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Synchrotron radiation based techniques are powerful tools for battery research and allow probing a wide
range of length scales, with different depth sensitivities and spatial/temporal resolutions. Operando
experiments enable characterization during functioning of the cell and are thus a precious tool to
elucidate the reaction mechanisms taking place. In this perspective, the current state of the art for the
most relevant techniques (scattering, spectroscopy, and imaging) is discussed together with the
bottlenecks to address, either specific for application in the battery field or more generic. The former
includes the improvement of cell designs, multi-modal characterization and development of protocols
for automated or at least semi-automated data analysis to quickly process the huge amount of data
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Introduction

World transition towards a less fossil fuel dependent energy
economy can be achieved by widespread deployment of energy
storage technologies at large (grid) and intermediate (vehicle)
scales. In view of their efficiency and versatility, rechargeable
batteries are currently being considered for such applications,
which face a different set of technical requirements (e.g. in
terms of cost and lifetime), when compared to their use in
portable electronics.

Research efforts are thus on course worldwide to improve
currently available battery chemistries, such as Li-ion, while at
the same time looking for new concepts with high energy
density and/or advantages in terms of cost and sustainability.

Batteries being intrinsically complex devices," mastering
materials science in general, and characterization techniques in
particular, is crucial to achieve progress in both research
directions.

Measurements done in situ (inside the battery) or operando
(taken during cell functioning) have lately boosted and
improved in spectral/spatial resolution for a myriad of tech-
niques, including diffraction and a wide spectrum of spectro-
scopic and imaging techniques (and even combinations
thereof). Different length scales need to be probed: from A to
nm for surfaces/interfaces, and from tens of nm to pm for
electrode materials, to reach mm for full electrodes and full
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expected in the years to come, which should in turn foster battery performance improvements.

devices.>»* Moreover, due attention has to be paid to the sensi-
tivity of the technique (surface vs. bulk) and to time resolution,
which will determine the feasibility of mapping in dynamic
processes. Beyond the use of standard state-of-the-art laboratory
equipment, synchrotron radiation stands out as one of the most
powerful tools within battery research.* It allows non-destruc-
tive probing of materials with various depth sensitivities
allowing fast acquisition rates, large penetration depths, high
spectral or spatial resolution, and access to techniques that are
only possible with a continuous tuneable source over a wide
photon energy range. The use of operando techniques has
intrinsic advantages, as they enable the detection of possible
metastable intermediates and ensure characterization under
real conditions (non-equilibrium) avoiding the risk of ex situ
sample  evolution  during manipulation.  Operando
experiments are thus crucial for both the elucidation of redox
mechanisms in new technologies and also understanding of
failure and ageing processes for already commercial concepts,
and thus their use is becoming widespread. However, compat-
ibility between the electrochemical cell architectures and the
experimental set-ups may force some specific design features
and care has to be taken to ensure that these do not perturb the
electrochemical response of the materials under investigation.®

Synchrotron radiation involves a wide range of photon
energies. X-rays with energies above ~4 keV are called “hard”
X-rays, while those with much lower energies (and longer
wavelengths) are called “soft” X-rays. The former have a larger
penetration (lower absorption cross section) probing depths
from a few um to the mm range, while the latter exhibit much
higher cross sections and penetration below a few um of
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probing depths, being therefore much more surface sensitive.
“Tender” X-rays (TX) represent an intermediate region with
energies between 1 and 4 keV.

This perspective focuses on the state-of-the art of operando
techniques using synchrotron radiation applied to batteries,
covering from hard to soft X-rays. The first section describes the
requirements for the experimental set-up, with emphasis on
techniques where broader experience exists. They have been
classified into three broad groups, which reflect differences in
the type of radiation/matter interactions and also data analysis
approaches and requirements. The second section covers
techniques that are based on elastic (kinetic energy conserved)
scattering, including not only diffraction (probing long range
ordering) but also SAXS (Small Angle X-ray Scattering) and PDF
(Pair Distribution Function), the latter providing inputs at
a local scale. The third section deals with absorption or
emission based spectroscopic techniques, which access the
electronic structure and enable additional chemical insights:
XAS (X-ray Absorption Spectroscopy) which has been well
developed to perform operando experiments using hard, soft
and tender X-rays and also other techniques which in this sense
are less mature to date such as XPS (X-ray Photoelectron
Spectroscopy) or infrared spectroscopy. The fourth section is
devoted in general to imaging techniques and tomography,
which, despite intrinsic physical differences, typically generate
the largest datasets. Last but not least, a final Discussion and
Outlook section provides the authors’ view on the evolution of
the field and the workarounds that may be developed in the next
few years.

Electrochemical cell & setup
requirements

Besides generic electrochemical cell requirements (corrosion
resistance, good electric contact, tightness to avoid liquid
electrolyte leakage or exposure to air of any sensitive samples),
the setups used for operando X-ray scattering measurements
need to be compatible with prolonged exposure to the beam,
having the lowest possible absorption, although the latter is
much less critical when using synchrotron
radiation. A relevant factor is the photon energy, which largely
affects the penetration depth (see Fig. 1), and eventual vacuum
requirements. In general, for all the experiments which require
transmission, the electrochemical cell has to be designed to be
as X-ray transparent as possible optimizing the choice of
materials and component thickness.

Rigid material windows ensure stack pressure and hence
good electric contact. This is an often overlooked aspect, but
uniform pressure is also critical for reliable electrochemical
data, especially over extended cycling periods. Beryllium is the
most transparent metal and widely used window, its drawbacks
being high cost, toxicity and lack of stability at high potentials
(becoming itself oxidized), the latter being usually alleviated by
the use of an additional foil (e.g. aluminium). Yet, other thin
metal foils are also an option,” provided that absorption is not
too high, or even insulating materials (glass), that can also be
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Fig. 1 Typical penetration depth and spatial resolution (1D and 2D
measurements) for selected analytical techniques. The inset depicts
1/e penetration depths for various battery relevant materials as
a function of energy (E), where e is Euler's number. TEM and SEM stand
for Transmission Electron Microscope and Scanning Electron
Microscope, respectively. Reproduced from ref. 6 with permission, ©
Materials Research Society.

covered by a metal foil to enhance electronic conductivity. Note
that when the same cell setup is to be employed for scattering
and XAS (X-ray Absorption Spectroscopy) experiments, thin
Kapton (polyimide) is used to minimize absorption, and the size
of the window is often reduced to avoid decreasing stack pres-
sure as much as possible.

In the case of SAXS (small angle X-ray scattering), some cell
designs used for conventional diffraction can be used and flat
cell geometry is not an issue, as the angular range is very limited
and hence the X-ray path is almost identical for all scattering
angles measured. The main concern is to avoid window
materials which can contribute to the signal and hence
materials not having long range structural order (polymers or
glassy carbon) cannot be used in this case. Care has to be taken
in choosing window materials not exhibiting Bragg peaks in the
detector range. To this purpose, often aluminium or mica is
used.

Some cell set-ups can be employed for different techniques
(e.g. diffraction and XAS) and facilitate complementary studies
(multi-modal characterization), while in other cases, specific
geometries are required (e.g. cylindrical or radially symmetric
cells for tomographic imaging). Customized cell setups were
common in the early days of operando studies and new
improved designs are being continuously developed®
considering adaptability to somewhat different concepts (e.g. all
solid state cells). Yet, a gradual evolution to more standardized
configurations has taken place,”* with high energy
experiments allowing measurements on conventional setups
(pouch, coin and cylindrical). An interesting approach to enable
the use of these cells with lower beam energies is to modify
them, such as laser thinning the top coin case to 50 um. This
has enabled an operando long duration ageing study for >100
cycles by simply testing the cell
continuously in the beamline hutch and periodically placing it
under the beam.” Conventional setups enable improved
representativity with respect to real commercial cells, but they
may be limiting in some cases (e.g. spectroscopy cannot be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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performed unless suitable windows are implemented). Overall
higher flexibility can only be achieved for specifically designed
setups®™ and can also pave the way to multimodal
characterization coupling different techniques. These on
purpose developed cells can allow the use of a third electrode,
for independent monitoring of the potential at the positive and
negative ones, opening also the possibility of performing
electrochemical impedance spectroscopy on a single
electrode.’® Regardless the type of cell, the high flux of
synchrotron radiation allows fast data collection and thus it
enables high-throughput experiments measuring multiple cells,
and for this, special sample holders have been designed."**>*”

Sample preparation is another relevant aspect, whose
importance is not always emphasized.'® First of all, non-active
cell components (such as binder, carbon and electrolyte) do
bring in a contribution, e.g. background increase at low
diffraction angles due to scattering by an amorphous carbon
additive, the position of which is dependent on the electrolyte.*®
Metal current collectors (typically Cu and Al for negative and
positive electrodes in the Li-ion technology) will also result in
sharp peaks in diffraction studies, which can mask the
evolution of some overlapping peaks corresponding to the
sample under study. The collector of the same element of
investigation in the counter electrode is hiding the information
obtainable by XAS, and a hole in the collector in correspondence
with the beam path can be foreseen to avoid the overlapping
signals. The total absorption of a cell (considering windows,
electrodes, separator, and electrolyte) needs to be adjusted in
the case of XAS measurements in transmission mode to
minimize the total absorption by approaching an absorption
jump of 1 for the element of interest. In particular, operando
XAS at relatively low energies needs to minimize the X-ray
absorption along the beam path and are often more accessible
in fluorescence mode. For S K-edge operando XAS studies, for
example, S compounds have been embedded in a Cu mesh to
allow the penetration of the X-ray beam." Electrode preparation
mimicking commercial protocols is a priori desirable (e.g. tape
casting), as electrochemical performance will be improved. Yet,
this can be a drawback for fundamental studies on the redox
mechanisms of specific materials with particles exhibiting
a morphology prone to preferential orientation (e.g. TiS,
platelets).” In such a case, simple mixtures of the material with
carbon black will be preferred to enable the observation of 00!
reflections.

