of Co and Fe valence
ratios in one cooling run. MHCFs have been the subject
of soft XAS studies of cyanobridged coordination polymer
electrodes [183], Fe and Mn 2p FeMn cyanides [184, 185],
and on the origin of PB fading of several pigments in linseed
oil medium [186, 187]. First XAS studies of actinides based
metal hexacyanoferrates [188, 189] have been reported. Site
selective high-resolution k𝛽 fluorescence detection has been

tested on PB [190] evidencing conformity to the well-known
crystallographic distances by Buser et al. [124].

7. Application to Layered Double Hydroxide
and Other Layered Materials

Layered double hydroxides (LDHs) [191] are a group of
synthetic clays which belongs to the naturally occurring
mineral hydrotalcite, Mg

6

Al
2

(OH)
6

CO
3

4H
2

O, where Mg2+
and Al3+ can be substituted by different trivalent and diva-
lent cations with suitable ionic radii [192, 193]. Structurally
speaking, a positive charges brucite-like layer alternates with
anions and water molecules in the unoccupied interlayer.
This peculiar structure makes feasible the intercalation and
release of various ions andmolecules between the brucite-like
layers [194], opening applications in various research areas,
including catalysis [195, 196], adsorbents [197], electrochemi-
cal sensing [198, 199], photochemistry [200], corrosion [201],
and environmental remediation [202].

Due to the crystalline nature of LHDs, the structure of
pristinematerials and successivemodification are oftenmon-
itored and analyzed by means of the X-ray diffraction, where
the powder method gives already a fast response concerning
the modification of the interlayer spacing upon ions or
molecules intercalation/release processes. However, a con-
siderable number of studies appeared in the literature since
the pioneering work by Rives et al. [203] concerning the
use of X-ray absorption spectroscopy as suitable tools to
investigate both structure and charge of the metal ions
which constitute the LDH material. In fact, the availability
of another metallic site between brucite-like layers of LDH
combined with the selectivity of the XAS probe makes these
studies not only capable of investigating the local structure
of the native metals (i.e., Ni and Al in Ni/Al HT) but also
of studying the atomic environment of the guest species at
the interlayer. For instance, the sequestration mechanisms
of toxic metals such as nickel (Ni), zinc (Zn), and cobalt
(Co) in layered double hydroxide (LDH) phases in soils have
been examined at pH 7.5 using extended X-ray absorption
fine structure spectroscopy (EXAFS) [204], and EXAFS
spectroscopic data confirms a coprecipitation mechanism
of Al with Ni on Al-rich substrates to form Ni−Al LDH
surface precipitates [205]. Several studies were related to
contaminated soils and remediation procedures [206–208],
as for nickel sequestration in kaolinite-humic acid complex
[209] and the sorption mechanism of arsenate [210] or nickel
[211, 212] at molecular level in various matrices. In particular
the effect of the humic acid sorption proceeds via formation
of mononuclear complexes in Ca-montmorillonites platelets,
as evidenced by EXAFS [213]. Also, Zn sorption mechanisms
at the clay/mineral interface [214] and on low surface area
gibbsite and Zn/Al LDH [215] have been studied as well.

Structural studies by EXAFS spectroscopy on LDHs were
aimed at describing the environment of the intercalated ions
ormolecules, and on the local environment of theM2+ center,
thus giving some responses about the possible retaining of
the pristine LDH structure. For instance, the structural site of
iodide in Zn/Mg LDHwas identified by EXAFS [216], and the
same has been done for the oxomolybdenum on Zn/Al and



12 ISRNMaterials Science

Mg/Al [217], and for lanthanide ion in Zn/Al [218] LDHs. An
EXAFS analysis confirmed the presence of an Ni-containing
LDH as indicated by the Ni–Ni distance and Ni coordi-
nation number in Ni-exchanged KAlSiO

4

, also confirming
the retention of the pristine structure of LHD in Zn/Al
LHD after insertion of polyoxovanadates [219]. Structural
studies during temperature scan highlighted the structural
modification occurring in poly (styrene sulfonate) [220] and
oxometallate intercalated Mo/W LDH [221]. Studies of the
grafting phenomenon [221, 222] and calcination at 450∘ [223]
have been proposed, giving details on the structural evolution
of pristine and pillared materials. A study done mainly by
extendedX-ray absorption fine structure evidenced a cationic
order within the sheets of the layered double hydroxide [224].
The synthesis of Zn/Cr LDH has been monitored by EXAFS
spectroscopy evidencing the formation of oligomeric species
before the LDH signature [225].

