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Preface

Nowadays, nanomaterials are attracting huge attentions not only from a basic research point
of view but also for their potential applications. Since finding the structure-property-proc-
essing relationships can open new windows in the application of materials, the material
characterizations play a crucial role in the research and development of materials science
and engineering. Real-time and in-situ monitoring of the processing of nanomaterials is es-
sential to understand their synthesis mechanism and properties. Since X-ray is sensitive to
structural features with lengths from 10° to about 10 nm as well as to dynamic properties
with characteristic time scales from about 107 to 10° s, it is a powerful ingredient for explor-
ing nanomaterials by X-ray-based techniques in the areas of scattering, diffraction, absorp-
tion, imaging, reflection, and photoelectron emission. Improvements in X-ray-based
characterizations require increasing of the intensity, collimation, and focusing of the beam
as well as tuning of the wavelength, which can be obtained by accelerator-based “light sour-
ces" facilities where investigations under specific conditions of pressure, temperature, and
electric or magnetic fields, or even in-situ characterizations during synthesis, are possible.

The increasing demand for energy with the necessity to find alternative renewable and sus-
tainable energy sources leads to the rapid growth in attention to energy materials. In this book,
the results of some outstanding researches on synchrotron-based characterization of nano-
structured materials related to energy applications have been collected. The editors would like
to thank the authors for presenting their results and InTech for open access publication.

Mehdi Khodaei
K. N. Toosi University of Technology,
Iran

Luca Petaccia
Elettra Sincrotrone Trieste,
Italy






Chapter 1

Introductory Chapter: Synchrotron-Based X-Ray

Characterization of Nanomaterials

Mehdi Khodaei and Luca Petaccia

Additional information is available at the end of the chapter
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The capability of X-rays to analyze the structure and dynamics of almost all forms of matter
has been largely demonstrated by scientific researches. Since X-rays are sensitive to structural
features with lengths from 107 to about 1 nm as well as to dynamic properties with character-
istic time scales from about 10 to 10° s, they are a powerful ingredient for exploring nano-
materials and the frontiers of nanoscale characterizations. Developing in beams and optics to
produce appropriate and tunable wavelengths/energies and detecting their interactions with
matter create new windows to measure the arrangements of atoms (structure) and to track the
movements of atoms or molecules (dynamics). The arrangement of atoms inside objects can be
determined using several techniques based on scattering, diffraction, spectroscopy, and imag-
ing. Moreover, X-ray interacts weakly with most materials; it is nondestructive and can pen-
etrate deeply into samples. It can also be used for in situ studies of materials during processing
and under real or extreme conditions of temperature, pressure, and magnetic or electric fields.

The improvements in X-ray diffraction, scattering, spectroscopy, and imaging methods need
an increase in the intensity, collimation, and focusing of the beam as well as tuning of the
wavelength. Hence, moving from X-ray laboratories to accelerator-based “light sources” facil-
ities is required to obtain the most powerful analysis and characterization tools.

In a synchrotron, charged particles such as electrons are accelerated and injected into a stor-
age ring, where they get energies from 500 MeV to 8 GeV depending on the size of the ring. As
the charged particles are bent around the ring (by magnetic devices), energy is dissipated and
electromagnetic radiation is emitted from infrared to X-rays. This radiation is highly intense,
highly focused, and strongly polarized. Part of this radiation can emerge with energies from
0.1keV (corresponding to a wavelength of 12.4 nm, known as “soft” X-rays) to 100 keV (0.0124
nm “hard” X-rays), being well suited to investigations at nanoscale (1-100 nm) [1].

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) g
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The generation of X-rays by accelerators of electrons goes back to about 70 years ago. The
first-generation sources were electron storage rings originally designed and operated for
high-energy physics experiments. These facilities were adapted for use as synchrotron
radiation sources by adding exit ports for the radiation. In the mid-1970s, facilities totally
dedicated to synchrotron light were built. These facilities, in which synchrotron light was
produced by bending magnets as well as high magnetic field devices, known as wigglers,
are called second-generation sources. Afterwards, the optimization of magnetic structures,
like in wigglers and undulators, produced new synchrotron radiation sources (named third
generation) characterized by a X-ray more brighter than a conventional X-ray sources used in
laboratories. The synchrotron X-rays are captured into beamlines where they can be tailored
for scattering, diffraction, spectroscopy, and imaging with tailored resolution, intensity, or in
situ measurements. While improvements in third-generation synchrotron radiation sources
are still possible, fourth-generation sources are being developed, based on free electron lasers
(FELs) that are able to produce very short coherent light pulses of very high peak intensity
and brightness. The improvement of brightness for each generation of synchrotron X-ray
sources along with a photograph of a synchrotron light source is shown in Figure 1.

The researches in nanomaterials are focused on producing nanoscale materials with unique
properties for specific applications. Hence, the advanced characterizing methods for determin-
ing the structure, composition, and properties of materials at the nanoscale are needed. There
is request on real-time and in situ monitoring of the synthesis and processing of nanomaterials
to find the mechanisms as well as structure-property-processing relationships, which can be
obtained by X-ray—based techniques in the areas of scattering, diffraction, absorption, imaging,
reflection, and photoelectron emission as shown schematically in Figure 2. X-ray diffraction
(XRD), X-ray fluorescence (XRF), X-ray photoelectron spectroscopy (XPS), and X-ray absorption
spectroscopy (XAS), which includes X-ray absorption near-edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS), are well suited to probing synthetic processes
at the atomic scale that are difficult or impossible to study with traditional electron imaging or
spectroscopy techniques. For instance, in situ analysis by synchrotron radiations of vapor phase
processing methods (chemical vapor deposition and atomic layer deposition), as well as etching
methods such as reactive ion etching (RIE), and solution phase growth methods, such as the
sol-gel process, has been performed by researchers [2].

Using synchrotron facilities, another analysis capability is the characterization of materials
under specific conditions such as applied pressure, temperature, and fields. Operando experi-
ments are the new frontier application of synchrotron-based characterizations, which can be
pointed to understand energy storage materials research, such as Li-ion battery materials,
which is included in the structural transformation during the fabrication of cathode materi-
als and structural changes in the first lithium loading cycle as well as the investigations dur-
ing the charging and discharging processes of an entire lithium battery. The fine spot size of
the synchrotron X-ray beams together with their bulk penetration lead to study the buried
layers in different battery components. The BL28XU beamline at SPring-8 in Japan has been
recently installed for in situ structural and electronic analysis of rechargeable batteries, pro-
viding a powerful tool for the investigation of battery reactions. This beamline makes use



Introductory Chapter: Synchrotron-Based X-Ray Characterization of Nanomaterials

http://dx.doi.org/10.5772/67534

of quasi-monochromatic X-ray beams obtained by an in-vacuum tapered undulator, which
allows to extend the energy bandwidth to 2 keV [3]. It consists of three hutches: one for the
optics allocation and the other two as experimental stations as shown in Figure 3.
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Figure 1. (a) Brightness of different generations synchrotron radiation sources, (b) aerial view of the Elettra synchrotron
facility (Courtesy of Elettra Sincrotrone Trieste, ph. Gabriele Crozzoli).
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Figure 2. Schematic representation of some X-ray-based techniques due to the interaction of synchrotron radiation with
matter (Courtesy of Elettra Sincrotrone Trieste).

At the ESCA, microscopy beamline of the Elettra synchrotron, a dynamic high pressure (DHP)
system, has been recently developed. This setup is a solution adaptable to existing synchro-
tron-based XPS spectroscopes and microscopes, which allows to overcome the pressure con-
straints of photoemission technique (high vacuum or ultra-high vacuum) and to operate up
to mbar range. The success of the first near ambient pressure scanning photoelectron micros-
copy experiment manifests that the developed novel solutions can pave the road to ambient
pressure photoelectron spectromicroscopy, allowing for instance the characterization of cata-
lytic systems near real condition [4].

In this book, five chapters on synchrotron-based characterization of nanostructured materials
related to energy applications have been collected.
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Figure 3. Schematic of beamline BL28XU at SPring-8 in Japan [3].
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The chapter “Nanocrystallization of Metallic Glasses Followed by in situ Nuclear Forward
Scattering (NFS) of Synchrotron Radiation” is about metallic glass materials, which have
applications in energy transformation and sensor devices. Structural transformations in metal-
lic glasses including nanocrystallization are investigated by Nuclear Forward Scattering (NFS)
of synchrotron radiation to fine details that are completely hidden when conventional analyti-
cal tools are employed. The following chapter illustrates the operando structural character-
ization by surface X-ray diffraction (SXRD) of the electrochemical atomic layer deposition of
semiconductor ultra-thin films, which have applications in nanoelectronics and photovoltaics.
Last three chapters are dedicated to energy storage and battery materials, especially on Li-ion
batteries, and their synchrotron-based characterization by X-ray absorption spectroscopy and
X-ray microscopy.
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Nanocrystallization of Metallic Glasses Followed by in
situ Nuclear Forward Scattering of Synchrotron
Radiation
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Abstract

A central problem in nanotechnology is the understanding of structure-to-properties rela-
tionship. This is essential for tailoring the functionalities, efficiency, and performance of
the near-future materials. Here, hyperfine interactions can be employed as they instantly
reflect the state of structural arrangement. Examination of the corresponding hyperfine
parameters during nanocrystallization through the use of the so-called nuclear forward
scattering (NFS) of synchrotron radiation is now possible. One can follow separately
structural evolution of different sites of the *Fe probe atoms. Structural transformations
in metallic glasses including nanocrystallization were investigated by NFS to fine details
that are completely hidden when conventional analytical tools are employed. Systematic
analyses of NFS time-domain patterns provided an opportunity to study independently
the role of structurally different regions. The latter comprise amorphous residual matrix,
newly formed nanocrystallites, and interface regions. Different amounts of iron atoms
located at the nanograins’ surfaces and in their core were observed for different crystal-
lization conditions, viz. temperature, time, and/or magnetic field. The application of in
situ NFS experiments has a huge potential for observations of the evolution of phase
transformations in real time performed on fly during short time intervals.

Keywords: metallic glasses, nanocrystallization, structural transformation, nuclear
forward scattering, synchrotron radiation

1. Introduction

Understanding the structure-to-properties relationship is one of the most important problems
in materials research. Thorough knowledge on structural arrangement namely in disordered
systems like amorphous metallic alloys is essential for tailoring the functionalities, efficiency

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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and performance of devices based on these materials. Because of their amorphous nature,
these metallic alloys are often referred to as metallic glasses (MGs). Their suitable chemical
composition ensures formation of crystallites that grow inside the amorphous matrix dur-
ing thermal annealing and measure only several nanometres in size. Due to these dimen-
sions, they provide beneficial magnetic properties in these the so-called nanocrystalline alloys
(NCAs). At the same time, formation of nanograins stabilizes the whole structure against
further thermal deterioration.

Changes in microstructure, crystallization behaviour, and magnetic states of NCAs have sug-
gested that interface regions between nanocrystalline grains and the surrounding amorphous
matrix play a significant role in propagation of ferromagnetic exchange interactions between
the nanograins through the residual amorphous matrix. In order to understand the process
of nanocrystallization, it is inevitable to study it in situ, that is, during annealing. For this pur-
pose, we use in situ nuclear forward scattering (NFS) of synchrotron radiation. NFS provides
information on changes in structural arrangement via hyperfine interactions in real time. In
this respect, it is superior to other in situ techniques.

This contribution aims at providing insight into the studies of structural transformations that
are taking place in iron-based metallic glasses exposed to elevated temperatures. Evolution of
nanocrystalline grains during dynamical increase of temperature and isothermal annealing
is discussed by the help of NFS technique. Before doing that, we provide brief description of
MGs and NCAs. In addition, a short review of the methods used for their structural character-
ization is also offered. Prior to introducing the results of NFS investigations, basic principles
of this method are presented, too.

2. Metallic glasses and nanocrystalline alloys

Fe-based ferromagnetic MGs possess interesting physical properties that are superior to those
of their crystalline counterparts. This is mainly due to lack of any long-range order, that is,
periodic atomic arrangement that is particularly important for their magnetic performance
[1, 2]. They are often employed as magnetic shielding, transformer cores, sensors, recording
media [3] as well as in other technical applications [4].

Structural changes that can occur in MGs when they are exposed to high enough tempera-
tures for extended operational times degrade their working parameters. This becomes par-
ticularly important with the onset of crystallization. On the other hand, suitable chemical
compositions of some MGs assure formation of crystalline grains with typical sizes of up to
several tens of nanometres. The resulting NCAs represent a novel type of materials whose
physical properties can be tailored not only by appropriate chemical elements but also by
varying the size of the nanocrystalline grains, their morphology, and the composition of
nanograins. NCAs all can be prepared from MGs by annealing under well-defined conditions
(temperature and time) which ensure controlled temperature treatment and trigger partial
crystallization. In opposite to MGs, the magnetic parameters of NCAs do not substantially
deteriorate at elevated temperatures [5]. Therefore, a comprehensive understanding of the
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evolution of nanograins during nanocrystallization is essential in order to understand, opti-
mize, and conserve the unique magnetic properties exhibited by metallic glasses and/or their
nanocrystalline counterparts.

Though studied already for decades, MGs still attract the interest of researchers due to their
unique physical properties [6]. A central problem seems to be the understanding of structure-
to-properties relationship namely when MGs are transformed into NCAs. This is essential
for tailoring the functionalities, efficiency, and performance of these near-future materials.
These phenomena are routinely studied in a steady state, that is, once the particular structural
arrangement is achieved, it is correlated with the resulting physical properties. Less attention
is paid to the investigation of transient states that temporarily exist for the period of a structural
transformation. Such an approach is, however, a demanding experimental task.

Broad arsenal of diagnostic techniques is applied in order to understand the process of trans-
formation from MG into NCA structural arrangement, that is, the crystallization of MGs [7-9].
Yet, majority of these techniques provide only ex sifu information as the time needed for acqui-
sition of sufficiently good statistics of the experimental data frequently extends over several
tens of minutes or even hours. In addition, some of the imaging techniques require special
treatment for sample preparation which can substantially affect their structure. Subsequently,
in situ investigation of the induced structural transformations using these techniques is not
possible in real time, and the study of dynamics and/or kinetics of crystallization process is
not so straightforward.

Methods like DSC or magnetic measurements can examine materials in real time and, thus,
provide in situ investigations. However, they scan the whole bulk of the investigated systems.
As a result, the obtained information is averaged over all structurally different regions which
are present in the studied system. That is why in situ characterization of structural transfor-
mations during crystallization of MGs is an experimental challenge.

Along with conventional analytical tools, also sophisticated and advanced techniques like
atom probe tomography are employed [10]. The use of in situ characterization techniques is,
however, still limited to diffraction of synchrotron radiation [11-13]. Recently, more sophis-
ticated techniques of real-time in situ synchrotron X-ray tomographic microscopy [14] and
combination of time-resolved X-ray photon correlation spectroscopy and high-energy XRD
[15] were applied. All these studies which make use of very up-to-date synchrotron-based
approaches provide valuable information of amorphous structures by revealing complex
atomic rearrangements even though no well-defined structural positions exist in MGs.

Though X-ray diffraction based techniques are capable of in situ investigations, they do not
provide site-specific information as the signal is averaged over the distribution of electron
densities. From this point of view, use of local probe techniques such as Mdssbauer spec-
troscopy offers unique opportunities to access both magnetic properties and structural states
of the investigated material [16]. The relatively long acquisition times of a conventional
Mossbauer spectrum (up to several hours), however, limit the application of this technique
only to samples in steady equilibrium conditions. This substantially disables monitoring of
the crystallization process itself.
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3. Nuclear forward scattering of synchrotron radiation

Progress in synchrotron sources of radiation has introduced the method of nuclear forward
scattering of synchrotron radiation [17]. This method uses *Fe resonant nuclei as probes of
the local magnetic and electronic properties in the investigated samples. Thus, information
on hyperfine interactions similar to Mdssbauer spectrometry is readily available. Application
of NFS is helpful in revealing the mutual relation between the magnetic arrangement and the
structure of the studied materials. Due to extremely high brilliance of the latest synchrotron
sources, studies can be performed in dynamic in situ regimes. Rapid recording of experimen-
tal data allows for direct observation of dynamical processes that are taking place during heat
treatment [18-22].

In this contribution, we discuss time aspect of NFS which enables time-dependent pro-
cesses to be followed in real time. We demonstrate them using dynamical and kinetics pro-
cesses that are taking place during nanocrystallization of selected MGs. Before doing so,
let us mention another important technique which exploits nuclear properties of ¥Fe reso-
nant nuclei that are activated by synchrotron radiation. It is the so-called nuclear inelas-
tic scattering (NIS) of synchrotron radiation. It enables studies of the dynamics of NCAs
via atomic vibrations and densities of phonon states [23, 24]. Because the time needed for
acquisition of experimental data is still rather long, time-dependent NIS investigations are
only evolving.

NFS belongs to the family of nuclear resonant scattering processes [25]. This technique can
be considered as a full analogue of Mdssbauer spectrometry [26]. It is especially useful under
extreme conditions including high temperature, pressure, and/or magnetic fields when the
space with such an environment is very limited, and hence, the sample can be as small as
several tens of micrometers. High brilliance of synchrotron sources enables sufficient data
counts even from such spatially limited regions. NFS permits on fly inspection of structural
and/or magnetic arrangement that continuously evolves with changing temperature/time. In
this respect, it is superior to other in situ techniques.

Energetic levels of atomic nuclei are exposed to the so-called hyperfine interactions. The
latter are due to an effective field that originates from the presence of surrounding atoms,
their electronic shells, and/or external fields. Consequently, nuclear levels are shifted and/
or split, and in this way, they sensitively reflect chemical and topological states of the reso-
nant atoms. Effect of the three main types of hyperfine interactions, viz. electric monopole,
electric quadrupole, and magnetic dipole interaction upon nuclear levels, is schematically
drawn in the upper part of Figure 1. Possible transitions among nuclear levels are indicated
by arrows.

Electric monopole interaction is proportional to charge density at the nucleus and provides
information about valence and spin states of the resonant atom, about its electronegativity
and chemical bonding. Electric quadrupole interaction is governed by electric field gradient
acting upon the nucleus and reflects the charge distribution. It is related to oxidation state,
spin state as well as symmetry of the positions of resonant atoms. Magnetic dipole interaction
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Figure 1. Typical representatives of the basic shapes of Mdssbauer spectra recorded in energy domain (middle row) and
the corresponding NFS time-domain patterns (bottom row). They demonstrate presence of electric monopole (a and b),
electric quadrupole (c and d), and magnetic dipole (e and f) hyperfine interactions that cause the shift/splitting of nuclear
levels as drawn in the top row.

originates from coupling between nuclear magnetic moment and effective magnetic field at
the nucleus due to spin polarization. Thus, information on magnetic states of the resonant
atoms, which is, moreover, temperature-dependent, is readily available. It is noteworthy that
resonant atoms located in defined structural positions (e.g., in a crystalline lattice) feature
individual set of hyperfine interactions and, hence, corresponding spectral parameters. The
latter are like fingerprints which uniquely identify these particular atomic sites and can be
derived either from Mdssbauer spectra or from NFS experiments. In addition, relative frac-
tions of such structurally different positions in the investigated samples are related to the
contribution of the particular spectral components.

Transitions between ground and excited states of the resonant nuclei are accompanied by
absorption and emission of photons with precise energy that is typically several tens of keV.
In conventional Mossbauer spectrometry, resonance absorption of the emitted gamma pho-
tons by a particular absorber (i.e., the investigated sample) is achieved by fine tuning of their
energy through a Doppler effect [27]. As a source of radiation, suitable radioactive nuclides
are used. Splitting of nuclear energy levels is of the order of several hundreds of neV and is
reflected via corresponding hyperfine parameters in the associated Mdssbauer spectra that
are recorded in energy domain. The resulting basic shapes of Mdssbauer spectra are depicted
in the middle row of Figure 1.

If only electric monopole hyperfine interaction occurs, the corresponding Mossbauer spec-
trum shows only one line, the so-called singlet as seen in Figure 1a. Presence of electric quad-
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rupole interaction at the resonating nuclei splits the excited level into two degenerating ones.
Consequently, in the case of *Fe nuclei (nuclear spin 3/2 in the excited state and 1/2 in the
ground state), two transitions are possible. Hence, a doublet of absorption Mdssbauer lines
is formed as seen in Figure 1c. Zeeman-split sextet is observed in Figure 1e when magnetic
dipole interactions act upon the *Fe resonant nuclei. Presence of sextets in Mossbauer spectra
indicates that the corresponding fraction of iron atoms (represented by a spectral area under
the absorption lines) is ferro-, ferri-, or antiferromagnetically ordered. In real samples, any
combination of the three basic spectral shapes is possible.

With the development of monochromators, synchrotron radiation turned out to be suitable
candidate for replacing conventional radionuclide sources of photons. As schematically
depicted in the upper part of Figure 2, bunches of accelerated particles (electrons) produce
flashes of synchrotron radiation when they pass through undulators. Pulses of photons have
typical duration of ~50 ps and repetition rate ~200 ns. Their energy is tuned to the requested
Mossbauer transition using high-resolution monochromator that provides energies of pho-
tons within a bandwidth (AE)) of several meV. The pulse contains wider range of energies
than is needed for excitation of available nuclear levels in the studied sample. It is drawn in
the bottom part of Figure 2 as a broad (blue) arrow and ensures immediate excitation of all
nuclear transitions. Energy separation of nuclear levels due to hyperfine interactions is of the
order of several hundreds of neV. Thus, not only the different transitions of the same nucleus
but also all transitions of different nuclei are excited simultaneously at the same time upon
an impingement of the synchrotron radiation pulse upon the sample. Let us remind that in
Mossbauer spectrometry, nuclear transitions are excited sequentially one by one as the energy
of photons varies over specific values.

In the time slot between two subsequent pulses, all excited nuclei emit the excess energy in a
form of resonance delayed photons that are registered with a fast detector. The decay of the
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Figure 2. Basic layout of a typical NFS beamline with the major components (upper part). In the bottom part, magnetically
split nuclear levels are simultaneously excited by a single pulse of incident synchrotron radiation with an energy spread
AE ~meV. Subsequent de-excitation provides scattered photons of different energies (E,~E) that sum up to the NFS time
domain pattern.
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nuclear excited states reflects hyperfine interactions of the resonant nuclei. All de-excitation
photons sum up and give rise to interference patterns in time domain as shown in the bottom
row of Figure 1. In the following, we will call them NFS time-domain patterns.! The prompt
excitation pulse sets the time zero. Due to its extremely high intensity the detector starts to
count when only delayed photons are present which usually takes about 10-20 ns after the
excitation.

The counts of delayed photons are registered as a function of time that has elapsed after
the excitation. That is why NFS is sometimes referred to as Mossbauer spectrometry in time
domain. Single transition is characterized by an exponentially decaying signal (linear in semi
logarithmic scale, see Figure 1b). Multiple photons originating from multiple transitions
exhibit characteristic beating of intensities called quantum beats. Their character is unique for
particular hyperfine structure as demonstrated in Figure 1d and f for electric quadrupole and
magnetic dipole interactions, respectively.

In general, any NFS time-domain pattern can be represented by some of the basic patterns
plotted in the bottom row of Figure 1 and/or a combination of them. In any case, they carry
information on hyperfine interactions that are unique for individual atomic sites of the reso-
nant atoms. Evaluation of experimental NFS data is performed by their fit to a suitably chosen
theoretically calculated model. Each model consists of several sets of hyperfine parameters
that are each ascribed to one particular atomic site. The obtained resulting parameters iden-
tify valence states, symmetry of charge distribution, and magnetic ordering. Phase composi-
tion of the material under study can be identified, and relative amount of each phase can be
determined. Due to high site selectivity, we can study local electronic arrangement, and its
fine distortions can be revealed. Some parameters like, for example, electric field gradient can
be compared with the results of ab initio calculations. We can also easily follow magnetization
of individual magnetic structures via hyperfine magnetic fields within magnetically active
materials. So far, NFS technique was successfully applied to the study of different problems
of materials research [28].

In this contribution, we present in situ NFS experiments that provide important information
on the early stages of crystallization in MGs. This process can be monitored starting from for-
mation of nucleation centres, their growth, and continuation towards equilibrium nanocrys-
talline state. Using this approach, the obtained results are not affected by a cooling process
which is the case when ex situ experiments are employed.

