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Abstract

The present review analyses the recent literature on the combined use of X-ray microscopy (XRM) and
atomic force microscopy (AFM) for the multiscale characterization of Li* (or Li) batteries (LiBs) with the
aim of developing guidelines for their correlative analysis. The usefulness of XRM resides in the capability
of affording non invasively in situ images of the inner parts of a LiB (an encapsulated device) with spatial
resolution of dozens of nm during LiB operation. XRM is non destructive and affords the early diagnosis of
LiBs degradation causes when these manifest themselves as microdeformations. The multiscale
characterization of LiBs also requires AFM for visualizing the morphological/physical alterations of LiB
components (anodes, cathodes, electrolyte) at the sub-nanometer level. Different to XRM, AFM necessitates
of a modification of LiB working configuration since AFM uses a contacting probe whereas XRM exploits
radiation-matter interactions and does not require the dissection of a LiB. A description of the working
principles of the two techniques is provided to evidence which technical aspects have to be considered for
achieving a meaningful correlative analysis of LiBs. In delineating new perspectives for the analysis of LiBs
we will consider additional complementary techniques. Among various AFM-based techniques particular

emphasis is given to electrochemical AFM (EC-AFM).
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Introduction

LiBs are presently very diffused in the market especially as energy suppliers for consumers electronics and
their commercialization is expected to grow in the immediate future considering the ulterior applicative
ambits of electric vehicles [1] and energy storage systems.[2] LiBs then represent a very mature technology
with solid perspectives of a further (not to say unavoidable) expansion in the next few years.[3,4] Given the
widespread and extended use of LiBs at the global level the generic issues LiBs research poses are the quest
of increased efficaciousness and durability,[5] the feasibility of LiBs recyclability/re-use (in economic and
sustainability terms),[6-9] the diminution of costs,[10] the sustainability of large-scale production [11,12]
and safety.[13,14] LiBs are characterized by having high energy densities and efficiencies, lack of memory
effects, long life cycle and high-power densities.[15] This combination of properties allows LiBs to be
smaller and lighter with respect to other rechargeable batteries, rendering LiBs suitable as a well-established
solution for a wide range of applications like electronics, electric vehicles and mobile electronics among
others [16,17]. In the coming years, the characteristics of LiBs are expected to be improved for the execution
of better performances and for a major reliability when operating under extreme conditions of temperature,
pressure, and rate over long lifetimes.[18] In this highly competitive research ambit LiBs aspects with
dimensionality ranging from macro- to nano-scale such as assembly, porosity, tortuosity, solid-electrolyte
interphase (SEI) growth and dendrites formation need to be studied more comprehensively and, more
importantly, correlated.[19] All these parameters and phenomena should be adequately analysed and
associated with the other features that overall dictate battery’s reliability and long-term safety.[20] Moreover,
macro-, micro- and nano-structural and electrochemical changes of LiBs should be studied before, during
and after aging cycles in order to understand the reaction mechanisms underlying the various physical and
chemical processes that control LiBs operation.[21]

In the following a review of the recent literature on the use of atomic force microscopy/microscope (AFM)
and X-ray microscopy/microscope (XRM) for the multiscale characterization of LiBs will be presented. An
introductory description of these techniques is also given. A conclusive section on the correlative analysis

based on the results achieved with the various microscopy techniques here reported will be attempted.

Multiscale characterization of LiBs

1. LiBs analysis with AFM

1.1 Introduction to AFM
Different to microscopy techniques, where the image of the sample is obtained from the interaction between
an incident electromagnetic beam with the matter, in scanning probe microscopy (SPM) a sharp tip is

brought into close proximity with the surface of the sample.



The tip is then used to scan the surface and a physical parameter reflecting the tip-sample interaction is
monitored. The magnitude of this parameter depends on the actual tip-sample separation distance and its
variation on the surface is used to reconstruct the sample morphology. The actual physical parameter which
is used identifies the different SPM techniques. In scanning tunneling microscopy (STM), a static voltage is
applied between the conductive tip and the conductive sample while the parameter monitored during the
surface scan is the tunneling current [22]. The most widespread SPM technique is AFM [23], in which short
range repulsive (coulombic) or attractive (van der Waals) tip-sample interaction forces are monitored. Most
commonly, the sample surface is reconstructed by monitoring the deflection of a microfabricated cantilever,
at the end of which the tip is located. A laser beam is focused on the back of the cantilever in correspondence
of the point of anchoring of the tip. The laser beam is than reflected and its displacement (coherent with the
tip-cantilever movements) is recorded by a position-sensing four-segment photodetector. Different operation
modes have been developed: i) in contact mode the tip is in contact with the sample surface during the whole
scan experiencing coulombic repulsive force; ii) in semicontact mode the cantilever oscillates and the tip is
in contact with the sample surface for a fraction of the oscillation period; iii) in non contact mode the tip
never touches the surface interacting with it via van der Walls forces. As a result, in AFM the sample surface
can be routinely reconstructed with nanometer lateral resolution and sub-nanometer vertical resolution. This

allows also the visualization of crystalline lattices with atomic resolution.

1.2 Morphological characterization of LiBs components

The different modalities allow AFM to image a broad range of typologies of samples, obviously including
materials for LiB which have been characterized both in air, in situ (literally “on-site”), and in operando (i.e.
during operation), in particular in the so-called electrochemical AFM (EC-AFM) as discussed in the next
section. For example, topographical imaging allowed to reveal nanoscale irreversible changes in the surface
of LiMn,0, cathode films after different charge/discharge cycles. These observations could be related to the
ageing of the material [24]. Topographical analysis has been used to investigate the effect of repeated
charge/discharge cycles on LiCoO, cathode films. Such a study revealed progressive surface modifications
that could be quantified in terms of grain size and surface roughness [25]. Moreover, by varying the intensity
of the tip-sample interaction, the AFM tip can be used to modify the sample surface and to monitor the effect
of such nanomanipulation by the subsequent imaging of the area. As an example, the morphological analysis
has been used to measure the thickness of the SEI formed on highly oriented pyrolytic graphite (HOPG)
electrode through the scanning of the surface in AFM contact mode. This procedure allows the scratching of
the SEI layer and, consequently, creates a step with the uncovering of the underlying HOPG electrode [26].