Among the various different synthetic approaches, LHDs
can be obtained by recovering the layered structure via
precipitation from a suitable bath of precursors at moderate
temperature. This process leads to amorphous materials
mainly, and therefore XAS spectroscopy is the most suitable
technique to study both the bulk of materials as well as
processes in solutions. Certainly most of the applications
of HT correspond to the field of heterogeneous catalysis,
where the interlayer space provides unique reaction condi-
tions. Recently, a series of terephthalate-intercalated nickel-
aluminum LDHs was studied by EXAFS to study the alu-
minum segregation process, and it was found that the alu-
minum phase increases continuously with increasing overall
aluminum content, becoming significant for values equal to
or higher than 0.6 [226]. In addition, Pt and Pt-Cu catalysts
for reforming glycerol obtained by calcination of the corre-
sponding LDH [227] and photocatalysts for water splitting
based on TiO

2

on LDH matrix [228] have been structurally
characterized. Zn/Al LDH obtained by coprecipitation has
been used to follow cyclohexene oxidation and monitored by
in situ EXAFS/XRD [229].

LHD offered alterative synthesis procedure for layered
cathodematerial [230] and potassium-free nickel hexacyano-
ferrate [231]. XAS studies have been performed on inter-
calation of oxocomplexes [232], macrocyclic ligand [233],
hexacyanoferrates [234, 235], oxometallates [221, 236], and
polyoxovanadates [237]. Those papers were aimed at inves-
tigate any possible variation of the Ni local environment in
LDH upon the intercalation of the appropriate anion, using
XANES measurements taken at the Ni K-edge. The same
strategy has evidenced the retaining of the local structural site
of Ni in Au nanoparticles formation assisted by LDH [238].
Hydrolysis and synthesis conditions of Ni/Ga LDHhave been
studied by different techniques, including XAS [239–241].
LHDs have also been used to develop urea biosensors for
medical diagnosis. An EXAFS study has been conducted
in Zn/Al LDH materials after immobilization of urease,
evidencing that the local ordering of the LDH layers is
retained [204]. The homogeneity of the metal cation dis-
tribution in the hydroxide layers has been demonstrated
as well [242], and a method for the EXAFS data anal-
ysis was proposed in order to demonstrate the Al and

Zn discrimination at a similar crystallographic position
[243].

Another class of layered materials which has been attra-
cting a great interest for more than half a century is
the graphite intercalation compounds (GICs) [244]. The
characteristic ordered layered structure of graphite makes
available some particular sites for the guest molecules, or
ions, giving interesting magnetic and electrical properties. A
lot of research has been conducted in this field in the 80s
and 90s, and several structural studies have been conducted
since the pioneering work by Heald and Stern [245] using the
newborn spectroscopy XAS. Most of the applications dealt
with graphite material with iron compound [246], such as
FeCl
3

[247] and FeBr
3

[248], and also with Ni [249] and
Au [250] chlorine. Recently, GIC with platinum salt has
found application in the field of catalysis. An XANES/EXAFS
analysis at the Pt LIII edge has demonstrated the +4 oxidation
state and anoctahedral coordination (with 4 chlorine ligands)
for Pt in hexachloroplatinic acid—CIG [251].The structure of
bromine residue was investigated by XAFS in carbons with
different degrees of graphitization [252] and the structure of
platinum chloride-graphite intercalation compounds (PtCl

4

-
GICs) with a stage three was revealed by a combined XRD
and EXAFS analysis [253].

