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Abstract
X-ray absorption spectroscopy is a synchrotron radiation based technique that is able to
provide information on both local structure and electronic properties in a chemically selective
manner. It can be used to characterize the dynamic processes that govern the electrochemical
energy storage in batteries, and to shed light on the redox chemistry and changes in structure
during galvanostatic cycling to design cathode materials with improved properties. Operando
XAS studies have been performed at beamline XAFS at Elettra on different systems. For
Li-ion batteries, a multiedge approach revealed the role of the different cathode components
during the charge and discharge of the battery. In addition, Li-S batteries for automotive
applications were studied. Operando sulfur K-edge XANES and EXAFS analysis was used to
characterize the redox chemistry of sulfur, and to relate the electrochemical mechanism to its

local structure.
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1. Introduction

In a world with a growing population the demand for energy
is growing in parallel, and up to the present fossil fuels have
supplied most of humanity’s energy. The environmental costs,
such as the effects of climate change, can only be thwarted in
a low-carbon society. This requires alternative energy sources,
such as wind and solar, which, notwithstanding recent
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advances, are still intermittent and unreliable. Batteries are
one of the most important devices for energy storage and their
implementation in grid-level sectors would make carbon-free
energy sources competitive and effective [1]. In the automo-
tive sector, replacing conventional cars with battery electric
vehicles would offer an opportunity to significantly reduce
future carbon dioxide emissions [2]. Finally, in the area of
information and communication technology the advances
in processing power and increasingly complex mobile and
portable devices demand more and more batteries with out-
standing characteristics. In this context, much effort is being
made to design safe, lightweight, small and environmentally
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friendly batteries, with a high-energy density and long run and
lifetimes, sometimes in an all-in-one solution.

Ideally, the dynamic processes that rule electrochemical
energy storage in batteries should be studied under operating
conditions. In addition, researching new high-performance
electrode materials requires a better understanding of the elec-
trochemical reaction mechanisms that take place during the
charge/discharge processes [3]. In operando experiments
the data are expected to provide a realistic representation of
the reaction behavior found under normal operating condi-
tions. The typical drawbacks of ex sifu experiments due to
sample transfer, such as the alteration of air or moisture-sen-
sitive species, are avoided, and so are the relaxation reactions
that may occur when the electric circuit is opened. Operando
studies can be performed on a single test cell. In this way the
uncontrolled differences between cells, which are needed for
a stepwise ex situ study of the electrochemical mechanism, are
suppressed. In addition, operando studies allow us to check
the structural and electronic reversibility of a battery system
while at least one full cycle is performed. For all these reasons,
ex situ studies of electrode materials are now complemented
by operando measurements using complementary tools such
as x-ray diffraction and/or spectroscopic techniques such as
x-ray absorption spectroscopy (XAS).

XAS is a synchrotron-based technique that measures the
x-ray absorption coefficient as a function of energy above
the absorption edge of a selected element [4]. Besides being
chemically selective, it is sensitive to dilute elements and
requires small sample volumes for analysis. Since XAS is a
local structural probe, it is applicable to all states of matter,
including crystalline solids and amorphous and liquid states,
allowing the accurate study of a large variety of materials. The
x-ray absorption near edge structure (XANES) part provides
information about the oxidation state and site symmetry of
the photoabsorber. The extended x-ray absorption fine struc-
ture (EXAFS) part of the spectrum probes short range order,
namely bond distances, coordination numbers and, to some
extent, the chemical identity of nearest neighbors.

X-rays in XAS can penetrate the electrochemical cells, per-
mitting an in situ characterization of the whole system [5, 6].
In this way, valuable information about the electrochemical
reactions and degradation mechanisms of electrode materials
during cycling can be obtained. These results, together with
the electrochemical data and complementary analytical tools,
provide a deep understanding of the electrochemical reaction
mechanisms to guide the conception of new materials for bat-
teries. Furthermore, chemometric approaches can be applied
to a set of experimental XAS data recorded in situ, allowing us
to obtain a more complete understanding of the cell dynamic.
The first example was reported in [7], where among various
chemometric techniques, the use of multivariate curve resolu-
tion (MCR) analysis enabled the identification of a new spe-
cies during the charge of a Cug;V,0s/Li ions battery, and the
checking of the structure by EXAFS analysis.

For Li-ion batteries there are numerous examples in
which XAS has been applied in operando mode (for example
[5, 8-13]). In the majority of these studies XAS is used to
investigate which elements are electrochemically active, and

at which point of the charge/discharge cycle. This clarifies the
role of the metallic ions that constitute the cathode materials
during the Li insertion, in particular the redox change of the
metallic ions, and how this is connected with the electrochem-
ical process. Usually the redox evolution is obtained by per-
forming a linear combination fitting (LCF) of the XANES part
of the spectra, either using the XANES spectra of reference
compounds or, more often, taking as reference spectra those
that correspond to the initial and final states of the process
[14]. In some cases the EXAFS part can also be analyzed,
yielding a local structural view of the cathode material during
the operation of the battery [15, 16].

More recently, XAS has also been applied to the study of
Li-S batteries. These are emerging high-energy-density bat-
teries with great potential for automotive applications. Since
the reactions involved in the electrochemical mechanism
include solid-liquid—solid transformations that cause great
complexity, XAS is a suitable analytical tool to characterize
the initial and final solid phases such as Sg and Li,S, and
also the intermediate molecular polysulfides dissolved in the
electrolyte [17-26].

The aim of this paper is to describe the beamline XAFS at
synchrotron Elettra (Trieste, Italy) and the different improve-
ments recently implemented to perform operando measure-
ments in batteries, and to show some studies in this field. The
first example regards a Li-ion battery for which a metal hex-
acyanoferrates-like material (MeHCFs), which is known to
have an open framework structure, has been used as cathode.
The XAS study was conducted at the K-edges of the different
metals of the cathode, revealing the role of the two metals
during the charge and discharge of the battery. The second
example concerns a Li-S battery studied at the S K-edge. In
this context XAS analysis was employed as an ex situ and
in situ analytical tool to characterize the redox chemistry of
sulfur, and to relate its local structural behavior to electro-
chemical performance.

2. The beamline XAFS at Elettra

2.1. General characteristics

The beamline XAFS at Elettra is dedicated to XAS. It oper-
ates from tender to hard x-rays, namely from 2.4 to 27keV.
Within this energy range, the K-edges of elements from sulfur
to silver are accessible and the L-edges of the elements from
yttrium to bismuth can be studied, together with those of the
lanthanides. The photon source of the beamline is a bending
magnet with a critical energy of 3.2keV and 5.5keV for
Elettra running at 2 GeV and 2.4 GeV, respectively.

Being general purpose, the beamline XAFS fulfills the
needs of a wide community of users in many different fields.
Examples range from catalysis [27-30] to environmental
science [31-35], and from fundamental physics [36] to
archaeometry [37].