4. Experimental particulars

4.1. NFS experiments

NFS experiments were performed at The European Synchrotron (ESRF), Grenoble using the
Nuclear Resonance ID22N and ID18 stations. Excitation of the Fe nuclear levels was accom-

"In a literature, one can find the expression ‘NFS time spectrum’. However, the term ‘spectrum’ implies a dependence of
counts upon energy. Because of the interference nature of NFS data, we find it physically inconsistent.
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plished by a photon beam with the energy of 14.413 keV, flux of ~10° photons/s, and band-
width of ~3 meV. The spot size of the synchrotron beam was of 0.7x0.3 mm?. The estimated
heat load at the sample was ~2 pW. Samples of the investigated MGs were placed in a vacuum
furnace. Metallic glasses of Fe, Zr B, Fe, Mo,Cu B, , and (Fe, ,,Co,),,Mo,Cu, B,, were prepared
by the method of rapid quenching on a rotating wheel. The chosen compositions of MGs
ensure formation of nanocrystalline alloys in which crystalline grains with the size of several
nanometres are formed in the early stage of structural transformation. The obtained ribbons

of MGs were ~1-2 mm wide and ~20 pm thick.

The maximum annealing temperature (up to ~700 °C) was limited by Kapton windows of
the furnace. Nevertheless, this temperature was far behind the first crystallization step of the
investigated MGs.

Two types of studies were performed: (i) dynamical time-dependent temperature increase/
decrease and (ii) isothermal heat treatment. During the first type of experiments, temperature
at the sample was continuously increasing with a ramp of 10 K/min. In the second type of
experiments, the set temperature was reached with a ramp of 40 K/min and then maintained
for up to 3 h. In both cases, NFS time-domain patterns were continuously recorded every min-
ute during the whole duration of the experiment performed in transmission geometry. Thus,
information on the bulk of the samples was obtained.

For the sake of more clear presentation of a high quantity of experimentally acquired time-
domain patterns within a single experiment, we use contour plots to display the obtained
NES patterns. The latter are stacked with respect to the duration time of the experiment which
constitutes the vertical axes of the contour plots. For dynamical experiments, this axis’ scale
is eventually converted into temperature values assuming a constant ramp of 10 K/min. The
elapsed time is then given on the horizontal axes, and the counts of the registered photons
(intensities) are colour coded in a logarithmic scale.

4.2. Physical models for the evaluation of NFS time-domain patterns

Fitting of the experimental data was performed by the CONUSS software package [29, 30]
which is suitable for the evaluation of individual NFS time-domain patterns. However, the
accomplished NFS experiments have provided a huge number of records. Typically, several
tens (up to ~140) of time-domain patterns were obtained during one experiment. In order
to process and subsequently evaluate such enormous data quantities, we have developed
special software called Hubert [31]. The data evaluation is based on the conventional fitting
route using CONUSS software. Hubert is designed for NFS time-domain patterns processing,
time calibration, transformation from synchrotron output file format to experimental data file
readable by CONUSS, a single time-domain pattern evaluation, large data sets analysis, and
generation of hyperfine parameters distributions [32].

The investigated MGs are amorphous in the as-quenched state. Depending upon their
composition, they are ferromagnetic ((Fe, . Co,) Mo, Cu B, ) and paramagnetic (Fe,Zr B,
Fe,Mo,Cu B, ) at room temperature. Consequently, the originally amorphous matrix is

reproduced in the NFS time-domain patterns by distributions of hyperfine magnetic fields
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and distributions of quadrupole splitting, respectively. With increasing temperature of mea-
surement, magnetic dipole interactions eventually vanish, and only electric quadrupole ones
are present. While the latter are fitted by distribution of quadrupole splitting, only this com-
ponent is used to characterize the amorphous matrix in the particular MG.

After the onset of crystallization, that is, when the temperature of measurement reaches the
first crystallization step, nanocrystalline grains emerge within the residual amorphous matrix.
Because of the samples’ composition, they are bec-Fe or bee-(Fe,Co) nanocrystals. Both exhibit
rather strong magnetic dipole interactions which are represented by quantum beats with rela-
tively high frequency of oscillations (see also Figure 1f). The associated fitting component
features well-defined hyperfine magnetic field values, and it is ascribed to the inner part of the
nanocrystalline grains with well-established crystalline symmetry. Atoms located at the sur-
faces of the nanograins exhibit broken symmetry, and they are referred to as interface regions
[18]. Though still magnetic, their associated fitting component is represented by distributions
of hyperfine magnetic fields with average field values lower by ~2-3 T than those of the core
of the nanograins. Presence of this component was confirmed by conventional Mdssbauer
spectrometry [33].

To recapitulate the fitting models applied for the evaluation of the obtained NFS time-domain
patterns, it should be noted that we distinguish three structurally different regions in the inves-
tigated samples. The first one is amorphous matrix which corresponds to the whole MG in its
original as-quenched state as well as during moderate heat treatment up to the onset of crys-
tallization. When the temperature exceeds the crystallization point, this structural component
represents the residual amorphous matrix in the newly formed NCA. Both amorphous regions
will be denoted in the following as AM—amorphous. Because AM can be either magnetic or
paramagnetic (depending upon the sample’s composition and/or temperature), this component
is refined by distributions of hyperfine magnetic fields and quadrupole splitting, respectively.

Well-defined structural arrangement of the evolving nanocrystalline grains stands for the
second structural region which will be labelled as CR—crystalline. In the NFS time-domain

L
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Figure 3. Schematic representation of a nanocrystalline structure that includes the residual amorphous matrix (light
green)—AM, inner parts (core) of nanocrystalline grains (dark blue)—CR, and interfacial regions (violet)—IF.
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patterns, it is refined by a sharp value of magnetic hyperfine field. The third structural com-
ponent is interpreted as interface region (IF) between the former two structures. It constitutes
a shell of the nanograins with undeveloped crystal symmetry. During the evaluation, it is
refined by a distribution of hyperfine magnetic fields. Schematic representation of this con-
cept is presented in Figure 3.

Hyperfine parameters of all fitting components evolve with temperature/time of the experi-
ment. Eventually, at certain temperatures (e.g., Curie temperature, onset of crystallization),
qualitatively different hyperfine interactions appear. Consequently, the physical model should
reflect this situation by the use of appropriate type of distributions of hyperfine parameters
(magnetic fields vs. quadrupole splitting). Proper type of distribution in certain temperature/
time region is chosen by the help of the Hubert software [32].

5. Structural transformations in metallic glasses

5.1. Dynamical experiments

Effects of continuously changing temperature on magnetic ordering and structural trans-
formation in MGs are demonstrated using the (Fe,,.Co,) Mo,Cu,B,, amorphous alloy. This
chemical composition ensures ferromagnetic states of the as-quenched MG at room tempera-

ture. Corresponding NFS time-domain patterns are plotted in Figure 4.

It should be stressed that the NFS time-domain patterns in Figure 4 are in fact raw measured
data as obtained directly from the experiment. Even without any quantitative evaluation, two
qualitative changes in the character of interferograms are clearly observed at ~247 and ~435 °C.
They are associated with magnetic and structural transformation, respectively, characterized
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Figure 4. Contour plot of NFS time-domain patterns accumulated during dynamic annealing of the (Fe, ,.Co,), Mo,Cu B, ,
MG. Heating rate is 10 K/min.
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Figure 5. NFS time-domain patterns of the (Fe
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Co,),,Mo,Cu,B,, MG taken at the vicinity of T, (a) and T ; (b) at the
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by Curie T. and crystallization T , temperatures. Consequently, the whole temperature region
can be divided into three areas where the investigated MG exhibits magnetic amorphous,
nonmagnetic amorphous, and magnetic nanocrystalline structure as it is shown in Figure 4.

In order to illustrate the alternations in the shapes of NFS time-domain patterns, selected
individual records are plotted in Figure 5. It should be noted that the thickness effect of the
sample has an important impact on the time-domain patterns. It results in the so-called hybrid
beat character [34] which alternates their shapes.

With increasing temperature during the dynamic experiment, we can observe shift of the
quantum beats maxima towards higher delayed times. Simultaneously, their intensities
decrease. These effects are connected with vanishing hyperfine magnetic fields as a func-
tion of temperature. Magnetic quantum beats eventually fade away when the temperature
reaches T and the Zeeman sextet collapses. At this temperature, the six de-excitation photons
have comparable energies that are moreover overlapped within the line width. The resulting
interference pattern in time domain exhibits very fast time decay, and the corresponding NFS
time-domain pattern nearly disappears. This situation is demonstrated in Figure 5a where
selected records taken at the vicinity of T ~247 °C are plotted.

Formation of nanocrystalline bce-(Fe,Co) grains during the first crystallization step resumes
magnetic interactions that are identified by the corresponding quantum beats in Figure 5b.
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For comparison, NFS time-domain patterns at 435, 445, and 645 °C were chosen. At 435 °C, the
the sample is still fully amorphous and paramagnetic, that is, only electric quadrupole inter-
actions are present (compare Figure 1d). With the onset of nanocrystallization, more rapid
oscillations, which represent hyperfine magnetic fields, appear in time region 43-83 ns. At
445 °C, they are already satisfactorily visible. Finally, at 645 °C, the NFS time-domain pattern
clearly shows well-developed magnetic structure (see also Figure 1f) which means that the
degree of crystallization is significantly high.

The temperature of the onset of the first crystallization T , can be, however, accurately deter-
mined taking into consideration the whole temperature dependence of relative areas of amor-
phous (AM) and crystalline (CR) fitted components plotted in Figure 6. The total number of
counts, that is, the overall area under time-domain patterns, is also provided. Here, the local
minimum at ~247 °C indicates T of the amorphous matrix. The successive abrupt increase is
associated with magnetic transformation inside the amorphous matrix. Further continuous
decrease in the total counts is caused by temperature dependence of the f-factor. The onset of
nanocrystallization is documented in Figure 6a by a notable change in the slope of the curve
where the inflection point represents T | ~435 °C. The same T | is derived from temperature
dependence of relative area of the CR component in Figure 6b. Surface crystallization starts
at somewhat lower T , ~410 °C as confirmed by CEMS measurements [35].

The onset of crystallization changes the character of the beats. When new nanocrystalline
grains appear, a magnetic order is established among the newly formed bcc-(Fe,Co) grains.
This is indicated by an occurrence of dipole magnetic interactions that exhibit themselves by
high-frequency oscillations in the corresponding NFS time-domain patterns in Figures 4 and
5b. The behaviour of the amorphous matrix with temperature is more complex. It can be fol-
lowed by evolution of hyperfine magnetic fields in the temperature region where the system
is ferromagnetic and by quadrupole splitting values at T>T .. Both parameters are plotted in
Figure 7.
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Figure 6. Total number of counts (spectral area) (a) and relative fractions of AM and CR components (b) of NFS time-
domain patterns of the (Fe,,.Co,), Mo,Cu,B,, MG plotted against temperature. Transition temperatures T. and T ; are
marked with arrows.
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Figure 7. Average hyperfine magnetic field (a) and quadrupole splitting (b) values of the amorphous matrix in the
(Fe, ,Co,),,Mo,Cu B , MG plotted against temperature.

For temperatures up to T, the hyperfine magnetic fields continuously decrease till they
acquire values that are comparable in strength with electric quadrupole interactions. It should
be noted that both types of hyperfine interactions coexist in some temperature range. In fact,
it is impossible to distinguish between them also because of low total number of counts in the
NFS time-domain patterns (see Figures 5a and 6a). Here, the fitting is accomplished by two
qualitatively distinct models, viz. distribution of hyperfine magnetic fields and distribution of
quadrupole splitting. They are applied in certain temperature regions that approach T from
bottom (i.e., T<T_) and from top (T.<T), respectively, with some small overlap [32].

Temperature evolution of quadrupole splitting provides information about bond properties
and local symmetry of the iron sites in the AM phase. It shows a local minimum in Figure
7b. The associated inflection point indicates T . Above this onset of nanocrystallization, the
residual AM phase still persists, and when the CR phase is well developed (T>~500 °C), the
average quadrupole splitting is stabilized.

To summarize the above discussion, we would like to note that the (Fe, ,,Co,),,Mo,Cu,B,, MG
was intentionally chosen to demonstrate the possibilities of dynamical NFS experiments. It is
possible to follow on fly not only the evolution of its structural arrangement but also that of

hyperfine magnetic interactions.

5.2. Dynamical experiments in external magnetic field

In order to improve magnetic parameters of nanocrystalline alloys, crystallization of metal-
lic glasses often takes place under external magnetic field, the so-called magnetic anneal-
ing [36]. It results in appearance of induced magnetic anisotropy in heat-treated soft MGs.
Nevertheless, all studies are performed ex situ after the magnetic annealing. Naturally, a
question has arisen how external magnetic field affects the progress of nanocrystallization.

Similar as in the previous experiment, in situ investigations can be effectively performed by
dynamical increase of temperature without and with external magnetic field by employing
the NFS technique. But now, we have selected MG that is almost purely paramagnetic at
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room temperature, namely Fe, Mo,Cu B, . Only minute amounts of surface crystallization
were unveiled by CEMS [37] on both sides of ribbon-shaped samples.

The reason for choosing this MG was twofold: (i) this chemical composition leads to formation
of bee-Fe nanocrystals, and iron is a calibration material for these studied; hence, its hyperfine
parameters are well known, and (ii) the fitting model used for evaluation of the experimen-
tal NFS data is more simple because the residual amorphous matrix is paramagnetic, and
only distributions of quadrupole splitting are used. On the other hand, formation of bec-Fe
nanograins imposes magnetic dipole interactions that are represented by single hyperfine
magnetic field value. As described in the Section 4.2, iron atoms located in interface regions
can be also identified via distribution of hyperfine magnetic fields. Consequently, tempera-
ture evolution of three structurally different regions in the investigated MG can be studied.

Contour plots of NFS time-domain patterns recorded during continuous increase of tempera-
ture in zero-field conditions and with applied external magnetic field (0.652 T) are shown in
Figure 8. Dramatic impact of this rather small external magnetic field upon dynamics of the
crystallization process is clearly seen. The plotted experimental data exhibit obvious modifi-
cations of hyperfine interactions that are reflected in the shapes of NFS time-domain patterns.
At room temperature, the investigated Fe, Mo,Cu B, MG is amorphous, and in zero-field
conditions, it demonstrates prevailing electric quadrupole interactions with hardly visible
beatings of magnetic origin (due to surface crystallization). With the onset of nanocrystalliza-
tion, contribution of magnetic dipole interactions becomes better visible in Figure 8a in the
vicinity of ~400 °C. Appearance of hyperfine magnetic fields is remarkably accelerated when
the annealing is performed in external magnetic field. In Figure 8b, the same character of NFS
time-domain pattern is observed earlier at a temperature that is by about 100 °C lower.

Quantitative and qualitative description of the time-domain patterns is presented in Figure 9
as derived from zero-field and in-field NFS experiments. Relative amounts of individual

700
= 600
o .
o 500 nanocrystalline
=
-E 400
"éi 300 Tyt

amorphous

8 200 nonmagnetic

100

50 80 110 140 50 80 110 140
delayed time (ns) delayed time (ns)

Figure 8. Contour plots of NFS time-domain patterns of the Fe, Mo,Cu B, MG measured without (a) and with external
magnetic field of 0.652 T (b).
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components comprising relative areas of the amorphous (AM) and total nanocrystalline
(CR+IF) phases are shown in Figure 9a. It is noteworthy that the onset of crystallization
should be determined from the temperature dependences of the relative areas rather than
from the contour plots in Figure 8. In the latter, intensities of the NFS time-domain patterns
are plotted in logarithmic scale, and thus, the applied colour-coded scale is coarse to a cer-
tain extent. Consequently, fine details of the particular line shapes might not be properly
seen.

Presence of small number of quenched-in nanocrystallites (~10 %) that were formed during
the production of the ribbons was unveiled by the help of Figure 9a, too. They were accounted
for the fitting model by introducing a component with well-defined hyperfine magnetic fields.
The obtained temperature dependences are shown in Figure 9b. Hyperfine fields correspond-
ing to nanocrystalline grains are compared with those of a polycrystalline bec-Fe foil. The
former exhibit systematically lower values which are caused by small amounts as well as
dimensions of quenched-in nanocrystals.

At certain temperature of annealing, additional nanocrystalline grains appear, and all grains
begin to grow both in number and in size. This rather abrupt onset of bulk nanocrystalliza-
tion is clearly seen by a step-like increase in the hyperfine magnetic field value at ~400 °C
during annealing in zero-field conditions. Under the influence of external magnetic field, this
increase is rather continuous but starts at ~300 °C, that is, much earlier. For T>400 °C, both
curves merge together and follow the temperature dependence of hyperfine magnetic fields
that correspond to bulk bec-Fe with almost constant difference of ~2 T. Lower hyperfine mag-
netic field values are due to small dimensions of the nanocrystals.

It is noteworthy that the decrease of hyperfine magnetic field with temperature as observed
in Figure 9b is also demonstrated in Figure 8 by shift of the maxima of time-domain patterns
towards higher delayed times. With rising temperature, the magnetic ordering continuously
vanishes and eventually disappears at the Curie point.

jgg T T ————————1—
E oT B
«—0852T |-

g

(45 ]

o
T

=

0L o

20k A

component area (%)
5Z
[ ]
3 E
= [
1!:'.
hyperifine field (T)
]

- (0)

E asat’s (a) 20 .
0 ¥ P PP EPEEEPE B | T TR T TR SRR T T
200 300 400 500 G600 100 200 300 400 500 600 VOO
tamperature (°C) temperatura (°C)

Figure 9. Relative amounts of amorphous (AM) (open symbols) and total nanocrystalline (NC=CR+IF) (solid symbols)
components (a) and hyperfine magnetic fields of nanocrystals (b) plotted against temperature of annealing as obtained
from NFS time-domain patterns of the Fe, Mo,Cu,B, . MG measured in zero magnetic field (circles) and in the field of
0.652 T (triangles). Values corresponding to bulk bee-Fe (green curve) are given for comparison. The arrows indicate T ;.
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Figure 10. Contour plots of isothermal NFS time-domain patterns of the Fe, Zr,B, MG annealed at 470 °C (a), 480 °C (b),
510 °C (c), and at 480 °C under external magnetic field of 0.652 T (d).

In this section, we have demonstrated how NFS experiments can contribute to more detail
description of structural as well as magnetic transformations that are taking place in real time
upon MGs exposed to dynamically changing temperature. In particular, in situ studies of
hyperfine interactions cannot be performed by any other analytical tool. Thus, a possibility
to follow separately temperature evolution of individual structural components viz. AM, CR,
and IF makes NFS an interesting and competitive method for the investigation of nanocrystal-
lization in MGs during its progress. In the following section, other aspects of this technique are
presented with a special focus at time-dependent experiments.

5.3. Isothermal experiments

In the above section, we have concentrated on a dynamics of nanocrystallization. For that pur-
pose, a continuous increase of temperature with a constant ramp was ensured. Acquisition of
NFS data was accomplished in situ during ongoing progress of temperature. Thus, the inves-
tigated system was exposed to change annealing conditions. Here, we focus at the kinetics
of crystallization. The studies were performed at constant annealing conditions. In this way,
information on various parameters of the crystallization kinetics can be acquired.

NFS experiments were performed on Fe  Zr, B, MG prepared by melt spinning technique in a
form of thin ribbons. After initial rapid increase of temperature with a ramp of 40 K/min, the
annealing temperature was stabilized at its destination value. NFS data were recorded in situ
with an acquisition time of 1 min. Duration of the experiments was up to 150 min. The anneal-
ing temperatures of 470, 480, and 510 °C were chosen. Isothermal experiment at 480 °C was
performed also in an external magnetic field of 0.652 T.

Contour plots of NFS time-domain patterns from all experiments are shown in Figure 10.
Time of annealing under the set conditions is given on the y-axes. The originally as-quenched
sample is paramagnetic at room temperature and exhibits quantum beats typical for electric
quadrupole interactions (see Figure 1d). Depending upon the annealing conditions, newly
formed ferromagnetic nanocrystalline grains of bcc-Fe emerge from the amorphous matrix
within 10-30 min after reaching the annealing temperature. They are identified through mag-
netic dipole interactions that give rise to hyperfine magnetic fields. The latter exhibit well-
developed high-frequency oscillations in quantum beats similar as those in Figure 1f. They
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Figure 11. Relative amounts of structural components including amorphous matrix (AM, green squares), crystalline
grains (CR, blue circles), and interface regions (IF, magenta triangles) plotted against time of annealing at 470 °C (a),
480 °C (b), 510 °C (c), and at 480 °C under external magnetic field of 0.652 T (d). Solid curves represent fits according to
the crystallization model introduced in Ref. [18].

persist over the entire time of the experiments. Because the temperature of annealing does not
change, the positions of individual beat maxima are also stable.

Time evolution of individual structural components viz. AM, CR, and IF is presented in Figure
11. Relative areas obtained from evaluation of NFS time-domain patterns are displayed by sym-
bols. Subsequently, they were fitted using a crystallization model introduced recently [18]. The
resulting theoretical curves are plotted by solid lines. The following observations can be noted.
First, as demonstrated by the IF and CR relative contents in Figure 11a and b, the IF component
dominates that of the CR one during the first 65 and 30 min of annealing, respectively. This indi-
cates that the grains are rather small and thus exhibit higher contribution of the atoms located at
their surfaces. Later, the grains grow in size which is documented by a higher fraction of CR than
IE. The latter saturate with time which means that the grains do not grow any further, and only
their number increases.

Secondly, increase in temperature of annealing from 470 to 480 °C accelerates formation of
nanograins. In order to achieve ~60 % of nanograins, three times shorter time is needed for
annealing temperature of 480 °C in comparison with 470 °C. Note different scales on the
x-axes. Further temperature increase from 480 to 510 °C expectedly speeded-up the crystal-
lization rate as seen in Figure 11c. The same effect is reached, however, by annealing at the
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Figure 12. Relative amount of nanograins A .. plotted against time of annealing (a) and relative content of nanograins
obtained at 470 °C (b). Black solid curves in (a) represent fit according to the crystallization model introduced in Ref. [18].

lower temperature of 480 °C in external magnetic field of 0.652 T as demonstrated in Figure
11d. The time needed for crystallization is by a factor of ~3 less than that without the external
magnetic field at the same temperature of annealing.

Relative content of nanocrystals given as a sum of the corresponding crystalline (CR) and
interface (IF) components A, . is depicted in Figure 12. Formation of nanograins under dif-
ferent annealing conditions is mutually compared in Figure 12a with respect to the annealing
time. As discussed above, small increase in the annealing temperature from 470 to 480 °C,
that is, only by 10 °C causes notable increase in the amount of nanograins that are formed
during the same time period. This is due to proximity of the first crystallization temperature.
When the annealing temperature is elevated further to 510 °C (i.e., by 30 °C), the change in the
character of the A, dependence is not so dramatic. We stress again, that almost the same
contents of nanograins is obtained when annealing at 480 °C proceeds under weak magnetic
field. Presumably, this is caused by huge influence of small energetic perturbations of mag-
netic interactions in comparison with the thermal energy.

Figure 12a shows absolute values of the nanocrystalline content, and as it is more closely
discussed elsewhere [19], all processes behave identically from a qualitative point of view.
Dramatic differences among them are revealed, however, by the help of Figure 12b. Here, the
total amount of nanograins A ., . is plotted against this parameter obtained from the slowest
isothermal experiment performed at 470 °C. Consequently, the experimentally acquired data
are distributed along a straight line with the slope equal 1. Dramatic changes in the slopes are
observed during annealing at 480, 510, and 480 °C in external magnetic field. The associated
rates of nanocrystallization are by a factor of ~30 higher that at 470 °C. They are indicated in
Figure 12b by straight almost vertical lines. In order to visualize these rapid processes more
clearly, the x-axis is reduced to the equivalent of the first ~65 min of the isothermal experiments.

After the initial rapid onset of nanocrystals formation, further increase in A, is not so
steep. In fact, it almost saturates with the slope of 0.1 for annealing at 510 °C and at 480 °C
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Figure 13. Hyperfine magnetic field of the CR (a) and IF (b) components plotted against time of annealing.

in B_ = 0.652 T. In zero-field annealing at 480 °C, it exhibits only gentle increase towards the
same saturation value showing slightly higher slope of 0.32.