Although common battery technologies use liquid (either
aqueous or organic solvent based) electrolytes, the development
of batteries using solid electrolytes is currently a hot topic.
Indeed, concepts involving lithium metal as the negative elec-
trode would a priori enable very high energy densities and
improved safety with respect to state-of-the-art Li-ion tech-
nology. The use of solid electrolytes brings about additional
parameters to consider for operando experiments such as the
need to maintain external pressure.*

Besides the control of pressure, efforts are also currently
underway to extend experiments beyond ambient conditions.
Their interest arises from the need to understand the influence
of temperature in the redox mechanism. They can bring in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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relevant data regarding real battery operation under very
different environments as temperature will impact kinetics and
can also induce phase transitions within the electrodes. More-
over, these studies can also provide inputs on temperature
driven degradation reactions. In effect, cycling to temperatures
of up to 70 °C is a common means to accelerate ageing
phenomena in batteries.>* Ideally, the cell designs should not
differ much from those used at room temperature to ensure the
representativity of the electrochemical behaviour. The main
issue in this case is to be able to heat/cool the cell to a homo-
geneous and controlled temperature. Note that the thermal
expansion of the unit cells of the materials under study does
also need to be considered and that it provides a suitable
indirect way to calibrate the cell temperature. While heating
could be a priori easier via an electrical resistance, interference
with the electrochemical response cannot be excluded. Since
a crucial aspect is ensuring that the probed sample (and not
only the housing) is thermalized, a circulating fluid inside the
cell body appears as the most attractive option enabling both
heating and cooling (Fig. 2). Other options could be to work

XRD pattern number
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Fig. 2 Image of a thermalized cell* designed taking the one reported
in ref. 22 as the basis, modified to enable fluid circulation through the
main cell body (top). Diffraction patterns achieved using a similar setup
for NazV,(POy4),F3 in sodium cells at C/10 and 0 °C, which enabled the
phase diagram to be followed upon Na* deintercalation in 2D (a) and
3D (b) plots. Reproduced from ref. 23 with permission, © WILEY-VCH
Verlag GmbH & Co.
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with cylindrical cells, which could be placed inside a cryostat or
a hot blower, as in this case the geometry would enable the
combination with other techniques, such as tomography.

In addition to the generic interest in elucidating the influ-
ence of temperature in the redox mechanism, these experi-
ments may be even more relevant in specific battery
technologies operating at high temperature, such as Li metal
solid polymer electrolyte cells, commercialised using LiFePO,
as the positive electrode, which operate at ca. 80 °C.*® In this
case, a capillary cell setup was used, wrapped in a heating band,
which enabled the control of temperature and spatially resolved
phase distribution. The results allowed inferring the differences
between the structural changes taking place close to the elec-
trolyte and those occurring in the vicinity of the current
collector. With respect to cooling, the study of the redox
mechanism in graphite electrodes at 0 °C has also been re-
ported, with the stage sequence observed being different from
the one taking place at room temperature, which is relevant to
understand the behaviour of Li-ion cells in cold climates.”®
Experiments at different temperatures may also be relevant for
new battery technologies, for instance, experiments down to
—40 °C cooling pouch cells with liquid N, were carried out to get
further insights into the intercalation of chloroaluminate in
graphite electrodes in aluminium batteries.””

Elastic scattering based techniques
Diffraction

X-ray powder diffraction appears as the most mature operando
X-ray based analysis technique within the battery field. The first
report dates back to 1978 using a specially designed cell with
a CuK, radiation laboratory diffractometer.”® This technique
spread quickly in the last few decades concomitant with the
development of various cell designs, some becoming commer-
cial, and continuous improvements of laboratory diffractome-
ters (higher energy derived from MoK, or AgK, radiation and
higher throughput related to the use of rotating anodes and
solid-state position sensitive detectors).

Since most battery electrode materials are crystalline,
powder diffraction can provide time-resolved information on
the evolution of the phase composition (e.g. formation of solid
solutions and phase transitions), the average crystal structures
(variations in the cell parameters, (de-)inserted ion localization
in the crystal structure and site occupancy) and the micro-
structure (micro-strains and coherent diffraction domain size)
occurring during the redox reactions involved in battery oper-
ation. The emergence of synchrotron and dedicated instru-
mentation (optics and experimental station) expanded the
range of operation by increasing the flux on the sample,
contributing to a better signal-to-noise ratio and also enabling
a much faster acquisition time. The former allows spotting of
weak peaks, which can enable the detection of otherwise elusive
phases induced by ion ordering®*® or the formation of incom-
mensurate structures.*! Faster acquisition opens the possibility
to perform experiments at much higher rates such as 60C (ref.
32) but more importantly, it pushed towards the development of
high throughput setups for serial data acquisition on several
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batteries operating in parallel."”** Indeed, intermittent sample
probing enables following several cells simultaneously (which
usually offers enough data points, unless the aim is to follow
short-lived intermediates), while at the same time reducing
beam exposure and hence minimizing potential beam damage.
In addition to that, fast data collection can be used as a mesh
mapping tool in a single cell for tracking inhomogeneities (see
below).

Better energy and angular resolution should enable a more
accurate refinement of the crystal structures of the phases
observed from the data collected operando.* In addition, energy
tunability enables optimizing the powder diffraction conditions
(operate in transmission and minimize absorption by the cell
casing), while also offering the possibility to couple powder
diffraction and hard X-ray absorption techniques.**

The emergence of high energetic and high brilliance 3rd
generation synchrotron sources, together with improved optics
(Kirkpatrick-Baez mirror setups and refractive lenses), has
made possible to standardly decrease beam sizes, in the
micrometer range first, and ultimately down to the diffraction
limit in the very hard regime (<20 nm at ~100 keV). These
conditions open the way to operando XRD microdiffraction,
which was typically used to study the phase evolution of indi-
vidual LiFePO, nanoparticles and provided fundamental
insights into the rate dependence of the redox mechanism for
this compound, widely used in commercial cells.?® In this case,
the small beam illuminated a finite number of grains whose
Bragg reflection spots could be discriminated. This approach
has recently enabled following the lithium concentration across
a 80 pm thick graphite electrode, detecting and quantifying
heterogeneities.>® One step further consists in probing a single
particle using XRD-tomography based techniques allowing the
visualization of cracks and strains in LiNiygMng;C04:0,
induced during battery operation and contributing to capacity
fading.”

Most often experiments in a synchrotron are carried out in
transmission mode, with the incident beam along the electrode
stacking direction. While this enables simpler alignment of the
cell, it prevents the detection of inhomogeneities, which can
arise in thick electrodes and are relevant in commercial
batteries, especially at high operation rates. A possible alter-
native is to direct the beam parallel to the battery layers, in
grazing incident geometry.*® This geometry enables tuning
energy and/or changing the incident angle and can be useful for
depth profiling experiments. This can be extremely useful to get
a better understanding on how electrochemical reactions
propagate but additional considerations apply as misalignment
effects can easily interfere with the interpretation of results.
Probing the electrode material at different cell locations and
depth profiling are also possible using a pencil size beam
coupled to energy dispersive diffraction.**** In this case, specific
detectors able to discriminate energy are required and data
treatment is also somewhat more complex but the advantage is
that the probed volume, defined by incoming and scattered
beams, remains constant, which is particularly valuable when
dealing with very small beams.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The maturity of the operando X-ray diffraction approach does
also manifest in the development of multimodal approaches
coupling it to other complementary techniques (often also
operando and hence using cell setups compatible with both). A
meaningful illustration of this methodology is the combination
of energy dispersive diffraction and X-ray tomography, which
have enabled the visualization of the degradation of the InLi
alloy electrode/Li;,SnP,S;, electrolyte interface in all solid-state
cells** and to get further insights into the mechanism of anion
intercalation in aluminium cells using graphite positive
electrodes.”

With the improvement of synchrotron facilities, experiments
at high energy (~80 keV) have enabled penetration depths on
the order of 1 mm with very good spatial resolution (ultimately
related to focusing optics). One of its main advantages is the
possibility to use real commercial cells in the experiments, such
as pouch LiNi,Mn,Co,_,_,O,/hard carbon** or 18650 LiFePO,/
graphite for which phase transitions at both electrodes could be
followed at a relatively fast rate (4C).** In the former case, the
lattice expansion of the Cu current collector enabled measuring
the temperature and probing different regions of the cell
allowed the drawing of 2D maps, which despite limited spatial
resolution (0.3 mm, beam size) facilitated the detection of
inhomogeneities (see Fig. 3). Last but not least, it is also worth
mentioning that recent operando studies under optimized
conditions at 107.7 keV (0.1173 A) have permitted to follow the
homogeneity of the lithium plating/stripping process in an
“anode-free” pouch cell despite the low scattering factor of
lithium.*¢

Pair distribution function analysis (PDF)

Besides diffraction, involving only Bragg scattering and hence
providing long-range average structural information, the
consideration of total scattering (including also diffuse scat-
tering) and the corresponding pair distribution function (PDF)
provides local information. It describes the probability of
finding two atoms separated by a certain distance in the
material under investigation, which is particularly useful to
characterize systems in which no long-range order exists, and
hence diffraction is not an option. Information deduced from
PDF can also in some cases'® complement results achieved with
SAXS (see the next section). This technique can be also
considered complementary to extended X-ray absorption fine
structure (EXAFS), in which the local structure is probed around
an absorber (see the corresponding section).