The beamline XAFS can perform XAS in transmission,
fluorescence and converse electron yield modes. Its assets are
to perform XAS with an excellent signal-to-noise ratio, sta-
bility, versatility and reliability, and a high automation level.
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Figure 1. Optical layout of the beamline XAFS. The distance in mm from the source is reported for each optical element.

The optical scheme (figure 1), including the mask, collimating
mirror and double crystal monochromator, is described in
[38]. In 2012 the optics of the beamline were completed with
the addition of a pair of SiO, mirrors. Their aim is to suppress
the contribution of higher harmonics when working at ener-
gies below 4keV and therefore to enhance the performance
of the beamline in the lower range of operation energies. The
chamber described in [39] was installed in the experimental
hutch downstream from the exit slits parallel to the mono-
chromatic beam at 6 mrad with respect to the ground. The
mirrors were recommissioned and tested. Figure 2 shows the
intensity of the /) detector while rocking the first crystal of
the monochromator around the angle corresponding to the
energy of 2400eV without and with the SiO, mirrors placed
at 6, = 8 mrad with respect to the direct beam. The peak at
around —570V in the blue curve indicates that photons of
energy corresponding to 7200eV (2400eV x 3) and dif-
fracted by the Si(111) monochromator crystals are mixed
with those of 2400eV and counted by the I detector. The
red curve shows that the higher harmonic contribution is sup-
pressed thanks to the lack of reflectivity at 8 mrad of SiO, in
this energy range.

In order to evaluate the efficiency of the SiO, mirrors we
measured the K-edge (Ex = 7112 eV) x-ray absorption spec-
trum of an iron foil by scanning the monochromator around an
angle corresponding to an energy of E = Ex/3 = 2370.6 eV.
The left panel of figure 3 shows that without SiO,, even
a detuning as large as 90% of the maximum of the rocking
curve does not suppress the third harmonic, as evidenced by
the presence of the Fe edge, whereas the data recorded using
the the SiO; at both 6, = 8 mrad do not evidence the pres-
ence of the Fe K-edge (figure 3: right panel). This shows that
the SiO, effectively suppresses the third harmonic, although a
quantitative evaluation of the possible third harmonic photons
cannot be assessed.

2.2. Experimental station and sample environment
for operando studies of batteries

The experimental station of the beamline XAFS at Elettra
allows us to host different multipurpose apparatus easily.
Three ionization chambers (Ip, /; and I) are permanently
installed for data collection in the transmission mode. In addi-
tion, two chambers with motorized sample holders allow us to
accommodate multiple samples for ambient temperature and
reference measurements. A silicon drift detector is installed
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Figure 2. Intensity of the /) detector while rocking the first crystal
of the monochromator around the angle corresponding to the
energy of 2400eV without (blue curve) and with (red curve) the
SiO; mirrors placed at §, = 8 mrad with respect to the direct beam.
The rocking movement is achieved by applying a voltage to the
piezoelectric actuator finely controlling the crystal angle.

perpendicularly to the x-ray beam direction for measurements
in fluorescence mode.

Different models of in situ electrochemical cells were
used for the operando XAS studies reported here. They must
reproduce the same behavior as those used to test the elec-
trochemical processes and, at the same time, they must fulfill
the requirements dictated by the x-ray optics. In particular,
the cell must be provided with windows that are transparent
to x-rays, and at the same time it should be impermeable and
corrosion-resistant.

Typical pouch cells used for operando studies of batteries
are shown in figure 4. The one on the left is characterized by
a large dimension of the cathode. In this particular case, the
cathode material had previously been coated in an Al foil col-
lector and assembled together with a Li anode and Celgard
separator. This cell can be used at energies above 8keV
without the need for special x-ray windows along the x-ray
path. If needed, a small tube can be used as a sink for the
gas evolution which can take place during the electrochemical
processes. On the right we show a different model of pouch
cell that is used for measurements at energies of less than
4keV, in which part of the external wrapper has been substi-
tuted with a mylar of 2 pm thickness to ensure good transpar-
ency to tender x-rays.
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Figure 3. Left: XAS spectra of iron foil recorded by scanning the angle of the monochromator around a value corresponding to an energy
of one-third of that of the Fe K-edge without SiO, mirrors. The spectrum shown with the continuous line was recorded while maintaining
the parallelism between the two crystals of the monochromator, while the spectrum shown with the dashed line was recorded by detuning
the second crystal of the monochromator by 90% with respect to the perfect parallelism. Right: absorption of the iron foil recorded by
scanning the angle of the monochromator around a value corresponding to an energy of one-third of that of the Fe K-edge using SiO;
mirrors placed at 8 mrad with respect to the direct beam. The absence of the absorption edge indicates the efficiency of the SiO, mirrors in

suppressing the higher order harmonics.

Figure 4. Pouched cells used at the beamline XAFS for operando studies.

A different type of electrochemical cell that we used for
operando studies of batteries is a Swagelok cell that was
designed for operando experiments at synchrotron facilities
for both x-ray diffraction and x-ray absorption, but which was
recently also used for Raman spectroscopy (figure 5). This cell
is described in detail in [40]. For XAS, this cell can be used
in the transmission and fluorescence modes. In this cell the
x-ray window is given by a Be window that was originally of
100 pm thickness. In order to use the cell in the low energy
region (below 4keV) it can be modified by decreasing the
thickness of the Be down to 13 pm while at the same time
decreasing its diameter to prevent mechanical failure.

In order to perform measurements at energies below 4keV
the electrochemical cells can be placed inside a chamber that
is connected directly to the beamline and equipped with elec-
trical connections. The fluorescence detector can be placed
inside, as shown in figure 6. The whole system can operate
in vacuum or in a gas overpressure. For in situ studies of

batteries the chamber is usually filled with He at 10% above
atmospheric pressure to avoid absorption of the air while at
the same time avoiding the lack of electric contact within the
cell induced by vacuum conditions.

3. Examples

3.1. Intercalation material based cathodes for Li-ion batteries

Among the cathode materials used for rechargeable batteries,
the use of an open framework structure with sufficiently large
interstitial spaces for the fast intercalation/release process of
Li" and other cations is one of the most interesting chemical
challenges. Metal hexacyanoferrates (MeHCFs) were recently
proposed as a host for lithium and/or sodium ion batteries
[41, 42]. These structures are related to Prussian blue (PB)
and are characterized by a rigid three-dimensional cubic net-
work of repeating -NC—Fe—-CN-Me—NC- units, where Me is a
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transition metal. Iron and Me sites are typically octahedral in
the so-called soluble structure, and the sites at the cube center
are occupied by water (zeolitic water) as well as the counter-
cations necessary to achieve charge neutrality. The cube size,
which is twice the Fe-Me distance, is about 10 A and guar-
antees enough space in the zeolitic channels for the insertion/
release of ions (like Li™, Na™ and K™) inside the structure.