Hyperfine magnetic fields obtained from the CR and IF components are depicted in Figure 13
as a function of annealing time. Depending upon the temperature of annealing, B_, saturates at
different values as seen in Figure 13a. They are by about 1.5 T smaller than those of polycrystal-
line bee-Fe [38] due to nanosized dimensions of the grains. Decrease in B, at the beginning of
annealing especially at 480 °C in B_, indicates that the inner structure of bcc nanograins is still
not very well developed during early stages of crystallization. Similar phenomenon is observed
in Figure 13b where hyperfine magnetic fields of the interface components B ; are presented.

Small dimensions of nanocrystalline grains are also responsible for remarkable time evolution
of B, especially during annealing at 470 °C and to a smaller extent at 480 °C. At the beginning of
grain growth, majority of the constituent Fe atoms is located at the surfaces of the nanocrystals.
As a result, relative content of the IF component prevails that of the CR one as demonstrated in
Figure 11a and b. Simultaneously, because of symmetry breaking in the interfacial regions, the
associated hyperfine magnetic fields exhibit smaller values than the inner parts of the grains.

In this section, we have demonstrated how NFS can be used for the investigations of the kinetics of
crystallization. Isothermal experiments performed under different annealing conditions, viz. tem-
perature and presence of external magnetic field provide valuable information on the time evolu-
tion of both the content of nanocrystals and on their hyperfine magnetic fields. Moreover, these
phenomena can be studied separately for structurally different regions that are found in NCAs.

6. Conclusions

Nanocrystallization of metallic glasses was followed by in situ experiments of nuclear forward
scattering (NFS) of synchrotron radiation to fine details that are completely hidden when con-
ventional analytical tools are employed. Detailed analyses of NFS time-domain patterns that
were decomposed into contributions stemming from the amorphous residual phase and newly
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formed nanocrystallites provided an opportunity to study independently the role of structur-
ally different regions. Moreover, using this approach, it was possible to further differentiate
between contributions from the surfaces and the inner parts of nanograins. Different amounts
of iron atoms located at the grains’ surfaces and in their bulk were observed when different
crystallization conditions, viz. temperature and/or external magnetic field, were applied.

The application of in situ NFS experiments has a huge potential for observations of the evolu-
tion of phase transformations in real time performed on fly during short time intervals. This
was documented by two types of in situ NFS experiments. Namely, dynamical temperature
increase and isothermal annealing under constant conditions were applied. It was possible
to follow not only structural transformations, but, at the same time, also changes in magnetic
arrangement were revealed. The latter is feasible owing to rapid screening of the correspond-
ing hyperfine interactions. In this way, detail information about the nearest neighbourhoods
of the resonant atoms is experimentally achievable. Moreover, the local arrangements can be
checked in real time thus enabling structural and/or magnetic transformation to be followed
on fly. In addition, a possibility of comparing the experimental results with those obtained
from simulations and/or theoretical calculations is offered. Such experiments are unique and
open new horizons in materials research by employing the technique of nuclear forward scat-
tering of synchrotron radiation.
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Abstract

Spanning from nanoelectronics to new solar energy materials, technological develop-
ment in the recent years requested highly controlled nanostructured surfaces, ultra-thin
films, and 2D structured materials. In general, although very favorable from a full life
cycle assessment (FLCA) standpoint, electrodeposition hardly allows to obtain the high
order required by recent technologies. In particular cases, the electrodeposition enables
the deposition of atomic layers by means of surface limited reactions (SLRs). By exploit-
ing SLRs, it is possible to define layer-by-layer deposition scheme of different atomic
layers; we refer to these schemes as electrochemical atomic layer deposition (E-ALD)
and when the growth of the film is epitaxial with the substrate, the techniques are called
electrochemical atomic layer epitaxy (ECALE). Aiming at characterizing structure and
growth of materials grown by means of E-ALD, surface analysis techniques apply better.
In particular, surface X-ray diffraction (SXRD) with high brilliance synchrotron sources
enables the operando structural analysis in electrochemical environment. In recent years,
several works on the operando surface characterization by means of SXRD have been
reported. Thanks to novelties in the field of operando SXRD experiments, semiconduct-
ing systems were studied, such as single and multilayer of CdS and Cu,S.

Keywords: ECALE, E-ALD, thin films, 2D materials, SXRD

1. Introduction

A fundamental aim of material research and surface science is the development of deposition
techniques of compound semiconductors with low impact from either the energetic or envi-
ronmental points of view. These techniques should ensure a high structural control for the
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engineering of nanostructures such as quantum dots, quantum well, superlattices, and thin
films still preserving the crystalline properties of the grown material. The bottom-up approach
is renowned as very favorable for the synthesis of such materials in the form of dispersed
nanoparticles from molecular precursor, usually involving several steps and the addition of
surfactants to the reaction environment. Since most of these products, obtained following
these pathways, are in form of powders, the production of solid-state devices requires several
steps for the deposition of the materials. In this context, electrodeposition has the advantage
of the direct production of the films from the molecular precursors. In any case, electrodepo-
sition hardly results in highly ordered materials as requested by recent technologies based
on semiconductor. However, in specific conditions, electrodeposition enables the assemblage
of atomic layers by means of surface limited reactions (SLRs). SLRs give the opportunity of
exploiting layer-by-layer deposition of different atomic layers, leading to one of the most
clean and energy saving approaches, electrochemical atomic layer epitaxy (ECALE) [1], for
the growth of heterostructures. ECALE could be also referred in general as electrochemical
atomic layer deposition (E-ALD) since in some cases the growth, though based on under
potential deposition (UPD) processes or on any SLR, cannot be rigorously considered epi-
taxial. Hence, E-ALD joins highly ordered products with the direct access to the final material
in the context of the bottom-up approach in a very clean reaction environment. E-ALD has
been proven to be very effective for the electrodeposition of ultra-thin films of semiconduct-
ing materials. In recent years, thin films of binary [2-5] and ternary semiconductors [6-9]
were successfully obtained. E-ALD requires very low energy consumption, diluted solutions,
room temperature, and atmospheric pressures. Thus, it can be employed for the sustainable
large-scale production of these materials. This is particularly interesting for photovoltaics
application, where the improvements of the full life cycle assessment (FLCA) are considered
a crucial aspect for the possible large-scale production of new materials [10]. In this context,
it is very crucial to study and understand the growth mechanism together with the detailed
analysis of the structural features of the resulting thin films. For this purpose, surface analysis
techniques play an important role. Among them, surface X-ray diffraction (SXRD), with high
brilliance synchrotron sources, enables the operando structural analysis in electrochemical
environment during the E-ALD growth and discloses the structural features of such systems
during the deposition process. In recent years, several works on the operando characteriza-
tion of ultra-thin films have been reported thanks to the development of specifically designed
flow cells and automated apparatus to perform 100 or more growth cycles in few hours.

2. E-ALD for semiconducting materials

Materials overcoming the properties of silicon-based semiconducting materials are very
widely researched. In particular, the interest is devoted toward materials with optoelectronic
and electronic properties, in a broad range, able also to work in severe conditions. In this con-
text, compound semiconductors are promising candidates. They result from the combination
of two or more elements. The ones formed by elements of the groups symmetrical to the IV
group, namely the III-V compound semiconductors are among the most studied. Epitaxy is
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generally expected to enhance their semiconducting proprieties, such as mean free path and
charge carrier mobility. Moreover, epitaxial growth is necessary to obtain superlattices, i.e.,
materials with a periodic modulation of structure or composition and crystallographic coher-
ence with respect to the atomic planes [11]. For example, without the crystallographic coher-
ence, a bilayer ZnSe/CdSe film or a sequence of multiple layers of ZnSe, CdSe is not called a
superlattice, but simply a heterojunction or a multilayer system. In this field, superlattices are
of increasing interest, since it is possible to tailor their properties even at the nanoscale, where
they are exhibiting quantization effects. The growth of perfectly flat, ultrathin, and even 2D
sheets of material is a stringent requirement for the functionality of multilayers or superlat-
tices. E-ALD provides a sustainable solution got the growth of high-quality 2D materials with
well-controlled periodicities.

E-ALD constitutes an easy way to deposit suitable ultrathin films and 2D materials alternat-
ing atomic layer of different elements in a very straightforward manner. For these reasons,
since its infancy, the E-ALD study has been carried on compound semiconductors, with a
specific focus on compound semiconductors based on elements of the II-VI groups. Figure 1
depicts a general scheme for the E-ALD of a ternary chalcogenide, this can be obtained by
alternating SLR steps of metals (M1, M2) and chalcogenides (C).

SLR of first metal (M1)

SLR of Chalcogenide (C)

Ag(111) C/Ag(111) M1/C/Ag111)

SLR of Chalcogenide (C)

SLR of second
metal (M2)

C/MYC/M2/C/Ag(111) M2/C/M1/C/Ag(111) C/M1/C/Ag(111)

Figure 1. General scheme for an E-ALD process aimed to grow a ternary chalcogenide. C, M1 and M2, respectively,
stand for an atomic layer of chalcogenide, first metal in the scheme and second metal in the scheme.
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In order to tailor the stoichiometry of the compounds, it is possible to define schemes with
different number of steps for the two metals, as will be discussed in Section 2.2.2 for CuXZnyS.
The E-ALD procedure requires a thorough knowledge of the separated SLRs (often UPD—
under potential deposition) involved in the deposition of the metals over the nonmetals and
vice versa. An open issue is the exact definition of the driving force leading these processes.
It is very widely accepted that the main contribution to the driving force is the negative free
energies change involved in the interaction with the electrodic surface and in the formation of
a thermodynamically stable compound. However, the surface can change during the growth
due to formation of the crystal, and it is possible to think of a change also in the driving force
when a relatively thick crystal is grown. As reported by almost every paper on this topic, it is
worth to notice that, usually, the first step of the E-ALD process is the deposition of an atomic
layer of chalcogen (or of the nonmetal in general) over the bare metal substrate. Reasonably,
the experimental conditions for the deposition change while increasing the thickness of the
deposit. For instance, in the growth of crystals, the accumulation of the elastic energy into the
lattice is a nonfavorable contribution to the driving force. This is a well-known issue leading to
different growth mechanisms and related morphology. Usually, in the case of the E-ALD pro-
cess, these effects do not prevent the compound formation. Generally speaking, the changes
are in the sense of decreasing the amount of deposition and then the total time of the process
increases. This can prevent the deposition of some materials, as CdTe and InAs, with a thick-
ness of practical relevance. In other cases (such as the deposition of Cu,S), the deposition of
the copper layer, implying the reduction of copper ions from the solution, may result in more
complex reactions implying the formation of some intermediate compounds and the deposi-
tion cannot be accounted strictly by the UPD process. Several experimental evidences for these
controversial aspects have been reported and they will be discussed in the following pages. It
is worth to notice that they reveal a complex mechanism for the formation of chalcogenides by
means of E-ALD. The complexity of these processes occurring during the growth is the reason
why we prefer to refer to the E-ALD steps with the acronym SLR rather than using UPD.

In this work, we focus on the deposition of chalcogenides on a Ag single crystal, usually on
the Ag(111) surface if not specifically indicated. All the potentials repoeted here are referred
to the Ag/AgCI(KCl sat.) reference electrode.

2.1. Cadmium-based compound semiconductors

Cadmium chalcogenides have been among the first compound semiconductors to be depos-
ited by means of E-ALD due to their interesting electronic properties and favorable electro-
chemical characteristics.

2.1.1. CdS

One of the first chalcogenides electrodeposited by E-ALD is the CdS, extensively studied on
several different single crystals. The E-ALD process for CdS on Ag(111) has been verified to
be epitaxial and does not require the formation of any intermediate compounds [12, 13]. Its
deposition can be considered a genuine ECALE process. It starts with the oxidative UPD of
the sulfur ions on the metal surface. It is worth mentioning that the structure of the resulting
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sulfur layer has been deeply studied by means of scanning tunneling microscopy (STM) mea-
surements. The second step of the ECALE process is the UPD deposition of cadmium on top
of the Ag(111)/S. The charge associated with each layer of either Cd or S corresponds to 0.165
monolayers (referred to as the ideal covering of a layer of the Ag(111) substrate). STM mea-
surements confirm that the fractional coverage of the Cd and S cycles on top of the Ag(111)/S
from the 3/7 of the first S layer to the 1/7 (consistent with the coulomb-metric measurement).
The epitaxial growth is actually confirmed by the STM images of the first four atomic layers,
whereas the unit value of the S/Cd ratio for the successive layers strongly suggests that the
epitaxial growth is maintained in these further layers. Moreover, the charge deposited was
verified to be linear with the number of ECALE cycles [2] for ECALE scheme as long as 50
cycles. Thus, the results are consistent with the layer-by-layer mechanism proposed for the
ECALE process. CdS shows a discrepancy between the deposition on Au(111) and Ag(111).
Shannon and Demir reported a (333) structure with a Cd—Cd distance of 4.3 A for the Cd layer
on top of the S layer deposited on Au(111) [14]. This structure is much more compact than the
one obtained by our group (0.76 nm for both Cd—Cd and S-S distances) and that difference
cannot be ascribed to a difference in lattice constants of Ag and Au since they are practically
identical. We proposed that the difference could be ascribed to the different structure of the
S layer in contact with the metallic substrate. In fact, the S layer on Au(111) forms a structure
with a coverage of one-third, while in the experimental condition we defined on Ag(111)
forms a site occupied by a triplet of sulfur atom (coverage of 3/7) and is therefore much more
compressed. Thus, Ag denotes a higher affinity with S, resulting in a CdS structure, as deter-
mined by STM, corresponding to the basal planes of both wurtzite and zinc blende; these two
structures are very similar on the basal plane, and it is not possible to distinguish them by
means of STM studies of the first E-ALD cycles. SXRD experiment clarified the structure of
CdS and showed that high crystalline quality of the CdS films grown on different surfaces [12,
13]. On the Ag(111), the growth films present only the hexagonal wurtzite structure, while on
the other low index planes, a mixture of the hexagonal wurtzite and cubic zinc-blende phases
is present.

2.1.2. Other Cd-based chalcogenides

It has been shown that a one-step oxidative SLR is not possible for selenides and tellurides.
The E-ALD process for CdSe involves the same steps of the CdS, but the experimental con-
ditions are very different [15]. Hence, the deposition of the Se layer is usually obtained by
means of a two-step process [15]. The first implying a massive deposition of a Se film on the
Ag(111) followed by reduction of all but the adlayer of Se on the Ag(111) surface. A 1:1.3
(Cd:Se) growth on Ag(111) has been achieved, a tentative explanation is that the transition to
a less compact Se structure can occur during the stripping of the bulk Se. The peak related to
the transition is probably overlapping with the bulk Se reduction peak. Hence, a lower than
expected covering of the substrate is achieved, and consequently, a Cd:Se ratio higher than 1..
Regarding CdTe, cyclic voltammetry showed two peaks related to the reductive UPD of the
HTeO," on Au(111), and they occur at potential too positive to be easily observed on Ag(111)
due to its narrower electrochemical stability window. They are related to a complex chemistry
well explained in the literature [16]; hence, it is necessary to use a scheme similar to the CdSe
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growth. The charge deposited for the first Te layer on Ag(111) is equal to that found on the
first UPD of Te on Au(111), for which a (12 x 12) structure was revealed by STM images as well
as by low-energy electron diffraction (LEED) patterns. LEED measurements after emersion
at a potential corresponding to the second UPD of Te also showed that the (12 x 12) structure
originated from a (3 x 3) structure [17]. The structure formed in correspondence with the sole
UPD of Te observed on Ag(111) is expected to have the same structure [18]. However, no mor-
phological or structural analysis has been performed on such substrate in order to confirm the
expectation. Eventually, E-ALD also gives the possibility of growing ternary and quaternary
compounds, and here we describe the case of ternary chalcogenides Cd Zn,_S and Cd Zn,_ Se
grown on Ag(111) [19-21]. The stoichiometry of the ternary chalcogenides grown by E-ALD
can be controlled by the ZnX/CdX (X =S, Se) ratio. Still, CdX deposition seems to be favored
with respect to ZnX deposition, hence the ratio between Cd and Zn cycles in the E-ALD
sequence does not correspond to the stoichiometric ratio of Cd and Zn in the ternary com-
pounds. Zn-deficiency is a general trend in ternary compounds deposited by means of E-ALD.
The authors reported that the most likely explanation for the experiments is a lower deposition
rate for Zn. However, electrochemical and XPS characterization confirmed the layer-by-layer
growth and the 1:1 ratio between metals and sulfide ions. Eventually, the thickness seems to
decrease while decreasing the Cd content. Analogous behavior, although referred to films as
thick as 1-5 pm, was found for the compounds grown by the dip technique [22].

2.1.3. An overview on thermodynamics and lattice mismatches

The potential shifts exploited by the SLR involved in the E-ALD steps are related to the driv-
ing force of the process. As discussed in the first part of this text, the definition of the driving
force is an open question for the E-ALD, and we can divide it in three terms:

1. The interaction with the surface.
2. The formation of a compound (AE, related to the free energy of formation).

3. The cumulative elastic energy (AE__).

The first term probably dominates the first stages of the growth, while for films with a thick-
ness of several E-ALD cycles the second and third terms become predominant. Experimental
results on similar electrodeposition process reported by Golan showed that the growth of
such thin films can be either stopped [23, 24] or develop overgrowing quantum dots due to
their cumulative strain. Hence, for a qualitative analysis on thin films of practical interest, we
consider the potential shift related to the following energy term:

AE = AE+AE,, (1)

where AE, is the chemical energy related to the formation of the CdX compound, AE__is

the cumulative elastic energy of the overgrowth due to the mismatch with the substrate.
Considering m:n supercells structure, the mismatch is the following:

nuﬂ-mas
M= — 2

0
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where 1 is the index of the supercell for the overgrowth, while m is for the substrate. As a rule of
thumb, we consider larger supercells energetically less stable, even though their mismatch can
be smaller. Eventually, an assessment of the cumulative elastic energy is impossible due to the
lack of force constants for the hexagonal phases of the system CdX (x =S5, Se and Te). Still, Table 1
reports an overview of the AE, and the mismatch for Ag and Au along selected orientations.
Some of these structures have been experimentally verified in literature. Shannon and Demir
[14] and Golan et al. [25] reported for CdS over Au(111) a 3:2 supercell with higher mismatch
than the 10:7. Despite the lower mismatch of last supercell, we think this is probably related to
the lower cumulative elastic energy involved in the latter due to its lower supercell index.

In principle, E-ALD of CdTe should result in a very stable compound. However, the elastic
strain induced by the lattice mismatch is higher than the other two chalcogenides, unless we
take into considerations very big supercell. On the other hand, CdSe seems to have very favor-
able chemical and elastic terms for the growth over both the substrates. Still, the experimental
condition for a 1:1 growth is not easy to achieve due to the electrochemical behavior of Se.
Eventually, Cd and S have a very straightforward electrochemical behavior over Ag(111). The
growth of CdS on Ag(111) and Au(111) substrates is quite strained (~4-5%) unless the sub-
strate and compound are rotated by 30° with respect to the other. Moreover, two structures
for the CdS compounds with a very similar stability are known, wurtizte-like (hexagonal —
grenockite) and zincblende-like (cubic—hawleyite). Hence, the growth and structure for CdS
are suitable for the characterization by SXRD. In conclusion, SXRD is a natural follow-up for
the characterization of these films due to its coupled surface and bulk selectivities. In particu-
lar, CdS resulted to be an ideal system for performing operando studies of E-ALD growth.

2.2. Copper-based sulfides

Copper sulfides are considered very interesting for their particular transport and electronic
proprieties. Several phases in the Cu-S compositional field have been reported to have a band
gap suitable for photovoltaics. Moreover, covellite (CuS) is a natural superconductor and
chalcocite (Cu,S) is a superionic conductor. In the attempt to modulate the band gap of Cu,S,
a Zn-doped compound semiconductor (Cu Zn S) has been deposited. Hence, recently, the
research focused on Cu,S and Cu Zn S with some operando SXRD studies. In some cases, the
epitaxial growth of thin films or 2D structure has been characterized. Revealing the peculiar
structural proprieties of these materials. Moreover, these studies confirmed the advantage
in using E-ALD as a production techniques for these systems in terms of growth control and
quality of the resulting structure.

AGP (KJ/mol) M Ag(111) M Au(111) M Ag(11DR30° M Au(111)R30°
cds  -920 3:24% (10:7 -0.6%)  3:25% (10:7 -0.7%)  5:6 0.5% 5:6 0.3%
CdSe  -1486 3:20.8% 3:20.6% 5:6 0.5% (6:7 0.2%) 5:6 3% (6:7 ~0.4%)
CdTe  -1565 3:2 5% (8:5 1%) 3:2-5% (8:50.9%)  5:6-9% (11:120.3%)  5:6-9% (11:12 0.1%)

Table 1. Mismatches for Cd chalcogenides on different epitaxial relationship for Ag(111) and Au(111) substrates.

37
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2.2.1. Copper sulfide (Cu,S)

Copper sulfide thin films were grown on Ag(111) by means of E-ALD, hence alternating
the UPD of S and Cu. A reliable assignment of the structure and stoichiometry for these
semiconductor compounds is very difficult because of the variety of stable known struc-
tures in the Cu-S compositional field. Moreover, the electrochemical behavior of Cu on the
Ag(111) substrate is quite complex. In fact, Cu cannot be deposited by means of UPD on
Ag(111), [26], however the compound can be obtained by deposition of Cu on the S covered
Ag(111) surface. Moreover, the electrochemistry of Cu(ll) in ammonia buffer involves a
number of interconnected reactions that must be taken into account [26]. It has been found
that there are clearly predominant processes in this set of four possible reactions whose
equilibrium changes according to the applied potential. It is reported that on silver Cu(II)
is immediately reduced to Cu(I), and the formation of Cu(0) from Cu(I) reduction occurs
at less negative potentials than that from Cu(II) [26]. Hence, experimental data reported by
Innocenti et al. support the hypothesis of an SLR deposition as a result of the competitive
process between these four reactions [26]. Like for CdTe and CdSe, such complex chemistry
of the SLR hinders the strict assignment of the E-ALD step as an UPD process. However,
even depositing Cu and S using surface-limited depositions, more complex in nature, the
electrochemical and compositional analyses confirmed that we succeeded in growing mul-
tilayers of Cu,S. Regarding the valence state of the elements in the compound, Cu(]) is
present in both CuZS and CuS, which are the endmembers of the Cu-S compositional field.
Hence, one cannot easily distinguish the two phases by means of an analysis of the binding
energy as measured with XPS. In fact, Cu(I) and Cu(Il) have almost coincident energy in the
XPS, while both sulfide and disulfide peaks have been found in the spectra [27]. Hence, on
this basis, the assessment of the stoichiometry associated with the Cu,S cannot be safely dis-
cussed. Moreover, the short-range structural analysis carried by means of extended X-ray
absorption fine structure (EXAFS) reported a first shell compatible with chalcocite structure
(Cu,S) for similar systems (CuXZnyS) [28]. The electrochemical characterization also allows
to establish that the same amount of compound is deposited in each deposition cycles, thus
indicating the layer-by-layer growth mechanism that was the goal to achieve. Eventually,
AFM analysis for 20 E-ALD is able to evidence the low roughness values of our deposits (4
A), still higher than CdS [26].