In AFM the nanometer sized tip can be located with nanometer accuracy also in the lateral position with
respect to sample orientation. Such a feature allows the detection of ultralow interaction forces with the
sample surface. Moreover, AFM constitutes a versatile platform for the development of different techniques
that characterize simultaneously physical/chemical properties (e.g. mechanical, electric and magnetic

properties among others), and afford the morphological reconstruction of the sample. This adaptive aspect of
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AFM is particularly relevant since it allows the highly resolved mapping of a given property. Some of these
methodologies have been employed, also in a synergistic way, in the study of LiBs materials. Such studies
aimed at correlating the nanometer scale physical properties with the macroscopic ones and with LiBs
performances. Different AFM-based techniques have been also used to combine morphological, structural,
and mechanical properties with local electric properties like conductivity, surface potential, or work function.
As an example, Yang et al. [27] analyzed the dependence of morphological, mechanical, and electric
properties of lithium-rich thin films for cathode materials upon cyclic exchange of Li-ion. Also, Wu et al.
[25] combined the analysis of morphology, mechanical properties with the analysis of LiCoO, surface
potential. In particular, the variation of morphological, mechanical and surface potential properties of
LiCoO, films during charge/discharge cycles was related with the macroscopic parameter of electrical

capacity.

1.3 Evaluation of mechanical properties

The type of variations of the mechanical properties of LiBs electrodes during charge/discharge cycles affect
the performances of LiBs and determine the ageing of the electrode materials. While standard
nanoindentation allows the characterization of elastic modulus with micron-scale lateral resolution, AFM-
based methods enable the measurement of the same parameter with nanometer lateral resolution.
Moreoveor, AFM maps the elastic module on the surface affording simultaneously the topographical
reconstruction of the surface itself. When the AFM tip is used as an indenter, force spectroscopy can be
performed: this technique enables the simultaneous evaluation of indentation modulus and the hardness of
relatively compliant materials [28]. In order to overcome the calibration issues due to the uncertainty in the
shape and dimension of the tip [29], colloidal probes can be employed. These probes are obtained by gluing
spherical microparticles with known radius at the end of tip-free AFM cantilevers. Nguyen et al. [30] used
AFM-based nanoindentation with colloidal probes employing Au spherical particles with radius of 7-9 um.
This expedient afforded the characterization of the elastic modulus of different polymer binders — e.g.
polyacrylic acid (PAA), polyacrylonitrile (PAN), polyvinyl alcohol (PVA), carboxymethyl cellulose (CMC),
and polyvinylidene fluoride (PVDF) — in use in LiBs. Despite the improved accuracy in the measurement of
elastic modulus, AFM nanoindentation with colloidal probes does not afford simultaneously a high
resolution mapping of mechanical properties and surface morphological characterization. To circumvent the
limitations of the use of a colloidal tip the amplitude modulation-frequency modulation (AM-FM) technique
is adopted. AM-FM is a dual frequency intermittent contact technique in which the first resonant mode of
the cantilever is excited to acquire the morphology in tapping mode while the second resonant mode is used
to map the local tip-sample contact stiffness. With AF-FM, after proper calibration of the tip, a highly
resolved map of the indentation modulus can be obtained [31]. AM-FM in air and at room conditions has
been used to study the evolution of nanoscale mechanical properties of LiMn,O, cathode films. The study
revealed the loss of homogeneity and the overall diminution of the elastic modulus after different cycles.

This was related to the concomitant loss of capacity and was ascribed to decrease in the Li concentration
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[24]. Analogous results were obtained on Li-rich and LiCoO, film cathodes, where cycling resulted in the
reduction of the elastic modulus [25,27]. Zeng et al. [32] monitored the changes in the morphology and in
the stiffness of nanoparticles of Li-rich layered oxide cathode materials as a function of the applied bias
voltage, which led to the fracture of the nanoparticle. Also, AM-FM was successfully used to study
diamond-like carbon (DLC) - ZnS double layer thin-film anodes [33]. It was observed an improved cycling
stability with respect to that of pure ZnS thin-film anode.

PeakForce Tapping™ is another intermittent contact AFM technique where the surface is scanned by
exciting the cantilever at low frequency, well below its first resonance, while the maximum cantilever
deflection is maintained constant. The latter condition corresponds to the maximum force exerted on the
surface (this is also indicated as peak force). Based on this approach , PeakForce Quantitative
Nanomechanical Mapping (PF-QNM) allows the acquisition and the real time analysis of force-distance
curves. PF-QNM enables the simultaneous quantitative mapping of topography, local values of the elastic
modulus, tip-sample adhesion force, and the energy dissipated during each interaction cycle [34]. Being
effective on relatively compliant materials, Huang et al. [26] used PF-QNM to investigate the morphological
and mechanical properties of SEI formed on HOPG electrodes in various electrolytes, while Zhang et al. [35]
used PF-QNM to investigate SEI formed on graphite anodes in presence of vinylene carbonate (VC) and
fluoroethylene carbonate (FEC) used as additives. In the latter case it was observed the formation of thinner,
stiffer, and more stable SEI layers with the consequent improvement of batteries performances. Also, PF-
QNM has been used to assess the stability upon cycling of Li-S cathodes in presence of PVDF and CMC
used as binders [36].

The so-called Nanoswing is an AFM based nanomechanical characterization technique which is based on the
simultaneous imaging of the topography and acquisition and analysis of the torsional oscillation signal of the
cantilever.[37,38] Nanoswing has been employed in the investigation of LiMn,O, and LiMnPQ, in form of
nancrystalline powders to assess the differences in their mechanical and adhesive properties. In particular,
Nanoswing revealed the higher chemical and structural stability of LiMnPO, with respect to LiMn,O, .
Therefore, LiMnPO,is expected to represent a more attractive cathode material for long life LiBs [39].

In the conclusion of this session, it has been amply demonstrated that several AFM-based techniques can be
successfully used for the accurate characterization of the mechanical properties of LiB materials with
nanometer lateral resolution. This aspect is fundamental for the development of more stable devices during
charge/discharge cycles. Nevertheless, the selection of a specific technique must take into due consideration
the range of elastic modulus of the materials to be characterized. Indeed, the application of indentation based
techniques, like AFM nanoindentation or PF-QNM, is generally limited to relatively soft materials, while
contact resonance frequencies based techniques, like AM-FM, can be used on a broader range of materials. A
second issue is represented by the depth down to which a material has to be analyzed. This is a particularly
crucial aspect for layered materials. Such a capability varies dramatically for the various AFM-based

techniques [40].