We used Fe hexacyanocobaltate (Ky44Fe; s6Co(CN)g) as
the active material for the positive electrode of the Li-ion bat-
tery. We conducted the study on pristine electrodes and in the
operando mode during galvanostatic cycling versus Li metal.
The cathode was obtained by tape casting a slurry containing
the pure active material (80%), 10% polyvinylidene fluo-
ride (PVDF) and 10% carbon black in N-methylpyrrolidone
(NMP) on a flat teflon surface. The anode comprised a Li foil
and 1M LiPFs in EC:PC:3DMC (ethylene carbonate, pro-
pylene carbonate, dimetlylcarbonate) was used as the electro-
lyte. The battery delivered 77 and 59 mAh g~! during charge
and discharge, respectively.

The battery was assembled in the cell described in figure 5
without modification, i.e. with a 100 pm thick Be window.
It was charged and successively discharged at a C/30 rate,
i.e. with the insertion of a mole of Li per mole of active mat-
erial in 30h. The data were recorded alternately at the Fe
K-edge (7112eV) and the Co K-edge (7709¢eV) in the trans-
mission mode. Each spectrum lasted approximately 45min.
We recorded 73 spectra, 42 during the charge and 28 in the
subsequent discharge. In this way we were able to accurately
monitor the local charge and structure modification upon the
potassium release and the lithium insertion process. Figure 7
shows the voltage profile of the charge and discharge curves
of the iron hexacyanocobaltate cathode, as obtained during the
operando XAS experiment. In the first half of the charge of
the battery the voltage curve showed a curved-shape behavior.
This can be attributed to an activation process of the electrode
material, most probably related to the irreversible dehydration
of the pristine iron hexacyanocobaltate.

Figure 8 shows selected Fe K-edge XANES spectra
obtained during the first full electrochemical cycle. These
are characterized by pre-edge features at E~ 7115eV due
to the transition from 1s to 3d bound states [43]. The main
edge resonance is associated with the transition from 1s to the
continuum and involves multiple scattering resonances of the
photoelectrons [44]. The overall XANES region depends on
the interatomic distances and the coordination geometry.

During the charge the K* cation is extracted from the
hexacyanocobaltate structure according to the reaction
K0.44F€].56C0(CN)6 —0.44 K* + F61'56C0(CN)6 + 044 e .
In this way the Li" insertion can take place in the successive dis-
charge according to the reaction x Li™ + Fe; 5Co(CN)g + x
e~ — LiFe; 56Co(CN)g. The changes in the XANES spectra
during the charge and discharge indicate that the Fe is electro-
chemically active. In particular, the ferrous iron of the pristine
electrode is oxidized to trivalent iron, as evidenced by the shift
to higher energy of the onset of absorption (figure 9). During
the discharge, a backward shift of the onset of absorption is
observed, indicating the reduction of Fe. It must be noted that
the process is not fully reversible, as indicated by the different

Be windows/

Figure 5. Swagelok cell used for in situ studies at the beamline
XAFS.

features of the XANES spectra of the pristine material and
final product. On the other side the XANES spectra at the Co
K-edge do not show any modification during the electrochem-
ical cycle and reveal that Co is not taking part in the process in
the explored electrochemical potential.

In order to understand the structural changes of the elec-
trode material during the operation of the battery we per-
formed a full EXAFS analysis using the GNXAS package
[45, 46]. In this method the EXAFS signal is decomposed into
a sum of several contributions, namely the n-body terms. The
two-body terms are associated with pairs of atoms, and probe
their distances and variances. The three-body terms are asso-
ciated with triplets of atoms and probe angles and bond-bond
and bond—angle correlations. The four-body terms are associ-
ated with chains of four atoms, and probe distances, angles
in-between, bond—bond and bond—angle correlations. Given
the presence of both Fe and Co in the electrode, a multiple
edge approach was used. The multiple edge fitting allows us
to obtain a more constrained structural description by dou-
bling the number of experimental observations while using
the same structural parameters [47]. The fitting procedures at
the Fe and Co K-edge were conducted while including the
relevant set of multiple scattering paths that originates from
the typical structure of hexacyanoferrates and are discussed in
detail for a similar system in [48].

Figure 10 shows the moduli of the Fourier transform of
the EXAFS spectra at the Co and Fe K-edges (top and bottom
panels, respectively) during the charge and discharge (left
and right panels, respectively) of the battery. For Fe data the
fits suggest that the Fe-N bond distance decreases slightly
during the first charge, from 2.07 to 2.05 A and sets back to
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Figure 6. Chamber for measurements at low energy.
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Figure 7. Voltage profile of the charge and discharge curves of iron hexacyanocobaltate cathode, as obtained during the operando XAS

experiment.

the value of 2.07 A at the end of the discharge. The increase
of the intensity of the first peak of the modulus of the FT is
due to an increase of the structural order upon the release
of K*, evidenced by a decrease of the Debye—Waller factor.
Regarding the Fe—C bond length, this remains constant during
the charge but decreases during the discharge. At the Co site,
the Co—C and Co-N bond lengths are the same in all the
investigated spectra, and the same holds true for the corre-
sponding Debye—Waller factor. The contribution in the mod-
ulus of the FT at ~4.3 A is attributed to an intense multiple
scattering signal due to the Fe—C—N-Co linear chains of the
Fe-haxacyanocobaltate structure. From both the Co and the
Fe point of view it is evident that the number of linear chains
increases during the first charge. This, in combination with
the decrease of the Debye—Waller factor for the Fe—-N pair,
reflects a rearrangement of the structure to a more intercon-
nected one during charge, i.e. upon K™ release.

3.2. Operando XAS study of Li-S batteries

Li-S batteries, with their high energy density and cost-
effectiveness, are potential candidates for commercialization
among all the post-Li-ion batteries. In fact, the transition from

an intercalation compound to an elemental cathode, e.g. sulfur
or oxygen, theoretically raises the storage capacity by more
than one order of magnitude. However, the electroactive ele-
ments such as sulfur and oxygen are insulators and need to be
housed inside an electronic and ionic conductor. In the case
of Li-S batteries, additional issues arise through the unavoid-
able formation of various intermediate polysulfides during the
reversible conversion of elemental sulfur into Li,S. Improper
confinement of the sulfur/polysulfides leads to large losses
in the active mass of the chalcogen, resulting in continuous
capacity fading. In this context, it is essential to comprehend
aspects such as the interactions among sulfur, the host matrix,
polysulfides and electrolytes in order to develop new materials
for usable and marketable batteries.