In order to achieve data over a relevant range of momentum
transfer (Q) to reach low r values, high energies (>45 keV) and
large angular coverage of the detector are required, which are
only available in some specific beamlines. Otherwise, the situ-
ation would be similar to laboratory X-ray sources for which the
energy is limited (maximum 25 keV with an Ag source) and the
flux much lower. Nonetheless, despite these issues, Pair
Distribution Function analysis is being increasingly used.*” Its
result is a histogram of pair distances in the real space, but
Fourier transformation is required due to data being collected
in the reciprocal space. Operando total scattering experiments

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Experimental setup for in situ grid mapping (white dots) and
operando position tracking (red diamonds: P1, P2, and P3) for graphite/
LiNig sMng 3C0020, (NMC532) single layer pouch cells. (b) Contour
plot for NMC532 and Li,Cg reflections of interest collected at P3 during
charge and discharge. (c) Diffraction line scan across the pressure
interface (black dotted line in (a)). (d) The evolution of voltage during
the 10th cycle together with selected NMC peaks and cell volumes,
with marker sizes indicating phase fractions. Reproduced from ref. 43
with permission, © Elsevier.

are challenging because a low, constant and reproducible
background is required to extract reliable data, and this makes
the cell design much more critical than for diffraction, which
focuses on sharper Bragg peaks.*®

This technique does also place additional requirements on
the cells to be employed. If using high energy radiation and
a small sample to 2D detector distance (typically 100 mm), flat
cells will result in different absorption at high angles and thus
a cylindrical geometry is more suitable. In addition to that,
a blank cell needs to be measured to remove its contribution.
Data treatment can also be complex. The small box modelling
approach requires the crystal structure as an input and then the
B (Debye-Waller) factors or selected atom positions can be
refined. Discrepancy in PDF calculated values with respect to
the average crystal structure can be attributed to local effects

Chem. Sci., 2023, 14, 1641-1665 | 1645
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such as slight variations of bond distances. Another possibility
is big box modelling including all atoms in a given volume and
adjusting their positions to match the experimental data. Yet,
this is only viable for small nanosized particles with a limited
number of atoms and involves a significant computing time.

Overall, besides the limitations explained above, the experi-
mental setup is not significantly different from that of
conventional powder diffraction, and both depth profiling or
combination with other techniques (e.g. tomography)* are also
possible. Nonetheless operando PDF insights are especially
valuable for materials with a disordered crystal structure for
which diffraction cannot provide information. Besides innova-
tive materials, such as transition metal oxides with a disordered
rock salt type structure used as positive electrodes in lithium
ion cells,*® one particularly interesting case is non-graphitizable
hard carbon, which has a structure consisting of graphene
nanosheets with significant turbostratic disorder. Hard carbon
is the negative electrode material of choice in sodium-ion
batteries, a technology being already in the manufacture phase
by several start-up companies and subject of intensive study. In
this case, despite the difficulties in finding a suitable structural
model and the overlaps from scattering by the electrolyte,*
meaningful data could be achieved which enabled to correlate
pyrolysis temperature with the presence local structural defects
and the electrochemical performance while also shedding light
on the currently controversial redox mechanism.

Small angle X-ray scattering (SAXS)

Small angle elastic X-ray scattering enables probing bulk
microstructural features in a range of 1-300 nm (e.g. micropo-
rosity and particle size), which provide signals at very low angles
(typically below 1°) when compared to diffraction. As in the case
of diffraction laboratory equipment is available, the benefits of
synchrotron radiation being that the higher flux enables much
faster experiments, which may be relevant to get a deeper
understanding of kinetic aspects. It also enables accessing
longer lengths, so that some Bragg peaks can be observed if the
sample is crystalline and hence complementary information
can be achieved (note that this is sometimes also termed WAXS,
Wide Angle X-ray Scattering to stress its contrast with SAXS).
This technique can be used to study the pore dynamics during
redox operation in low crystallinity electrode materials, such as
hard carbons. Yet, data treatment is not straightforward and
requires not only evaluation and subtraction of the cell
component contributions but also the use and validation of
reliable models and sophisticated data analysis.”® When SAXS-
WAXS combined experiments are carried out, two detectors are
used, one collecting the SAXS signal and the other the Bragg
diffraction (with a limited angular range and hence not suitable
for crystal structure determination). An additional issue is that
given the need to access large d spacing values, X-ray energies in
the medium range are most suitable (e.g. 10 keV), and hence
absorption from the sample can be a problem.

This technique has been useful in probing reaction mecha-
nisms both in materials which are already at the commerciali-
zation scale (or close to) for the Li-ion technology (e.g. silicon—
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graphite based composites as negative electrodes)** and also
in the mechanistic study of alternative chemistries such as the
Li-O, concept.*® In the former case, monitoring the silicon
particle active volume by SAXS concomitant with the stage
formation in graphite inferred from WAXS enabled the degree
of lithiation in each component (affected by the cycling rate) to
be independently followed, and also the assessment of the
effect of pre-lithiation. In the latter, the growth mechanism of
Li,O, upon oxygen reduction in weakly solvating electrolytes is
investigated, with results seemingly dismissing previous beliefs
about the formation of a passivating conformal Li,O, film
which would intrinsically limit the achievable electrochemical

capacity.

Absorption and emission based
spectroscopic techniques
Absorption spectroscopy

The application of XAS to materials science was for many years
overshadowed and underestimated when compared to X-ray
diffraction techniques. This was due to both XRD enabling
precise crystal structure determination and the lack of
extremely bright X-ray sources required to accurately determine
the X-ray absorption coefficient of a material as a function of
photon energy. Major advancements in the theory for extended
X-ray absorption fine structure (EXAFS) triggered the need for
dedicated storage rings that led to the construction of the first
synchrotrons during the decade of the 80's.%>>¢

A great advantage of XAS is that it is element specific and
probes short-range order, giving structural and chemical
information of not only crystalline samples but also amorphous
materials, liquids, gases, and complexes in solution, including
highly diluted systems. The X-ray absorption near-edge struc-
ture (XANES) range of the spectrum corresponds to the elec-
tronic configuration and it is sensitive to the oxidation state of
the element. Moreover, as the excitation energy is just sufficient
to allow the photo-ejected core electron to reach the continuum,
the photo-ejected electron wavelength is relatively large with
respect to the interatomic distances, and the global XANES
shape can be used as a fingerprint of chemical species. Instead,
the EXAFS region of the spectrum corresponds to photo-ejected
core-electrons of relatively high energy, with wavelengths
comparable to the interatomic distances. In this region, the
EXAFS oscillations can be modelled in the single scattering
approximation obtaining quantitative information on the
interatomic distances, kind and number of atoms surrounding
the absorber and their relative disorder. Typically, EXAFS
studies are performed at room temperature, for example as
a function of state-of-charge, to access information on the
charge compensation mechanism. Interesting complementary
information can be achieved by ex situ temperature dependent
EXAFS studies. Such measurements allow the local bond
strength and structural disorder to be quantitatively accessed,
both parameters affecting the final electrochemical properties.
In particular, the local bond strength depends on the absorber-
ligand orbital overlap, which affects the redox process. In this
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sense, it has been recently proposed that a larger degree of
overlap between the transition metal and oxygen electronic
states in Li-rich NMC increases the rigidity of the oxygen sub-
lattice upon lithium deintercalation and results in a more
reversible oxygen redox.”””® Following the evolution of the
EXAFS oscillations as a function of the temperature enables the
experimental elucidation of changes in the local structure
resulting from the redox process. Moreover, low temperature
EXAFS data allow the quantification of the static disorder,
which affects the diffusion coefficients of the intercalating ions.
For instance, both local static disorder and bond strength have
been found to influence capacity in Na,Co0O,.*®

Whenever possible, XAS spectra are recorded in trans-
mission to achieve a higher signal-to-noise ratio. This allows for
a fast scanning speed and is bulk sensitive, as the beam crosses
the full sample or cell. In contrast, fluorescence acquisition
mode shows typically lower signal-to-noise ratios and requires
slower scanning speeds. It is used to investigate non-X-ray
transparent samples or highly diluted systems.*® Alternatively or
complementarily, XAS measurements in total electron yield
(TEY) mode benefit from a high signal-to-noise ratio, fast
scanning speed and surface sensitivity. The fundamental prin-
ciples of the XAS method and progress of the instrumentation
as well as the data analysis of both XANES and EXAFS have been
covered in detail in several recent reviews such as ref. 61 and 62.