1.4 Evaluation of electric properties

1.4.1 Conductivity

The possibility of realizing conductive AFM tips, e.g. through the deposition of a metallic coating, allows the
application of a voltage between the tip and the sample. As a response to the electrical potential stimulus the
system tip-sample will be traversed by a measurable electrical current the extent of which will depend on the
local conductivity properties of the sample as well as on the tip-sample spacing. In this context AFM can
afford the mapping of the conductivity variations on sample surface through the employment of the
conductive AFM (C-AFM) version. Yang et al. [24] used C-AFM to investigate the reduction of
conductivity due to the nonconductive SEI layer on LiMn,0O, cathode films. C-AFM allowed the mapping of
the nanoscale conductivity of lithium-rich thin film cathodes and determined a diminution in conductivity for
these cathodes with charge/discharge cycles. At the macroscopic level this finding was correlated to the
observed decay of capacity [27]. Moreover, the variations of nanoscale conductivity have been also
associated to reaction, diffusion, and accumulation of Li* ions in the cathode materials [32]. Nagpure et al.
[41] reported a decrease in local conductivity for LiFePO, cathodes and ascribed this observation to both
physical and chemical changes at the surface. These changes mostly consisted in the coarsening of the
nanoparticles constituting the film and the formation of nanocrystalline deposits on the surface. Upon cyclic
variation of the bias voltage between tip and sample, the current-voltage curves showed hysteresis. The latter
phenomenon in Li-rich cathodic materials has been related to local concentration and mobility of Li in the
probed volume of material [42]. Due to the simultaneous morphological and electric mapping at the high
spatial resolution provided by C-AFM, Chen et al. [43] investigated the conductivity and the Li de-
intercalation on different facets of LiCoO, crystals. The work showed two different evolutions of
conductivity and assessed the capability of the different crystal facets to reduce the internal resistance of
batteries.

PeakForce TUNA™ mode is an intermittent contact C-AFM technique which was combined with elastic
modulus measurements. Such an experimental set-up was employed for the study of the stability of Li-S
cathodes prepared with PVDF and CMC as binders. The analysis evidenced the better performances of
batteries prepared with PVDF binder with respect to CMC in terms of lower reduction of conductivity upon
cycling [36].

1.4.2 Surface potential

Among the different electric properties that can be investigated at the nanometer scale with AFM based
techniques, surface potential and work function are undoubtedly the most important ones for the
characterization of LiB materials. In Kelvin probe force microscopy (KPFM), an oscillating voltage is
applied between the conductive AFM tip and the sample resulting in a mechanical oscillation of the
cantilever which depends on the static tip-sample bias. The cantilever oscillation can be nullified by varying

the dc bias thus determining the local value of surface potential. The latter parameter can be eventually used
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to evaluate and map the work function of the sample [44]. KPFM has been used to map the surface potential
distribution on different cathode materials, e.g., LiCoO, [25] or LiFePO, [45], in order to assess its variation
after charge/discharge cycles. Chen et al. [43] used KPFM to measure the work function on different facets
of LiCoO, crystals, which corresponded to two preferred crystallographic orientations. The observed
differences were attributed to the mechanism of formation of the cathode/electrolyte interphase. KPFM was
recently employed also for characterizing the variation of surface potential between different polymer
electrolytes, i.e., polyethylene oxide and poly[bis-2-(2-methoxyethoxy)-ethoxyphosphazene], and different
ionic-electronic ceramic particles [46]. Moreover, KPFM has been used to characterize the cross section of
solid state LiB and to image the internal distribution of electric potential [47]. The study evidenced the
depletion of Li ions with high lateral resolution and, at the same time, highlighted the importance of the

evaluation of structural parameters at both micrometer and nanometer scale in composites electrodes.

2. Electrochemical Atomic Force Microscopy (EC-AFM) for LiBs analysis

2.1 Generalities of EC-AFM

The field of EC-AFM involves all those cases in which an atomic force microscope is employed for the
topographic investigation of the surface of a constituent of an electrochemical cell.[48-54] EC-AFM
represents a SPM technique [55,56] since it is based on the combination of an AFM and an electrochemical
function generator as basic units of the experimental set-up (Figure 1a).[48,54] In the ambit of EC-AFM the
electrochemical cell is opportunely assembled around the scanning probe of the AFM head (Figure 1b) in
order to accomplish in an optimized way the desired electrochemical reaction while probe scans the electrode
surface in a close contact mode.[54] The immediately recognized merit of EC-AFM consists in the
possibility of realizing in situ the high-resolution topographic investigation of the electrode surface when this
is immersed in an electrolytic solution while the electrode is under galvanostatic, potentiostatic or
potentiodynamic control.[56] Such a possibility allows operators to correlate the electrode activity with
surface topography [55] provided that the scanning probe head with its volume does not interfere critically
with the transport dynamics of the electrochemical reaction.[54] In fact, one of the major difficulties EC-
AFM experimentalists have to deal with is the attenuation of the undesired systematic effect of AFM head
tampering: this consists in the impediment of the flow of the electrochemical/charge compensating reactants
towards or from the electrode surface due to the unavoidable presence of the AFM head holding the

scanning probe.
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Figure 1. (a): Scheme of the experimental set-up adopted for the realization of EC-AFM experiments. From
ref. 48. (b): Sketch of an example of AFM head combined with a three-electrode electrochemical cell. From
ref. 54.

EC-AFM has been succesfully employed in the study of LiBs [57] for the in situ topographical
characterization of a battery electrode in contact with a liquid electrolyte.[58-62] Incidentally: a major future
challenge EC-AFM will have to face is its employment in the in situ study of LiBs with all solid-state
configuration.[63,64] Such a cell configuration is characterized by having hardly accessibile interfaces for
which instrumental adaptations will be necessary. The extension of the use of EC-AFM on all-solid-state
systems serves to complement the information given by the synchrotron radiation-based techniques[65-74]

the latter being nowadays the most sophisticated approach apt to investigate all solid-state LiBs.