Sulfur is a highly reactive, heterovalent element that occurs
in a wide range of formal oxidation states, ranging from —2
in some sulfides to 46 in sulfates. K-edge XANES spectra are
sensitive to the oxidation state, chemical environment, type
of bonding and group symmetry, and can be used as a fin-
gerprint to identify individual sulfur compounds. Generally,
the pre-edge and white-line peaks can be attributed to trans-
itions of sulfur 1s core electrons to the lowest symmetry-
available unoccupied antibonding states. These are atomic
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Figure 8. Fe K-edge XANES spectra during the first charge of the battery (left) and during the discharge (right).

or molecular orbitals with a substantial p-orbital character
[49-51]. Post-edge features are often attributed to multiple
scattering resonances [49, 52], but also to further molecular
orbital transitions [53-55]. Therefore, XAS is an appropriate
tool for characterizing the redox chemistry and the modifica-
tions of the sulfur species of Li-S batteries during cycling,
as well as monitoring polysulfide formation and evaluating
possible interactions of sulfur and polysulfides with the host
matrix and the electrolyte.

We used different in situ and ex situ analytical tools to ana-
lyze Li-S batteries at different stages of charge and discharge
as well as in operando conditions with the aim of under-
standing the mechanism of the Li-S battery and the impact of
different chemical environments on its electrochemical prop-
erties. Different spectroscopic techniques, including UV-Vis,
Raman spectroscopy and XAS, were coupled with galvano-
static charging/discharging of the battery.

Restricting the discussion to XAS characterization, two
milestones were achieved prior to performing operando
measurements of actual batteries, made using a different
combination of cathodes and electrolytes. First, there was the
optimization of a reliable setup for XAS measurements at the
S K-edge. This included the refurbishment of the experimental
hutch of the beamline XAFS (with the installation of SiO,
mirrors for harmonic suppression) and the He chamber for
low energy measurements, as well as the modification of the
electrochemical cells, as discussed in section 2. The second
milestone consisted of building a set of measured spectra for
the different battery components (sulfur and electrolyte) and
products of the electrochemical reaction (polysulfides and
crystalline Li,S).

All the measurements were performed in the fluorescence
detection mode using either the cell shown in figure 4 (right
panel) or the one shown in figure 5. Fluorescence S K-edge
data are affected by flaws, which, if not taken into account,
lead to mistaken interpretations of the results. In fact, the shape
of the spectra can be altered significantly by self-absorption

(pristine, 1%
(charged, 42™)
—— (discharged, 70"

0,4

Normalized Absorption

0,0

7110 7115 7120

Energy (eV)

7125 7130

Figure 9. Detail of the onset of the absorption of the Fe K-edge
data for the pristine electrode, for the fully charged and fully
discharged battery.

effects and by an increase of penetration depth. Self-
absorption effects spoil the XANES part of the spectrum in
particular. The intensities of its features decrease nonlinearly
with increasing concentration of the photoabsorber (figure
11: left panel). To a first approximation, the intensity of the
spectral features is dependent on the sulfur oxidation state.
This is due to the fact that the size of the white line, and there-
fore the respective transition probability, is proportional to the
number of available final states and, thus, should increase with
increasing valence. The alteration of the intensity of the spec-
tral features also yields an erroneous estimate of the energy of
the absorption onset evaluated by the maximum of the deriva-
tive of the absorption (figure 11: right panel).

The increase of the penetration depth of the incident beam
in the sample with increasing photon energy mostly affects
the EXAFS part of the spectrum. The number of atoms illu-
minated by the incident beam increases at higher photon
energies and consequently the fluorescence signal increases
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decrease of the sulfur oxidation state if self-absorption effects are not taken into account and corrected.

proportionally. An example is shown in figure 12 (top). A
standard normalization procedure leads to mistaken EXAFS
oscillation intensities (figure 12: bottom panels) and there-
fore erroneous evaluation of intensity-dependent parameters
such as the coordination numbers and Debye—Waller factors.
Correct EXAFS oscillation intensities are obtained by sub-
tracting a linear function determined in the pre-edge region,
and dividing by the post-edge background, approximated by a
smooth best-fit spline function.

Examples of the operando XAS characterization of Li-S
batteries at the sulfur K-edge are reported in some studies
[17-26]. Here we report the XANES study of a Li-S cell in
which the cathode composite contained zeolite as the addi-
tive to adsorb polysulfides. The addition of zeolite is supposed
to block the diffusion of polysulfides, making it possible for
XAS to give a view of the whole system, although the pen-
etration depth of x-rays in the S K-edge energy range is lim-
ited to approximately 5 pum. More specifically, the cathode
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Figure 12. Top: XAS spectrum of S recorded in the fluorescence mode. It is evident that the fluorescence intensity increases with energy
because of an increase of the penetration depth. Left bottom: comparison between the extracted EXAFS signal of S recorded in the
transmission and fluorescence modes. The EXAFS in the fluorescence mode was extracted using standard methods without taking the
increase of the penetration depth into account. The difference in the intensity between the two signals is highlighted in the comparison of
the moduli of the Fourier transform of the EXAFS oscillations (right bottom).

composite had the following composition: 20% S + 3.5%
zeolite + 61.5% CB + 15% teflon. The electrolyte comprised
1M of LiTFSI (lithium bistrifluoromethanesulfonimidate) in
sulfolane. The open-circuit voltage was 2.5V, the discharge
and charge were performed at the C/20 rate, and each spec-
trum lasted 65 min.

Figure 13 shows the XANES data during the operation of
the battery. From the sulfur K-edge X ANES spectra measured
in the operando mode it is possible to determine the change of
composition of the cathode. The different sulfur compounds
formed at the cathode can be identified by the characteristic
energy positions of the sulfur edge and pre-edge resonances.
Elemental sulfur has a main resonance at 2472¢V, while the
onset of absorption in sulfate species is shifted to higher
energy at 2479 eV. The lithium polysulfide molecular systems
produced in the electrochemical reaction, in which sulfur has
an oxidation state of S?~, are characterized by a pre-peak
at 2470.2eV together with a S° peak at 2472eV. The ratio
between the pre-peak and the peak is inversely proportional
to the chain length [19, 23, 56]. The XANES spectrum of
the crystalline form of Li,S is significantly different from the
spectra of long- or short-chain polysulfides [17, 21, 56, 57].
In the present case the main contribution to the spectra comes
from the S®* compounds present in the electrolyte. The
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Figure 13. XANES spectra recorded during the operation of the
battery.

resonance relative to elemental sulfur is present in the initial
state and the increasing shoulder during the discharge indicates
the formation of Li polysulfides. At the end of the discharge
the features in the energy range 2470 eV-2475eV indicate
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Figure 14. Relative quantities of the four sulfur compounds in
the battery (sulfur, mid-long chain Li,S,, electrolyte and Li,S) as
determined by LCF of the S K-edge XANES spectra measured at
different operando states.

the formation of crystalline Li,S. During the charge the peak
relative to elemental sulfur reappears, although the system
is shown to not be completely reversible. In order to retrieve
the quantity of the different components during the discharge
and the charge of the battery, LCF was performed using the
Athena program [58]. For the LCF we used reference spectra
of the electrolyte, elemental sulfur, mid-long chain lithium
polysulfides and Li,S in a similar environment and at a similar
sulfur concentration. Figure 14 shows the relative quantities
of the S species during the discharge/charge, together with the
electrochemical curve. A drop of S is observed in the high
voltage plateau concomitantly with the appearance of poly-
sulfides. Nonetheless, the quantity of S never goes to zero and
in the low voltage plateau the quantity of S remains constant.
In this part of the discharge it is the polysulfide quantity that
varies with inverse proportionality to the Li,S quantity, which
is maximum at the end of the discharge as expected. The trend
is symmetrically inverted for polysulphides and Li,S during
the charge, although the pristine state is not recovered.