2.2.2.CuZn$

Although mixed Cu-Zn sulfides are supposed to be obtained as a solid solution [5], just few
studies claimed to have synthesized CuZnS and (Cu, Zn)S, respectively [29, 30], without a
conclusive proof. It is known that the electrodeposition of alloys and compounds allows to
deposit metastable phases, thus the E-ALD approach can be a good way to grow Cu Zn S
films. The E-ALD process for Cu Zn S follows the alternate deposition of Cu,S and ZnS lay-
ers. The films obtained applying the general sequence Ag/S/[(Cu/S)/(Zn/S)m)]n with sev-
eral different (m,n) were fully investigated by means of electrochemical characterizations.
Chemical composition of the film obtained with (n,m) = (1,40) E-ALD cycles indicated a Cu/
Zn ratio of about 6. Thus confirming the low contribution of Zn in ternary compound already
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evidenced in the previous studies [6, 19, 31]. Eventually, Cu Zn S was grown by E-ALD with
a stoichiometry changing linearly with m at constant S layers (n x m); hence, the stoichiome-
try can be tuned by the ZnS/CuS deposition sequence. By means of extrapolation, the authors
report that the 1:1 ratio can be achieved with n = 13 meaning a strong deficiency of Zn in the
sulfides. This could be explained by a partial redissolution of zinc during the deposition of
copper, which could also cause a rearrangement in the deposited materials. This is known to
happen in similar methods such as the selective electrodesorption-based atomic layer deposi-
tion (SEBALD) method [32]. It is worth notice that at least two prevailing morphologies and
two different crystal structures were highlighted by SEM-EDX and XAS investigations [28]. If
grown alone, the Cu,S and ZnS films reveal thin film morphology. For Cu Zn S, it is reported
that the occurrence of nanowires can be attributed to the lack of miscibility between the Cu
and Zn sulfides [28, 33-35]. On the basis of the experimental results, E-ALD is proposed to
progressively cover the Ag (111) surface with a nanometric polycrystalline film consisting of
oriented microcrystals [2, 5-7, 27, 31]. However, in some case, it is possible to obtain polycrys-
talline phases when depositing ternary compounds or solid solutions of binary compounds
that are not completely miscible [28].

2.2.3. CdS/CuxZnyS

Recently, it has been reported that the first successful deposition of a CdS layer on the top of
CuXZnyS deposits was over a Ag(111) electrode by means of E-ALD [36]. This is a remarkable
achievement despite the process resulted as highly complex. Thus, the final attribution of a
SLR deposition for Cd has been achieved in an unconventional way due to the overlap of the
oxidative stripping potential of Zn and Cd. This conundrum has been overcome taking into
account two deposition processes that were different with respect to the potential related to a
small bump in the CVs: (1) potentiostatic in underpotential conditions and (2) potentiostatic
in slightly overpotential conditions. The charge deposited by means of the two procedures to
the deposition of the partial atomic layer of Cd over a sulfide substrate [8, 37] confirming the
process as an effective SLR Cd deposition. Moreover, thanks to the XPS investigations, the
occurrence of a complex sample composition (including the eventual presence of ZnS oxida-
tion and/or the alloying between CdS and ZnS) is revealed. Finally, XPS measurements sug-
gest that the structure is layered as expected from the E-ALD process applied to the growth
of a p-n junction.

3. Experimental setups for operando experiments

3.1. Solutions

Both metal ions and chalcogenides solutions for the process are prepared with analytical
reagent grade without further purification. Buffer solutions are prepared with double-dis-
tilled water and analytical reagent-grade acid and bases. Commonly, a buffer of HCIO, (65%)
and NH,OH (33%) is used to freshly prepare solutions of the metal and chalcogenides ions at
very small concentration (typically 0.5 mM).
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3.2. Electrodes

Several works report E-ALD of semiconducting materials over a polycrystalline substrates,
although very interesting, this films cannot be analyzed by means of the SXRD technique.
In this context, very common substrates are Au or Ag single crystal with almost every low
index facets as electrodic surface. We focus on the last, which is less noble, but less expensive,
even though it requires a specific treatment of the surface to enable its use as a substrate.
Moreover, as shown by our group, it is possible to correctly orient its crystals to low index
planes with an easy and inexpensive procedure. Silver single crystal spheres can be grown
in a graphite crucible according to the Bridgman technique. The crystal is strongly etched
exposing the low index facets with a good contrast at the macroscale and a visual detection
of the crystal orientation can be made [38]. These procedure is quite reliable, and most com-
mon problems are related to the growth step with the Bridgman technique. This step leads
to very pure materials, but the resulting silver single crystal could have a concentration of
defects unsuitable for the SXRD setups. So, the growth of the crystal needs to be carried
very carefully in order to ensure the necessary quality of the electrodes. After the cut, the
electrodic surface is polished with emery paper and successively finer grades of alumina
powder down to 0.05 um. Before each measurement, the electrodes are cleaned with water in
an ultrasonic bath for 15 min and chemically polished using a patented procedure based on
CrO,. The surface roughness can be improved in ultra-high vacuum by performing several
sputtering-annealing cycles.

3.3. Automated system

An automated system for the exchange of solution in the electrochemical cell was first built
at the University of Florence and European synchrotron radiation facility (ESRF) workshops,
enabling the deposition of several layers, up to 120 E-ALD, in few hours. The automated
system has been implemented at the ID03 and ID32 beamlines of the European synchrotron
radiation facility (ESRF) in Grenoble, France. The apparatus consists of pyrex solution res-
ervoirs, solenoid valves, a distribution valve, and a flow-cell. The whole is under fully auto-
matic computer control [12].

3.4. The flow cell

Improvements with respect to thin-layer cells have been made designing a cell with suitable
windows and flow channels enabling the fast exchange of the solutions [12]. The working
electrode is placed at the bottom part of the cell that is directly fastened to the sample holder
of the diffraction beamline front end. This position is particularly convenient for the align-
ment of the electrode surface and for exposure to the X-ray radiation. Although a careful
choice of the material has to be done, the electrochemical cell can be built with Teflon, Kelef, or
other chemically resistant plastics. Among others, PEEK is gaining favor in the field of oper-
and SXRD measurement due to its resistance to hard X-ray radiation. However, the PEEK suf-
fers for the presence of some crystalline domains, and without an adequate design of the cell
walls, the powder and amorphous patterns from the cell windows can hinder with the X-ray
signal from the sample itself. We report the design defined by the joint work of the University
of Florence and ESRF workshops in Figure 2.
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Figure 2. Technical specification for an electrochemical flow cell used in operando SXRD experiments.

The internal vessel is a cylinder with an internal diameter of 6.7 mm and a height of 40 mm. The
electrochemical cell volume (1.5 mL) was delimited by the working electrode on one side and
the counter electrode on the other side. The inlet and the outlet for the solutions were placed on
the side walls of the cylinder. The counter electrode was a gold foil, and the reference electrode
made of a small Ag/AgCl (KCl sat.) is placed in the outlet pipe. The attenuation of the X-rays
along the typical path for an SXRD experiment can be estimated considering the absorbed radi-
ation through a typical optical path as reported in Figure 2. Considering an incident angle with
the wall and the electrolyte very close to 90°, Figure 3 reported different thickness and material
for the X-ray window in the cell, while the optical path in the electrolyte does not change in the
different setups taken into consideration. The X-ray beam propagates through two walls 100
pum-1 mm thick and roughly 10 mm of water. In the following paragraphs we report two SXRD
setups, one involving a Teflon cell (for CdS experiments, Section 4.1) and then a PEEK cell (for
Cu,S experiment, Section 4.2). For the first CdS experiment, it has been reported that a cell was
made of Teflon, with a wall of 1 mm. At 20 keV, for this setup, Figure 3 reports an overall trans-
mission across the X-ray windows and electrolyte of roughly 40%, which is well matching the
data reported in the literature (50%) [12]. PEEK ensures a lower attenuation of diffracted signal.
Moreover, PEEK windows can be reduced to 100 pm thanks to its better mechanical proprieties.
Hence, as depicted in Figure 3, this setup ensures a transmission very close to 70% at 24 keV. It
is worth noticing that PEEK has a strong X-ray diffraction, reducing the thickness of the X-ray
window by a factor of 10, makes completely undetectable the signal diffracted by PEEK.
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Figure 3. Transmission of X-ray at different energy through different surface.

We should report that the state-of-the-art E-ALD systems are also commercially available
for the deposition of bigger electrode up to 4 cm? mainly used for polycrystalline substrates.

4. E-ALD and the sulfides structure

In this work, we report the intensity with respect to a coordinate system referred to as the
pseudohexagonal surface unit cell of the Ag(111) substrate, in which the surface unit-cell
parameters (a, b, ¢, &, 3, ) are defined so that the a and b vectors lay on the sample surface
along the standard fcc [1 -1 0] and [-1 1 0] directions, while the ¢ vector is perpendicular to
the surface and parallel to the fcc [111] direction. The amplitude of the three vectors is given
by the following relation together with the main surface cell angles.

u()

N3 ®)
where g is the lattice parameter of the cubic fcc cell of Ag. In the following, we adopted
a reciprocal space metrics where 1, k, and 1 are parallel to the a*, b*, and c* vectors of the
reciprocal surface cell. In the following, we present two case studies on the CdS and Cu,S
comparing the results and the different applications of the SXRD due to different scientific
questions that have to be answered for a better understanding of the E-ALD growth of these
two materials.

a=p=90°y =120° Icl =3a, lal = |b] =
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4.1.CdS

E-ALD (or in this case ECALE) of CdS on Ag(111) has been involved in the testing of the
experimental setup for in situ experiments by means of comparison of the structural results
with theory and STM measurements. Moreover, the setups enabled structural determinations
of the deposited film at different growth stages. In the first experiments at 20 kV performed by
Giusti et al. [12], the reported attenuation is 50%, well matching with the attenuation curves
reported in this work. The in situ diffraction measurements at controlled potential allowed
the analysis of the CTRs for both the Ag(111) substrate and the Ag(111)/S surface. The fit of
the CTRs showed that the last Ag layer on the bare metal has a contraction of 0.013 + 0.008 nm
toward the bulk. A vertical relaxation of the surface layer is observed in several (111) surfaces
of noble metals and is due to the lack of bonding electrons at one side of low index surfaces
[39]. Experimental works carried out on surfaces with a small roughness show an undetect-
able contraction of the surface layer [40, 41]. However, Ag(111) the contraction of the top layer
is expected to strongly depend on the surface roughness [42]. A 3-model has been involved
in the fitting of the CTRs in order to take into account the surface roughness by means of frac-
tionally occupied layers residing above the topmost complete one. In order to directly express
the roughness in a length unit and not with a probability number, we can calculate the root-
mean-square roughness o, which can be calculated on the base of the Robinson model [43].
The oxidative absorption of S onto the Ag(111) surface induces strong modification on the
shape of the CTRs. In fact, the best fit confirmed the top Ag layer with a site occupancy of 0.47
+0.07, in very good agreement with an S monolayer forming the (V7 x V7)R19.1 supercell as
determined by STM images under electrochemical control at the same applied potential [44].

Hence, this setup for SXRD measurement has been successfully compared with literature data.
In this context, this setup enabled the structural analysis in a straightforward manner. Wurtzite
and zincblende have a very similar diffraction pattern, and they differ by the (200) reflection for
zincblende and the (101) and (103) reflections for wurtzite. On this ground, X-ray diffraction
data collected either in situ or ex situ, revealed that the films always present an ordered wurtzite
structure with the c-axis perpendicular to the surface, confirming the epitaxial growth of CdS by
means of ECALE on the Ag(111) substrate. In plane, different privileged orientations have been
observed indicating that the first S layer structure might play a crucial role for the structural
order of the grown films. Moreover, the X-ray reflectivity measurements collected in situ during
the ECALE deposition of the CdS film, pointed out the correct 1:1 stoichiometric ratio between
Cd and S and showed that the film thickness increases proportionally to the number of deposi-
tion cycles. Recent in situ SXRD experiment about the growth of CdS on Ag(100) and Ag(110)
has been reported by Carla et al. [13] confirming the epitaxial growth also on these substrates. On
Ag(100), CdS has been found to be wurtzite-like, with two domain rotated by 30° with respect to
the other and rotated by 15° and 45° with respect to the quadratic surface cell of the Ag(100) facet.
While on Ag(110), the growth of CdS involves both zincblende (one domain) and wurtzite struc-
tures (two domains). The wurtzite domains on the Ag(110) are rotated by 30° with respect to the
other and aligned with the substrate’s main axis. Besides, for Ag(111), a different relative orienta-
tion of the two wurtzite domains is reported. These works clearly showed the influences of the
substrate orientation on the CdS structure. Moreover, electrochemical measurements on Ag(100)
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and Ag(110) indicate that the charge associated with each CdS and S layer has an average value
comparable to that found for films grown on Ag(111). In this context, the XRR data were fitted
including a roughness factor in the fitting parameter calculated according to the Névot and Croce
formalism [45-47]. The resulting film thickness has been found to be 52.5+ 0.5 A on Ag(110) and
46.5+0.5 A for Ag(100), while the theoretical value is 100.7 A. To better explain the experiments,
the authors suggest that the UPD process can be considered a dynamic process occurring in
steps where rearrangements and reordering of the atoms can take place. For a detailed descrip-
tion of this interpretation, the reader should refer to Ref. [13]. Still, these experiments constitute
another confirmation that the film thickness and stoichiometry can be controlled by the number
of ECALE cycles, even on different facets.

4.2.Cu,S

As reported in Section 2, chemical composition, local structure, and stacking sequence sug-
gest that the E-ALD process would require numerous reorganization steps. SXRD experiments
showed no Bragg peaks or Debye rings during the first deposition cycles for Cu_S. A clear differ-
ence with respect to the CdS, probably related to the lower scattering factor of Cu with respect
to Cd and the more structural complexity that can be found in the Cu-S compositional field.
The Cu-S mineralogical system is structurally and compositionally highly complex including
five different structures between the two endmembers, CuS (Covellite) and Cu,S (Chalcocite).
Thus, for this material, it is more difficult, though crucial, to understand its crystalline structure.
In a recent paper, our group took into consideration the more stable and geometrically suitable
structures in this system. Thus, the published structural results are not conclusive, and other
experiments and analysis are in progress. However, recent operando SXRD data acquired for a
sample of 80 E-ALD cycles show a hexagonal structure, although a low symmetry structure has
been reported. Hexagonal planes are present in the structures of both the possible candidates
for the interpretation of the SXRD data. Moreover, in both cases, the c-axis of the substrate and
of the film coordinate system is parallel. Chalcocite structure has layers (not planes) made of
distorted hexagons, a perturbation of these distorted hexagons to make them proper hexagons
gives a plane with a hexagonal pattern of sulfur atom. In contrast, Covellite has a hexagonal
plane with a much shorter bond length than the Ag hexagonal plane leading (see Table 2); the
expected strain is compressive of —1.1% along the main Ag(111)R30 -3 x 4 reconstruction direc-
tions, while for chalcocite, the strain is expansive of 1.0% along the Ag(111)R30 -4 x 5 recon-
struction direction. It is also worth noticing that chalcocite is far more stable than Covellite.

We proposed an attempt to map the indices of a chalcocite structure (Cu,S) grown on Ag(111),
based on two different orientation (Ag(111) and Ag(111)R30) with respect to the substrate.
Although the chalcocite structure constitutes a suitable model for the Cu,S, deposited by
means of E-ALD, the transformation between the two crystallographic coordinates systems
lead to unsatisfactory results.

Ag(111) Covellite (CuS) Chalcocite (Cu,S)
2.889 A 3.794 A ~3.963 A (mean of S-S distance of the hexagonal plane)

Table 2. Characteristic length of possible CuS /Ag(111) and Cu,S /Ag(111) surfaces.
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The periodicity along the zonal axis (Ag[111]) is reported in Figure 4 by means of experi-
mental I-scan in situ and ex situ. The periodicity along Ag[111] corresponding to an inter-
planar distance of 6.75 A, very close to the half of the periodicity along c is as observed for
the chalcocite [48]. The simulated I-scan correspond to a model constituted by the hexago-
nal compact packing of sulfur atoms with the same periodicity. The comparison between
experimental and simulated I-scans confirmed the correspondence between the chalcocite
structure and the structure of the sample along the Ag[111] axis when measured in situ,
revealing the presence of another structure in the sample when measured ex situ. In order
to highlight the origin of this structural evolution, the Bragg peak at (0.73 0.73 1.04) has
been acquired in real time. The structure seems to change in a partially reversible manner
while reaching the open circuit potential from the last applied potential. Comparing the
data with the covellite structure, the periodicity along the c axis of the covellite is found to
be not matching (16.34 A). Moreover, the periodicity presented in Figure 4 corresponds to a
distance of 3.37 A between two adjacent sulfur layer. Since the S-S distance is “modulated”
by the presence of copper atoms (Cu:S ratio) in the Cu-S compositional field, according to
Bolge, the measured distance should correspond to a stoichiometric ratio of 2:1(Cu:S) [49].
Although the periodicity of the sample along Ag[111] is well reproduced by chalcocite, on
the plane covellite and chalcocite have similar expected strains (1%) for Ag(111)R30°. These
data suggest chalcocite (Cu,S) as a better model than covellite (CuS) for Cu,S. However, the
definition of a new structure forming the chalcocite one is needed to be able to conclusively
describe the structure of this material. Even though the crystallographic structure of the
sample is not clarified, the diffracted intensity on selected Bragg peaks during the in situ
experiment increases monotonically as shown in Figure 5, thus confirming the growth of the
films during the whole process.
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Figure 4. Operando (in situ), ex situ, and simulated I-scans (0.73, 0.73, 1).
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Figure 5. Diffracted intensity during the growth of Cu,S ultra-thin film.

5. Conclusion

The first systems studied with operando SXRD has been chosen for their simple chemistry
and because they had already been widely characterized with standard electrochemical and
spectroscopical characterizations. By performing the operando SXRD, we have been able to
address several open questions dealing with the effective growth process, the structures, the
thicknesses, and the stoichiometry. SXRD has also successfully employed in the case of ultra-
thin films grown by E-ALD, allowing to detect the surface reconstructions present in the first
stages of the growth for CdS. The determination of thickness by means of the crystal trunca-
tion rods and reflectivity analysis revealed a very clear picture regarding the growth process
of CdS, which is substantially different with respect to a mere layer-by-layer growth. In the
case of Cu,S, operando SXRD has revealed that the film crystallographic structure evolves
as soon as the control potentials are removed from the cell with a time dynamics of few
seconds. This structural transition is partially reversible if the applied potential is restored.
Eventually, scanning along some selected reciprocal directions and taking advantage of the
real-time acquisition of the diffraction intensity during the electrochemical evolution of the
system allowed to understand both the structure and the stability of the Cu,S. This gives the
possibility of gathering information concerning the stoichiometry and its assessment by other
techniques. In fact, for the Cu-S system, there is a very well-defined relationship between
the structure and the Cu:S ratio; its stability revealed why the stoichiometry is coming from



Operando Structural Characterization of the E-ALD Process Ultra-Thin Films Growth
http://dx.doi.org/10.5772/67355

ex situ XPS or why stripping voltammetry is not comparable with the stoichiometry com-
ing from operando structural investigations. The unexpected stoichiometry of the film for
Cu,S raises several questions about the stability of this system. In conclusion, the operando
SXRD results concern both CdS and Cu,S while confirming the possibility of growing highly
ordered ultra-thin films with high reproducibility, and they set a new interesting challenge
for the fundamental surface science in explaining the complex mechanism, which is behind
the growth of crystal by means of E-ALD.
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Abstract

X-ray absorption spectroscopy (XAS) as a local structural tool for the study of the electro-
chemical processes in battery materials is highlighted. Due to its elemental specificity and
high penetration of the X-rays in the 4-35 keV range, XAS is particularly suited for this,
allowing the study of battery materials using specifically developed in situ electrochemi-
cal cells. This energy is required to dislodge one core electron from transition metal or
p-group atoms, which are commonly used as redox centers in positive and negative elec-
trode materials. In such a simple picture, the ejected photoelectron is scattered by the sur-
rounding atoms, producing characteristic traces in the X-ray absorption spectrum. Both
positive and negative electrode materials (intercalation, alloy and conversion electrodes)
can be studied. The chapter starts with an introduction of the context around battery
studies, followed by a short explanation of the photoelectric effect at the basis of the X-ray
absorption phenomenon and to specific features of XAS. A selection of XAS experiments
conducted in the field of batteries will be then outlined, also emphasizing the effects
due to nanoscale dimension of the material studied. Finally, a perspectives section will
summarize the specific role that this spectroscopy has played in the battery community.

Keywords: X-ray absorption spectroscopy, lithium batteries, energy materials, electrode
materials

1. Introduction

One of the most challenging difficulties that our planet has to face in the next decades is the sustain-
able use of energy. In particular, the demand for advanced energy storage devices has increased
significantly, motivated by a variety of different needs of our technologically driven, highly mobile,
energy challenged society. For instance, batteries are the devices that can solve the problems inher-
ent to the intrinsic intermittency of renewable energy sources, since they can store the energy
surplus produced in excess when the plant is operating and then feed it to the power grid when

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X N
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there is a peak of consumption. Moreover, they are also targeted to fulfill the ever growing demand
of energy for portable applications (mobile phones and computers, and nowadays cars and trucks).
The excellent performance and the well-established technology of lithium-ion batteries (LIBs) put
them in a crucial position for supporting this new energy revolution. Several post-LIB systems,
such as lithium-sulfur batteries (LSBs), lithium-oxygen batteries (LOBs) or sodium-ion batteries
(NIBs), have also been proposed in the last years, as sustainable performing alternatives to LIBs.

Differently from other well-established battery technologies, such as alkaline or lead-acid batter-
ies, LIBs (as well as the other post-LIB systems) are based on the famous “rocking chair” mecha-
nism [2], where the Li* cations are exchanged alternatively between the positive and the negative
electrode during the discharge and the charge process, as shown in Figure 1. In such a system,
the two electrodes can be any sort of material that are able to undergo reversibly to a reduction/
oxidation process at a specific high or low potential (for the positive or negative electrode, respec-
tively) with the concomitant addition/elimination of Li* cations. For this reason, many materials
able to form lithiated phases have been proposed for playing the role of electrode materials.

Graphene LI+ Sochvent  LiMO, layer
slructura maolecula struciura

Figure 1. Schematic representation of the discharge of a Li*-ion battery: a graphite-based negative electrode undergoes
Li* deintercalation, according to the following reaction:.
LiCsC+xLi'+xe
Li* ions migrate toward the Li, CoO, positive electrode forming the reduced LiCoO,:
Li,  CoO, +xLi"+xe 5 LiCoO,

1-x
Typical electrolytes are based on a lithium salt (e.g. LiPF,) dissolved in a mixture of liquid carbonates (Ethylene carbon-

ate, propylene carbonate, etc.) Reproduction from Ref. [1].
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The very large number of possible host materials for Li* have generated a great deal of
works on potential LIBs electrode materials, from the micro to the nanosized range, which
may accommodate lithium via different reaction mechanisms, including intercalation
[3-5], alloying [6-8] and conversion [9] reactions. In addition to the reaction mechanisms
at the electrodes, other features concerning the electrolytes and their interaction with the
electrodes, including the formation of the solid-electrolyte interphase (SEI) [10], which is
of primordial importance for the stability and the cycle life of the battery, have been thor-
oughly studied.

In such a picture, many characterization methods have been proposed and efficiently
used, either simply ex situ, in situ or under even operando conditions for the characteriza-
tion of the starting materials and of their reaction mechanisms such as X-ray diffraction
(XRD) [11], infrared [12], Raman [13], Mdssbauer [14] and X-ray photoelectron spectros-
copy [15, 16].

X-ray absorption spectroscopy (XAS) can also be counted among the characterization tools
used in the field of batteries. Indeed, it is one of the techniques of choice for retrieving struc-
tural and electronic information, especially when the materials or some of the species formed
through the electrochemical reactions are not crystalline and cannot be studied by diffraction
techniques. The main important characteristics of XAS are: (i) its element specificity, which
allows the study of a particular element by concentrating on its K (or in some cases L) absorp-
tion edge; (ii) the possibility of tuning it to different sites (for instance Fe and P in LiFePO,), thus
providing sources of complementary information on the same compound; (iii) the physico-
chemical information contained in the near-edge structure of the XAS signals, which can be
used to reveal the formal oxidation state and the local symmetry of the probed atom; (iv) the
possibility of doing operando measurements by collecting XAS spectra during electrochemical
cycling using specifically developed in situ cells. In this case, the physico-chemical properties
and the local structure of the studied element can be monitored at all moments during the
charge and discharge processes.

To the best of our knowledge, the first use of XAS in the field of batteries dates back to the
paper of Mc Breen et al. [17]. Several reviews have appeared more recently, resuming the prin-
cipal advances allowed by the application of XAS in this research field [18-21]. In this chapter,
after a short presentation of the techniques and of the relative experimental methods, a selec-
tion of XAS experiments conducted in the field of batteries will highlight the potentiality of
the technique in the in situ characterization of nanosized, nanostructured and badly organized
materials. This knowledge is necessary to obtain a precise description of the electrochemical
mechanisms governing battery’s chemistry.