8



Synchrotron-based techniques provide information on local structure, chemical and phase composition in
form of map images thanks to the high brilliance of the X-ray radiation (vide infra) [65-74]. Besides the
investigation of the properties already discussed in the previous section, AFM has proven to be a powerful
tool to get an insight into the working mechanism of LiBs monitoring, for example, the electrodes
consumption and the development of SEI (vide infra). This is possible by means of in situ AFM and EC-
AFM, which operate in fluid electrolyte using the scanned surface as electrode. The cell is completed by
inserting a suitable counter electrode (Figure 1). Basically, in this way a full electrochemical cell is obtained
within the AFM sample holder and the tip scans the electrode surface in operando conditions. This affords
the monitoring of what is actually occurring at the surface during charge/discharge cycles. In order to get
information on LiBs in operando, it is necessary to guarantee inert atmosphere for the high reactivity of LiBs
components in ambient conditions (vide infra). This can be circumvented by putting the AFM set-up in a
glove box filled with Ar or N,. In the following sections we will describe the main results achieved by means

of in situ EC-AFM when anodes and cathodes of LiBs were analyzed.

2.2 EC-AFM for the analysis of LiBs anodes

In the ambit of LiBs research in situ EC-AFM studies have been prevalently dedicated to the analysis of the
process of SEI formation onto graphite,[35,75] lithium [76-78], silicon,[79-83] graphene [84] and HOPG
anodes.[26,85,86] SEl is a passivating film which forms at the interface between anode and electrolyte. As a
matter of fact, SEI plays a crucial role for safety and long lasting of batteries since it causes an irreversible
loss of capacity offset by a general improvement of electrode stability over the cycles. Being nowadays
graphite the benchmark for anodes in commercially available LiBs, the vast majority of studies has been
performed on HOPG surfaces as scanned sample. The observation of morphological changes in HOPG
during cyclic voltammetry at slow scan rate highlighted the formation of hill- and blister-like structures at
potential values that depended on the composition of the electrolyte. The origin of these protuberations was
attributed to the intercalation and decomposition of solvated lithium ions. The formation of SEI takes place
in different steps as a function of the negative electrode potential [87]. As expected, the main morphology
changes of the electrode were observed at the beginning of each experiment with verification of the partial
dissolution/redeposition of the surface layer up to the five first cycles thus confirming that SEI formation is
overall irreversible [88].

In addition to lithium-based reactions, at very negative potential solvent decomposition can also occur. This
fact highlights the importance of the chemical nature of the electrolyte for the capacity of the battery. The
reduction of solvent molecules facilitates the electrode consumption. This can be a consequence of the
formation of gaseous species or in case of the presence of fissures in the pristine surface. [89,90] Moreover,
the solvent can undergo co-intercalation as part of the solvation shell surrounding lithium cations. AFM
images of HOPG basal plane surface before and after the first voltammetry cycle showed that solvent co-

intercalation takes place more extensively in case of the mixture ethylene carbonate (EC)/diethyl carbonate



(DEC) in comparison to EC/dimethyl carbonate (DMC) or pure EC. These observations suggested that the
nature of the linear alkyl chains played a role in co-intercalation phenomena [91].

Besides the analysis of the morphological changes, in situ EC-AFM was exploited to study the behavior of
different HOPG planes, thus contributing in the elucidation of the mechanism of SEI formation[92]. When
coupled with cyclic voltammetry continuous in situ AFM imaging evidences that during the first cycle the
thickness of the edge plane increases faster than that of the basal plane. On going from the first to the
successive cycles the increase of the thickness of the basal plane becomes larger than that of the edge plane.
Even though the resulting film is not homogeneous, this observation suggested that the edge plane is covered
by a passivating film in the first cycle more effectively than the basal plane. It was concluded that the edge
plane participates more actively to the decomposition reaction of the electrolyte.

More recently, the combination of EC-AFM with different techniques, either home-made or home-
assembled, opened new perspectives in evaluating simultaneously the different properties of SEI. As an
example, EC-AFM with multiple operation modes allowed to quantitatively evaluate thickness and
mechanical properties of SEI, confirming the polymeric nature of the interphase.[93]

In operando EC-AFM demonstrated that SEI is much thicker and softer at edge sites with respect to the one
formed on the basal plane after the correlation of the modulus mapping with the morphology imaging of SEI
during formation.[35] By adding vinylene carbonate (\VC) and fluoroethylene carbonate (FEC) an enhanced
SEI layer (thinner and stronger) was formed. This type of SEI improved the overall battery performance
when the layer developed at both edge and basal areas of the graphite. Moreover, in the same study the
influence of the starting material used as electrode has been demonstrated showing that the model HOPG
substrate show significantly different behavior with respect to the graphite particles used for anodic
industrial production. The effect of the starting material properties on the SEI formation has been confirmed
by Luchkin and co-workers,[94] who used in situ AFM to observe SEI nucleation and growth on various
substrates [HOPG, MesoCarbon MicroBeads (MCMB) graphite, non-graphitizable amorphous carbon (hard
carbon)]. Under the same experimental conditions, each type of anode showed a characteristic potential
value for SEI formation (about 0.8 V for HOPG edge sites, 0.5 V for HOPG basal plane sites, 0.8-0.9 V for
MCMB graphite, ca. 0.4 V with the preliminary weakly bound deposit at about 1 V for hard carbon). The
SEI layers on MCMB and hard carbon were thicker and stronger than the SEI on HOPG being the SEI rich
in polymer products on the basal plane of HOPG. On the other hand, the SEI formed on a highly porous
substrate is scarcely prone to delamination given its tendency to penetrate into the superficial porous.