LCF shows that it is the electrolyte that makes the domi-
nant contribution to the XAS spectra. This does not hinder the
evaluation of the redox chemistry of sulfur during the opera-
tion of the battery from the XANES part of the spectrum. This
holds true because the sulfur and its reduced compounds have
an onset of absorption at energies well below and easily dis-
tinguishable from the onset of absorption of the sulfate spe-
cies of the electrolyte. However, the EXAFS signal is actually
dominated by the presence of the sulfates in the TFSI anion of
the Li salt dissolved in the electrolyte. This dominant signal
impedes study of the transformation of the local environment
of the sulfur species in the electrode. This point is particularly
important if one wants to suppress, as far as possible, the
shuttle mechanism of the polysulphides. The measurements
presented here confirmed that zeolites have an affinity with
polysulphide adsorption, since during the discharge process a
much larger quantity of sulfur species remained on the back
side of the electrode. However, even though these results are
promising, they cannot be considered to be complete without
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a more precise study of the possible short-range interaction
of these species with the zeolite additive. This can only be
achieved with a full EXAFS study. S K-edge EXAFS analysis
was only made possible by switching from the commonly used
electrolyte salt to a sulfur-free one [21]. This provided com-
plementary information on the neighbors around the sulfur
center, which could not be gained solely through XANES. In
particular, EXAFS analysis allowed us to detect sulfur and
Li,S components, whereas the polysulfides were determined
from the variation in the average coordination number of the
S-S bonds during the discharge process. In addition, the pres-
ence of unknown sulfur species was ruled out, as was specific
interaction of the polysulfide species with the matrix or with
other species in the electrolyte [21].

4. Conclusion

The results shown here for both types of batteries demon-
strate that XAS is a valuable analytical tool to characterize
the different components of a battery at the atomic level and
evaluate how they evolve during operation. This represents a
strong step towards a deeper understanding of the complex
redox mechanisms that take place in these devices.

We demonstrated the possibilities offered by the beam-
line XAFS at Elettra for performing operando studies of bat-
teries, which allow us to unravel the complex electrochemical
mechanisms of new cathode materials in operating conditions.
A variety of experimental setups, including electrochemical
cells, were implemented at the beamline, allowing us to ana-
lyze both the XANES and the EXAFS parts of the absorp-
tion spectrum, even at low energies such as at the S K-edge.
This development not only strongly aids the understanding
of and hence possible improvements to such materials, but it
also offers the possibility of extending measurements to other
sulfur based batteries with other alkali metal (Na) and alkali
earth metal elements (Mg, Ca).

Acknowledgments

Access to synchrotron Elettra is acknowledged. The research
on Li-S batteries received funding from the Slovenian
Research Agency Research Program P1-0112 and P2-0148
and the European Union Seventh Framework Programme
under the grant agreement 314515 (EUROLIS).

References

[1] Soloveichik G L 2011 Battery technologies for large-scale
stationary energy storage Ann. Rev. Chem. Biomol. Eng.
2 503-27

[2] Jacobson M Z 2009 Review of solutions to global warming,
air pollution, and energy security Energy Environ. Sci.
2 148-73

[3] Borkiewicz O J, Wiaderek K M, Chupas P J and
Chapman K W 2015 Best practices for operando battery
experiments: influences of x-ray experiment design on
observed electrochemical reactivity J. Phys. Chem. Lett.
6 2081-5


http://dx.doi.org/10.1146/annurev-chembioeng-061010-114116
http://dx.doi.org/10.1146/annurev-chembioeng-061010-114116
http://dx.doi.org/10.1146/annurev-chembioeng-061010-114116
http://dx.doi.org/10.1039/B809990C
http://dx.doi.org/10.1039/B809990C
http://dx.doi.org/10.1039/B809990C
http://dx.doi.org/10.1021/acs.jpclett.5b00891
http://dx.doi.org/10.1021/acs.jpclett.5b00891
http://dx.doi.org/10.1021/acs.jpclett.5b00891

J. Phys. D: Appl. Phys. 50 (2017) 074001

G Aquilanti et al

[4] Bunker G 2010 Introduction to XAFS: a practical guide to
X-ray absorption fine structure spectroscopy
[5] McBreen J 2009 The application of synchrotron techniques to
the study of lithium-ion batteries J. Solid State Electrochem.
13 1051-61
[6] Giorgetti M 2013 A review on the structural studies
of batteries and host materials by x-ray absorption
spectroscopy ISRN Mater. Sci. 2013 1-22
[7] Conti P, Zamponi S, Giorgetti M, Berrettoni M and
Smyrl W H 2010 Multivariate curve resolution analysis
for interpretation of dynamic Cu K-edge x-ray absorption
spectroscopy spectra for a Cu doped V,0Os lithium battery
Anal. Chem. 82 3629-35
[8] Kim T, Song B, Lunt A J G, Cibin G, Dent A J, Lu L
and Korsunsky A M 2016 Operando x-ray absorption
spectroscopy study of atomic phase reversibility with
wavelet transform in the lithium-rich manganese based
oxide cathode Chem. Mater. 28 4191-203
[9] Croy J R, Balasubramanian M, Kim D, Kang S-H and
Thackeray M M 2011 Designing high-capacity, lithium-ion
cathodes using x-ray absorption spectroscopy Chem. Mater.
23 5415-24
[10] Croy J R, Gallagher K G, Balasubramanian M, Chen Z, Ren Y,
Kim D, Kang S-H, Dees D W and Thackeray M M 2013
Examining hysteresis in composite x Li; MnOs - (1-x)
LiMO, cathode structures J. Phys. Chem. C 117 6525-36
[11] Ito A, Sato Y, Sanada T, Hatano M, Horie H and Ohsawa Y
2011 In situ x-ray absorption spectroscopic study of Li-rich
layered cathode material Li[Nig ;7Lip2C0¢.07Mng 56102
J. Power Sources 196 6828-34
[12] Oishi M et al 2013 Charge compensation mechanisms in
Li; 16Nip.15C00.19Mng 500, positive electrode material for
Li-ion batteries analyzed by a combination of hard and
soft x-ray absorption near edge structure J. Power Sources
222 45-51
[13] Simonin L, Colin J-F, Ranieri V, Canévet E, Martin J-F,
Bourbon C, Baehtz C, Strobel P, Daniel L and Patoux S
2012 In situ investigations of a Li-rich Mn—-Ni layered
oxide for Li-ion batteries J. Mater. Chem. 22 11316
[14] Dominko R, Sirisopanaporn C, Masquelier C, Hanzel D,
Arcon I and Gaberscek M 2010 On the origin of the
electrochemical capacity of LiyFeygMng,SiOy
J. Electrochem. Soc. 157 A1309
[15] Perea A, Castro L, Aldon L, Stievano L, Dedryvere R,
Gonbeau D, Tran N, Nuspl G, Bréger J and Tessier C 2012
Study of C-coated LiFe( 33Mng ;P04 as positive electrode
material for Li-ion batteries J. Solid State Chem. 192 201-9
[16] Fehse M, Ben Yahia M, Monconduit L, Lemoigno F,
Doublet M-L, Fischer F, Tessier C and Stievano L 2014
New insights on the reversible lithiation mechanism of
TiO,(B) by operando x-ray absorption spectroscopy and
x-ray diffraction assisted by first-principles calculations
J. Phys. Chem. C 118 27210-8
[17] Cuisinier M, Cabelguen P-E, Evers S, He G, Kolbeck M,
Garsuch A, Bolin T, Balasubramanian M and Nazar L F
2013 Sulfur speciation in Li-S batteries determined by
operando x-ray absorption spectroscopy J. Phys. Chem.
Lett. 4 3227-32
[18] Cuisinier M, Hart C, Balasubramanian M, Garsuch A and
Nazar L F 2015 Radical or not radical: revisiting lithium-
sulfur electrochemistry in nonaqueous electrolytes
Adv. Energy Mater. 5 1-6
[19] Patel M U M, Arcon I, Aquilanti G, Stievano L, Mali G and
Dominko R 2014 X-ray absorption near-edge structure
and nuclear magnetic resonance study of the lithium-sulfur
battery and its components ChemPhysChem 15 8§94-904
[20] Lowe M A, Gao J and Abrufia H D 2014 Mechanistic insights
into operational lithium-sulfur batteries by in situ x-ray
diffraction and absorption spectroscopy RSC Adv. 4 18347