X-ray absorption fine structure spectroscopy has also
been used to characterize a new class of two-dimensional
solids based on thorium organic coordination polymer [254]
and silica supported ytterbium oxide [255] giving evidence
of a strong interaction between the YO

6

octahedron and the
SiO
4

tetrahedron. Also, new layered oxychalcogenide struc-
tures have been synthesized and relationships between the
crystal structures and the physical and chemical properties
have been highlighted [256]. Layered perovskite structures
have been the subject of structural studies by XAS in order
to explain the changes in magnetic interactions based on the
rotation and on CoO polyhedra [257], and the chemical lithi-
ation of Aurivillius-type layered perovskite oxide, Bi

4

T
3

O
12

(BTO), was demonstrated by XAS measurements at Bi LIII
and Ti K-edges [258]. The distribution of the Ln ions in the
layered crystal structure of rare earth substituted La

2

RuO
5

was determined by EXAFS spectroscopy [259]. Eventually,
local lattice distortions in several semiconductor materials,
like YBa

2

Cu
3

O
𝑦

single crystals, have been studied by polar-
ized X-ray absorption spectroscopy [260, 261] providing new
physical insights concerning the out-of-plane Cu-O distance.

8. Perspectives

Over the last four decades, XAS has progressed from a
technique only suitable for specialists to a widely applicable
tool, emerging as an incisive probe of the local structure
around selected atomic species in solid, liquid, andmolecular
gases. XAS is nowadays widely recognized as a mature X-
ray technique, with a wide range of applications across many
scientific disciplines.This is especially true in the case of XAS
application in the field of intercalation materials because it
connects two communities, the chemists and the physicists,
who make their experiments in international laboratory
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using synchrotron radiation. Thanks to a steady develop-
ment of reliable spectrometers at synchrotron radiation light
sources all over the world, there are several beamlines nowa-
days dedicated to the study of batteries materials, and the
data recorded have reached an unprecedented quality. Other
areas of improvement include the speed of data collection,
the use of focused beam [262], the advanced use of the
energy dispersive XAS [263], and the simultaneous use of
XAS coupled with other analytical techniques, like mass
spectrometry and gas chromatography.This particularly suits
in the case of operandomeasurement in catalysis studies.

From the side of data analysis, as structure determination
is based on fitting data to structural model, the availability
and development of a suitable structural model are crucial
issues.The structuralmodel is taken by crystallographic stud-
ies when available and it can also be chosen by consideration
of spectroscopic and molecular dynamic information. This
starting structural model can also be modified during the
fitting procedure, and when a variation of more than 15%–
20% of a structural parameter is observed, the corresponding
individual signal is therefore reformulated by an ab initio
calculation.This situation becomes typical in inorganicmetal
complexes when the ligand structure is available but the
complex is ill-crystalline or polycrystalline [264, 265]. An
interesting approach to obtain a suitable structural model
comes from the combination of XAS andmolecular dynamic.
In this case the EXAFS structure refinement can be supple-
mented by computational chemistry methods [266–268]. A
recent joint EXAFS-molecular dynamics (MD) method has
been applied by Roscioni et al. [269] on gold nanoparticles
with sizes between 20 and 60 Å, where MD simulations
closely reproduce the experimentally recorded spectra.

The situation has also improved on a side from new
generations of software for data analysis, where programs are
now capable of analysing with great efficiency the multiple
scattering occurring at the EXAFS portion of the spectrum.
Also, the inclusion of multielectron excitation after the main
edge and the non-Gaussian distribution for the photoab-
sorber scatterer pair allow for a better understanding of
the materials characteristics. This allows to better assess the
structural disorder, that is, intrinsically present in cathode-
and anode-based materials.

There are two more considerations. The first is that XAS
must be considered as a spectroscopy, not only a technique
where several operations are done in a row and similarly for
all the experiments. Here, the difference resides in the fact
that the EXAFS data should always be interpreted, regardless
of the simplicity of the oscillatory portion of the spectrum.
It takes time and several structural models for correct
interpretation. The simplicity of the structural information
provided by the EXAFS, the oscillations, is also the main
weakness of this spectroscopy: as long as a suitable structural
model has not been built, the oscillation can be interpreted
in toomany different ways. Finally, onemay completely share
the sentence with Miller [13] which underlines the difficulty
for newcomers to learn how to conduct XAS experiments
and to perform an appropriate data analysis by themselves.
The suggestion is that new users, at least in their first
attempt to use this spectroscopy, should seek the advice and

collaboration of experts who will share their knowledge.This
is particularly true in the case of XAS studies on the subject
of batteries due to the multidisciplinary knowledge.
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