Hard X-ray. Hard X-ray XAS enables the monitoring of the
chemical and structural changes taking place during redox
processes. It has been extensively applied operando to the study
of battery materials since the early 90's with pioneering inves-
tigation of alkaline MnO, batteries®® and organosulfide poly-
meric electrodes for Li and K ion technologies.® One of the
main reasons why this technique has been so widely used in the
battery field is related to the fact that it is element specific and
the most common electrode materials contain first-row (3d)
transition metals as redox centres, with K-edge energies lying
between 4.5 and 10 keV which is of easy access. In addition, the
large penetration depths in the hard X-ray range allow the bulk
of the material to be probed and the measurements can be
made in transmission mode. Several studies have enabled the
unveiling of the charge compensation mechanism and local
structure evolutions taking place during electrochemical deli-
thiation and lithiation of layered oxides in general and in
materials containing more than one active redox element in
particular, such as NMCs. Early studies following the XANES of
the K-edge of Ni, Co and Mn in the operating voltage (up to ~4.6
V) enabled the conclusion that manganese remains as Mn*" and
that the charge compensation mechanism involves mainly the
oxidation of Ni*" to Ni** ions.*® The element specificity of XAS
enables pinpointing which of the potentially redox active
elements undergoes oxidation or reduction at each state of
charge and has enabled recently the understanding of the
underlying anionic redox process that governs the hysteresis
and kinetics of Li-rich electrode materials such as Li;,[-
Niy.15°7C00.15°"Mny 5,7]0,% and Li,Ru0;.” In addition to that,
EXAFS provides quantitative information on the local structure
around an absorber, enabling to directly access local strains and
vacancies and hence is an ideal complement to diffraction data.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Numerous examples of operando XAS studies on the electronic
and structural properties of active electrode materials can be
found in specific literature®>**”* and reviews.®>*>7*
Experimental advances and improvements of synchrotron
radiation sources lead to the development of Quick scanning
EXAFS (QEXAFS), which pushed the acquisition time of a single
spectrum in real-time from tens of minutes down to the sub-
second regime. It has become an ideal tool for operando inves-
tigations of the kinetics of electrochemical reactions in
batteries.”” The sub-second QEXAFS technique is based on
specialized X-ray monochromators, which enable rapid and
continuous energy scans by smoothly oscillating the mono-
chromator crystals.”®” The achievable temporal resolution is
limited by the mechanical stability of the monochromator, the
response times of the detectors, and the available photon flux.
QEXAFS has been employed to study nonequilibrium phase
transitions in LiNij 33Mn, 33C00 330, at high rates, enabling to
determine that the redox process on Ni ions occurs to a larger
extent at higher C rates, which is consistent with the benefits in
rate capability observed for high Ni content materials (Fig. 4a).”
XAS has also been used to investigate transition metal high-
entropy oxides (HEOs), a class of conversion-type electrode
materials studied for Li-ion batteries that integrate at least five
elements into a single phase to increase the configurational
entropy, which is expected to improve electrode reversibility
and cycle life. The reaction products of these HEOs are nano-
metric, defective and poorly crystalline and thus difficult to
probe via XRD. The complex charge storage mechanism of
spinel type (CrMnFeNiCu);0, HEOs has been unveiled by
operando quick XAS enabling to confirm that all five elements
contribute to the charge capacity to different extents at each
state of charge, the processes being in some cases non- or poorly
reversible, especially the reoxidation of Cu® to Cu®* (Fig. 4b).”
Soft and tender X-ray. Compared with hard X-ray, soft X-ray
absorption spectroscopy (sXAS)* is a more direct and efficient
experimental probe of the electronic states near the Fermi level.
SXAS is typically measured in TEY, accessing surface sensitivity
(a few nm). When the soft X-ray fluorescence yield (FY) is
simultaneously available, as in the harder X-ray regime, it allows
surface and bulk contributions to be discerned. However, the
short penetration depth of soft X-rays requires dedicated oper-
ando set-ups designed to operate in high vacuum environments.
Strategies to overcome the vacuum requirement are for instance
the use of cells with integrated X-ray transparent windows
(SizNy4, SiO,, Si or graphene) or making perforations on the
current collector, which enabled in situ measurements on NMCs
and LiFePO, electrode materials.** Another original approach
deserving mention is the intentional generation of a gas bubble
from the electrolyte inside a microfluidic electrochemical cell
with high intensity X-rays, which enabled the study of the solid
electrolyte interphase (SEI) on silicon electrodes in situ through
transmission soft XAS (Fig. 5).%* Last but not least, the devel-
opment of frequency modulated methods enabled decoupling
and measuring the tiny TEY current generated by the secondary
electrons at the electrode/electrolyte interface from the current
circulating  through the working electrode under

Chem. Sci., 2023, 14, 1641-1665 | 1647


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04397a

Open Access Article. Published on 12 grudnia 2022. Downloaded on 14.02.2026 00:00:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

a
( )A P x=0
3 5 15k—x=0.12
8 15 43" ——x=0.25
2 - x=0.37
2 £ x=0.50 -
50 § =2 Co
€ 8
- £ x=0.87
| 3
g 05 % 05
§ g
2 P s 30C
0.
8330 8340 8350 8360 00 7710 7720 7730 7740
Energy (eV) Energy (eV)
T =2 8346 al®
8 151 =025 Rt N
2 ‘e
7] S8 " .
5 1.0 ) o
= Baas g%
T 05 - ou” = NMC1C
E o T NMC 10C
2 30C N + NMC 30C
0.0 8342
6540 6550 6560 6570 00 02 0 4 06 [X:] 1.0
Energy (eV) xinLi Ni, Mn, Co O,
(b) High time-resolution information
L
L
[
m 4
£
o}
>

[Reaction?]
Specific capacity

6550 T 360 8990 9000 T
Pnolon enuqy Photon energy Photon energy

Fig. 4 Two examples of operando quick-scanning XAS: (a) XANES
results of LiNig33Mng33C00330, at Ni, Co, and Mn K-edges
throughout oxidation at a 30C rate. Ni K-edge energy shifts as
a function of nominal lithium content x in NMC during oxidation at
different rates (1C, 10C, and 30C). Reproduced from ref. 75 with
permission ©John Wiley&Sons. (b) Voltage vs. capacity profile for the
(CrMnFeNiCu)304 HEO electrode, and corresponding XAS spectra
which enable changes in the oxidation state/coordination for the
involved metal ions to be inferred as a function of the electrode state
of charge.”®

electrochemical cycling, providing a platform to investigate
solid/liquid interfaces by operando sXAS.****

The tender X-ray (TX) range, in which the K-edges of
several relevant elements used in batteries, such as Na, Mg,
Al, Si, and P, are located is unfortunately not commonly
accessible. Indeed, it is often too high for sXAS beamlines and
too low for most hard X-ray XAS beamlines. However, the
penetration depths are longer that those of soft X-rays, so that
conventional coin cells can be employed for operando
measurements provided that the window is thin and
composed of light elements, with Be, SizN, or Kapton being
the most commonly used. On the other hand, the attenuation
length is too low to measure in transmission mode and
therefore FY is preferred.
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Operando XAS on Li/S or Na/S batteries™***® has shed light
on sulfur speciation during the redox process and on the
mechanisms that govern dissolution and deposition processes
(Fig. 6). The different polyanionic species formed during cell
operation are easily distinguishable by linear combination fits
(LCFs) as their absorption edges. Spatially resolved XAS has
been used to differentiate between the intermediate species
present in the positive electrode and the separator of an oper-
ating Li/S cell during the first and second cycles®” and time-
resolved operando XAS experiments with sub-second time
resolution provided insights into the effect of the discharge rate
in the redox mechanism.®® Finally, it is also worth mentioning
that P K-edge XAS on LiFePO, electrodes could also be followed
via operando TX-XAS.*

In addition to the absorption techniques mentioned above
which are based on electronic transitions to unoccupied states,
X-ray emission spectroscopy (XES) is especially suited to probe
the occupied states, including the valence electrons. Probing
emission lines one can infer not only on the emitter's oxidation
and local spin state, but also on the ligand nature. Studies
combining XES and XAS revealed that Mn**/Mn** play an active
counterbalancing role during oxygen redox reactions in lithium-
and manganese-rich layered oxides.”® Operando XAS enables
also multi-technique approaches combining XANES and EXAFS
with sXAS, XES, and even other inelastic scattering techniques,
such as resonant inelastic X-ray scattering (RIXS) or X-ray
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Fig. 6 (a) Scheme of coin cells allowing measuring S K-edge oper-
ando in fluorescence mode. (b) Sulfur K-edge XANES evolution as
a function of the state of charge followed operando in Na/S batteries
and (c) selected spectra at various states during the first cycle with
positions for reference compounds highlighted by vertical dotted
lines. Reproduced from ref. 19, © John Wiley&Sons.

Raman scattering (XRS), the latter giving access to soft X-ray
absorption edges by exploiting hard X-rays, ie. with bulk
sensitivity.” Complementary studies involving sXAS and RIXS
were especially useful to probe light elements such as oxygen.
This enabled the correlation of the mechanism of generation of
0> and dimerization to form (0,)"” with the localization of
electrons-holes primarily on the oxygen atoms in Li; ,Nig 13-
Cog.13Mn, 5,0,. By investigating the local environment around
the transition metal ions using XANES it was evidenced that
Mn*" plays a specific role in trapping the holes on the oxygen
atoms that ultimately determine the fine balance between
oxygen loss and reversible oxygen redox in the operation of
these electrode materials.®®

Photoelectron spectroscopy

Photoelectron spectroscopy is a well-established technique for
surface analysis that has become widely applied for the deter-
mination of the chemical environment for the different
elements present in a sample. Although mostly indicated for
studying surfaces, its widespread availability at the laboratory
scale has resulted in its use to determine the redox state of
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transition metals, despite its lower reliability to probe the bulk
when compared to XAS in transmission mode.”* Among the
techniques considered in this perspective paper, this is the only
one based on the detection of electrons instead of photons. It
originates from the photoelectric effect, the emission of elec-
trons with kinetic energy Ey;, after irradiation of photons with
energy hv, according to the conservation of energy:

hv — Egn = Egy — Ejn=BE + @ 1)
where £ is the Planck constant, and Eg,, and Ej, are the final and
initial energy of the sample, whose difference for solids is
conventionally split at the Fermi energy into a Binding Energy
(BE) and a work function (®). The BE is an intrinsic property of
the electronic structure of the investigated compound, while the
work function is sensitive to its surface electric dipoles. The
number of electrons as a function of their kinetic energy
essentially reproduces the shape of the density of electronic
states (DOS). It is important to stress that binding energy shifts
in XPS may be not only of chemical, but also of electrostatic
origin,*> when a dipole exists between an atom and the sample
ground. Thus, for the correct interpretation of shifts when non-
electron conducting layers are involved (such as electrolytes in
operando experiments), the cell configuration must be taken
into account.”