1

[21] Dominko R, Patel M U M, Lapornik V, Vizintin A, KozZelj M,
TuSar N N, Arcon I, Stievano L and Aquilanti G 2015
Analytical detection of polysulfides in the presence
of adsorption additives by operando x-ray absorption
spectroscopy J. Phys. Chem. C 119 19001-10

[22] Wujcik K H, Pascal T A, Pemmaraju C D, Devaux D,

Stolte W C, Balsara N P and Prendergast D 2015
Characterization of polysulfide radicals present in an
ether-based electrolyte of a lithium-sulfur battery during
initial discharge using in situ x-ray absorption spectroscopy
experiments and first-principles calculations Adv. Energy
Mater. 5 1500285

[23] Gorlin Y, Siebel A, Piana M, Huthwelker T, Jha H,
Monsch G, Kraus F, Gasteiger H A and Tromp M
2015 Operando characterization of intermediates
produced in a lithium-sulfur battery J. Electrochem. Soc.
162 A1146-55

[24] Gorlin Y, Patel M U M, Freiberg A, He Q, Piana M, Tromp M
and Gasteiger H A 2016 Understanding the charging
mechanism of lithium-sulfur batteries using spatially
resolved operando x-ray absorption spectroscopy
J. Electrochem. Soc. 163 A930-9

[25] Ye Y, Kawase A, Song M-K, Feng B, Liu Y-S, Marcus M,
Feng J, Cairns E, Guo J and Zhu J 2016 X-ray absorption
spectroscopy characterization of a Li/S cell Nanomaterials
614

[26] Kav¢i¢ M, Bucar K, Petric M, Zitnik M, Arc¢on I, Dominko R
and Vizintin A 2016 Operando resonant inelastic x-ray
scattering: an appropriate tool to characterize sulfur in Li-S
batteries J. Phys. Chem. C 120 24568-76

[27] El-moemen A A, Abdel-Mageed A M, Bansmann J,
Parlinska-wojtan M, Jiirgen Behm R and Kuc G 2016
Deactivation of Au/CeO; catalysts during CO oxidation:
influence of pretreatment and reaction conditions J. Catal.
341 160-79

[28] Vigolo M, Borsacchi S, Sorarii A, Geppi M, Smarsly B M,
Dolcet P, Rizzato S, Carraro M and Gross S 2016
Engineering of oxocluster-reinforced polymeric materials
with application as heterogeneous oxydesulfurization
catalysts Appl. Catal. B: Environ. 182 636—44

[29] Maiti S, Llorca J and Colussi S 2016 Combustion
synthesized copper-ion substituted reforming compared
to its impregnated analogue J. Power Sources
304 319-31

[30] Rinaldi-Montes N, Gorria P, Martinez-Blanco D, Amghouz Z,
Fuertes A B, Barquin Fernidndez L, Rodriguez Fernandez J,
Olivi L, Aquilanti G and Blanco J 2016 Disentangling
magnetic core/shell morphologies in Co-based
nanoparticles J. Mater. Chem. C 4 2302-11

[31] Medas D et al 2015 Microscopic processes ruling the
bioavailability of Zn to roots of euphorbia pithyusa L.
Pioneer plant Environ. Sci. Technol. 49 1400-8

[32] Lattanzi P, Aquilanti G, Bardelli F, ladecola A, Rosellini I,
Tassi E, Pezzarossa B and Petruzzelli G 2015 Spectroscopic
evidence of Cr(VI) reduction in a contaminated soil by in
situ treatment with whey Agrochimica 59 218-29

[33] Malakar A et al 2016 Efficient artificial mineralization route
to decontaminate arsenic(IIl) polluted water—the tooeleite
way Sci. Rep. 6 26031

[34] Harfouche M, Ghrair A M, Jaradat D M M, Aquilanti G,
Jaber R, Aldrabee A and Sawai N 2016 Absorption and
mobility of Cr and Zn in soil in the vicinity of Jordan river
J. Phys.: Conf. Ser. 712 012080

[35] Sendja B T, Aquilanti G, Vassura I and Giorgetti M 2016 Fe,
Ni and Zn speciation, in airborne particulate matter
J. Phys.: Conf. Ser. 712 012087