2. X-ray absorption spectroscopy (XAS)

XAS, also known as X-ray absorption fine structure (abbreviated as XAFS) spectroscopy, is a
powerful tool that provides information on a very local scale (4-5 A) around a selected atomic
species and is well suited for the characterization of not only crystals but also materials that
possess little or no long-range translational order. It is based on the absorption: when a sample
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is exposed to X-rays, it will absorb part of the incoming photon beams, which is mainly gener-
ated by the photoelectric effect for energy in the hard X-rays regimes (3-50 KeV). XAS is even
selective for the atomic species and also allows us to tune the X-rays beam selectively to a spe-
cific atomic core (the absorption energy of next elements are sufficiently spaced), and therefore
it probes the local structure around only the selected element that are contained within a mate-
rial. The element-specific characteristic of XAS, providing both chemical and structural infor-
mation at the same time, differentiates it from other techniques, such as the X-ray scattering.
In this respect, it serves as a unique tool for the investigation of battery materials during
charge-discharge cycles.

XAS experiment measures the absorption coefficient p as a function of energy E: as E increases,
u generally decreases (u ~ E?), that is matter becomes more transparent and X-rays more pen-
etrating, save for some discontinuities, where p rapidly rises up. These exceptions correspond
to particular energies, the so-called absorption edges E, which are the characteristic of the
material, where the amount of energy exactly matches the core electron binding energy. The
edge energies vary with atomic number approximately as a function of Z? and both K and L
levels can be used in the hard X-ray regime (in addition, M edges can be used for heavy ele-
ments in the soft X-ray regime), which allows most elements to be probed by XAS with X-ray
energies between 4 and 35 keV. Because the element of interest is chosen in the experiment,
XAFS is element-specific.

XAS (or XAFS) is generally used to refer to the entire spectrum, which is constituted by the
edge region called X-ray absorption near edge spectroscopy (XANES), which is limited at
the first 80-100 eV above the edge, and a post-edge region extended X-ray absorption fine
structure (EXAFS), which is extended up to 1000 eV above the absorption edge. The distinc-
tion between XANES and EXAFS remains arbitrary, but some important approximations in
the theory allow us to interpret the extended spectra in a more quantitative way than is cur-
rently possible for the near-edge spectra. The XANES region, comprising the pre-edge and
the absorption edge itself, is strongly sensitive to oxidation state and coordination chemis-
try 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 the coor-
dination 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 surround-
ing atoms. A striking feature of XAFS is that this technique can be applied to all states of
matter, and for both crystalline and amorphous materials, it has been used with great success
in many research fields, such as liquids [22], catalysis [23-25], biology [26], inorganic metal
complexes [27] and electrochemical interfaces [28]. Several excellent books are also available
[29-32]. The website of the International XAFS society is reachable at http://www.ixasportal.
net/ixas/.

When discussing XAS, we are primarily concerned with the absorption coefficient y, which
gives the probability that X-rays will be absorbed according to Beer's Law:

pex = In(I/I) (1)
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(5)-p-x = Iniyn 2

being I is the intensity of X-ray incident on a sample, x is the sample thickness and I is the inten-
sity transmitted through the sample, as shown in Figure 2. The measured quantity, u (cm™),
is the linear X-ray absorption coefficient which is closely related to its inverse 1/u called the
absorption length (cm). The absorption length is defined as the linear distance of the mate-
rial over which the X-ray intensity results attenuated by a factor 1/e ~ 37%. This quantity is
important in planning the experiment, as it sets the scale for choosing an appropriate sample
thickness.

0 _L
[ = 1,60

Intensi

Figure 2. Sketch for the X-Ray absorption measurement in transmission mode.

Normalization to the density of the material results quite convenient, as different states of
matter may be analyzed: the mass absorption coefficient u (cm?g) is the linear absorption
coefficient divided by the density of the absorber.

X-rays ionize and the absorbing atom turns to an excited ion after the electron liberation.
Relaxation may occur in two different ways: (i) the core-hole may be filled by a higher-energy
electron and the energy difference is released as a second photon, whose energy is smaller com-
pared to that of the primary absorption, for an inner transition occurs (the detection of which
is at the basis of another x-ray analytical technique, X-ray Fluorescence Spectroscopy —XFS) or
(ii) an Auger secondary electron may be freed, after having absorbed the second photon. The
measurement of these electrons is made possible by Auger spectrometers. In the soft X-ray
region (<2 keV), the Auger process is more likely to occur, unlike for higher energies where
X-ray fluorescence dominates.

2.1. Extended X-ray absorption fine structure (EXAFS)

When X-ray is absorbed by a core-level electron, a photoelectron with wavevector k is cre-
ated and propagates away from the atom as a spherical wave as seen from the blue lines of
Figure 3. The wavevector k is related to the excess of the energy /iw-E of the incoming X-ray
beam by:

k = 2w Ey) 3)
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Figure 3. Emission of a photo-electron for an isolated (left) and a coordinated (right) atomic species. In the latter the
absorption coefficient measured at a central atom threshold shows a fine structure due to the presence of neighboring
atoms. Reproduced from Ref. [18].

where E is the binding energy of the core-electron that is excited and E = fiw is the energy of the
absorbed x-ray photon. Thus, the excess of energy rules out the optical property of the photo-elec-
tron created by the photoabsorption process. In case of isolated atoms, the propagation is simply
described by one wave going away from the atom and the absorption coefficient  is described
by a smooth function of energy, indicated in the lower panel of Figure 3. Its value depends on the
sample density p, atomic number Z, atomic mass A and the X-ray energy E, roughly expressed as:

Z4
uy = £ 4)

The appendix 0 indicates the value for an isolated atom. It is remarkable here that due to
its Z* dependence, the absorption coefficients of different elements exhibit big discrepancies,
(spanning several orders of magnitude) so a good contrast between different materials can be
achieved for any sample thickness and concentrations by selecting the X-ray energy. This fact
is at the origin of the X-rays imaging techniques based on contrast.

If other atoms are located in the vicinity of the absorber (the central atom), the photoelectron is
scattered by the neighbors (yellow atoms) and so does every atom in the material. The incom-
ing and the scattered wave interferes either constructively or destructively as a function of the
energy of the X-ray beam. Therefore, the observed absorption coefficient is expected to vary
periodically as a function of the energy as depicted at the bottom right of Figure 3. In the latter
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case, the total absorption coefficient 1 can be expressed as the isolated atomic absorption 1,
modulated by a correction factor x(E), the oscillation, which is also defined as the EXAFS signal:

p(E) = (B [1+ x(B)] )

This allows one to extract the oscillations from a raw experimental spectrum:

x = [(wE - p,E)]/ uE (6)

For practical purpose, the denominator is often replaced by i (E,), which is the atomic absorp-
tion evaluated at the edge energy. x(k) can be considered as the fractional change in absorp-
tion coefficient induced by the presence of neighboring atoms.

Within this simple description, the EXAFS can be represented by an oscillation, which of course
can be described by terms of amplitude and phase. In a first approximation, the amplitude
term depends on the nature and the number of near neighbors around the central atoms and
the phase on the mutual distance photoabsorber scatterer. This leads to a simple expression for
EXAFS in terms of different parameters affecting the fine structure:

N.F(k)
x(k) ~ E;(—Y’Z sin |2k R + (k)] @)

where N, represents the coordination number of identical atoms at approximately the same
distance r, from the central atom. This group of atoms is called as a coordination shell and con-
tributes to one components of the EXAFS signal. The peculiar F (k) term is called the backscat-
tering amplitude and depends on the nature of the scatterer atom. Different atom types have
different backscattering amplitude. A crucial issue is given by the inverse quadratic depen-
dence of the oscillation to the distance. This is due to the decay of the photoelectron as a func-
tion of time and distance and thus making the EXAFS a short-range structural probe. The first
term of the phase 2kR; is due to the geometrical phase shift suffered by the photoelectron with
wavevector k on its trajectory twice the distance , between the photo absorber and the scat-
terer. In addition, as the electron is not moving in a constant potential, a phase shift 6(k) has
to be added to this expression to account for the interaction of the electron with the varying
potential of the absorbing and backscattering atom.

Several effects have to be taken into account to complete the description of real systems, and
they all can be considered damping terms. They are (i) the structural and thermal disorder;
(if) the limited mean free path of the photoelectron; and (iii) the relaxation of all the other
electrons in the absorbing atom in response to the hole in the core level. The first term is
due to the fact that atoms in matter vibrate around their equilibrium position depending on
temperature. This atomic motion reduces the EXAFS amplitude, and a term called the EXAFS
Debye-Waller factor o2 is introduced. In EXAFS, this term corresponds to the mean square
average of the difference of the displacement of the backscatterer relative to the displacement
of the absorber. The second term is due to inelastic scattering processes of the photoelectron
with other electron and thus an additional damping factor is introduced, where A(k) is the
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photoelectron mean free path (how far the electron travels before scattering inelastically).
Finally, the amplitude reduction term s’ accounts for the shake-up/shake-off processes of
the central atom. Those processes (multi-excitations) refer to the excitations of the remaining
Z -1 "passive" electrons of the excited atom. This is a scale factor, and it is usually in the 0.7-1
range. By taking in consideration with these effects, the EXAFS equation becomes:

NFEG® .
x(k) = ij—ri_ze” 7 e R0 5 sin [2k R, + 0(k)] 8)
This is valid for the plane wave approximation, K threshold, single scattering, single elec-
tron approximation and "sudden" approximation. A similar equation valid for the other
edges (L, etc.) must be considered. The structural and non-structural parameters appear-
ing in the equation sum up to compose the EXAFS spectrum. To access these parameters
in an experimental EXAFS spectrum, a data analysis has to be performed. This proce-
dure is time consuming and it should be considered the slow step of the overall XAFS
methodology.

EXAFS data analysis is normally done by using code programs, which permit to calculate
the theoretical EXAFS spectrum based on ab initio calculations, followed by a further step
which compares the experimental signals to the theoretical ones (fitting procedures). A rather
complete list of the available software can be found at: http://www.esrf.eu/Instrumentation/
software/data-analysis/Links/xafs. Typical widely used computer programs are GNXAS [33],
FEFF [34, 35] and EXCURYV [36]. EXCURV is a program, which simulates EXAFS spectra using
rapid curved-wave theory. GNXAS package is based on multiple-scattering (MS) calculations
and a fitting procedure of the raw experimental data, also allowing multiple edge fittings
and a non-Gaussian distribution models for the atoms pair distribution. FEFF allows MS cal-
culations of both EXAFS and XANES spectra for atomic clusters. The code yields scattering
amplitudes and phases used in many modern XAFS analysis codes. It is also linked to the
IFEFFIT package [37, 38], a suite of interactive code for XAFS analysis, combining high-quality
and well-tested XAFS analysis algorithms, tools for general data manipulation and graphical
display of data.

Two more considerations should be made on EXAFS data analysis. The first is that XAS (and
therefore the results obtained by an EXAFS analysis) is a bulk technique and thus all the
atoms irradiated by the beam contribute to the overall XAS spectrum. The same is true in the
case of a multicomponent system (for instance two phases in equilibrium of a polymorphic
species). Each component or phase gives its contributions. An example to disclose the simple
component of a species, such as in the case of gold nanoparticles and its precursors, appeared
[39]. Alternatively, an efficient use of chemometry has been proposed for the analysis of XAS
data in such cases [40]. This approach has interesting implication for the interpretation of
spectra recorded during an operando acquisition and an example will be presented in the next
section.

The second consideration concerns the EXAFS data analysis of nanoparticles and nanostruc-
tures [41, 42]. This issue has been addressed for metal nanoparticles first [43], evidencing that
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by decreasing the size of the material there is a significant effect on the observed coordination
number, due to the increased surface/bulk ratio. A specific example of this effect on a battery
material will be presented in the case study section.

2.2. X-ray absorption near edge spectroscopy (XANES)

The XANES region is sensitive to the geometrical structure of the metal center but also probes
its effective charge. It turns out that the position of the edge (which can be evaluated by the
edge inflection point) is shifted to higher energies when the formal valence of the photo-
absorber increases. Below the absorption edge, the presence of pre-edge structures can be
observed [44]. The occurrence of this peak in a metal (first raw transition metal) K-edge is due
to 1s-3d electronic transition [45] that is electric-dipole forbidden but quadrupole allowed. Its
intensity can be used as a probe for geometry, as the geometrical distortion of the metal core
from centrosymmetric coordination favors the transition, while the energy position is relative
to the metal core formal oxidation state. This fact is frequently used for investigating the charge
associated to positive- and negative-electrode materials during reduction and oxidation reac-
tions in batteries.

If we now consider the form of the absorption edge, it can be seen that it reflects the empty
density of states and it strongly depends on the coordination, while the forms of the absorption
traces up to 60-80 eV are due to the multiple scattering resonances of the ejected photoelectron.
Several computer codes can simulate the XANES spectrum, such as above-mentioned FEFF,
MXAN [46], FDMNES [47] and CTM4XAS [48], which are useful for the analysis of metal
L-edges.

3. Investigating a battery at work: ex situ and in situ (operando) studies

The simplest way to study the structural end electronic modification of a cathode or anode
material is by ex situ XAS. XANES and EXAFS spectra at a selected K-edge are collected at
a specific state of charge (or discharge) of the battery. In this case, the battery is stopped at
the chosen state of charge (or discharge) and disassembled; the recovered material, protected
from air in adapted sample holders, is transported to a synchrotron to perform the experiment
in a suitable XAS beamline [32]. Basically, two geometries are used for this purpose, namely
transmission and fluorescence. In transmission geometry, the sample is placed between I and
I detectors and the absorption is measured according to the Beer’s law exponential decay, as
mentioned before. The fluorescence detection is carried out by tilting the sample at 45 degrees
and collecting the fluorescence X-rays by using a solid-state detector at the right angle with
respect to I .

Such ex situ XAS studies of electrode materials are now extensively completed by operando
measurements, ie., performed during a discharge or charge process. Such an approach
allows one to avoid several drawbacks due to the sample transfer needed for the ex situ
measurements. Alteration of air- or moisture-sensitive species is avoided, as well as the
occurrence of relaxation reactions which might show up when the electrical circuit is open,
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inducing a transformation of the unstable cycled material [49]. The effects of sampling devia-
tions are also eluded since the sample remains in the same position during the whole mea-
surement series. Finally, the whole study can be performed on a single test cell suppressing
the effects of uncontrolled differences in a set of cells which are needed for a stepwise ex
situ study of the electrochemical mechanism. To perform such an experiment, a special in
situ electrochemical cell, obeying to the specific requirements of XAS, has to be used. This
cell consists of an electrode containing the active material, a lithium foil, a separator, which
is typically a polymeric membrane such as Celgard, and an electrolyte, usually based on
organic carbonate solvents such as propylene carbonate (PC), dimethyl carbonate (DMC)
and ethylene carbonate (EC).

Figure 4 displays two different types of in situ electrochemical cells. The first one (left) is a
typical pouch cell which is characterized by a large dimension of the cathode. In this case,
a film containing the active material is previously deposited on a square Al (or Cu) current
collector of 4 cm? and assembled in a glove box together with a Li (Na) counter-electrode,
a separator and the electrolyte. The mass loading varies between 2 and 15 g/cm? of active
material, depending on the energy of the X-ray. Sometimes, a small tube (visible in the right
part of the cell) can be used as a sink for the gas, which may be released during the electro-
chemical processes and which can be analyzed in line, if necessary. The figure on the right
displays a typical stainless steel cell [50], which uses self-supported films or pellets of elec-
trode material of smaller dimension (1 cm diameter). The versatility of this second approach
is testified by the successfully use of this cell in transmission and fluorescence geometry, as
well as in other techniques including in situ XRD [51], Mdssbauer [52] and Raman spectros-
copy [53] measurements.

Figure 4. Typical in situ electrochemical cells used for operando XAS studies of batteries: A pouch cell (left) and a stainless
steel cell (right) mounted on different XAS beamlines.
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4. Case studies in battery materials

Given the large amount of physico-chemical information that it usually carries, already men-
tioned in the previous sections, XAS has been largely applied to the study of battery materials
[18, 19]. A few particular case studies, specifying specific features of this technique in particu-
lar cases involving nanostructured species, are presented in the following paragraphs. It will
be stressed, in particular, the importance of performing in situ studies compared to more
simple, but also often less reliable, ex situ measurements.

4.1. Ex situ studies of lithium-excess manganese layered oxides

The relative abundance of manganese coupled with their variety of oxides structures,
which provides generally a three-dimensional array of edge-shared MnO, octahedra for
the lithium insertion and release, has aroused the interest of developing positive-electrode
materials based on manganese oxide. Due to the well-known poor cycling capability of the
spinel structure LiMn,O,, where a cooperative Jahn-Teller distortion of the Mn* ion causes
a cubic-to-tetragonal phase transition leading to a rapid degradation of the electrode, an
intensive research has been focused on alternative materials. Solid solutions of layered
cathode materials such as the combination of Li,MnO, and LiMO, (M = Mn, Co, Ni, etc.)
have been proposed as promising candidates for cheaper, higher capacity and safer posi-
tive electrode for lithium batteries. However, the occurrence of an initial activation process
during the first delithiation step (first charge) is always accompanied by a large irrevers-
ibility in terms of specific capacity. To gain a deeper understanding of the initial activa-
tion step and to study the following delithiation-lithiation process, an electronic and local
structural characterization of the host material is required and the XAS is the technique of
choice. A series of electrodes with different lithium concentration (state of charge, SOC)
were studied in a series of lithium-rich, cobalt-poor Li[Li,,Ni  Mn ,Co,]O, electrode
material (NMC), as an examples of ex situ XAS investigation [54, 55]. Due to the strong
sensitivity of the XAS to the metal site, spectra at the three different metal edges can be
measured, allowing the study of the evolution of the physico-chemical properties and of
the local structure of each metal site.

Figure 5 shows the voltage profile of the cell during charge-discharge operation. The num-
bered points in the curve indicates predetermined states of charge (SOC) at which cells were
prepared for the XAS measurements. Figure 6 summarizes the XAS analysis conducted on
the materials, where all the several portions of the X-ray absorption spectrum carry valuable
information on the local and electronic structure: pre-edge, XANES and EXAFS. The pre-
edge analysis (the Mn K-edge is displayed in the figure, showing two components) allowed
the authors to check the variation of the Mn local site, in terms of symmetry and charge.
XANES traces can provide the identification of the electroactive sites at different SOC and
the EXAFS analyses the local structural information of the selected metal site. This informa-
tion is complementary with respect to XRD which probes the long-range order in crystalline
materials.
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Figure 5. Voltage profile of two successive charge and discharge curves of Li-rich NCM at 20 mA/g. Representative
points of 1-10 in the process of XAS measurements are indicated. Reference and counter electrode: Li. electrolyte: 1
M LiPF, in EC/DMC. Temperature: 20°C + 2°C. On the upper X axis the capacity detected in each step is reported.
Reproduced from Ref. [54].
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Figure 6. XAS data analysis for the cathode material. The picture displays analysis of the pre-edge data obtained at the Mn
K-edge (left panel) including the fitting of the observed peaks (at the bottom). These data provide both charge and symmetry
information around the investigated metal. Data at the right panel refer to XANES behavior at the Ni K-edge (up) and the
best-fit of the EXAFS data in terms of single contribution to the total EXAFS oscillation (right). At the bottom the fourier
transform (FT) behavior of the corresponding EXAFS is displayed. Reproduced from ELETTRA Highlights 2014-15, page 12.
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The study here highlighted demonstrates that the manganese is not taking part of the initial
electrochemical oxidation process, but a complete Ni2"/Ni* and a partial Co*/Co* redox pro-
cesses occur during the first charge of the battery. The electrochemical performance of the
material, considering the full and partial redox inactivity of Mn and Co, also reveals the partic-
ipation of oxygen in the overall electrochemical redox process. Analysis of EXAFS at the three
metal edges has revealed that the first charge of the lithium-rich cathode can be described by
two separate reactions occurring at the two components, Li,MnO, and LiMO,: an activation
of the Li,MnO, component with a phase transition to an hexagonal layered structure and the
oxidation/reduction of both Ni and Co which is not only demonstrated by pre-edge/XANES
data but also corroborated by the first shell M-O distances behavior and their corresponding
Debye-Waller factors.

4.2. Study of the conversion reaction in electrode materials: the case of NiSb,

A particularly interesting case for the application of operando XAS is that of electrode mate-
rials undergoing a so-called conversion reaction, which was reviewed a few years ago by
Cabana et al. [9]. In a conversion reaction, lithium reacts with a binary compound containing
a transition metal (M = Ti, Mn, Fe, Co, Nj, etc.) and a group p element (X =O, P, Sb, Sn, etc.),
according to the following equation:

M X,+(b-mLi 5 M+b-Li X 9)

Conversion reactions were first verified for transition metal oxides [56], but are rather com-
mon also for other chalcogenides, pnictogenides and carbon group semimetals. Conversion
materials, i.e., materials reacting through the conversion reaction allow reversible capacities
as high as 1500 mAh/g, exceeding that of graphite (372 mAh/g), the negative electrode mate-
rial commonly used in commercial Li-ion batteries. They have thus been considered as pos-
sible alternatives for the development of new high-energy storage devices. Recent studies
have shown that, for conversion reactions, due to the formation of nanosized species, the
composites obtained at the end of discharge are particularly unstable [49] and therefore the
use of operando techniques for the study of reaction mechanisms is essential. Transition metal
antimonides of general formula M Sb, form a family of conversion materials providing capac-
ities between 450 and 600 mAh/g and can easily stand up to about 20 cycles at stable capac-
ity before fading. The very large volume expansion (of about 300%) experienced during the
reaction with lithium is probably at the origin of the rapid fading, causing the pulverization
of the active material particles, with further degradation of the electronic wiring at high-rate
and agglomeration of the active mass at low rate [57]. Several methods were used to improve
the cycling life of antimonides such as nanostructuration of the electrodes [58], carbon coating
and optimization of the formulation [59].

M Sb, compounds are expected to react with lithium by forming a matrix of Li,Sb in which
nanoparticles of the transition metal M are embedded. Actual reaction mechanisms, however,
can be more complex and often dependent on the specific compound. For instance, several
conversion pnictogenides, such as FeSb, [60] and MnSb [61], form intermediate lithiated inser-
tion phases before starting the veritable conversion reaction, while additional phases could
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also form throughout the whole electrochemical cycle. An example of a complicated reaction
mechanism is that of NiSb,, which reacts reversibly with lithium to form nickel metal and
Li,Sb providing a theoretical capacity of 532 mAh/g [62].

In this material, the possible formation of an intermediate ternary insertion solid solution was
suggested by a slight shift of the XRD reflections during the first part of the discharge [62].
The complete amorphisation of the system during the conversion, however, made it impos-
sible to follow the reaction by XRD. In particular, the formation of Ni nanoparticles at the
end of discharge, which are expected for typical conversion reactions, could not be verified.
Operando Ni K-edge XAS was thus used to address this issue [63].