Since the right part of eqn (1) is determined by the material,
the actual Ey;, range is controlled by the chosen Ar photon
energy. While electrons interact with any atom following
a universal curve,’*** the penetration depth of X-rays strongly
depends on the elements they interact with, in particular when
they are specifically absorbed to excite transitions. Nonetheless,
the electron inelastic free mean path tends to be much shorter
than the penetration depth of X-rays of the same energy (1 nm at
500 eV and 10 nm at 10 keV). Even in gaseous phases, the free
path is short, and therefore for sufficient electron collection
either ultra-high vacuum (UHV) or short paths at higher pres-
sure are necessary. The availability at synchrotrons of hard X-ray
photoelectron  spectroscopy (HAXPES) has significantly
expanded the sampling depth, overcoming some of the impor-
tant limitations of lab-scale XPS. In fact, the high surface
sensitivity makes challenging even ex situ characterization.
Surfaces are easily affected by interaction with the atmosphere
and adsorbates or reacted surface layers need to be removed
after introducing the sample in a vacuum by either heating or
gas sputtering with an ion gun. Even when applied carefully,
such methods will hardly leave an exact representation of
a fresh surface of the electrode material that may be of interest.
For the same risk of altering composition and redox states,
caution must be used in depth profiling studies assisted by
sputtering.®® The non-destructive depth profiling offered by
varying the photon energy with a synchrotron source is partic-
ularly attractive, as the electrode surface is often the subject of
interest (investigation of passivation and SEI layers, which may
exhibit a complex composite gel-like structure). In these cases,
manipulation may still largely affect surfaces, and ensuring
representativity is not straightforward. To exclude the impact of
environmental contamination, the integration of chambers
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enabling to perform electrochemical experiments and handle
samples directly connected to the analyzer chamber has been
proposed.” However, introducing surfaces wet with
complex organic/inorganic mixtures directly into a vacuum pos-
es a problem to the SEI integrity. Near ambient pressure
photoelectron spectroscopy (NAPP) has mitigated this problem. By
differential pumping, it is possible to keep a higher pressure
close to the sample surface, so that fast drying is avoided, and
the liquid electrolyte can be measured during hours simulta-
neously to the solid electrode.”® Other approaches for SEI
analysis have addressed the formation of electrochemical
interfaces by in situ (UHV) step-by-step deposition of solid
electrolytes on top of electrode materials, which allows the
study of dipole formations by following the shifts of the char-
acteristic peaks of the substrate and electrolyte.” Operando XPS
experiments would eliminate the effects of variable ambient
contamination, but are more difficult to envisage. To observe
effects comparable to the application of a bias, the charging
produced by irradiation of an electron gun has been exploited to
generate a so-called “virtual electrode”*® and explore interac-
tions between metallic lithium and sulfide solid electrolytes.
The most straightforward option for truly operando photo-
emission measurements is using solid state cells. One early
example was based on a Na B”-alumina plate to study the elec-
tronic effects of Na intercalation on a top layer of in situ
prepared TiS,." More recent work studied the reactivity to
oxygen of RGO deposited onto a solid glass-ceramic NASICON-
type electrolyte in an ambient pressure XPS chamber. The
resulting solid-state Li/O, battery positive electrode demon-
strated the intrinsic instability of most carbon defects to the
oxygen radicals.'” Some operando studies with laboratory XPS
could reveal chemical and electrochemical degradation at the
interface between the two components of the electrode and
sulfide solid electrolyte.*®*% The method is based on the
observation of an electrode fabricated as a composite between
the electrode active material and the solid electrolyte, so that
both components and their interface are observed simulta-
neously. However, with the availability of HAXPES, it is now
possible to study full solid state batteries. With a 10 nm Al
collector on top of a 35 nm LiCoO, layer, the P 1s signal of the
garnet solid state electrolyte beneath the positive electrode
could be observed, in addition to the signal of the remaining
elements Al, Li, Co, and 0. With liquid electrolytes, the
feasibility of cells containing ionic liquids has been demon-
strated in UHV.' Instead, the use of more conventional organic
or aqueous electrolytes is still limited, although technical
advances have been possible with the introduction of graphene
windows for the observation of liquids'® and the availability of
liquid flow cells supporting graphene or SizN, windows that
with a typical thickness of 25-50 nm can be crossed by electrons
emitted from harder X-rays.'” Such experiments are becoming
frequent especially in catalysis."*® Another approach for liquid
electrolytes, requiring NAPP, is the “meniscus XPS” or “dip and
pull” method."™ It consists in pulling the electrode out of the
electrolyte so that it forms a nm-thick layer. These configura-
tions are depicted in Fig. 7. Examples of experiments involving
liquid electrolytes are still scarce, mainly because of the limited
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availability of beamlines capable of HAXPES and near ambient
conditions. One example is the HIPPIE beamline at the MAX IV
laboratory that is designed for in situ and operando NAPP
experiments at the solid-liquid (dip-and-pull setup) interfaces
under full electrochemical control."*>'** In addition, the radi-
olysis problems, discussed in the imaging section, represent
a major challenge.'* As for other spectroscopic methods, the
imaging mode has also been demonstrated operando, enabling
for instance differentiation of lithium extraction rates from
different facets of 10 pm LiCoO, single particles, suggesting
that the electrode rate capability can be improved by controlling
the crystal habit."**

Most of these studies are facilitated by tender and hard X-
rays with higher penetration depths (several tens of nm),
enabling operando experiments under more realistic conditions
in terms of electrodes and electrolytes. On the other end, the use
of soft X rays, even if increasing the surface sensitivity, allows
much higher sensitivity to the lightest elements, including
lithium, whose photoionization cross section is weak with
laboratory radiation.

Infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy is based on the
absorption of infrared light by the molecules present in the
sample of interest. It is a non-destructive technique (photon
energy < 1 eV) and particularly useful for non-crystalline organic
compounds for which absorption occurs when the frequency of
the incident IR light coincides with the vibrational frequency of
a bond. Infrared spectra can thus constitute a fingerprint for
some of the components of electrolytes, the SEI and organic
electrode materials. Operando measurements would therefore
enable the investigation of not only the evolution of the cation
solvation structure in the electrolyte”'*®* but also the redox
mechanisms and/or degradation processes for organic elec-
trodes.™ Unfortunately, the study of the formation of the SEI
and related passivation layers is limited by the fact that they are
commonly very thin (between 5 and a few tens of nm) and
consist of compounds containing functional groups similar to
those present in the electrolyte they originate from, which is
present inside the cell.

Despite that fact, coupling synchrotron radiation with FTIR
microspectroscopy (SR-uFTIR) has great potential to study
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operando battery materials, as the synchrotron infrared source
is 100-1000 times brighter than a conventional thermal (e.g.
Globar) sources.”” Moreover, its high brightness (i.e. flux
density) allows smaller regions (3-10 pm) to be probed in
microscopy using different operation modes like transmission
or reflection, suitable for operando battery analysis with an
acceptable signal-to-noise ratio."*

In addition to the brightness advantage, the synchrotron
source has other unique features. For example, the broad band
of the synchrotron light enables FTIR spectroscopy to exploit
the full infrared spectrum expanding from the far- to near-
infrared regions of the electromagnetic spectrum. This is
essential for determining the physical properties of solid-state
components, to study surface science, as well as for the char-
acterization of the chemical composition.'*

Other advantages over the conventional thermal sources are
a pulsed time structure and a high degree of polarization, which
facilitate the combination of different techniques in a multimodal
approach, especially when varying photon energies or frequencies
are required. In this context, combining X-ray scattering, X-ray
fluorescence (XRF) and X-ray absorption (XAS) with infrared
microspectroscopic analysis on the same sample is of interest for
a wide range of the materials research community. For instance,
synchrotron infrared nanospectroscopy (SINS) combining
synchrotron IR spectroscopy with scattering scanning near-field
optical microscopy (s-SNOM) enables ultrabroadband infrared
spectroscopy with nanometer spatial resolution beyond the Abbe
limit (25 nm spatial resolution)® and was used to investigate,
in situ, the chemical composition of non-aqueous metal-air
electrodes.” For the sake of comparison, SR-uFTIR, with tens of
micrometers field of view, allows a larger scale analysis area, while
SINS enables estimating the chemical homogeneity at the
nanodomain scale.

Despite the above-mentioned advantages, to the best of our
knowledge there is currently no report on operando battery
WFTIR measurement using synchrotron radiation. This can be
rationalized considering the significant challenges associated
with the development of a suitable electrochemical cell. Indeed,
in situ/operando experiments using the attenuated total reflec-
tance ATR-FTIR technique require the presence of an IR crystal
of high refractive index (i.e. Ge, ZnSe, and diamond) and an IR
transparent window (Fig. 8). The latter should be thin enough to
allow for the required frequency range of the incident light to
reach the sample and be reflected back to the detector. In
addition to that, the presence of a thin layer of the electrolyte in
the optical pathway can also represent a great challenge in

ATR operando cell
Metal anode
Electrolyte
Separator
Cathode
Si wafer window

Fig. 8 Schematic representation of the ATR-IR pouch cell on a Ge
ATR crystal. Reproduced from ref. 119.
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terms of data treatment as the signal related to the electrolyte
could mask the one originating from the system to be
investigated.

Another important parameter to account for in ATR-FTIR
measurement mode is the probing depth (d},), typically ranging
between a few hundreds of nm and 10-15 pm.**®

dy = ’ @)

- -2
271t/ n 2 sin” 6 — ny?

with (1) the wavelength of the light, () the angle of inci-
dence, and (n,) and (n,) the refraction indices of the IR trans-
parent window and the probed medium, respectively (Fig. 7).
Therefore, a higher penetration depth can be achieved using
a low refractive index transparent window and measuring in the
low frequency region. However, most of the signal is associated
with the small fraction of the electrode/electrolyte (<ca. 15 pm)
portion in direct contact with the transparent window. In order
to minimize the contribution from the bulk electrolyte, FTIR
difference spectra can be obtained by subtracting the initial
spectrum before the start of the electrochemical characteriza-
tion from each of the obtained IR spectra during cell
operation."*’

Most operando IR battery measurements were performed
using (ATR-FTIR) spectroscopy coupled to conventional thermal
sources in the mid-IR spectral range where high (spatial and
temporal) resolutions are not required for which SR should not
provide significant improvement in terms of data quality or
spectral resolution. Overall, the main advantage of SR over
conventional in-house sources is thus expected to be mostly
related to far-FTIR spectroscopy and FTIR microspectroscopy,
which is yet a challenging approach.

Far-IR spectroscopy (terahertz region) is a robust tool to
probe many of the fundamental spectral features of the inor-
ganic materials used in batteries since they exhibit a consider-
able number of rotational modes and characteristic vibrations
in the low-wavenumber region of the IR spectrum. Yet,
synchrotron far-IR spectroscopy operando or ex situ studies on
battery materials have not been reported to date.