The combination of EC-AFM and SECM allows the attainment of both topographic and surface
electrochemical properties for SEI. Ventosa and co-workers used a glassy carbon electrode as model system
for a graphite electrode LiB [95]. They monitored the formation of the SEI by means of in situ AFM during
the first electrochemical reduction. In a subsequent step, AFM was employed in the high-force contact mode
to remove a defined area of 50 pm x 50 um of SEI film. Besides the analysis of the scratched area, the
sample was studied with SECM in the feedback mode. The latter allowed the monitoring of the changes in

the conductive and redox properties as a function of the presence/partial removal of the SEI. It is known
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that SEI properties can be influenced by the presence of additives in the electrolyte [96]: EC-AFM and
multiple in situ AFM showed that SEI top layer on HOPG formed in EC consisted mainly of alkyl carbonate-
based scattered islands. In the presence of fluoroethylene carbonate (FEC) SEI top layer is LiF-based and
results thicker and more densely packed in comparison to the one formed with EC. The SEI formed in FEC
environment enhanced the stability and cyclability of the anode. For the development of LiBs nowadays
aqueous electrolytes are also considered although relatively few studies have been conducted on these
systems. In a recently published paper, [76] in situ AFM images showed the morphological evolution of
SEl in the presence of 21 M lithium bis(trifluoromethane sulfonyl) imide aqueous electrolyte. In addition to
this, the combined use of EC-AFM and ex situ (i.e., “off-site”) X-ray photoelectron spectroscopy revealed
that the afore-mentioned aqueous electrolyte-based SEI is inhomogeneous, being the inner layer mainly
composed of Li,COj3; and outer layer mainly composed of LiF. This SEI, with a thickness of 4-6 nm, showed
a high Young’s modulus part of about 30 + 10 GPa, and a low Young’s modulus part of about 1-2 GPa. The
results indicated that SEI was made of both inorganic species (rigid) and organic species (more elastic).

By means of EC-AFM and EC-STM coupled with cyclic voltammetry it has been also demonstrated that the
early stages of anion intercalation are highly affected by a number of factors like surface faceting, step
erosion, terrace damages, and nanoprotrusions.[97,98] From these studied it emerged that AFM resulted
particularly sensitive in detecting the very early stage of intercalation. Once SEI is formed, the subsequent
process of intercalation/deintercalation of lithium cations within the graphite layers is basically reversible.
On the other hand, electrode surface is inevitably stressed and stretched especially on the edge planes of the
expansion. The knowledge of dimensional changes during intercalation of lithium cations is crucial for the
full understanding of the mechanism of anodic degradation. In situ EC-AFM can actually monitor the
changes in the morphology of the anode over the charge/discharge cycles, i.e. during subsequent
intercalation/deintercalation of lithium cations within the graphite layers. It is worth noting that the
passivating film formed in the first cycles is not totally homogeneous and compact. This is due to the
presence of lithium salts. Probing the surface at sub-nanometric scale with an AFM can be rewarding since it
monitors even a very slight, irreversible morphological change of graphite electrodes in liquid electrolyte as
a consequence of the continuous reactions of solutions species with lithiated graphite[99]. Such reactions
lead to a fade of battery capacity over the time. EC-AFM has been successfully exploited to monitor the
variation in graphene interlayer distance of a HOPG electrode during lithium intercalation and de-
intercalation[100]. The height of a HOPG step has been obtained from AFM images by calculating the
difference between the mean values of the heights measured on different locations on the steps for different
images at different potential. After the starting irreversible increase of layer spacing, over the cycles the

reversible swelling/shrinking of the electrode has been measured to be of about 17%.
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2.3 EC-AFM for the analysis of LiBs cathodes

Cathode materials for LiBs are usually metal oxides able to intercalate/deintercalated lithium ions within
their crystalline lattice without any significant disruption. In comparison to anodes, cathodes have been less
deeply studied via EC-AFM. As far as the cathodic materials of LiBs are concerned, the employment of in
situ EC-AFM has regarded mostly the topographic and mechanism investigation of the processes consisting
in the solid state transformations of LiMn,O4 [50,101] LiFePO,, [102,103] Li,S[104,105] and
LiNi,Mn,Co,..,O, (NMC)[106] during lithiation/delithiation cycles. A typical information of EC-AFM is
represented by the visualization of the Li deposit occurring on a graphite surface during galvanostatic
charging (Figure 2) [75] or the formation of a SEI layer during cyclic operation of a HOPG anode (Figures 3
and 4) [35,76]. Another example of the use of EC-AFM is represented by the visualization of the
morphological changes occurring in LiFePO, during charge/discharge cycles (Figure 5).[102] Nowadays
most commercial LiBs have a LiCoO, cathode. In 2007, Shao-Horn and co-workers [107] reported a detailed
study on surface and dimensional changes of individual Li,CoO, crystals during lithium de-intercalation by
mean of in situ and ex situ EC-AFM. They first noted that Li,CO3; impurities — already known from the
literature - are actually present not as a uniform layer but as discrete particles that tend to dissolve gradually
into the LiPFg-containing electrolyte. During deintercalation, upon observation along the ¢y axis, no surface
instability or structural instability could be detected. Moreover, the general morphology of Li,CoO, crystals
remained unvaried. Continuous AFM imaging revealed an excellent dimensional stability, with a change in
the step height of about +1.7% at the end of charge. Other cathodic materials studied by EC-AFM are
vanadium oxides [108] that are known for presenting different oxidation states for the vanadium centers. As
a consequence of that LiBs possessing cathodes of vanadium oxides can present high capacity. By means of
slow-scan cyclic voltammetry it has been demonstrated that it is possible to obtain faster kinetics of
intercalation for lithium ions into the layered V,0s cathodes when the supporting electrolyte is LiCIO, in
comparison to LiPFs. Electrolyte containing LiPFg, in turn, seem to induce capacity fading over cycles. This
empirical evidence has been explained at a microscopic level by means of in situ AFM: the nano-size
particles originating from LiPF4 solutions deposit onto the boundaries of the V,Os grains thus slowing down
the insertion of lithium ions into the layered matrix. Such a deposition induced a detrimental effect on the
overall electrochemical performance. On the other hand, the same study stated that no substantial
morphological changes at the cathode could be detected in presence of CIO, ions. Concerning the
intercalation/deintercalation mechanism and subsequent electrode changes, EC-AFM could monitor the
lateral extension and contraction of the vanadium oxide nanograins as well as the flattening of the oxide film
surface [109]. Upon intercalation, the oxide undergoes a transition from a to & phase, with a consequent
lateral extension of up to 15%. During deintercalation a lateral contraction of the oxide grains is observed.
However, the residual subsisting lateral extension of the grains indicates that the nanostructural surface
modifications are not fully reversible upon cycling. Such aging phenomenon, together with the modification
of oxide grains surface upon creation of new ridges and new surface steps, determines the consumption of

the electrode material over cycling. Very similar to what reported for vanadium oxide cathode, the LiFePO,
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film electrode obtained via radio frequency magnetron sputtering was investigated in aqueous environment
by in operando EC-AFM with the monitoring of the changes in grain area [102]. The size of the grains
decreased and increased respectively during charge and discharge, but such variations did not result totally
reversible.