The EXAFS data collected during the first discharge are shown in Figure 7. The fourier trans-
form (FT) signal of pristine NiSb, exhibits a main contribution with a dominant peak at about
2.4 A and a second smaller peak slightly below 2 A, and a second contribution with a domi-
nant peak at 4.2 A. During lithiation, the first contribution is gradually replaced by a peak
pointing at about 2.2 A, while the peak at 4.2 A gradually disappears. The spectrum of the
fully lithiated material was fitted using 12 Ni neighbors at 2.47(1) A. This result agrees well
with the Ni — Ni distance of 2.491 A in the fcc lattice of Ni metal. Such a fit, however, gives
an amplitude reduction factor S* = 0.34, i.e., less than half of the usually observed value.
Since S is directly correlated to the coordination number, such a low value indicates that the
effective number of Ni neighbors is much smaller than 12, in line with the formation of Ni
nanoparticles with a significant fraction of surface atoms. Such reduced coordination num-
bers are often observed for supported metal nanoparticles in heterogeneous catalysts with
sizes below about 2 nm [64]. The nanosized nature of the Ni particles is also confirmed by the
absence of the following coordination shells in the FT signal. The presence of Ni nanoparti-
cles at the end of lithiation and their following (partial) reaction during delithiation to reform
ananosized form of NiSb,, allowed the author to confirm that NiSb, is a veritable conversion

material.
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Figure 7. Operando evolution of the Ni K-edge EXAFS spectra (left) and corresponding phase-uncorrected FT signals
(right) during the first galvanostatic lithiation of NiSb, vs. Li metal. Evolution with lithiation is shown on going from
darker to brighter spectra (only selected spectra are shown for the sake of clearness). Reproduced from Ref. [63].
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At the end of this paper, the authors compared the operando spectra with those of ex situ sam-
ples cycled vs. Li about 5 days prior to the XAS measurement campaign, which turned out to
be rather different in spite of the precautions taken in order to avoid the decomposition of the
latter materials. This comparison underlines the importance of performing in situ measure-
ments to get a realistic view of the reaction mechanism of battery materials. In fact, especially
in the case of conversion materials, such investigations can be very complex because the species
formed in cycling electrodes are usually very reactive and/or unstable.

4.3. Study of Li-sulfur batteries by S K-edge XAS

One of the most interesting recent applications of XAS to electrochemical energy storage
concerns the study of lithium-sulfur batteries (LSBs). Since the work of Jie et al. [65], many
groups have developed first the use of XANES and more recently that of EXAFS for the study
of such systems. In LSB, the positive electrode material is elemental sulfur, which can react
with lithium to produce Li,S for a theoretical capacity of 1672 mAh/g at about 2.5 V [66]. The
practical capacity of such systems is unfortunately much lower, never exceeding 1200 mAh/g.
Moreover, LSB suffer from several other drawbacks: the main one is surely the diffusion of
polysulfides (Li,S ), produced during the first steps of the reduction of sulfur and highly
soluble in the electrolyte, which cause the well-known “shuttle” phenomenon strongly limit-
ing the capacity [67]. Second, solid Li,S and elemental sulfur are both insulating and cannot
be used as such in normal composite electrodes, fabricated as mixtures of sulfur and carbon
powder on aluminum foil current collectors, since their continuous dissolution/precipitation
during cycling gradually disconnects part of the active mass, making sulfur progressively
electrochemically inactive [68, 69]. All these disadvantages cause rapid capacity fading and
low columbic efficiency of LSB.

Several improvements have been suggested in the last years to tackle these drawbacks: one of
them consisted in infiltrating molten sulfur into porous conductive carbon materials [70]. This
approach, however, does not allow large sulfur loadings, nor does it prevent the diffusion of
polysulfides outside the pores. Moreover, it requires large amounts of electrolyte to wet the large
volume of porous carbon and to solubilize the polysulfides, which greatly reduces the volumetric
energy density of LSB. Most recently, multifunctional positive electrodes, enhancing the sulfur
loading and promoting the interaction of polysulfides with the electrode host to prevent their
diffusion in the electrolyte have been successfully proposed and studied [71]. In all these studies,
XAS has been largely used at different levels to investigate in detail the electrochemical mecha-
nism and the diffusion (or retention) of polysulfides as well as the possible different failure paths.

Sulfur K-edge XANES, for instance, can be used as a semiquantitative analytical tool for LSB
[72-81]. Operando XANES spectra fitted by linear combinations of reference XANES spectra
of pure sulfur, synthetic polysulfides and Li,S allowed following both the evolution of the
sulfur species and of their relative ratio along the discharge and the charge process, as well
as the variation of the concentration of sulfur in both the cathode and the electrolyte, in line
with the diffusion of the polysulfides in the whole battery. More recently, it was also used for
the detection of the formation of sulfur radical species [82-84], which were confirmed also by
operando Raman spectroscopy [53].
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A particularly interesting approach was, however, the application of EXAFS to the study of
the electrochemical mechanism [85]. Such study was possible only due to the use of a specific
sulfur-free electrolyte salt, which usually hindered the EXAFS contribution of the sulfur spe-
cies evolving during cycling (cf. Figure 8). In this way, it was possible to clearly identify the
type of polysulfides (long- or short-chain) formed in the electrode during the high-voltage
and the low-voltage discharge plateaus and to confirm the formation of Li,S only from the
beginning of the low-voltage plateau and to follow its concentration in the electrode.
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Figure 8. Variation of the average S coordination number during the first discharge. The average coordination of the

most important polysulfides is reported for comparison. The vertical line represents the end of the high-voltage plateau.
From Ref. [85].

Finally, XAS was very recently used for detecting the interaction of sulfur precursors with
appropriately modified graphene oxide nanocomposites, leading to the immobilization of
the sulfur species in the electrode, improving the overall cycling performance of the cell [86].

All these examples underlined the powerful properties of XAS for the operando study of elec-
trochemical mechanisms in batteries even at low energies (sulfur K-edge is at only 2.47 keV).

5. The chemometric approach to the interpretation of XAS data

Due to the increasing performance of many synchrotron beamlines specialized in in situ XAS
studies, extremely large dataset containing many tens or hundreds of spectra associates to a
single experiment are currently collected. This huge amount of data is calling for a suitable
strategy for their treatment in reasonable time. For instance, the study of the charge or the dis-
charge process of a battery produces something like 100-300 spectra, depending on the experi-
mental conditions (data acquisition protocol and battery discharge rate). In similar cases, the
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use of chemometrics may be applied [87]. Specifically, the application of multivariate curve
resolution (MCR) to large datasets of in situ XAS experiments (where the samples undergo
continuous evolution during the reaction path) allows one to interpret their modification in
terms of sums of pure spectra with variable concentration profiles, without needing any pre-
existing model or a priori information about the system. To our knowledge, the first application
of MRC to a XAS study of battery materials concerns the investigation of the evolution during
charge of a positive electrode based on a Cu,,V,O, xerogel [40]. This study, which is performed
using the alternate least square (ALS) algorithm, allowed obtaining relevant information on
the cell charging dynamics. In particular, the data treatment evidenced for the first time the
occurrence of three species during the battery charging, which were further identified with a
common EXAFS analysis. This successful chemometric approach to XAS has further been used
for other operando studies, mostly by the catalysis community [88]. MCR was also applied to
analyze XAS data from Fischer-Tropsch reaction [89] and to infer about the speciation and the
evolution of ruthenium in Co — Ru/SiO2 systems by looking at quick-XAS data [90].

6. Perspectives

With the increasing demand of energy resources for both portable and storage purposes,
there has been an extensive and increasingly diversification of materials and technology for
the electrochemical power sources in the last five years. Not only lithium-ion technology but
also sodium or even trivalent ions, also in aqueous media, are currently studied to obtain
a good balancing between cost, safety, abundance and electrochemical performances. This
chapter has underlined the strength of the XAFS probe to understand the dynamic of the both
anode and cathode materials during the battery functioning, at atomic level. We feel that this
core-level spectroscopy can even meet the increasing demand of deep understanding of dif-
ferent technologies and of new materials for batteries. This extraordinary versatility is due to:
(i) the extremely selective local structure probe of XAS for the atomic species in crystalline,
amorphous solid and liquid electrolyte; (ii) the unprecedented quality and speed of for data
recording in synchrotron beamlines dedicated to in situ studies, coupled with a suitable and
unbiased data analysis such as the chemometric approach to XAFS data presented above;
(iii) the new generations of software for EXAFS data analysis, which are capable of analyzing
multiple scattering contributions with great efficiency and to perform simultaneous multiple
edge fits; (iv) the development of reliable spectrometers at synchrotron radiation light sources
enabling high resolution recording, allowing the collection of complementary information
with ancillary advanced techniques such as resonant inelastic X-ray scattering (RIXS) [91].

Moreover, new advanced synchrotron-based techniques are expected to be at the forefront of
battery research in the future; among them, there will surely be X-ray transmission micros-
copy, which allows the simultaneous imaging and spatially resolved XAS study of electrode
materials in batteries [92].

Finally, a personal consideration: in XAS, data analysis is usually considered as the bottleneck
of the whole spectroscopic study. This holds true regardless of the simplicity or the difficulty
of the oscillatory portion of the spectrum to be analyzed. Indeed, as long as a suitable struc-
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tural model has not been established, an oscillation can be interpreted in several different
ways. It is then recommended to newcomers not only to learn how to conduct XAS experi-
ments, but also to perform appropriate data analyses by seeking the advice and collaboration
of experts who are willing to share their knowledge and their experience.
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Abstract

Understanding the electrochemical processes responsible for energy storage in batteries
is critical for designing of next-generation batteries. The conventional laboratory-scale
characterization instruments provide limited information required for better under-
standing of electrochemical reaction mechanisms. Synchrotron radiations have very
high brilliance and broad energy range extending from far-IR through the hard X-ray
region. The availability of synchrotron radiation is driving technical and theoretical
advances in scattering and spectroscopic techniques from last couple of decades. These
advances in synchrotron radiation-based characterization techniques have made it pos-
sible to study the underpinning issues of energy storage materials. An electrochemical
road map based on much more knowledge-driven approach can be drawn by utilizing
synchrotron-based element-specific spectroscopic as well as scattering techniques.
Herein, we introduce various scenarios where synchrotron radiation-based characteri-
zation methods provide inherent advantages and flexibility in obtaining detailed mech-
anistic information along with structural studies.

Keywords: synchrotron radiation, energy storage material, Li-ion battery, XRD,
nanostructures, XAS, local structure

1. Introduction

Synchrotron radiation is emitted by charged particles, traveling at speeds relative to the speed
of light when accelerated by magnetic fields. The major advantages of synchrotron radiation
include very high intensity, tunable energy range, and inherently linear polarization [1]. How-
ever, one major drawback is the limited availability of the national and international
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synchrotron radiation facilities. The availability of synchrotron radiation, with its characteris-
tics of high brilliance, particular collimation, and multi-wavelength accessibility, continues to
drive technical and theoretical advances in scattering and spectroscopy techniques. An exciting
area being developed is the exploitation of these advances in synchrotron radiation surface
and bulk-specific probe techniques to study the underpinning issues of energy storage mate-
rials.

The long-term endurance of batteries and other electrochemical devices, used in highly
demanding applications like electric vehicles, is closely related to the ability of the cathode
and anode materials to accommodate and release guest ions without any structural damage. A
challenge in developing the understanding of energy storage process in batteries is in the
direct study of the electrochemical reactions involved during battery operation. The character-
ization tool required needs to provide element-specific as well as overall structural information
with high resolution. Synchrotron radiation-based measurements under operating conditions
of batteries are critical in order to map the mechanistic causality between the local and atomic
structure of functional components of batteries and their electrochemical characteristics. In this
chapter, we will examine various scenarios where synchrotron radiation-based X-ray methods
provide inherent advantages and flexibility in obtaining detailed mechanistic information
along with structural studies.

2. Synchrotron radiation-based X-ray scattering techniques

2.1. Wide-angle X-ray scattering (WAXS)

X-ray photons interact with matter in different ways including coherent scattering, Compton
scattering, photoelectric interaction, and pair production. If the interaction of the X-ray pho-
tons is coherent and elastic, the interaction is called X-ray diffraction (XRD) or Bragg scatter-
ing. A distribution of electrons in matter will interact with a photon wave to produce an
interference-modulated scattering pattern, called a diffraction pattern. If multiple identical
electron distributions are periodically placed in space, the scattering from each of them will
interact with that from the others and will result in destructive interference in most of the
direction other than a few allowed directions. These allowed directions can be calculated by
considering the lattice, and hence a crystalline structure can be fully resolved by using diffrac-
tion pattern. Bragg’s law is a useful model to describe the relation between the allowed
scattering angles (20), the photon wavelength (1), and an inter-planar distance (d) between
parallel planes; see Eq. (1):

2d sinf@ = nA (1)

The recorded diffraction peak from a sample will have an angular width due to the broadening
from the instrument. Additionally, the peaks can be broadened by the finite size of the crystal-
lites. The peak broadening does not correlate with the particle size, but with the coherent
domain length where long-range order is preserved [2]. Synchrotron radiation covers a large
range of energies and that allows for superior data acquisition. In the case of XRD, it enables
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the ability to probe many different crystallographic planes at the same time, resulting in fast
and rich data acquisition. The use of high energy, sometimes referred to as hard X-rays, is
advantageous because these X-rays are not absorbed well in a solid material and therefore
allow for deep penetration. These properties of synchrotron radiation, coupled with overall
high intensities, allow for rich data collection and experimentation that were previously not
possible. Experimental setup for synchrotron radiation-based high-energy XRD is shown in
Figure 1. As the high-energy photons are able to fully penetrate the cell, these measurements
are conducted in the transmission mode in order to obtain 2D diffraction patterns. This also
means that the cathode and anode can be investigated simultaneously.

N -
— — ) i
J My
X-ray Beam from
Synchrotron Source

L

Diffraction Patterns 28 (A= 0.3196A)

Figure 1. Schematic diagram of synchrotron radiation-based X-ray scattering technique.

2.1.1. Case study

Rechargeable Li-ion batteries are electrochemical energy storage devices of choice in porta-
ble electronics due to their high-specific energy density and now becoming increasingly
popular for grid storage and electrical vehicles. In Li-ion battery, electrodes operate by
reversible Li-ion insertion and extraction during charge and discharge. High-rate Li-ion
battery electrode materials usually make solid solutions with Li over a large composition
range in order to avoid phase transformation during (de)lithiation. Phase transformations,
during cycling, are associated with small or negligible volume changes. For example, the
layered compound LiNi;/3Mn;,3Co1/30, makes a solid solution and shows moderate volume
changes; however, the high-voltage spinel Li,(NipsMn; 5)O4 (0 < x < 1) shows only a small
volume change (3%) for the two-phase region [3]. LiFePO,, however, displays excellent high-
rate performance when nanosized, despite undergoing a two-phase transformation to FePO,
during delithiation, along with small volume change of 6.8% [4]. The limited Li solubility in
LiFePO, and FePO, indicates that (de)lithiation occurs via a two-phase reaction, where the
relative LiFePO, and FePO, amount is changed by a moving phase boundary, and not via a
solid solution. The Li solubility increases by decreasing particle size, as a result of the
increased interfacial energy per unit volume. By considering this interfacial energy, ex situ
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diffraction studies of LiFePO,4 nanoparticles suggest that once an energetically unfavorable
LiFePO,-FePO, interface is formed, this interface quickly moves through the particle so as to
return to the most stable LiFePO, or FePO, state, so only LiFePO, and FePO, particles are
observed by ex situ characterization techniques.

Recently published in situ XRD investigations performed on micrometer-sized LiFePO, show
the emergence of a metastable crystalline phase with an intermediate Li composition of Lig
—0.75FePO,4 when cycled at high rates [5]. Whereas, studies on nanometer-sized LiFePO, parti-
cles are limited to low [6] and moderate [7] current rates, and only small deviations in
stoichiometry from LiFePO, and FePO, were observed during cycling. Due to the faster
transport kinetics of nanoparticles, a high current rate is required to reach the kinetic limit of
a phase transformation including an in situ XRD setup with high X-ray intensity and a fast
read detector so that the reaction can be probed with high time resolution. By studying the
nanoparticles under high current rates, Liu et al. [8] were able to force enough particles to
transform simultaneously so that the reacting particles can be detected and the nature of the
phase transformations that occur at an overpotential can be determined.

In situ diffraction patterns during the first five cycles of LiFePO4 with an average size of
186 nm at 10 C galvanostatic charge-discharge are shown in Figure 2(a). All peaks in the
diffraction patterns can be indexed to either the Li-rich Li;_,FePO, phase or the Li-poor
LigFePO, phase. During charge, peaks representing Li;_,FePO,4 phase disappear, and these
peaks reappear on discharge; conversely LigFePO, peaks appear on charge and disappear on
discharge. Interestingly, they observed the appearance of positive intensities between the
8.15-8.4, 13.95-14.1, and 15.15-15.4, 20 ranges, which shows the formation of phases, in
which the lattice parameters are different from those of LiFePO, and FePO,. A closer view
of individual diffraction patterns in selected 26 regions is shown in Figure 2(b). All of the
reflections exhibit highly symmetrical profiles at the beginning of the first charge; however,
the LiFePO, (2 0 0) and (3 0 1) reflections start to broaden asymmetrically toward higher
angles with the charge. The most significant asymmetrical broadening is observed on dis-
charge in patterns (f) and (g), where the (2 0 0) reflections from both phases are connected by
a positive intensity band. Similar trend is observed in the second cycle as well. Neither the
peak position nor the peak shape of LiFePO, is restored to that of the original state by the
end of the second cycle. All selected peaks shift toward higher angle and become broad, as
shown in pattern (r). This peak shift shows a decrease in the unit cell volume, which will in
turn reduce the accessible capacity of LiFePO, at high rates. So, at the end of each cycle, the
Li composition is not restored to stoichiometric LiFePO,, instead a solid solution (Li;
_«FePOy) is formed with a smaller unit cell volume than that of the stoichiometric LiFePOy.
By using synchrotron radiation-based wide-angle X-ray scattering technique and doing
further analysis like profile fitting by convoluting separate contributions from size and
lattice-parameter variations with appropriate analytical functions, they further confirmed
that phase transformations in nanoparticulate LiFePO, proceed, at least at high rates, via a
continuous change in structure rather than a distinct moving phase boundary between
LiFePO, and FePOy,.
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Figure 2. The variations of XRD pattern during the galvanostatic charge and discharge at a rate of 10 C. (a) The image
plot of diffraction patterns for selected reflections during the first five electrochemical cycles. The corresponding voltage
curve is plotted to the right. (b) Selected individual diffraction patterns during the first two electrochemical cycles stacked
against the voltage profile [8].
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2.2. Small-angle X-ray scattering (SAXS)

The structural characterization of nanoscale systems is a very active area of research these days
not only in energy storage material system but in variety of other scientific disciplines as well.
Nanoscale systems can be studied with real-space imaging or reciprocal space scattering
techniques. X-ray scattering techniques provide reciprocal space data, whereas electron
microscopy-based imaging techniques usually provide real-space data. A distribution of elec-
tron density at nanometer length scales will scatter an X-ray beam to low angles, while that in
the atomic scale will scatter to high angles. Therefore, small-angle X-ray scattering (SAXS) is a
technique to study material structures at small angles or large distances. SAXS is a powerful
technique to determine, not only the object’s size, size distribution, shape, surface structure,
relative positions of particles, but it can also be used for the structure factor analysis. The size
distribution function is a key piece of information that can be obtained from SAXS. Collected
data can be fitted, when the shape of a particle is known or can be assumed, to get the size
distribution. SAXS form factor analysis provides useful information at the single-particle level;
the structure factor allows to figure out the organization of particle systems in the structure.

In recent years, the development of synchrotron radiation X-ray sources has made possible to
adopt novel approaches to utilize X-ray scattering technique for nanoparticle research. SAXS is
nondestructive and provides structural data averaged over macroscopic sample volumes.
Modern synchrotron radiation-based SAXS is capable of structural characterization of sample
in its working state because of its tunable flux and energy that is particularly useful for
nanoparticle research especially for electrochemical energy storage systems.

2.2.1. Case study

SAXS is a useful characterizing technique for characterization of Li-ion batteries and other
energy storage materials. Conventional Li-ion batteries suffer from capacity loss due to several
failure mechanisms associated with the strain induced in anode and cathode materials upon
electrochemical cycling. Ordered mesoporous materials have been considered as potential
candidates for the next-generation electrode materials. There are several advantages associated
with mesoporous electrode materials, for example, the ordered framework of mesopores
which can act as a physical buffer for the volume changes, and it reduces the diffusion path
length to promote easy Li and electron transport. These structures offer intrinsic high specific
surface area that provides large active surface between electrolyte and electrode material.
SAXS is an ideal technique to study ordered mesoporous structures. Recently, Park et al. [9]
have developed an in situ synchrotron-based small-angle X-ray scattering (SAXS) technique to
investigate the nanostructural changes of ordered mesoporous materials during cycling for
further understanding the Li storage reactions.

Information on nanostructural changes of an electrode material from SAXS allows to
understand fine details of nanostructured electrode dynamics during electrochemical
cycling. They performed in situ SAXS studies on the meso-Co,Sn, anode materials to
probe the mesoscopic structural changes during its electrochemical cycling to understand
the behavior of the entire electrode with different Co contents. In situ SAXS data including
contour projection for each meso-Co,Sn, composition during the first cycle are shown in
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Figure 3. All the in situ SAXS patterns indicate that the present meso-Co,Sn, materials
retain highly ordered meso-structures, even though the intermetallic electrodes are known
to form Li alloys during lithium insertion. There are no significant changes in the relative
scattering intensities of SAXS patterns, when a discharge current is applied, until the
discharge potential reaches to 0.2 V. While discharging below 0.2 V, the scattering peaks
move slightly toward the lower angle, and their intensity is decreases. These results
indicate that the meso-structures of all the meso-Co,Sn, electrodes are retained until
0.2 V and then small expansion of mesoscopic cell volume and somewhat loss of meso-
structural periodicity take place during the Li-Sn alloying reaction. Both the intensities
and positions seem to be recovered to the initial state after the complete cycle, indicating
the structural stability of meso-Co,Sn,, electrodes.
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Figure 3. Color-coded 3D contours and projection maps showing SAXS data collected from ordered meso-Co,Sn,
electrodes during in situ experiment: (a) meso-Cog s5ng 5, (b) meso-Cog 35n, 7, and (c) meso-Cog 1 Sng o [9].

In order to get more insight of the in situ SAXS results, dQ/dV data, relative peak intensities,
and mesoscopic lattice parameters were plotted against the cell voltage for the meso-Co,Sn,
electrodes as shown in Figure 4. This data indicates about 19% decrease of relative SAXS peak
intensity and 14% expansion of meso-structural cell volume in the meso-Cog55n, 5 electrode
after the full discharge. In meso-Cog35ng 7 electrode, there is only 13% change in the peak
intensity, whereas the meso-structural cell volume expansion is 41% that is much larger than
that of the meso-CogsSng 5. The initial discharge capacities of the meso-Cog35n, ; and meso-
Coy55n0 5 electrodes are 1321 and 822 mAh/g, respectively, due to the different amount of
electroactive Sn. Figure 4(f) shows a significant 52% decrease in the SAXS peak intensity with
relatively large volume change of 30% in the meso-Coy1Sng ¢ electrode, while its initial dis-
charge capacity is 1493 mAh/g. These in situ SAXS results for meso-Co,Sn, electrodes during
cycling directly provide roles of the inactive Co element as a chemical buffer; meanwhile, the
well-defined nanoporous system acts as a physical buffer to accommodate the volume changes
in the electrode. In situ SAXS reveals that the mesoscopic volume and meso-structural order
change reversibly during cycling. It indicates that reliable nanostructure is developed and that
relieves severe internal strain induced by huge volume change upon the repeated electrochem-
ical reactions.
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Figure 4. (a—c) Color-coded contour projection maps during in situ experiment with corresponding voltage profile and
(d-f) the changes in lattice parameters and resolved peak-relative intensities with the corresponding dQ/dV plot for meso-
Coy 551 5, meso-Cop 35N, 7, and meso-Cog 1SNy o, respectively [9].

3. Synchrotron radiation-based X-ray absorption techniques

3.1. Hard X-ray absorption spectroscopy (HXAS)

X-ray absorption spectroscopy (XAS) is a powerful technique that can characterize all forms of
matter, irrespective of their degree of crystallinity. Traditionally, diffraction-based characteri-
zation methods are being used for structural investigations, and reliable structural information
can be determined for materials that exhibit a long-range structural order. In contrast XAS can
probe the local structure of disordered solids, liquids, as well as amorphous materials. XAS has
vast application area ranging from coordination chemistry, catalysis, biology, and surface
physics to material chemistry. One of the major advantages of XAS is its atomic selectivity
which makes it possible to study the local structure of each different constituent of a sample.
Sample preparation for XAS is very simple, and experiments can be performed in situ.