Most of the reported ATR-FTIR in situ/operando studies on
battery materials focus on single point measurements (around
100 pm of diameter) obtained through co-added scans FTIR
spectra during cell operation. This approach can however be
misguiding as it is complicated to know if the point sampled is
representative of the entire electrode. Therefore, it is necessary
to perform multiple/raster scan measurements to verify the
chemical composition along the electrodes and the data
collected can be used to visualize chemical differences across
the sample.” Each pixel in a FTIR image is a complete infrared
spectrum and hence by generating a sequence of FTIR images, it
is conceivable to track variations in both space and time. Since
the IR intensity of conventional sources is normally weak at
high spatial resolutions (3-10 pm), especially when used in
reflection (surface characterization), it requires a relatively long
time (several minutes) to produce spectra with an acceptable
signal-to-noise ratio at each measurement point and raster
scanning experiments can be quite time consuming. The use of
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synchrotron-based FTIR imaging is thus a very promising
alternative allowing hundreds of measurements to be rapidly
performed over a large area of the electrodes with improved
spatial resolution and serves as well to detect heterogeneities.

Imaging techniques

Most spectroscopic techniques offer the possibility to imple-
ment space resolution by recording a position-dependent signal
that can be used to map the sample. This is even more true with
synchrotron techniques where the beam can be typically
focused in a micrometric-sized spot, thus accessing a scale
which can be relevant for materials in the battery field. As
partially mentioned in the other sections, it is possible to map
samples with XRD,**** XPS,"** X-ray fluorescence (XRF)"® or
infrared, usually with resolution in the micrometer range. In
this section, the most widespread techniques will be discussed,
mostly related to the classical radiography, which bases its
contrast on the variable absorption of a physical object in the
space. These X-ray imaging techniques allow for the visualiza-
tion of battery materials and components by accessing
morphological and structural information down to the nano-
meter scale. X-ray radiography is indeed widely used in batteries
to non-destructively investigate failure in commercial cylin-
drical and pouch cells. Deviations from the regular cell layer
geometry, such as those caused by gas evolution, are readily
visualized and therefore X-ray systems have become a conven-
tional method for industrial battery inspection and quality
control. If the images can be taken at several different orienta-
tions of the sample relative to the X-ray beam, it is possible
to reconstruct the 3D structure via specific tomographic
algorithms. The use of synchrotron radiation not only allows
operando experiments to be performed as a result of decreasing
radiographic 3D acquisition time, but can also greatly improve
contrast on equal acquisition times, which for instance help in
the visualization of the electrolyte. Also, by tuning energy it is
possible to combine imaging with spectroscopy, enabling
chemical characterization with spatial resolution and therefore
draw correlations between the sample morphology and
composition.

A classification of synchrotron imaging techniques

Advanced imaging methods using synchrotron radiation are
often classified into two broad groups: real space (lens-limited)
and lens-less methods. To the first group belong full field
Transmission X-ray Microscopy (abbreviated simply as TXM)
and Scanning Transmission X-ray Microscopy (STXM); the
second includes projection microscopy and coherent scattering
techniques, mainly ptychography. These four experimental
setups are depicted in Fig. 9a-d.

As schematized in Fig. 9a and b, for full-field and scanning
modes the spatial resolution is limited by the lens numerical
aperture (NA), i.e. the angular acceptance of the lens, to several
X-ray wavelengths. In both cases, a spatial resolution down to 10
nm was demonstrated.””®** In TXM (Fig. 9a), the sample is
placed in the middle of two lenses, the condenser lens before

1652 | Chem. Sci., 2023, 14, 1641-1665

View Article Online

Perspective

CCD detector

. central stop

Objectivelens:
FresnelZone Plate

osA Sample
f ' i Photodiode detector

Focusing lens:
FresnelZonePlate X-ray Fluorescence
with beamstop detector

Condenserlens: Glass capillary

Fresnel region Far Field

Radiography Near Field
s i ]

v
D<d’/A D= d?/A
d Scattered waves

osA Sample at each spot

D=0 D>d’/A

al bl

O — F3.
"1’

Single Photon counting
Pixel detectorscattered interference pattern
at each spotonthe sample

o]

s )
Focusing lens: —
FresnelZone Plate X-ray Fluorescence Overlapping spots

With beamstop detector on the sample

Fig. 9 Schematic representation of the four discussed techniques.*?”
(a) TXM, (b) STXM, (c) projection microscopy and (d) ptychography. In
(a), (b) and (d) the numerical aperture (NA), i.e. the maximum angle at
which the imaging system is able to collect photons from the sample is
reported as a light red angle. The bigger is the NA, the larger will be the
maximum collectable spatial frequency, and the smaller will be the
spatial resolution in the image. In (c) the different imaging regimes in
projection microscopy are given as a function of the ‘defocusing
distance’ D = z1 x z2/(z1 + z2). Distances are not to scale.

the sample and the objective lens after the sample. The objec-
tive is the one that practically limits not only the spatial reso-
lution but also the depth of focus of the imaging system."*'3*
TXM is also compatible with Zernicke-type X-ray phase
contrast.**> Phase contrast effects are intensity modulations due
to the interference of beams caused by phase shifts that are
induced by the interaction with a heterogeneous sample. In
general, phase contrast techniques are particularly valuable
when absorption is weak, as in the case of hard X-rays interac-
tion with low absorbing (low Z) elements. In a STXM (Fig. 9b),
a lens is placed before the sample, providing a well-focalized
beam at the sample plane. The sample is then raster-scanned in
the focalized beam, and the spot size will define the lateral
resolution of the system.'***** TXM is typically better in terms of
the data acquisition speed with respect to STXM, which facili-
tates dynamic operando studies. The STXM setup is compatible
with the acquisition of different types of signals (e.g., trans-
mission, fluorescence, diffraction, TEY, etc.) which can be
recorded simultaneously at each sample position. Among them,
fluorescence detection results in elemental and chemical anal-
ysis with the best sensitivity and it is therefore often used as
a complementary technique to simultaneous STXM."** Another
advantage of STXM is that since there are no lenses placed after
the sample all the photons that reach it contribute to the image
formation. This minimizes the necessary total dose delivered to
the sample to achieve an acceptable signal-to-noise ratio and
contrast, but not the resulting dose per unit time, which has to
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be always taken into account in the STXM scheme to consider
possible beam damage of the sample.”® In projection micros-
copy (Fig. 9¢), the image of the sample on the detector is ob-
tained without the use of any lens, with the simplest
experimental setup often also scaled down from the synchro-
tron to laboratory sources. In the particular case in which the
detector is placed just after the sample, the setup is identical to
standard radiography and the spatial resolution is directly
determined by the detector pixel size. If instead the distance
between the sample and the detector is large enough, the beam
divergence can produce some magnification, and more
importantly, also phase contrast effects.’” Among all the
possible lens-less phase contrast techniques, the direct
propagation-based phase contrast is the simplest experimental
setup.”® The corresponding spatial resolution will depend on
the used geometry**® and typically spans from several microns
down to the sub-microns scale. For intermediate propagation
distances (‘Fresnel region’ regime in Fig. 9c), the technique is
usually called holography,”” whereas if the propagation
distance is big enough (‘far field’ regime in Fig. 9c¢), widening
the detected area well beyond the cone of beam illumination
enables the so called ‘coherent scattering imaging’.”*® In both
cases, information on the sample structure and morphology can
be deduced from the intensity distribution recorded on the
detector via a ‘phase retrieval’ numerical reconstruction algo-
rithm. Ptychography is the most frequent implementation of
the coherent scattering- or diffraction-based imaging methods.
In this case (see Fig. 8d), the object is illuminated by a coherent
X-ray beam much smaller than the object size to image and the
corresponding scattering pattern is recorded. Either the illu-
mination or the sample is then shifted to a position with some
overlap with the previous spot and the diffraction pattern
recorded again. This process is repeated until the area of
interest has been completely scanned. Because of the redun-
dancy of information due to overlapping, phase retrieval algo-
rithms converge quickly on a robust solution for both the object
and the incident X-ray field. In this case, it is the detector
geometry which limits the NA of the system, allowing for spatial
resolutions down to a few nm (ref. 138) at the cost of the
acquisition time. Interestingly, the ptychography setup is
similar to the one used for STXM and both techniques may be
implemented on the same instrument.’* The four techniques
summarized in Fig. 9 can be used with either hard or soft X-rays
and all allow tomographic 3D reconstructions if the cell can be
rotated in an angular range big enough to collect enough
information.™® When spatial resolutions below 100 nm are
obtained in 3D by tomography, it is usual to refer to it as nano-
tomography or, when it is implemented with the phase contrast
approach, as phase-contrast nano-tomography.

Hard vs. soft X-rays

As mentioned before, the main factor determining the design of
the experimental setups for operando experiments is the radia-
tion penetration depth. In addition, for hard X-rays tomo-
graphic reconstruction in projection modality, the ideal cell
allows the full sample inside the detector field of view (typically
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of the order of millimetres) without shadowing the sample at
any angle, in such a way to have a full image of the system for
full 180° rotation. In this sense, the best design is probably
a cylindrical cell.*** For a typical hard X-ray experiment,
a regular electrode in a coin cell can be measured without the
need for vacuum and hence the vast majority of the experiments
reported in the literature use hard X-rays. In the presence of
Fresnel Zone Plate (ZP) lenses typically used in TXM objectives
and STXMs, the focal length is proportional to the energy and
hence much bigger lens-to-sample distances are possible for
hard X-rays when compared to soft X-rays, to the point that for
high spatial resolution ZPs (<15 nm), the distance to the sample
is not practically viable. Also, the small penetration depth in the
soft X-ray energy region requires miniaturization of the cell,
which is not compatible with a cylindrical cell geometry
increasing the technical difficulty. Despite these disadvantages,
the strong absorption of soft X-rays induces a lower detection
threshold, which enables access to chemical composition even
in individual active particles. As already mentioned in the
spectroscopy section, soft X-rays also allow accessing specific
absorption edges, such as the K edges of Li, B, C, N, O and F
(practically the only option to directly probe the chemical
environment of these elements) and the L and M edges for
several transition metals which can provide complementary
information to the K lines, as they are much more sensitive to
the oxidation states.'*?