[36] Kodre A, Padeznik Gomil$ek J, Arcon I and Aquilanti G 2010
X-ray atomic absorption of cesium and xenon in the L-edge
region Phys. Rev. A 82 1-7


http://dx.doi.org/10.1007/s10008-008-0685-1
http://dx.doi.org/10.1007/s10008-008-0685-1
http://dx.doi.org/10.1007/s10008-008-0685-1
http://dx.doi.org/10.1155/2013/938625
http://dx.doi.org/10.1155/2013/938625
http://dx.doi.org/10.1155/2013/938625
http://dx.doi.org/10.1021/ac902865h
http://dx.doi.org/10.1021/ac902865h
http://dx.doi.org/10.1021/ac902865h
http://dx.doi.org/10.1021/acs.chemmater.6b00522
http://dx.doi.org/10.1021/acs.chemmater.6b00522
http://dx.doi.org/10.1021/acs.chemmater.6b00522
http://dx.doi.org/10.1021/cm2026703
http://dx.doi.org/10.1021/cm2026703
http://dx.doi.org/10.1021/cm2026703
http://dx.doi.org/10.1021/jp312658q
http://dx.doi.org/10.1021/jp312658q
http://dx.doi.org/10.1021/jp312658q
http://dx.doi.org/10.1016/j.jpowsour.2010.09.105
http://dx.doi.org/10.1016/j.jpowsour.2010.09.105
http://dx.doi.org/10.1016/j.jpowsour.2010.09.105
http://dx.doi.org/10.1016/j.jpowsour.2012.08.023
http://dx.doi.org/10.1016/j.jpowsour.2012.08.023
http://dx.doi.org/10.1016/j.jpowsour.2012.08.023
http://dx.doi.org/10.1039/c2jm31205k
http://dx.doi.org/10.1039/c2jm31205k
http://dx.doi.org/10.1149/1.3491368
http://dx.doi.org/10.1149/1.3491368
http://dx.doi.org/10.1016/j.jssc.2012.04.016
http://dx.doi.org/10.1016/j.jssc.2012.04.016
http://dx.doi.org/10.1016/j.jssc.2012.04.016
http://dx.doi.org/10.1021/jp507574e
http://dx.doi.org/10.1021/jp507574e
http://dx.doi.org/10.1021/jp507574e
http://dx.doi.org/10.1021/jz401763d
http://dx.doi.org/10.1021/jz401763d
http://dx.doi.org/10.1021/jz401763d
http://dx.doi.org/10.1002/aenm.201401801
http://dx.doi.org/10.1002/aenm.201401801
http://dx.doi.org/10.1002/aenm.201401801
http://dx.doi.org/10.1002/cphc.201300972
http://dx.doi.org/10.1002/cphc.201300972
http://dx.doi.org/10.1002/cphc.201300972
http://dx.doi.org/10.1039/c4ra01388c
http://dx.doi.org/10.1039/c4ra01388c
http://dx.doi.org/10.1021/acs.jpcc.5b05609
http://dx.doi.org/10.1021/acs.jpcc.5b05609
http://dx.doi.org/10.1021/acs.jpcc.5b05609
http://dx.doi.org/10.1002/aenm.201500285
http://dx.doi.org/10.1002/aenm.201500285
http://dx.doi.org/10.1149/2.0081507jes
http://dx.doi.org/10.1149/2.0081507jes
http://dx.doi.org/10.1149/2.0081507jes
http://dx.doi.org/10.1149/2.0631606jes
http://dx.doi.org/10.1149/2.0631606jes
http://dx.doi.org/10.1149/2.0631606jes
http://dx.doi.org/10.3390/nano6010014
http://dx.doi.org/10.3390/nano6010014
http://dx.doi.org/10.1021/acs.jpcc.6b06705
http://dx.doi.org/10.1021/acs.jpcc.6b06705
http://dx.doi.org/10.1021/acs.jpcc.6b06705
http://dx.doi.org/10.1016/j.jcat.2016.07.005
http://dx.doi.org/10.1016/j.jcat.2016.07.005
http://dx.doi.org/10.1016/j.jcat.2016.07.005
http://dx.doi.org/10.1016/j.apcatb.2015.10.008
http://dx.doi.org/10.1016/j.apcatb.2015.10.008
http://dx.doi.org/10.1016/j.apcatb.2015.10.008
http://dx.doi.org/10.1016/j.jpowsour.2015.11.066
http://dx.doi.org/10.1016/j.jpowsour.2015.11.066
http://dx.doi.org/10.1016/j.jpowsour.2015.11.066
http://dx.doi.org/10.1039/C6TC00540C
http://dx.doi.org/10.1039/C6TC00540C
http://dx.doi.org/10.1039/C6TC00540C
http://dx.doi.org/10.1021/es503842w
http://dx.doi.org/10.1021/es503842w
http://dx.doi.org/10.1021/es503842w
http://dx.doi.org/10.1038/srep26031
http://dx.doi.org/10.1038/srep26031
http://dx.doi.org/10.1088/1742-6596/712/1/012080
http://dx.doi.org/10.1088/1742-6596/712/1/012080
http://dx.doi.org/10.1088/1742-6596/712/1/012087
http://dx.doi.org/10.1088/1742-6596/712/1/012087
http://dx.doi.org/10.1103/PhysRevA.82.022513
http://dx.doi.org/10.1103/PhysRevA.82.022513
http://dx.doi.org/10.1103/PhysRevA.82.022513

J. Phys. D: Appl. Phys. 50 (2017) 074001

G Aquilanti et al

[37] Guglieri Rodriguez C, Fermo P, Olivi L and Padeletti G
2015 A comparative study of Hispano—Moorish and
Italian Renaissance lustred majolicas by using x-ray
absorption spectroscopy J. Anal. At. Spectrom.
30 738-44

[38] Di Cicco A, Aquilanti G, Minicucci M, Principi E, Novello N,
Cognigni A and Olivi L 2009 Novel XAFS capabilities at
ELETTRA synchrotron light source J. Phys.: Conf. Ser.
190 012043

[39] Sainctavit Ph, Petiau J, Manceau A, Rivallant R,
Belakhovsky M and Renaud G 1988 A two mirror device
for harmonic rejection Nucl. Instrum. Methods Phys. Res. A
273 423-8

[40] Leriche J B et al 2010 An electrochemical cell for operando
study of lithium batteries using synchrotron radiation
J. Electrochem. Soc. 157 A606-10

[41] Wessells C D, Peddada S V, McDowell M T, Huggins R A
and Cui Y 2011 The effect of insertion species on
nanostructured open framework hexacyanoferrate battery
electrodes J. Electrochem. Soc. 159 A98-103

[42] Wang L, Lu Y, Liu J, Xu M, Cheng J, Zhang D and
Goodenough J B 2013 A superior low-cost cathode for a
Na-Ion battery Angew. Chem. Int. Edn. 52 1964-7

[43] Westre T E, Kennepohl P, DeWitt J G, Hedman B,
Hodgson K O and Solomon E I 1997 A multiplet analysis
of Fe K-Edge 1s — 3d pre-edge features of iron complexes
J. Am. Chem. Soc. 119 6297-314

[44] Bunker G and Stern E A 1984 Experimental study of multiple
scattering in x-ray-absorption near-edge structure Phys. Rev.
Lett. 52 1990-3

[45] Filipponi A and Di Cicco A 1995 X-ray-absorption
spectroscopy and n-body distribution functions in
condensed matter. II. Data analysis and applications
Phys. Rev. B 52 15135-49