XAS spectrum can be divided in two parts, namely, X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS). In XANES phenomenon, an
element-specific signal is generated, typically using a synchrotron radiation source. A core
electron absorbs the energy of incident X-rays and gets excited beyond the Fermi level, leaving
behind a core hole. The synchrotron radiation sources can provide energy that is right for
desired electron transitions. When a sample is exposed to X-rays, it will absorb part of the



Synchrotron Radiation-Based X-Ray Study on Energy Storage Materials
http://dx.doi.org/10.5772/67029

incoming photon beams. Other phenomena occurring are heat, X-ray fluorescence, production
of unbound electrons, and of course the scattering of X-rays. The absorption of X-rays can be
measured quantitatively, and it follows exponential decay given by the Beer’s law [10].

The EXAFS phenomenon arises from the quantum mechanical interference of the scatter-
ing of a photoelectron by the potential of the surrounding atoms. A photoelectron emitted
by the photo-absorbing atom propagates as a spherical wave and spreads out over the
solid. The amplitude of all the reflected electron waves adds either constructively or
destructively to the spectrum of the absorbing atom as shown in Figure 5(a) and 5(b)
respectively, and hence the X-ray absorption coefficient exhibits a typical oscillation. A
crucial issue is the recognition that the photoelectron is not infinitely long lived; it decays
as a function of time and distance, and thus the EXAFS cannot probe long-range dis-
tances. EXAFS can give only local structural information of about several angstroms
around the selected atomic species.

(@) (b)
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Figure 5. Constructive and destructive interference of electron wave during and XAS event.

The recent availability of high-brightness synchrotron radiation sources has resulted in a
prosperous development of XAS technique, and it is finding wide application area including
the energy storage material field.

3.1.1. Case study

Major challenges faced by Li-ion batteries are demand for high-energy density, capacity reten-
tion, safety, and low cost. In order to achieve the higher-energy density than that of currently
commercialized ones, metal oxides are being considered as potential anode materials due to
their high-energy density arising from conversion and alloying reactions [11]. SnO; is a candi-
date anode material for future batteries, and previous studies show that SnO, anode
undergoes an irreversible conversion reaction in the initial cycle followed by a reversible
alloying reaction of Sn [12, 13]:

SnO, + 4Li" + 4e” — Sn+2Li,O0  (711mAh/g) ©)
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Sn +xLi" + xe” — Li,Sn (783mAh/g) (0 << x << 4.4) (3)

Reaction based on Eq. (2) is the main reason for initial irreversible capacity of this anode
material, whereas reaction based on Eq. (3) is responsible for reversible capacity of these
electrode materials in the subsequent cycles. Surprisingly, reported capacity of nanostruc-
tured SnO,-based anode materials is higher than the abovementioned theoretical capacity
(783 mAh/g). To understand this anomalous capacity, Kim et al. [14] conducted the synchro-
tron-based XAS experiments on mesoporous SnO, anode material. The combination of XRD
and XAS was used to probe the bulk and local structure. The XRD peaks almost disappeared
(not shown here) after discharging below 0.7 V indicating that mesoporous SnO, converts to
an amorphous nano-Li,SnO, phase, so XRD alone was unable to further characterize this
material.

Figure 6(a) shows selected Sn K-edge XANES and EXAFS patterns in the initial discharge
region of the first cycle. The oxidation state of Sn in the mesoporous SnO, is 4+. The
reduction of Sn takes places in the beginning of discharge, and the Sn K-edge XANES
spectra show prominent shift toward lower-energy values. This reduction of Sn during
conversion reaction effects the local environment around the Sn atom. The first prominent
peak in Sn K-edge EXAFS spectra corresponds to the Sn-O interaction in the first coordina-
tion shell, and the broad peaks in 2.2-3.9 A region are due to the Sn-Sn, Sn-O, and Sn-Sn
interactions in the subsequent coordination shells. The intensity of these peaks decrease
significantly during discharge due to displacement of reacting species during the conver-
sion reaction. Figure 6(b) shows XAS data obtained in the middle discharge region of the
first cycle. In this region, Sn K-edge XANES spectra show only negligible shift toward
lower-energy values. However, Sn K-edge intensities decrease in this region, showing the
formation of metallic Sn. After discharging beyond 600 mAh/g, the intensity of the Sn-O
peak decreases, a new peak at around 2.6 A emerges, which corresponds to the Sn-Sn(Li)
pair in the Li,Sn alloy, and the intensity of this new peak increases with the increase of the
Li/Sn ratio. The intensity of the peaks representing the Sn-O peaks gradually drops, and
that of the Sn-Sn(Li) peak increases during this discharge region. The representative peaks
for Sn-O bond disappear when the discharge capacity reaches 1500 mAh/g, which shows
the completion of the conversion reaction. So, the remaining discharge capacity can be
assigned to the alloying reaction only. Figure 6(c) shows the XAS data obtained from the
mesoporous SnO, electrode in the last discharge region of the first cycle. XANES data
obtained in this discharge region show a shift toward high energy of the Sn K-edge. During
the alloying reaction, charge redistribution takes place to minimize the electrostatic energy
which results in shifts of Sn K-edge. In the EXAFS spectra, the amplitude of the Sn-Sn peak
continuously decreases in this discharge region. Due to increase in the Li/Sn ratio, the
amount of Li around Sn increases. Li has a much smaller electron-scattering cross section
compared to Sn. So, the intensity of the Sn-Sn(Li) peak decreases when the Li/Sn molar ratio
exceeds 3 [15]. This trend of XANES and EXAFS data suggests that the capacity in this deep
discharge region is obtained only by Li alloying in the Li,Sn phase until it achieves its
nominal composition of Lis 4Sn.
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Figure 6. Sn K-edge XANES and EXAFS spectra with corresponding voltage profile taken in (a) the first discharge region,
(b) the middle discharge region, and (c) the last discharge region of the first cycle [14].

Figure 7(a) shows XAS data taken from the mesoporous SnO, electrode in the beginning of
charge. The Sn K-edge XANES spectra shift reversibly toward lower-energy values, and
EXAFS spectra show the rise of Sn-Sn(Li)-related peaks, suggesting that the dealloying
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reaction is taking place in this voltage region. After the cell was charged to 500 mAh/g, the
intensity of the Sn-Sn(Li) peaks starts to decrease and that of Sn-O peak increases, as shown in
Figure 7(b). Appearance of the Sn-O peak and damping of the Sn-Sn peak are only possible
when Li,O formation is at least partially reversible, along with the formation of the SnO,
phase. These results suggest that the reversible charge capacity at the end of the charge can be
assigned to dealloying of Li,Sn phase as well as the conversion reaction of Sn into the SnO,
phase. After achieving charge capacity of 900 mAh/g, peaks representing the Sn-O coordina-
tion shell grow with small change of the Sn-Sn peak, indicating that reversible charge capacity
is mainly achieved by conversion reaction in this region. XANES spectra do not show notice-
able shift in this charge region. The overall EXAFS data in the first cycle show that active
material in SnO, does not come back to its initial composition after one complete electrochem-
ical cycle; it changes into metallic Sn with a small quantity of amorphous SnO, along
with Li,Sn phase. In short, local structure analyses via hard XAS technique successfully
demonstrated the origin of high capacity of mesoporous SnO, beyond its reported theoretical
capacity.
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Figure 7. Sn K-edge XANES and EXAFS spectra with corresponding voltage profile taken in (a) the first charge region
and (b) the last charge region of the first cycle [14].
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3.2. Soft X-ray absorption spectroscopy (SXAS)

Soft XAS is an XAS technique that uses soft X-rays, with energies ranging from 150 to 1200 eV.
This energy range covers the K-edge of light elements, for example, B, C, N, O, and F, along with
the L, ; edges of the first-row transition metal elements. In an XAS experiment, tunable X-rays hit
the sample and 1s electrons are ejected when the X-ray reaches a specific energy, such as the K-
edge energy of oxygen (532 eV). The resulting core hole is relaxed either by transfer of electron
from higher levels into the core hole which leads to the emission of fluorescent X-rays or by
releasing the Auger electrons. A schematic diagram of the core hole relaxation process is shown
in Figure 8. Both the fluorescent X-rays and the Auger electron signals can be utilized to get XAS
spectra as both the signals are proportional to the incident X-ray absorption. The fluorescent X-
rays possess higher escape depth of about 2000 A, contrary to the Auger electrons, which have
an escape depth of only about 50 A. Because of this difference in escape depths, different
information can be collected from fluorescent X-rays and Auger electrons. The fluorescent X-ray
signal is more sensitive about the bulk structure, whereas the Auger electron yield is responsive
for the surface structure. By measuring fluorescent and electron yields simultaneously, informa-
tion about both surface and bulk can be obtained in the same experiment [16].

(a) (b) (c)

L; absorption \® .
-
%P;;z
Pz
Esl
K absorption
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Figure 8. Schematic diagram of principle of (a) absorption, (b) fluorescent, and (c) Auger electron-yield soft X-ray
absorption spectroscopy.

3.2.1. Case study

Thermal stability is a critical issue related to the safety of the rechargeable batteries. Tradition-
ally, it is studied by using thermo-analytical techniques like TGA, or there are some studies by
using in situ XRD. Yoon et al. utilized in situ temperature-dependent soft XAS measurements
for the first time, in order to understand the role of different transition metals in thermal
degradation of the charged LiNig 3Co0.15Alo,050; electrode [17]. They monitored the element-
selective structural changes in the charged cathode material on the surface and in the bulk
during heating of electrode material. The findings of their study provide important guidelines
to design new electrode materials with enhanced thermal safety.

Normalized Ni L-edge spectra of Lij 33Nip §C00.15Alp 050, cathode using fluorescent yield (FY)
mode at various temperatures are shown in Figure 9(a), and the partial electron yield (PEY)
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mode spectra are shown in Figure 9(b). Due to spin-orbit interaction of the core hole, the
absorption spectrum splits into two energy bands, Ni 2p5,, (L; edge) and Ni 2p;,, (L, edge).
Changes in energy position of these bands can indicate valence-state variations during the
heating process as energy position shifts about 1 eV per oxidation-state change [18]. Ni L3 and
L, spectra obtained in the bulk sensitive fluorescent yield mode do not show energy position
changes. Lig 33Nip gCop 15Alp 050, material is based on layered structure with R3m space group,
and the change into the Fd3m structure during heating would not involve a valence-state
change or shift in energy position of L-edges. However, the energy position of Ni L; and L,
spectrum moves to lower-energy values in case of surface-sensitive electron yield mode, and a
rather prominent shift takes place at around 200°C that shows the presence of a NiO-type rock
salt structure on the surface at this temperature. Figure 9(c) and (d) shows normalized Co L-
edge XAS spectra at various temperatures using FY and PEY mode, respectively. Unlike the Ni
L-edge spectra, the electron-yield spectra of the Co species do not show energy shifts. There
are no visible changes in both the FY and the PEY spectra which show that cobalt ions have
better thermal stability compared to the nickel ions. Partial substitution of nickel by cobalt in
the cathode materials enhances its thermal stability.
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Figure 9. Normalized XAS spectra of Lij335NipC0g.15Al9050, cathode material at different temperatures using (a) Ni
L-edge FY mode, (b) Ni L-edge PEY mode, (c) Co L-edge FY mode, and (d) Co L-edge PEY mode [17].
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Figure 10 shows the normalized O K-edge XAS spectra of Lig33Nig5C0¢15Al00502 cathode
material at various temperatures, using FY mode and PEY mode. The first prominent absorp-
tion peak at 528.5 eV corresponds to transition from oxygen 1s orbital to a hybridized state of
metal 3d-O 2p orbitals. The oxygen K-edge spectra contain information associated with transi-
tions to hybridized states of O 2p-Ni 4sp and other empty orbitals in that energy region. Like
the L-edge spectra, there is no significant change in the fluorescence-yield spectra, but the
surface-sensitive electron-yield spectra show a significant decrease of the peak at 528.5 eV
when temperature rises above 200°C. The PEY data show other distinct differences as well.
The intensity of the distinct peak at ~534 eV is decreasing, whereas that of the peak at ~532 eV
is increasing with rising temperature. The features at around 532 eV and 534 eV are associated
with the presence of NiO and Li,COj3, respectively, as shown by the spectra of the standards in
Figure 10(b). Upon heating, intensity of the features at 534 eV decreases which suggests that
carbonate present on the surface is gradually decomposed. Conversely, the intensity of the
532 eV peak increases with temperature, particularly above 200°C, and the intensity of the
528.5 eV peak decreases. These observations indicate the formation of reduced divalent
nickel oxide. This finding is in accordance with the Ni L-edge measurements. The presence
of NiO-type rock salt structure and its increased formation at electrode surface with increas-
ing temperature indicates nickel oxides tend to release oxygen at higher temperature. The
oxygen K-edge spectra are consistent with the data obtained from the Ni L-edge and point
toward the initiation of thermal reduction reactions around Ni sites on the surface of the
cathode sample material.
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Figure 10. Normalized O K-edge XAS spectra of Lij 33Niy §C0g.15Al0.0s02 cathode material at different temperatures using
(a) FY mode and (b) PEY mode [17].

These investigations demonstrated the capability of in situ soft XAS techniques to investigate
thermal behavior of cathode materials and show that there is no valence-state change in the
bulk despite the layered structure of the Lip 33Nip §C0¢ 15Alp0502 cathode material converts to
spinel structure. The surface-sensitive PEY measurements reveal that this electrode material
loses oxygen at high temperatures leading to a lower oxidation state of Ni and formation of
NiO-like rock salt structure. No evidence of a surface reaction near Co sites in the investigated
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temperature range was found which shows that the Co is more stable at elevated temperatures
compared to the Ni in Lij 33Nip §C0p 15Alp 050,. The capability of soft XAS to discriminate the
surface and bulk electronic structures with element specificity makes it a valuable addition to
the advanced synchrotron-based characterization technique that help understand thermal
behavior of battery electrodes.

4. Conclusion

The application of synchrotron-based characterization techniques to investigate energy storage
materials is playing a major role in the fundamental understanding of the electrochemical
reaction mechanism of energy storage materials. This chapter provides an overview about
various X-ray synchrotron-based characterization techniques and their applications to elec-
trode materials to characterize the nano- and mesoporous phase dynamics, long-range crystal
order, and local and electronic changes during the electrochemical cycling of electrode mate-
rials. The combination of these techniques can provide critical information to reveal the elec-
trochemical reaction mechanism and functional properties of electrode materials in order to
better understand the existing energy storage systems and help design modern electrode
materials for future applications. Given the recent developments, it can be expected that
application of synchrotron-based characterization techniques will become increasingly impor-
tant in development of high-performance and stable energy storage materials.
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Abstract

Energy-dependent full-field transmission soft X-ray microscopy is a powerful technique
that provides chemical information with spatial resolution at the nanoscale. Oxygen K-level
transitions can be optimally detected, and we used this technique to study the discharge
products of lithium-oxygen batteries, where this element undergoes a complex chemistry,
involving at least three different oxidation states and formation of nanostructured deposits.
We unambiguously demonstrated the presence of significant amounts of superoxide form-
ing a composite with peroxide, and secondary products such as carbonates or hydroxide.
In this chapter, we describe the technique from the fundamental to the observation of dis-
charged electrodes to illustrate how this tool can help obtaining a more comprehensive view
of the phenomena taking place in metal air batteries and any system involving nanomaterials
with a complex chemistry.

Keywords: metal-air batteries, superoxide, peroxide, XAS, XANES, TXM,
spectromicroscopy

1. Introduction

With lithium ion batteries becoming a mature technology, it is now clear that applications
such as electric vehicles require chemistries with higher energy density to reach acceptable
driving ranges without compromising performance and comfort already common with
conventional vehicles. This pushed high research efforts in the area of lithium-air (or more
precisely lithium-oxygen) batteries, presenting the highest energy density among known scal-
able battery devices, and of metal-air batteries in general. However, the difficulty to obtain a
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high reversibility and long cycle life still implies a significant barrier to become a technology.
In many applications the precise knowledge of composition and morphology of materials at
the nanoscale is a key to control performance and reliability. Metal-oxygen batteries are one
of these cases; in fact, they involve complex reaction and precipitation processes that need to
be understood in detail to obtain true reversible operation. The determination of composition
as a function of position in the nano-sized precipitate at different charging states is the most
valuable information for this understanding. A few physical techniques are routinely used to
reveal the processes underlying battery behavior, e.g., XRD, TEM, SEM, XPS, FTIR, Raman,
and mass spectroscopy. In this chapter we present the application to this problem of energy-
dependent full-field transmission soft X-ray microscopy. This spectromicroscopical technique
based on synchrotron radiation is able to give a full picture at the nanometer scale of the
oxidation state and spatial distribution in the cathode of oxygen, the most relevant element in
any metal-air battery. Although a host of physical techniques are routinely used to reveal the
processes underlying battery behavior (e.g.,, XRD, TEM, SEM, XPS, FTIR, Raman, and mass
spectroscopy), this technique is unique in providing high-resolution imaging with chemical
information.

We will first introduce the basic concepts of metal-air batteries and transmission X-ray micros-
copy, then detail how the technique can be applied to battery electrodes, and finally provide
some examples of studies that we performed on lithium-oxygen cathodes, which can be easily
extended to other metal-air systems and all those materials where oxygen redox reactivity is
involved.

2. Metal-air batteries and the nature of discharge products

With lithium ion batteries becoming a mature technology, it is now clear that applications
such as electric vehicles require chemistries with higher energy density to reach accept-
able driving ranges without compromising performance and comfort already common with
conventional vehicles. This pushed high research efforts in the area of lithium-air (or more
precisely lithium-oxygen) batteries, presenting the highest energy density among known
scalable battery devices, and of metal-air batteries in general. However, the difficulty to
obtain a high reversibility and long cycle life still implies a significant barrier to become a
technology. Compared to conventional lithium-ion batteries the reversibility and cycle life
of metal-air batteries is generally frustrating [1]. While in a lithium-ion battery the main
process is essentially ion transport through different phases that essentially leave electrode
interfaces unaffected, in metal-air batteries reversible electrodeposition processes have to
take place at the electrodes. For instance, with a lithium anode and aprotic electrolytes
molecular oxygen is reduced and precipitates as insulating lithium peroxide inside a porous
carbonaceous cathode [2]:

Anode:2Li —» 2Li*+2e”
Cathode:O,+2Li*+2e” — Li,O,|
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The latter reaction may proceed through two subsequent one-electron oxygen reduction steps
or through chemical disproportionation of electrochemically generated superoxide:

Li*+0,+e” — LiO,

21Li0, - Li,0,| +0O,

This implies problems of controlling nucleation and growth processes, but more importantly
the oxygen chemistry hugely increases complexity and triggers parasitic reactions with the
organic electrolyte and with both electrodes [3, 4].

However, the control of texture, composition, and crystallinity of the discharge products can
also have important consequences on the capacity, rate capability, and reversibility. In fact,
capacity directly depends on the discharged peroxide volume, which depending on its mor-
phology can be more or less well distributed in a given porous network before it becomes
clogged or passivated [5]. The size of the precipitate particles also affects rechargeability: con-
ditions that favor deposition of smaller particles obtain better reversibility [6, 7], likely for the
more favorable surface-to-volume ratio. Evidence of the reaction intermediate superoxide in
the precipitate has been reported [8-11] and it has been demonstrated that this is easier to
oxidize than peroxide [12]. In effect Na/O, and K/O, cells, where superoxide prevails, have
remarkably higher reversibility than Li/O, [13, 14].

A precise characterization of the nature and the evolution of the discharge products, and in
particular the oxidation state of oxygen, is therefore essential to understand the processes
underlying the electrochemical behavior of the cell, and can lead to improvements in mate-
rials and operating conditions. Given the light elements involved and the poor stability of
incompletely reduced Li-O compounds many imaging, spectroscopic, or diffraction tech-
niques are not suitable for their compositional analysis. In addition, amorphous phases are
occasionally possible with Li, O, (which may benefit rechargeability) [15] and usual with Li
superoxide [10]. It is then evident that a technique such as full-field transmission spectromi-
croscopy has high value, being able to accurately spatially resolve distributions of superox-
ide, peroxide, and other oxygen compounds even within a single particle, and regardless of
crystallinity.

3. Full-field transmission soft X-ray spectromicroscopy

In this paragraph the full-field transmission spectromicroscopy technique will be shortly
explained. In Section 3.1, some basic concepts will be introduced following references [16,
17]. Then two possible experimental setups, the scanning and the full-field X-ray trans-
mission microscope will be compared [16]. Finally, a brief paragraph will describe the
full-field transmission microscope installed at the Mistral beamline (Alba Light Source,
Spain) [18, 19].
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3.1. The interaction of X-rays with matter

Usually for X-rays, the refraction index is written as:

mw)=1-0(w)-if(w) 1)

while E = aw is the energy of the incident radiation. It is interesting to consider the asymptotic
trend of 6 and g for high energy (E far from absorption edges):

S(E)xg BE) s @

Let us consider now the propagation of a plane wave in the sample. Assuming kr = kr and
using the dispersion relation k* = w* n%/c?, one has:

Eo pilwtkn = Eo pilot-20-0-ip) = Eo eil@tkp) pikr o=k pr ©)

where k, = w/c = 211/A is the wave vector in vacuum. In Eq. (3), the first factor is the phase
advance had the wave been propagating in vacuum; the second factor containing 6 represents
the modified phase shift due to the interaction with the medium; and the last factor contain-
ing f represents the decay of the wave amplitude in the medium due essentially to photoelec-
tron absorption for X-rays. Hence, the phase shift due to the interaction with the sample is
determined by 6, while the attenuation by p. The linear absorption coefficient 11 is defined as the
inverse of the distance into the material for which the intensity related to the wave amplitude,
Eq. (3), is diminished by a factor 1/e. Using Eq. (3):

H(E)=2TB(E) @)

It is usually measured in um™ and the corresponding characteristic distance is called the atten-
uation length. 11 is a rapidly increasing function of the atomic number and a rapidly decreasing
function of the energy, taking into account Eq. (2):

H(E) x 35 (5)

and at some particular energies called “absorption edges” it has peaks that correspond to the
energies required to eject an electron from an internal core level to a final available electronic
state. It is useful to introduce the mass absorption coefficient, defined as

e = (6)
with p being the mass density, p = m n_(m is the atomic mass, »_is the density of the atoms).

To properly account for the transitions corresponding to the absorption edges, the use of
quantum mechanics is needed. Considering a well-defined initial core state and using the
Fermi golden rule in the dipole approximation one can write u_ as:
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(B [ l2 1wy pE) )

where ¢ and y are the initial and final single electron states, E, and E, are the corresponding
energies and E = E, — E_ is the energy of the incident photons, p, the density of final state, and 2
the polarization of the electric field. The interaction between the atom and the electromagnetic
field, classically pictured by the wave in Eq. (3), removes an X-ray photon whose energy is
used to promote an electron from the initial core state y, to the final state y. The absorption is
modulated by the density of final state which has peaks in correspondence of the absorption
edges. The dipole matrix element, almost flat with the energy, contains the angular momen-
tum selection rules for dipole transitions (I = orbital angular momentum, s = spin, j = total
angular momentum, m = z-component of the total angular momentum):

Al =+1, As =0, 4j =+1,0, Am =0 (8)
and the dependence on the direction of the photon polarization %.

X-ray absorption imaging technique consists in detecting the photons transmitted through the
observed object. Experimentally, the number of photons N after the transmission through the
sample, along z, obeys to the Beer-Lambert’s law:

N(x, y)=Nyx, y) exp [— | %z)dz] 9)
Sample

where N and N are the emerging and incident number of photons, respectively, and the inte-

gral is extended through all the sample thickness. The measured transmission T = I/, (with I

and I, proportional to N and N, respectively) depends exponentially on the linear absorption

coefficient y, integrated along the X-ray path in the sample (Figure 1).

In a transmission microscope based on X-ray photons, the contrast will therefore depend on
the sample thickness, the elements by which it is composed, their density, and the energy and
polarization of the incident radiation. Assuming not oriented samples (so that we neglect the
polarization) and u constant along z in a thickness ¢, we can write:

peoy, ENt = p,(xy, E)pt = ‘1“(1‘10) i

This product is proportional to the absorbance A, which is defined as A = —logm( I/IO), and is usu-
ally considered in the place of the transmission because of its additivity:

ut = Tt an
detector
I sample I X
—_— Beer - Lambert's law:
_— [= I:-epr- (-pz)
e — u: linear absorption coefficient

Figure 1. Optical absorption and the Beer-Lambert's law.