Finally, EC-AFM was used by different research groups to characterize LiMn,O, [50,101]. Detailed
structural and electrochemical studies of LiMn,O, cathode in LiPFg electrolyte using in situ EC-AFM and
lateral force microscopy have been conducted to elucidate the surface reaction occurring during
charge/discharge cycles. The surface topological changes observed at the open-circuit voltage suggested that
the cathode material reacts as soon as it comes in contact with the electrolyte LiPFs when is dissolved in a
mixture of EC, DMC and DEC. Furthermore, when surface dynamics was monitored under various
charge/discharge conditions it was found that during cycling a variety of processes occurred: these involved
different dissolution/precipitation reactions of lithium and manganese compounds containing phosphorus
and fluorine [50]. In order to minimize the impact of such a complex ensemble of reactions, it was suggested
to modify the cathode by mean of a polymeric coating of poly(diallyldimethylammonium chloride) (PDDA)
[110]. As expected, this cathode material exhibited enhanced stability during charge/discharge cycles as well
as less capacity fading. In this context, EC-AFM proved again to be extremely useful since it showed only
minor changes in surface topography of the coated electrode with respect to the ones observed for the
pristine material. More recently, thanks to the development of an electrochemical high-speed AFM (EC-HS-
AFM) it has been possible to monitor dynamic morphological changes in the LiMn,O4 nanoparticles during
cyclic voltammetry measurements [111]. EC-HS-AFM represents an advanced tool with a sophisticated
design which couples technologies capable to detect small cantilever deflection with a dual scanner capable
of high-speed and wide-range imaging. In detail, the scanning of spinel nanostructured LiMn,O, (with an
average size of about 300 nm) evidenced a volume change rate of less than 10% during lithium cation
intercalation/deintercalation. Moreover, EC-HS-AFM with a collection speed up to 600 times faster than
conventional EC-AFM), revealed that some nanoparticles moved upward relative to the others when the
potential was scanned in the positive verse. The opposite movement was observed with the nanoparticles
moving downward back to their original state in the reverse scan with a maximum height of displacement of
about 55 nm. This phenomenon was ascribed to the intrinsic instability of the nanoparticles and revealed
possible interactions between the nanoparticles during the electrochemical reaction. A conventional EC-
AFM apparatus would not detect such phenomena. Apart from the information provided for the particular
case of LiMn,O, cathodes in LiBs, EC-HS-AFM is undoubtedly a technique of more general interest for the
monitoring of batteries in operando and for analyzing processes of fast charging or SEI formation at
interface.

Despite the advancements some critical aspects on the general use of EC-AFM still persist. In fact, as every
AFM-based technique, EC-AFM suffers of the fact that is informative of the changes occurring at the
surface/interfacial level of an electrodic sample but does not give any direct insight on the eventual

modifications occurring at the bulk level of the electrodic material during a redox process.[112] This might
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represent a limit in those cases where electrodes undergo solid-state electrochemical reactions and there is
the involvement of electrode bulk at high levels of intercalation (vide supra).[113,114] Moreover, due to the
high spatial resolution of the AFM technique the area spanned by AFM is usually confined within few
dozens of square micron.[112] Another limitation of EC-AFM is represented by the lack of chemical
information that can be simultaneously combined with the morphological, mechanical and electrochemical
information.[112] In the past, EC-AFM presented the problem of how to handle and transfer air-/water-
sensitive samples or cell components/materials.[112] Fortunately, newer versions of EC-AFM now include
the option of gas-tight chambers that are capable of hosting the AFM head and the electrochemical cell in
inert atmosphere [115]. Such instrumental solutions afford the necessary mechanical stability for recording
non noisy signals from the EC-AFM inside the chamber and eliminate all limitations associated with the

manipulation of reactive samples.

Height Sensor 4000 nm Height Sensor 400.0 nm Height Sensor 400.0 nm Height Sensor 4000 nm

Figure 2. Image of the height on a graphite surface undergoing lithium plating at different times of
galvanostatic deposition in EC/DMC mixture and LiPFg as supporting electrolyte. From ref. 75.
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Figure 3. In situ AFM images showing the onset of SEI formation onto HOPG electrode. From ref. 76.
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Figure 4. Representation of the SEI profile on the edge and basal planes of graphite substrate. In the inset the
scheme of the EC-AFM employing a graphite substrate as working electrode and a ring-shaped counter
electrode of Li is depicted. From ref. 35.
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Figure 5. AFM images of LiFePO, cathode undergoing a change of grain shape and size during charge-
discharge measurements conducted galvanostatically in aqueous electrolyte at 20 A cm™ of current density
(from ref. 102).

3. Use of XRM in LiBs research

3.1 Basic principles of XRM

X-ray microscopy (XRM) is a non-destructive characterization technique that can provide quantitative
information on chemical/phase composition, and offers the possibility for a multiscale and multimodal
2D/3D investigation of the sample [116] employing an experimental set-up composed of three main
elements: i) the source producing the X-ray beam; ii) the sample stage that ensures the mechanical stability
of the sample and allows its rotation/orientation during analysis; iii) the detector [a charge-coupled device
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(CCD) or a complementary metal-oxide semiconductor (CMOS)] which collects X-rays coming from the
object [117]. When X-rays pass through a sample they undergo a partial absorption with the diminution of
their intensity according to the Beer-Lambert law:

I(L) = Ioe‘foL p(x)dx {1}

where I(L) represents the transmitted X-ray beam intensity (in Watt), I, is the incident X-ray beam intensity
(in Watt) and u«(x) (in m™) is the attenuation coefficient value at a certain position x (in m) within an
heterogeneous material with length L (in m). Equation 1 reports an exponential decrease of X-ray beam
intensity with the traversed distance when the phenomenon of the absorption of a quasi-monochromatic X-

ray beam passing through a heterogeneous specimen has to be analysed (Figure 6).
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Figure 6. Attenuation of X-rays intensity in accordance to the exponential law of Beer-Lambert when the
beam traverses an heterogeneous sample (with total thickness L) constituted by n adjacent layers of
homogeneous material. X-rays attenuation within a homogenous layer is controlled by the attenuation
coefficient m; of the corresponding material and depends on layer thickness x; (left equation). For an object
composed of n different materials with attenuation coefficients s4 i 4, ... 1, the overall attenuation obeys
the principle of additivity (right equation). From ref. 117.