[46] Filipponi A, Di Cicco A and Natoli C R 1995 X-ray-
absorption spectroscopy and n-body distribution functions
in condensed matter. I. Theory Phys. Rev. B
52 15122-34

[47] Giorgetti M and Berrettoni M 2008 Structure of Fe/Co/
Ni hexacyanoferrate As probed by multiple edge x-ray
absorption spectroscopy Inorg. Chem. 47 6001-8

12

[48] Giorgetti M, Guadagnini L, Tonelli D, Minicucci M
and Aquilanti G 2012 Structural characterization of
electrodeposited copper hexacyanoferrate films by using
a spectroscopic multi-technique approach Phys. Chem.
Chem. Phys. 14 5527-37

[49] Fleet M E 2007 XANES spectroscopy of sulfur in Earth
materials Can. Mineral. 43 1811

[50] Pickering I J, Prince R C, Divers T and George G N
1998 Sulfur K-edge x-ray absorption spectroscopy for
determining the chemical speciation of sulfur in biological
systems FEBS Lett. 441 11-4

[51] Jalilehvand F 2006 Sulfur: not a ‘silent” element any more
Chem. Soc. Rev. 35 125668

[52] Vairavamurthy A 1998 Using X-ray absorption to probe sulfur
oxidation states in complex molecules Spectrochim. Acta A
54 2009-17

[53] Sekiyama H, Kosugi N, Kuroda H and Ohta T 1986 Sulfur
K-edge absorption spectra of Nay;SO,, Na,S, (x = 5-8)
Bull. Chem. Soc. Japan 59 575-9

[54] Li D, Bancroft M G, Kasrai M, Fleet M E, Feng X and Tan K
1995 S K- and L-edge X-ray absorption spectroscopy of
metal sulfides and sulfates; applications in mineralogy and
geochemistry Can. Mineral. 33 949—60 (http://canmin.
geoscienceworld.org/content/33/5/949.full.pdf)

[55] Figueiredo M O and da Silva T P 2009 Effect of oxygen
sharing on the white line of S K-edge XANES spectra of
sulphate minerals Eur. J. Mineral. 21 79-83

[56] Pascal T A, Wujcik K H, Velasco-velez J, Wu C, Teran A A,
Kapilashrami M, Cabana J, Guo J, Salmeron M and
Balsara N 2014 X-ray absorption spectra of dissolved
polysulfides in lithium-sulfur batteries from first-principles
J. Phys. Chem. Lett. 5 1547-51

[57] GaolJ, Lowe M A, Kiya Y and Abru D 2011 Effects of
liquid electrolytes on the charge-discharge performance of
rechargeable lithium/sulfur batteries: electrochemical and in
situ x-ray absorption spectroscopic studies J. Phys. Chem.
C11525132-7

[58] Ravel B and Newville M 2005 ATHENA, ARTEMIS,
HEPHAESTUS: data analysis for x-ray absorption
spectroscopy using IFEFFIT J. Synchrotron Radiat.

12 537-41


http://dx.doi.org/10.1039/C4JA00382A
http://dx.doi.org/10.1039/C4JA00382A
http://dx.doi.org/10.1039/C4JA00382A
http://dx.doi.org/10.1088/1742-6596/190/1/012043
http://dx.doi.org/10.1088/1742-6596/190/1/012043
http://dx.doi.org/10.1016/0168-9002(88)90845-5
http://dx.doi.org/10.1016/0168-9002(88)90845-5
http://dx.doi.org/10.1016/0168-9002(88)90845-5
http://dx.doi.org/10.1149/1.3355977
http://dx.doi.org/10.1149/1.3355977
http://dx.doi.org/10.1149/1.3355977
http://dx.doi.org/10.1149/2.060202jes
http://dx.doi.org/10.1149/2.060202jes
http://dx.doi.org/10.1149/2.060202jes
http://dx.doi.org/10.1002/anie.201206854
http://dx.doi.org/10.1002/anie.201206854
http://dx.doi.org/10.1002/anie.201206854
http://dx.doi.org/10.1021/ja964352a
http://dx.doi.org/10.1021/ja964352a
http://dx.doi.org/10.1021/ja964352a
http://dx.doi.org/10.1103/PhysRevLett.52.1990
http://dx.doi.org/10.1103/PhysRevLett.52.1990
http://dx.doi.org/10.1103/PhysRevLett.52.1990
http://dx.doi.org/10.1103/PhysRevB.52.15135
http://dx.doi.org/10.1103/PhysRevB.52.15135
http://dx.doi.org/10.1103/PhysRevB.52.15135
http://dx.doi.org/10.1103/PhysRevB.52.15122
http://dx.doi.org/10.1103/PhysRevB.52.15122
http://dx.doi.org/10.1103/PhysRevB.52.15122
http://dx.doi.org/10.1021/ic800289c
http://dx.doi.org/10.1021/ic800289c
http://dx.doi.org/10.1021/ic800289c
http://dx.doi.org/10.1039/c2cp24109a
http://dx.doi.org/10.1039/c2cp24109a
http://dx.doi.org/10.1039/c2cp24109a
http://dx.doi.org/10.2113/gscanmin.43.6.1811
http://dx.doi.org/10.2113/gscanmin.43.6.1811
http://dx.doi.org/10.1016/S0014-5793(98)01402-1
http://dx.doi.org/10.1016/S0014-5793(98)01402-1
http://dx.doi.org/10.1016/S0014-5793(98)01402-1
http://dx.doi.org/10.1039/B417595F
http://dx.doi.org/10.1039/B417595F
http://dx.doi.org/10.1039/B417595F
http://dx.doi.org/10.1016/S1386-1425(98)00153-X
http://dx.doi.org/10.1016/S1386-1425(98)00153-X
http://dx.doi.org/10.1016/S1386-1425(98)00153-X
http://dx.doi.org/10.1246/bcsj.59.575
http://dx.doi.org/10.1246/bcsj.59.575
http://dx.doi.org/10.1246/bcsj.59.575
http://canmin.geoscienceworld.org/content/33/5/949.full.pdf
http://canmin.geoscienceworld.org/content/33/5/949.full.pdf
http://dx.doi.org/10.1127/0935-1221/2009/0021-1896
http://dx.doi.org/10.1127/0935-1221/2009/0021-1896
http://dx.doi.org/10.1127/0935-1221/2009/0021-1896
http://dx.doi.org/10.1021/jz500260s
http://dx.doi.org/10.1021/jz500260s
http://dx.doi.org/10.1021/jz500260s
http://dx.doi.org/10.1021/jp207714c
http://dx.doi.org/10.1021/jp207714c
http://dx.doi.org/10.1021/jp207714c
http://dx.doi.org/10.1107/S0909049505012719
http://dx.doi.org/10.1107/S0909049505012719
http://dx.doi.org/10.1107/S0909049505012719