100 X-ray Characterization of Nanostructured Energy Materials by Synchrotron Radiation

which, for the particular case of i chemical species in a thickness , becomes:

pt = tzi: i Pi (12)

As a function of the photon energy parts of the images will then suddenly become darker
(or brighter if we use the absorbance) when the radiation is triggering some electronic
transitions allowed by Egs. (7) and (8). As the exact energy is also dependent on the atom
environment, it will also be possible to detect chemical states of the same element. This
chemical information is available with spatial resolution down to few tens of nanometers
in a synchrotron-based transmission X-ray microscope and the corresponding technique is
called transmission X-ray spectromicroscopy. By using X-rays of the “soft” energy region
(<3 KeV), it is possible to access transitions from core levels of light elements, among them
the K-edge of nitrogen, oxygen, fluorine, as well as L — and M - edges of other elements

(Figure 2).
H He
o] Ee B U nre
Na | Mg Al | 8i [P | S |Cl| Ar
K |Ca|Sc|Ti|V |Cr|{Mn|Fe |Co| Ni |Cu|Zn|Ga | Ge| As | Se | Br | Kr
Rb | S | ¥ | Zr |{Nb (Mo | Tc |Ru |Rh (Pd |Ag |Cd | In | Sn |Sb|Te | I | Xe
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Figure 2. Accessible absorption edges with a soft X-ray radiation of 300-800 eV in the periodic table.

3.2. Zone plate-based X-ray transmission microscopes

Using the “radiography setup” depicted in Figure 1, the spatial resolution would be limited
by the detector pixel size to few microns. In lens-based microscopy, this limit is imposed by
the lenses. In the following we will briefly describe two examples of lens-based microscope
geometries used at synchrotron radiation sources: the full-field transmission X-ray micro-
scope (TXM) and the scanning transmission X-ray microscope (STXM), both represented in
Figure 3.
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Figure 3. Scheme of the two common transmission X-ray microscopes: (a) Full-field microscope, in which a full sample
image is formed on the detector; (b) Scanning microscope, in which the sample is scanned in the focal spot of the
incoming beam.

Both of them are lens microscopes based on the application of Fresnel Zone Plate diffractive
lenses (ZP). A ZP lens works like a circular diffraction grating whose period radially decreases
from the center in such a way that all the waves of the same diffracted order are redirected to
the same point (Figure 4). The expression for the focal length can be calculated as:

_ AN (Ar)?
fe—r" (13)
—_—
_—
A
—_—
1.2 Ar
P
——— -
DoF
—_—
B ——
—— NA = Af24r

Fresnel Zone Plate

Figure 4. Conceptual scheme of a Fresnel Zone Plate lens.

Present technology allows the fabrication of ZP capable to produce focal spots down to few
tens of nanometers (=15 nm) [20]. Spatial resolution (r,) and depth of focus (DoF) both depend
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on A and the numerical aperture (NA) of the lens which is, in the case of ZP lenses, related to
the dimension of the outermost zone width Ar:

_ 0617 A 2(4ry
r, = NA = 1.22Ar DoF = _Z(NA)Z—i 1 (14)

In the first equation of (14) the spatial resolution is defined following the Rayleigh criterion.
It is interesting to note that a better spatial resolution will imply also a smaller DoF.

The nanofabrication of a ZP is typically realized on a thin silicon nitride membrane and
involves high technology processes such as electron beam lithography. In general, the choice
of the material for the ZP's opaque zones determines the efficiency depending on the energy
range. For the TXM case we have the typical scheme of a common visible light microscope: a
sample is placed at the focal plane of two lenses. The first lens is usually called “condenser”
and it focalizes the beam on to the sample plane, while the second lens is called “objective
lens” and it produces a full magnified image of the sample on to the detector plane. The objec-
tive lens is a ZP lens which works as a thin lens between the sample and the detector plane so
that the magnification M is:

M=1 (15)

With p being the distance ZP-detector and q being the distance ZP-sample as indicated in
Figure 5.
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Figure 5. Mistral beamline layout. In the inset, a scheme of the TXM optics setup is reported.

The spatial resolution is limited by the NA of the objective lens, i.e., by the external zone
width of the ZP lens as indicated in Eq. (14). This limit is reached if the microscope operates
at M big enough to neglect the dimension of the pixels size of the detector (typically a CCD-
based detector) and if the NA of the objective lens is filled by the beam emerging from the
sample. Also, the ZP lens is strongly chromatic as indicated by Eq. (13), so that also a minimal
requirement on the energy resolution of the incident beam has to be satisfied: AA/A <1/N, with
N being the number of zones.

In a STXM system, the sample is placed in the focal spot of a ZP lenses. If illuminated with the
proper coherent beam the ZP will produce a focal spot (more precisely an airy pattern) with
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resolution set again by the first equation of (14). In this case, higher order diffracted beams
will be stopped using an order sorting aperture (OSA) as indicated in Figure 3. The sample
is scanned through the ZP focal spot and the full image of the sample is reconstructed elec-
tronically, step by step. The spatial resolution will be limited by the dimension of the focal
spot produced by the ZP on the sample. Table 1 summarizes the main properties of the two
microscopes.

XM STXM

Best spatial resolution Good spatial resolution
Shortest exposure time Longer exposure time
Higher radiation dose Least radiation dose

Requires spatially coherent radiation

Table 1. Comparison between the main properties of full-field and scanning transmission electron microscopy.

The main advantage of the STXM over the TXM system is in terms of radiation dose: the lens
is before the sample and then all the photons emerging from the sample are used to produce
the image. Instead in a TXM system, the ZP is after the sample: due to its limited efficiency,
most of the photons arising from the sample will not contribute to the formation of the
image, therefore to obtain the same image quality of a STXM, the TXM will require more
radiation dose absorbed by the sample. The main advantage of the TXM over the STXM
system is in terms of the exposure time: in one “snapshot” the full image of the sample is
obtained.

3.3. The MISTRAL microscope

An example of a state-of-the-art soft X-ray full-field transmission microscope is the one
installed at the Mistral beamline of the ALBA Light source. A picture of the beamline (BL) is
reported in Figure 5. The BL is devoted to transmission cryotomography of biological cells
in the water window energy range (284.2-543.1 eV [21]). It is useful to distinguish between
the BL optical elements and the TXM which is just the end station of the BL, as indicated in
the picture. Presently the TXM can works in the energy range (ER) between the C-K edge
and the Ni L edge excluded, i.e., 290-850 eV. All the optical elements before the TXM work
to prepare the beam for the condenser lens of the microscope and are in ultra-high vacuum
chambers (working p ~1 x 10° mbar) to minimize absorption and scattering of the X-ray beam.
Moreover, the full beamline from the source to the CCD detector chip is windowless. In the
case of Mistral the condenser lens is a glass capillary which work like a single reflection ellip-
tical mirror. It is characterized by a good efficiency (50-75% in the ER) and achromaticity:
its focal length of about 1 cm is energy independent. The 2 x 2 ym? condenser focal spot is
wobbled to cover a field of view of typically 10 x 10-16 x 16 um? on the sample plane. Two ZP
are available as objective lens: 25 and 40 nm ZP. The first one is used typically for experiments

103



104  X-ray Characterization of Nanostructured Energy Materials by Synchrotron Radiation

in which one wants to maximize the 2D spatial resolution and the depth of focus is not a criti-
cal parameter. More technical details on the MISTRAL beamline are reported in references
(18, 19].

4. Spectromicroscopy at the O K-edge of discharged cathodes

In this section, we describe the preparation, collection, and analysis of cathodes used in
Li-oxygen batteries, although most of the principles and considerations may well apply to
other systems and energy regions.

4.1. Sample preparation and transfer

For images of optimal quality, we take common carbon-coated Au TEM grids (200 mesh,
3.05 mm diameter) directly as a cathode. Gold works as a current collector that is inert in
the cathode electrochemical window, while carbon provides an ideal substrate for trans-
mission microscopy. However, also a few micrograms of super P/PVdF slurry are depos-
ited on the TEM grids to provide a roughened surface closer to that present in practical
electrodes.

Electrochemical treatments are performed using homemade cell based on the Giessen bat-
tery design [13], resulting in Swagelok-like battery arrangement. After the electrochemi-
cal treatment the cell is opened in an Ar-filled glove box and the grid washed with DME
and hexane to fully remove the electrolyte. The grid is then transferred in the microscope
in cryogenic condition (T < 110 K) under N, vapor to minimize atmospheric contamina-
tion. The samples are kept at cryogenic temperature and under high vacuum during the
measurements.

4.2. Measurement protocol

Selection of a field of view consists of two steps, first an overview of the TEM mesh with a
visible light microscope (VLM), and then selection of a specific mesh hole where a 100 um
x 100 pm mosaic image can be composed by 10 x 10 individual TXM images (see Figure 6).
Repeating mosaics at two energies, above and below the O K-edge can be useful for a first
localization of oxygen compounds.

For the case of the O K level, XANES images are collected varying the incident photon energy
with an exposure time of 2 s at each energy step. For each energy step, a flat field image
(FF), i.e., an image without the sample, is recorded. An energy range of 515-580 eV ensures
the most reliable spectral normalization and allows EXAFS analysis. The energy step can be
adjusted between 0.1 and 0.5 eV depending on the spectral features to record. The objective
zone plate lens (outermost zone width of 40 nm, 937 zones) and the CCD detector positions
are automatically adjusted to maintain focus and constant magnification. The CCD motion is
the slowest part of acquisition which typically requires between 1 and 2 h.
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Figure 6. Stepwise selection of a field of view: grid overview by VLM (a), mosaic TXM image of an individual mesh hole
before (b) and after (c) the O-K edge, and TXM field of view (d).

4.3. Radiation damage

A recurring issue in techniques involving high brilliance light is the sample stability to irradi-
ation. This is often considered a major problem with organic compounds, whereas inorganic
compounds are regarded as essentially stable [22]. However, Li,O, is also very sensitive. For
instance, in our own experience, electron microscopy requires special care, as the electron
beam is able to fully decompose a micrometric layer of lithium peroxide in a few seconds, as
shown in Figure 7.

Qiao et al. [24] specifically studied the effect of irradiating lithium peroxide, oxide, and car-
bonate with soft X-rays at room temperature. They found that carbonate and peroxide evolve
toward oxide within several minutes of irradiation. In contrast with their respective electro-
chemical oxidation stability, the evolution of carbonate is faster, with oxide features appearing
after 1 h for peroxide and already after 20 min for carbonate. The stability of a given compound
depends on the activation process. However, in general, the high cross-section of soft X-rays
implies a stronger interaction with matter and consequently a faster degradation than hard
X-rays, in particular when the photon energy is close above the absorption edge of elements
such as C and O.
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Figure 7. SEM image showing the effect of the electron beam on the deposits of a Li/O, discharged cathode. The support
is a carbonaceous inverse opal [23]. The deposit-free rectangle has been obtained after scanning during about 1 min for
a higher magnification image.

This problem is obviously of special relevance for biologic samples, which are always
observed with soft X-rays in cryogenic conditions. The lower nuclear thermal motion favors
the reconstruction of the bonds excited by radiation, significantly improving the sample sta-
bility. For this reason, we also keep our discharged electrodes at T < 110 K (liquid nitrogen)
during irradiation with soft X-rays. Under these conditions, we can irradiate long enough
to gain acceptable signal to noise and energy step without evident damage. As an example,
Figure 8 compares two O K-edge XANES spectra (duration about 2 h each) of a sample
recorded before (red) and after 24-h period (blue). Spectra demonstrate very good reproduc-
ibility corresponding to no detectable radiation damage within our resolution and experi-
mental noise.

4.4. Reference samples

Reference samples are essential for correct assignment of the peaks found in the sample.
They must be measured in the same conditions and preferably in the same session to allow
similar instrumental peak broadening and proper spectra subtraction. This is useful to detect
components that may be masked by more abundant species.

Unfortunately, commercial compounds may not always correspond exactly to the expected
composition. Although also commercially available, we have chemically generated Li,0O, from
the reaction of KO, with dicyclohexyl-18-crown-6 (crown ether) in solution [25]. We have
obtained images of the precipitate with different local O K-edge XANES spectra. By inspection
of the spectra at different points of the images we concluded that locally rather pure phases of
both Li,O, and Li,CO, coexisted, being the first in agreement with the literature [24], and the
second with a commercial sample we measured. LiO, can only be hardly obtained in a pure
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Figure 8. O K-edge XANES spectra of discharged sample before (black) and after (red) 24-h in the same experimental
condition. Reprinted with permission from Olivares-Marin et al. [11]. Copyright 2015 American Chemical Society.

form [12, 26], and we used just a literature absorption spectrum as reference [26], mainly to
confirm its energy.

4.5. Data analysis
4.5.1. Images normalization, alignment, and spectra extraction

As a first step, each image of the energy scan is normalized to one using the corresponding FF.
This normalization consists in simply dividing the image with the sample by the correspond-
ing FF, obtaining the transmission T = I/I  as a function of the energy (see Section 3.1). In the
transmission only, the measured intensity variations along the energy scan due to the sample
itself are taken into account, all the contribution coming from the optical setup (beamline and
microscope optics) are discarded. The normalized images (or transmission images) present
drifts along the scan due to the relative movement between the ZP lens and the CCD detector.
Therefore, the image sequence needs to be aligned. At Mistral for instance this is done using a
in-house software named “ctalign.” Each of the images is aligned taking as reference a chosen
ROI of the first image of the scan. The software uses the normalized cross-correlation of both
ROIs to detect the best matching between them. Once aligned, the absorbance images can be
simply obtained from the corresponding transmission images using Eq. (10), i.e., calculating
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the —log of the series. The free NIH Image] software [27] is for instance useful to handle the
aligned TXM images and doing calculations with them.

By taking the average absorbance from a given region of an image for all images, the absorption
spectrum for that region is obtained. In principle, the technique gives access to a single pixel
spectra analysis, practically the dimension of the selected region is limited by the lens resolution,
the effectiveness of the series alignment, and single pixel spectra noise to 5-6 pixels?.

4.5.2. Spatial distribution of the discharge products

Given that the different oxygen reduction states present in discharged metal/oxygen electrodes
(superoxide, peroxide, and carbonate) are characterized by distinct absorption peak energies
(around 529, 531, and 533 eV, respectively) oxygen-state-resolved maps can be obtained. A full
quantitative approach consists in measuring a full set of pure reference samples (superoxide,
peroxide, and carbonate in our case) and fit with them the obtained measured spectra. If mea-
sured reference spectra are not available some sophisticated linear algebra technique such as
principle component analysis and factor analysis can also be used for the interpretation of
XANES spectra. The number of principal components determined in this way was used as
the basis for multivariate curve resolution-alternating least squares (MCR-ALS) analysis [28].
However, precise and accurate calculations of all spectral features are still difficult and not
always reliable. Presently, quantitative analyses of XANES spectra using ab initio calculations
are very rare, and a full description of absorption spectra data analysis and interpretation is
beyond the scope of this paragraph. Here, we will describe a simple, qualitative/semiquanti-
tative approach based on the construction of absorbance image differences D obtained from
single absorbance images at specific energies. Let us consider two chemical species A and B in
a thickness ¢, then the corresponding absorbance will be (from Eq. 12):

WE)E = (u, (E) pyt i, 5(E) py)t (16)

where y(E)t represents the intensity map in the absorbance image at a generic energy E. Now
if we choose the two values of the energy position of the absorption edge peak maximum and
minimum, respectively, of the species A for instance (E and E . , in Figure 9), we can
write for the corresponding absorbance difference D,

MAX,A

DA = (tum,A(EMAX,A ) Pst lum,B(EMAX,A ) Py~ /“lm,A(Emin,A ) Pa~ #m,B(Emin,A ) Pg )t 17)
and assuming ym,B(EMAX,A ) = lum,B(Emin,A ) 4 (18)
DA = (lum,A(EMAX,A ) _[“lm,A(Emin,A ) )pAt (19)

Ifu (.. aEnsa) = D= u (E ) p t, that is the absorbance image difference D, is pro-
portional to the concentration map of the chemical specie A. Doing the same for the specie B,

we have:

)< @
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Figure 9. Two examples of fraction estimation for different components in integrated spectra.

DB = Aum,B(EMAX/B ) Pg t (20)

. . D . . P
and then for the ratio between the two species: 5~ « 5. The corresponding estimation in inte-
grated spectra is shown in Figure 9.

Under these considerations we have used absorbance images corresponding to the relative
maximum absorbance of LiO, (528.75 eV), Li,0, (531.25 eV), and Li,CO, (533.8 eV). The image
at 520 eV was subtracted from that at 528.75 eV to obtain the 2D LiO, distribution, and the
image at 528.75 eV was subtracted from that at 531.25 eV to obtain the one for Li,O,. Also,
Li,CO, was calculated subtracting image at 531.25 eV minus image at 533.8 eV. Three distribu-
tion images obtained were then merged with different colors.

From these maps and possibly calibrating the image intensity using reference samples with
known ratio between species, it is possible to obtain profiles or images of ratios and fractions,
which is useful to establish correlations or associations between species.

5. Some case studies

Thanks to the measurement and analysis procedure described above, synchrotron-based
energy-dependent transmission soft X-ray microscopy (TXM) provides a unique access to the
chemical state, spatial distribution, and morphology of oxygen-containing materials in par-
ticular when they present different oxidation states, regardless of their crystalline state. Given
its lateral resolution, this technique is also able to reveal minor components that are not evident
in the integrated spectra, but are well localized. In this part we will illustrate the potential
of this technique with some examples of energy-dependent TXM measurements on cathodes
discharged in Li/O, cells. In fact, this allows detecting different oxygen-bearing components
among the discharge products of electrodes, and associating it to its characteristic shape. In this
way it is possible to quantify and localize the distribution of the oxygen discharge products,
revealing lithium superoxide, peroxide, hydroxide, and carbonates.
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5.1. Spatial distribution of products

The discharge products of Li/O, batteries are reported in the literature with different mor-
phology and composition. When the product is well crystalline electron diffraction coupled
to TEM may help to assign a given composition to a certain morphology. In our case, we can
attribute a composition to most oxygen-bearing objects, regardless of the crystallinity. To illus-
trate this, Figure 10 shows a typical example. The overall spectrum of this sample presents
features of superoxide (529 eV), peroxide (531 eV), and a component typical for fully oxidized
oxygen, such as carbonate or hydroxide (533 eV). However, spectra at different points differ
significantly, which implies that heterogeneity is larger than the spatial resolution, and that
the spectral (and hence chemical) difference between the various independent components is
remarkable. By inspecting differential images we can localize the spots where each component
has maximum concentration. We can distinctly observe oblate particles with an essentially
peroxide composition, probably corresponding to platelets reported in the literature [29].
Centering at the 533 eV peak some needle-like particles, but also a more diffuse background
can be imaged. Local spectra strongly suggest a hydroxide-like composition. The weaker
superoxide component cannot be localized at specific points. A very characteristic spectrum,
that is not evident in the overall spectrum, is instead found in a few spots, and corresponds
to ice, probably deposited during the transfer process. Even if this component is external to
the cathode material, it shows that statistically less relevant components that do not appear
in the total spectrum can be detected if spatially well localized. Thus, the fluctuating local
spectra not only greatly facilitate the attribution of the components that appear mixed in the
integrated spectrum, but even allow lowering the detection limit.
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Figure 10. Left: Combination of differential images for different spectral components. Each component is represented
with a respective color: superoxide (yellow), peroxide (magenta), hydroxide (green), and ice (cyan). Right: Absorption
spectra in the O K region at selected points and for the overall image.
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5.2. Toroidal particles

The sample reported in Figure 11 includes the characteristic toroidal-shaped particles also
reported by several authors working with ether-based solvents. Beside these main objects,
we actually also appreciate platelet-like particles and irregular aggregates. Also in this case,
differently shaped particles present different composition. Small platelets and irregular par-
ticle aggregates are mainly composed of carbonate (red). Instead, Li superoxide and peroxide
dominate in toroidal objects (green). From intensity maps, it is also possible to generate ratio
or fraction maps that are useful to tell if some components are associated.

Such estimations indicate that toroidal peroxide particles included 10-30% superoxide-like
phases. Superoxide does not appear to show any preferential localization with respect to perox-
ide in the particles, suggesting some coprecipitation mechanism that may favor toroid forma-
tion. In fact, smaller particles have smaller superoxide content than large particles. Significant
amount of carbonates were found irregularly distributed on the electrode, appearing as aggre-
gates, but also coating lithium peroxide particles. A closer analysis suggests that carbonates
form a shell on the surface of all particles, so that smaller particles seem associated to relatively
larger quantities of carbonate. This resembles a passivating layer, indicating that carbonate
formation is a surface reaction and forms a kind of passivating layer. Thus, a strategy for more
reversible batteries appears to be conditions that favor operation with larger particles.

5.3. Redox mediators and recharge

The use of redox mediators has opened an important strategy to recharge lithium-oxygen
batteries [30]. These are redox-active soluble molecules, which are able to readily oxidize elec-
trochemically during charge, and then reach the peroxide deposits giving place to a chemical
redox reaction that evolves oxygen and switches back the molecule to its reduced state. By
providing alternative electron paths from the insulating peroxide to the electrode collector,
they act as catalysts, with considerable decrease of overpotentials increased charging rates
and efficiencies. One of the requirements for the mediator is its stability to the electrochemical
conditions, in effect we found UV-visible spectroscopy evidence that oxygen actually reacts
with the mediator iodide [31]. Other authors instead have shown that the product may also
be significantly affected by iodide [32]. By comparing Figure 12 with Figure 11 we could not
notice any remarkable difference in the morphology or composition of fully discharged elec-
trodes with or without iodide. Although in this case it is difficult to unambiguously detect
subtle spectral changes that may prove small deviations in the irreversible processes, the
information we obtain is more representative of the relative amounts of oxygen in differ-
ent chemical states. This allows affirming. That overall the mediator iodine has practically
no effect on the proportions of main and side Li/O, discharge products. When we eventu-
ally recharge the battery, using these small TEM grid-based electrodes, the voltage usually
increases fast above 4 V vs. Li. With the iodide mediator we instead obtain a large charge
profile (Figure 12a). During this profile, we can observe that toroids disappear fast (sample
B). Then, we can see that the sample just shows circular imprints inside a carbonate-like
material at the place of the toroids (sample C). The spectrum still shows some peroxide,
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in agreement with the tiny yellow fragments that can be noted embedded in the carbonate
matrix, without being accessible even to the mediators, making the corresponding capacity
highly irreversible.
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Figure 11. (a and b) TXM images of a carbon-coated Au TEM grid after being fully discharged in a Li-O, cell. The
images are the result of overlapping three color maps with intensities proportional to the amounts of Li superoxide
(cyan), Li peroxide (green), and carbonate (red). (c) Map of the LiO,/Li,O, ratio. The respective LiO, and Li,O, intensities
have been obtained by the same method. The gray noisy area results from regions with low LiO, and Li,0, values. (d)
Corresponding O K-edge XANES spectra at the selected points indicated by arrows in figures a and b, together with
reference Li,0, and Li,CO, spectra. Reprinted with permission from Olivares-Marin et al. [11]. Copyright 2015 American
Chemical Society.
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Figure 12. Galvanostatic discharge-charge profile of a TEM mesh-based cathode in a 1 M Li triflate electrolyte in
TEGDME with a 0.02 M Lil additive (a), showing the position of three different samples. TXM images of the three
samples (b) and corresponding overall O K spectra compared with references (c).

6. Conclusions

Full-field transmission soft X-ray microscopy is a powerful tool for the characterization of
nanocomposites and nanostructured materials. Its high energy and space resolution pro-
vide accurate and semiquantitative chemical information at the scale of few tens of nm. This
technique is particularly useful to inspect heterogeneities in all those materials involving
the redox activity of several elements, including O and N. The unique access to the oxygen
chemical state is extremely valuable to the investigation of metal air batteries. In this field, the
technique contributes to understand the morphology and nature of the discharge products,
their formation, and removal mechanism during discharge and charge of metal-air batter-
ies. In particular, it is likely the most effective technique in detecting the critical superoxide
component and its interplay with the other compounds present. The correlation between the
respective spatial distributions gives one of the most comprehensive pictures of the reactiv-
ity and failure mechanisms, which hopefully will lead to strategies able to turn the Li/O, and
other metal-air chemistries into a technological reality.
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