The transmitted X-rays reaching the detector are converted into visible light by a scintillator. The response of
the scintillator is successively imaged and magnified by a camera. This allows the attainment of a single
projection image of the sample [118]. The process is repeated iteratively upon change of specimen
orientation with respect to the direction of beam incidence. A set of projections is acquired and then used to

obtain a 3D reconstruction of the object when fed into a tomographic reconstruction algorithm. A detailed
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description of reconstruction algorithms can be found in refs. 119,120. The 2D/3D map refers to the
imaginary part of the refractive index of the specimen, i.e. the parameter sensing the changes in X-rays
amplitude when the beam passes through the sample. This technique is typically referred as absorption
contrast tomography. However, the irradiation with X-rays can lead to the determination of other measurable
guantities such as the real part of the complex refractive index of the materials, which is related with the
change in wavelength of the X-ray along its path through the samples with consequent occurrence of a phase
shift between X-rays. This phenomenon results in an interference pattern that is superimposed onto the
attenuation-based image. Bright and dark fringes appear at the interface of two different materials. This
procedure is known as phase contrast tomography, and it is particularly suitable for low density materials
which show a weak absorption [121].

X-ray characterizations can be also run using synchrotron facilities [65-74]: synchrotron radiation offers high
brilliance, excellent directionality and a high X-ray flux that enhance the contrast when low density materials
are studied. Moreover, synchrotron radiation allows to achieve high temporal resolution for systems
undergoing changes (vide supra). However, the access to synchrotron facilities is typically limited and
costly. For these reasons, laboratory X-ray microscopes, that are relatively easier to use and less expensive,
have faced a significant improvement in terms of spatial resolution, imaging speed and target radiation dose.
X-ray microscopes generally rely on geometric magnification M that is determined by the position of the

specimen with respect to the source and the detector. Magnification is given by:

M=22 {2}

a

where a and b represent respectively the Source-Object Distance (SOD) and the Object-Image Distance
(OID), the image being the detector. Geometric magnification can be combined with finer focusing optics
that allow for a sub-micron resolution and nanoscale imaging. Several examples of laboratory X-ray

microscopes are available on the market any of each offers special features and specific optimizations.

3.2 XRM for LiBs diagnostics
X-ray characterization techniques offer the unique capability to investigate LiBs several times in a non-
destructive way, across multiple length-scales and under different conditions running ex situ, in situ, and in
operando experiments in the so-called 4D characterization. As discussed in the following paragraph, in
situ/in operando experiments are privileged for LiBs characterization since LiBs undergo many chemical
reactions operating over time and, consequently, alter several features at different length-scales. To
understand these mechanisms, different experimental setups and techniques have been developed for XRM
such as ex situ, in situ and in operando [122]. The most common in situ/in operando X-ray characterization
techniques are X-ray imaging techniques including Transmission and Scanning X-ray Microscopy (TXM
and STXM) and X-ray Computed Tomography (XR-CT); X-ray scattering techniques such as X-ray
18



Diffraction (XRD), X-ray Diffraction Computed Tomography (XRD-CT), Energy Dispersive X-ray
Diffraction (EDXRD) and X-ray Pair Production Function (XPDF or PDF) and finally X-ray spectroscopy
including hard and soft X-ray Absorption spectroscopy (hXAS and sXAS). In the last decade, the use of
XRM investigation techniques for multiscale characterization of LiBs has rapidly extended becoming
widespread as a demonstration of the general interest for in situ/ in operando experiments.

3.2.1 Exsitu, in situ and in operando XRM for LiBs characterization

Ex situ experiments involve the extraction of the specimen from its natural environment and its subsequent
analysis. The removal of a material from an already cycled battery could damage the sample itself and/or
lead to artifacts due to the high reactivity of lithium with moisture in the air, hence the use of a glovebox or a
dry room is required. In addition, the analysis of the sample in environmental conditions that are far from its
natural ones could give misleading information [123,124]. For these reasons, in situ and in operando
experiments have to be privileged. However, ex situ results can be used in a complementary way as
references for the conduction of in situ/in operando experiments and for purposes of comparison of the
results.

The term in situ is used to indicate an experiment where the specimen is characterized in its natural physical
and chemical environment but is not necessarily performing its function. This means that when LiBs are
investigated after pausing the current and the voltage applied, an in situ experiment is taking place. In situ
measurements show some advantages: First, reactions occurring in a specific region of interest of the sample
can be instantly probed ensuring higher precision and reliability of data; second, the in situ approach reduces
the possibility of contamination due to the high reactivity of the sample with moisture and oxygen, and
diminishes the risks related to the sectioning and dismantling of the battery [125]. On the other hand, an in
operando measurement occurs when the analysis takes place while the sample is performing its function.
This measurement methodology continuously monitors physical, electrochemical, and micro-to-nano
structural changes providing real-time operational information [126].

To take full advantage of an in situ/ in operando experiment, the design of the in situ cell becomes crucial.
An optimized in situ cell design fits the specific technique and avoids artifacts and signals from the inactive
parts of the cell. A proper cell design would avoid the undesired interference of spurious signals with the
signals of actual interest [122]. Several examples of sophisticated in situ cells design can be found in
literature [127]. Thanks to non-destructive and non-invasive in situ/ in operando monitoring techniques
based on X-rays the dynamic properties and time-dependent processes can be studied thus providing a deeper

insight and more accurate cause-effect relationships.