Hard X-ray tomography and spectro-microscopy

In the first operando synchrotron TXM study on a battery in
2010, the microstructural changes of Sn particles used as
negative electrodes for Li-ion batteries were investigated.
During electrochemical alloying with lithium, expansion and
crack formation were revealed while recrystallization and
partial contraction upon dealloying were observed particularly
affecting the largest particles.*** The first chemical mapping at
<30 nm resolution was shown by energy dependent 2D images
across the Cu K-edge on CuO particles,** which although not of
conventional use in batteries also show the typical conversion
mechanism found in several negative electrodes. These reac-
tions typically introduce large disorder in the material and XAS
is most suited to investigate local changes. The microscopy
study revealed the evolution of the material even after stopping
current and faster volume changes occurring in smaller parti-
cles, confirming a particle size-dependent mechanism.
Remarkably, in addition to the morphology, the bulk compo-
sition of particles of up to 10 pm allows localizing with precision
the electrochemically active regions and their response to
external bias, with reduction starting from the surface of
particles.

Operando 3D tomography was first exploited with a cell that
could be rotated 180°, on rather large SnO particles (10-30 pm)
with a 2 pm resolution.'® In this case, an entire electrode, 16
mm diameter and 50 pm thick, was sampled, and typical crack
evolution at the particle level was identified. In addition,
different lithiation degrees in different electrode regions were
inferred from the attenuation coefficient of absorption. First
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a Sn + Li,O composite was detected which was followed by an
increase in Li-rich Li-Sn alloys, which are progressively less
radiation absorbing because of the increased Li content.
Absorption microtomography has become quite well estab-
lished for operando studies in batteries, particularly for elec-
trode materials containing heavy elements such as Sn and Ge,
which provide the best contrast. Phase-contrast techniques are
instead preferable for electrodes based on lighter elements. A
3D representation is particularly valuable in systems where the
inherent reaction is a deposition process, such as the case of Li/
S batteries, where degradation mechanisms can be sensitive to
the morphological evolution of the deposits. The combination
of absorption and phase contrast can be useful to discriminate
different phases as shown in Fig. 10b. The sulfur particles,
initially encapsulated by the binder to retain polysulfides, are
progressively found distributed in the carbon electrode, while
empty binder shells are left (Fig. 10d), which shows the failure
of the encapsulation approach to prevent polysulfide dissolu-
tion.™® 3D tomographic studies for this same battery technology
have also revealed the coarsening of S particles in real carbon
electrodes and depletion close to the separator'*’
binder domains and electrolyte-filled bulk pores.***
Si electrodes have been widely studied by phase-contrast
tomography. Particle cracking, electrode volume, porosity
evolution, and gas formation in the pores can be now quantified
with a voxel size of 50 nm."® These studies have been also
combined with SXRD in the thickness of an electrode to track
the presence of Li;sSiy, which induces undesired volume
expansion and strains/cracks in the electrode.'* Attempts have

resolving

Fig. 10 (a) 3D reconstruction of a pristine sulfur electrode showing
non-woven carbon paper (NWC, dark grey) and Carbon-Binder
Domains (CBD, light grey) coating the sulfur particles (yellow), with
CBD partially removed to show sulfur; (b) comparison of absorption
and phase contrast slices from the 3D segmentation; (c) combination
of absorption and phase contrast segmentation (colours as in (a),
except for sulfur, here in white). The star marks the same particle in the
three images; (d) absorption X-ray image of the electrode after 2
cycles showing empty CBD shells (1) and white sulfur particles. In
contact with the pore space (2) or with the conducting network (3).
Reproduced from ref. 146.
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involved even metal-air batteries, where alkali oxides are
particularly lightweight and with low absorption contrast with
respect to carbon electrodes.**®

Several operando studies have been reported for flow
batteries, exploiting the difference in contrast between air and
the electrolyte. The flow battery performance critically depends
on the actual electrochemically active surface area and the
electrolyte wetting of the carbon felt electrodes. Synchrotron X-
ray tomography allowed the study of the effect of electrode
compression on the electrolyte wetting of porous carbon elec-
trodes.” The flow distribution inside electrodes of different
geometry was instead inferred by studying the flooding mech-
anism of the cell by the electrolyte at different flow speeds.'**

These few examples illustrate that standard micro-
tomography is useful to detect phenomena such as particle
fragmentation or detachment enabling comprehensive sample
statistics of geometric parameters. However, the picture may
not be complete if resolution is not submicrometric, as the
mechanical properties of smaller particles may significantly
deviate from those of larger ones. Techniques able to attain nm
resolution such as X-ray phase contrast nano-tomography seem
a better compromise for submicrometric scale studies enabling
statistics over several thousands of particle aggregates of a few
um, which can be considered representative of commercial
battery electrodes. The detail of information makes possible
sophisticated and precise parametrization of the particle
geometry and arrangement, so that the particle architecture and
electrode mesostructure can be optimized for electrochemical
performance in a better way than with standard micro-
tomography.'** However, in practice operando nanotomography
has revealed quite challenging,'*® mainly because of the small
sampled volume, often below 50 um in size, in comparison to
the several hundred micrometers or mm typical for micro-
tomography. This requires extremely precise cell assembly and
alignment of the electrodes with cuts delimiting the studied
region. However, their position can still be easily affected by
expansion/contraction phenomena taking place during cell
operation. Besides, even if employing high energy radiation that
is weakly absorbed and generally considered non-invasive, the
high intensity of the focused beam can cause interactions in the
form of heating, binder disconnections, bubbles, and devia-
tions from identical electrodes measured ex situ.'>

Taking tomography images at different energies across an
absorption edge in situ (i.e. pausing the electrical current during
measurements) is considered to produce a so-called “5D” data
set. Through a marker-less tomographic technique that
simplifies sample preparation and automatizes alignment, 5D
acquisition has been demonstrated by Wang et al'™* on
a LiFePO, electrode (Fig. 11) using a cell fitted inside a quartz
capillary, to allow complete rotation. Characterization relied on
a full-field hard X-ray TXM at the Fe K-edge deconvoluting
spectra as combinations of LiFePO, and FePO, references with
results indicating a biphasic mechanism with the absence of
intermediate phases. Remarkably, this was only unambiguously
inferred from 3D images, as 2D projection maps showed arte-
facts that might have been misinterpreted as intermediate
phases present.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 lllustration of a 5D Fe K-edge XANES tomography. (a) Sche-

matic of the experimental setup. A tomography data set is collected at
different energies across the near Fe K-edge absorption to access
chemical information for each voxel. By fitting the resulting spectra as
a linear combination of spectra of end-phases, phase composition can
be assigned to each voxel (right side). (b) Chemical phase distribution
as a function of capacity (proportional to time). Reproduced from
ref. 154.

Soft X-ray tomography and spectro-microscopy

Because of their small penetration depth, the experimental
requirements for soft X-rays are similar to those needed when
electrons are detected. This makes the technical developments
for TEM in the past decade also useful with soft X-rays: open
cells (using ionic liquids, Li,O-coated Li or other solid state
electrolytes), sealed miniaturized liquid cells,”* and solid state
cells.

Miniaturized liquid cells allowing operando TEM have been
developed in the past decade.’* Also several commercial
systems are available, and their use with soft X-rays has been
proposed (see for instance ref. 157). Typical cells adapted for
soft X-rays operando imaging with liquid electrolytes consist of
a flat transparent region, from a few hundreds of nanometres to
=1 pum in thickness, confined between two ultrathin silicon
nitride windows (typically <100 nm) and coupled with a micro-
fluidic system with potential biasing’****® (see Fig. 12 for
a scheme). In the case of STXM in fluorescence mode, trans-
mission is not required and hence the cell geometry can be
simplified, with just one transparent window, and no sub-
micrometric sample thickness.’® The construction of these
miniaturized cells is in general significantly more challenging
and expensive than the cells used in hard X-ray microscopy.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Schematics of an electrochemical cell for operando TEM. The
electrodes (WE: working; RE: reference; CE: counter) are connected to
an external potentiostat.

Their representativity with respect to commercial batteries is
hence limited and must be considered as setups for model
experiments. Indeed, the thicknesses of the electrodes and
electrolyte are so reduced that even the electrochemical
processes may be affected. Although finite element calculations
have shown that at the typical extremely low currents used the
concentration and potential gradients in the electrolyte are
negligible,"*® the presence of flow and turbulences, the discrete
deposited particles, and their contact with the current collector
may all affect these miniaturized cells to a larger extent than
macroscopic ones. There is certainly a need for understanding
the details of the electrochemistry on such configurations,
which might also be relevant for microbatteries. Also the
radiochemistry of the irradiation at different soft X-ray energies
on the most typical battery chemistries need an assessment.
Indeed, a rich radical chemistry has been shown for electron
irradiation on organic electrolytes of interest for lithium
batteries.'® Complex radical cascades are induced by solvated
electrons, involving solvent molecules and particularly salt
anions. As a result, beam-induced electrochemistry can be
observed, even in the absence of cell bias, sometimes prevent-
ing a reliable operando observation of electrode processes. For
this reason, commercial TEM operando goniometers offer flow
options for the electrolyte in a liquid cell, so that at least in situ
observation can be interleaved with electrochemical operation,
washing away the products of irradiation before electrochem-
istry is resumed. With X-ray radiation, although also signifi-
cantly ionizing, a comparatively less dramatic radiolysis is
expected, but this needs systematic assessment.

In spite of these constraints, some remarkable results have
been achieved also with soft X-ray microscopy. The high spatial
resolution was exploited in a detailed soft X-ray STXM study on
30 LiFePO, particles of realistic size. It demonstrated slow and
fast domains, and a different evolution upon oxidation and
reduction.”® The biphasic behaviour was found to turn to
a solid solution at a high rate with heterogeneities increasing/
decreasing during delithiation and relithiation respectively. The
observation of these phenomena provided key details in the
understanding of the redox mechanism of this material, widely
used in commercial batteries. Interestingly, a follow up study by
soft X-ray ptychography®’ enabled insights into the particle
morphology (Fig. 13A-C) and chemical speciation thanks to the
better spatial resolution (=7 nm, still 4.3 x the X-ray wavelength
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Fig. 13 Comparison between conventional STXM (A and B) and pty-
chographic (C and D) spectromicroscopy images of Li,FePO,4 micro-
platelets. The average optical density (A and C) and the chemical
composition map (B and D) where the two chemical components
(LiFePO4 and FePOy,) are presented in green and red, respectively
(scale baris 1 um; reconstructed pixel size 5 nm). (E) Point spectra from
the dots marked in (B) by conventional STXM (dashed lines) and pty-
chographic modes (dotted lines with circles). Reference spectra from
pure materials (LiFePO,4, green solid line; FePOy, red solid line) are also
shown for comparison. The conventional STXM spectra show distor-
tions that flatten the sharpest peaks, corresponding to energies where
the difference in absorption between phases is maximum. The
different attenuation overweighs the more abundant phase and
instead the ptychographic spectra more closely match the pure
references. Reproduced from ref. 157.

but 7x better than the STXM approach). Although qualitative
agreement between the obtained chemical maps (Fig. 13D and
E) is evident, the ptychographic one depicts nanoscale chemical
phase features inside the particles, which are not visible with
conventional STXM.

As a result of the cell setups being more straightforward
when using solid electrolytes, the 3D morphological and
chemical evolution of solid state batteries using X-ray tomog-
raphy operando is quite established. Electrochemically driven
phase changes, formation of cracks, contact loss and formation
of interphases that increase electrode-electrolyte interface
resistances have been visualized. For instance, the void forma-
tion at the interface between lithium and the Li;,SnP,S;, solid
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electrolyte was identified by X-ray tomography as the primary
cell failure cause.'® The chemomechanical interactions
between the FeS, conversion electrode material and a Li;P5S;
solid electrolyte were also studied by operando synchrotron X-
ray nanotomography, which in this case enabled the detection
of the loss of contact and build-up of metallic Fe which penal-
ized Li diffusion, mitigated with a specially designed 3D elec-
trode microstructure.*®

Discussion and outlook

Battery research in general and in particular understanding the
phenomena taking place not only at the electrodes but also at
interfaces and interphases requires characterization techniques
across multiple length scales which enable deconvolution of bulk
and surface processes.” This is relevant for both mature technol-
ogies (such as Li-ion) for which the current focus is on optimizing
the figures of merit in terms of not only electrochemical perfor-
mance but also cycle life, and also for the development of new
technologies. As shown in the different sections, in situ or operando
synchrotron X-ray techniques have played a key role in the
continuous progress in battery science, thanks to their capability
to provide accurate information on the oxidation state of the redox
active element, local and average structure, and morphological
information under relevant conditions. Operando characterization
is indeed crucial for the understanding of redox mechanisms and
dynamic processes, and thus synchrotron based techniques are
especially valuable due to their high temporal and spatial resolu-
tion. The possibility of changing photon energy brings about
intrinsic advantages while at the same time adding complexity to
the picture: soft X-rays, which are more surface and light-element
sensitive, require a high vacuum and hence experimental setups
less representative of realistic systems.

All the above-mentioned techniques probe complementary
aspects, while at the same time presenting different technical
advantages and disadvantages, which have resulted in different
maturity levels. To access which phases are composing the elec-
trode materials and how they are evolving as a function of cycling,
XRD, PDF and XAS are exploited. They probe the averaged and
local structures with XRD accessing only crystalline phases and
PDF and EXAFS needing a well-defined model for quantification,
where different correlated parameters can bias interpretation.
Microscopy may instead provide this information more imme-
diately in a qualitative way but at a local scale, while FTIR and soft
X-ray XAS provide precious information on the organic
compounds at either the electrodes, electrolytes or interphases,
which are typically not accessible by XRD, hard X-ray XAS, or PDF.
XAS and XES can be exploited to assess charge compensation
mechanisms being naturally complementary as they probe
unoccupied and occupied electronic levels, respectively. Yet,
since the spectral features depend on the electronic properties,
site symmetry, and nature of bonding with surrounding ligands,
their interpretation is not straightforward unless different edges
are probed and/or different techniques are coupled.

One of the crucial aspects to assess is the improvement of
cell design to be able to carry out operando experiments in
setups which are representative of real battery operation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Indeed, while real pouch or even stainless steel casing coin or
cylindrical cells can be used under very specific conditions,
customized cells are the norm. Even if practical parameters
such as the electrode formulation or the electrode/electrolyte
amount ratio mimic realistic systems as much as possible,
geometrical constrains may induce changes in the electric field
lines which can have an influence on the electrochemical
performance and hence also some impact on the phenomena
investigated. As mentioned above, the complexity of the
processes taking place during battery operation calls for the
development of multi-modal characterization, ie. the use of
more than one technique in the same experiment (not neces-
sarily both being synchrotron based), is a clear path to follow
which enable achieving a more holistic understanding of the
mechanisms involved. Ideally, it should involve the use of the
same optimized cell setup and either correlative or even
simultaneous standardized workflows, minimizing beam-
induced effects, while at the same time adjusting the spectral
response to the required time scale to follow cell dynamics. The
development of an “ideal” cell representative of real batteries
and suitable for any multimodal approach does not seem real-
istic, especially considering that the portfolio of techniques
used is rapidly expanding, each of them coming with their own
technical/geometrical requirements. However, as mentioned in
the section devoted to electrochemical cells and setup require-
ments, progress in cell design has been outstanding in recent
years, with some designs available (some being commercial-
ized) that can already be used for a wide variety of techniques.

All operando synchrotron experiments are expected to allow
non-invasive and non-destructive probing of materials under
real conditions and hence enable even the detection of meta-
stable intermediate species. However, ensuring that the beam
has no effect on the investigated material is challenging. On one
hand, exposure to high energy radiation can induce beam-
induced effects and control experiments are mandatory to
assess the reliability of data interpretation. If the beam induces
some sort of irreversible damage (e.g. on the binder/carbon
matrix),'** they will be more easily identified. Yet, effects can be
more subtle and disappear when irradiation is stopped, which
can make its detection more difficult, especially if new battery
chemistries are investigated'®® for which no standard compo-
nents exist. These aspects become specially challenging for XAS
and in particular for proper EXAFS measurements, as these
require in general a relatively long exposition time at energies
where intense absorption is present. Interaction with the beam
is complex and can involve the emission of photoelectrons,
Auger electron cascades, radiolysis phenomena, radical forma-
tion, electrolyte decomposition and gas bubble generation.>'**
Therefore, acquisition conditions need to be carefully opti-
mized in each experiment to minimize beam induced effects.
Typical strategies'®® consist in defocusing the beam, reducing
the local exposure time, performing stroboscopic measure-
ments where acquisition is alternated with rest times, average
measurements at different positions and attenuating the beam
intensity. It will be critical to study and control all these
phenomena in view of the ongoing shift to 4th generation
synchrotron sources and free-electron lasers, which offer orders
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of magnitude higher photon intensities. These may open the
possibility to greatly reduce exposure times but radiation
damage induced by dose rate may still be a limiting factor. For
such reasons we expect that when spectromicroscopy and
tomography are used in the same experiment, it will remain
practically unlikely to achieve true operando conditions due to
the actual exposure times required. It will rather be preferable
to stop the reaction and deal with in situ experiments, which
generally do not imply the loss of reliability. For instance,
comparable conclusions were drawn from ex situ soft X-ray TXM
measurements'” and TEM operando'® studies on Na/O,
batteries, which can be considered a mutual validation for both
techniques on this specific system. Overall, as in other research
fields, common sense and a judicious choice of the method-
ology should prevail to make the most efficient use of available
resources while maximizing scientific progress.

Another overriding and growing concern related to operando
characterization is the huge amount of data produced, and the
difficulties of their subsequent analysis. Different automated
data treatment protocols have been recently developed such as
the Pearson correlation coefficient, enabling to detect subtle
changes in the materials present during high-throughput
operando diffraction experiments,'*'’® while also allowing to
take decisions during data collection thanks to its mathemat-
ical simplicity. Other more mathematically complex methods,
such as non-negative matrix factorization, have been developed
to assist in elucidating the phases present/appearing in
microscopy images or operando series.'’“'”> However, auto-
mated analysis able to obtain more physical information is only
starting, e.g. following the profile changes of specific graphite
diffraction peaks to infer the succession of stages formed
during the redox process.'””® The need to perform Rietveld
refinements on a large number of successive XRD patterns has
been addressed developing specific software enabling either
automated fitting of single diffractograms (that can be
expanded in a relatively simple way)'”* or more complete tools
specifically designed for sequential refinement of operando
patterns.””® The complexity and instrument specificity of the
data harvested using other techniques (and even also diffrac-
tion) clearly call for further developments in this area, with
progress in big data and artificial intelligence being a clear
asset. Besides data analysis, the automation of multi-technique
data acquisition using standardized workflows would bring in
a paradigm shift in operando characterization, especially if
standardized cells could also be designed.?

Given the recent evolution achieved in these areas, acceler-
ated progress is expected in the years to come which will
certainly improve our ability to understand battery mechanisms
at an atomic level and hence develop new chemistries while at
the same time getting the most out of the already commer-
cialized concepts.
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