3.2.2 XRM for imaging
Among in situ/in operando X-ray imaging techniques, TXM and STXM are the most popular. Both TXM

and STXM image contrast is based on the different absorption of X-rays by adjacent materials that compose
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the sample, being X-ray absorption dependent on atomic number of the atoms present in the sample. The
main difference between TXM and STXM lies on the way the object is illuminated. In TXM the sample is
illuminated as whole with a broad X-ray beam whereas in STXM the specimen is scanned with a thin X-ray
beam, instead. Since STXM requires spatial coherent light sources (which can be obtained only with
synchrotron radiation sources), this type of experiment cannot be performed in an ordinary laboratory [128].
On the contrary, TXM experiments can be performed in both types of research infrastructures: traditional
laboratory with a generator of X-ray beam and at synchrotron facilities. As specified before, synchrotron
radiation offers high X-ray flux (this is particularly useful to detect low density materials such as lithium),
thus achieving high temporal resolution and a better signal-to-noise ratio. STXM ensures better spatial
resolution (~11 - 40 nm) when compared to TXM (~20 - 30 nm) and reduces radiation damaging to the
sample. On the other hand, STXM requires considerably longer operational times due to the scanning
process. The 3D rendering of the specimen can be obtained using a TXM computed tomography system and,
thanks to the high energy of hard X-rays, TXM is particularly suitable for the analysis of commercial and
packaged LiBs cells [124,128].

The aspect of safety is of fundamental importance in LiBs.[13,14] Therefore, every phenomenon or
mechanism that jeopardizes LiBs user’s health or public safety requires an in-depth examination and a fine
control. Lithium dendrites growth can cause thermal runaway, capacity fade, short circuits, and may lead to
catastrophic failures and even fires. Despite the seriousness of the consequences of these unwanted
phenomena, their mechanisms at the microscopic level are not yet fully understood. Lithium dendrites are
metallic microstructures that grow on the negative electrode during the charging process. This arises when
lithium ions accumulate on the anode surface and are not absorbed by the anode itself. Even though
several lithium dendrites growth models have been proposed [124,129], they still have many limitations,
hence further experimental support is still needed. Harry et al. [130] gave a fundamental contribution with
an exceptional discovery when studied lithium dendrite formation with synchrotron hard X-ray
microtomography in symmetric cells with polymer electrolytes. This research demonstrated that lithium
dendrites formation originates on pre-existing sub-surface structures or impurities (i.e., nucleation points) in
the pre-cycled lithium foils (Figure 7)[124].
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Figure 7. Reconstruction in 3D of a cell volume containing two closely spaced dendrites. The latter are
indicated as protrusions overlying subsurface structures. From ref. 124,

Cheng et al. [131] showed the ability of in operando TXM for studying the dynamic lithium growth
mechanisms with a plastic cell design. This study revealed that the height of mossy lithium grows and
shrinks more than its width, during plating/stripping processes. The effect of the current density on lithium
shapes has been studied suggesting that mossy and dendritic lithium tend to grow under lower and higher
current densities, respectively. Yu et al. [132] observed lithium stripping and deposition under several
operating conditions such as concentration of lithium salt, current density, nature of electrolytes and
additives/coatings thus deepening the knowledge of their actual relationships. This work has identified some
novel Li plating morphologies such as “volcanic-Li” in LiPFg-propylene carbonate electrolyte with CsPFg
as additive when high current densities were traversing a lithium metal battery. This study has also shown
the evolution of porosity and solidity of Li during plating. X-ray Computed Tomography has been used by
Frisco et al. [133] to study the effect of temperature in lithium microstructures growth. Lower temperatures
induced the formation of more voids with the consequent increase of the surface area of lithium
microstructures. Gas generation within LiBs is a phenomenon that leads to the increase of internal pressure
and causes mechanical stress inside the electrodes, battery swelling and gas leakage in the worst cases. This
phenomenon originates from reductive and oxidative electrolyte decomposition reactions and is closely
related with SEI formation [134]. Gas formation affects detrimentally the longevity and reliability of energy
storage devices and poses serious security issues that, as a matter of fact, limit the full use of LiBs [135].
Sun et al. [136] visualized directly the gas and channel evolution as function of charge and discharge process

in an operating LiB with a silicon anode employing synchrotron X-ray tomography (Figure 8).
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Figure 8. Series of projections showing gas movement as imaged by X-ray radiography: a—a) first discharge
step, a—b) first charge step, and a—c) second discharge step. From ref. 136.
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This study has been the first in visualizing the distribution of electrochemically active electrode particles
with respect to the spatial gas development. Moreover, it has been one of the first that interpret delithiation
and lithiation as a process of particles activation in a step-by-step way. Gelb et al. [137] conducted a
multiscale analysis of Panasonic NCR  18650-B cylindrical cells correlating 3D micro- and nano-XRM
with Scanning Electron Microscopy (SEM), Focused-lon Beam Scanning Electron Microscopy (FIB-SEM)
and X-ray Dispersive X-ray Spectrometry (EDX). This study shows an interesting protocol of correlative
microscopy for obtaining morphological information and quantitative evaluation of parameters at different
length-scales. The work reported in ref. 137 is prone to further progresses and implementation in LiBs
design. Initial low-resolution (voxel size of 22 pm) investigations were performed using laboratory X-ray
microscope to characterize the general structure of the battery, its assembly, and any evident manufacturing
faults. The reach of a voxel size of 1.8 um has allowed the generation of more detailed images as shown in

Figure 9.

(c)

Figure 9. (a) A 3D reconstruction of the entire 18650 battery cell where the spiral architecture of the cell,
inner mandrel, and cell safety devices can be observed. (b) enlarged picture of a smaller region from the
center of the LiB providing insights of the layers in the spiral winding. (c) 3D volume reconstruction from
the virtual slices where the lemon-yellow layers represent the positive electrode, and the magenta layers
represent the negative electrode. Each layers have their respective current collectors that are sandwiched
between electrode layers. It should be noted that the separator (presumably a polymer) has not been imaged,
from negative electrode (presumed graphite), due to low-energy X-ray attenuation by the steel casing and
metallic foils. From ref. 137.
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At the length-scale of hundreds of micron the differences between electrode layers as well as small defects
may be observed. Relationships between microstructure defects and operational conditions leading to failure
and capacity fade can be studied in detail with these apparatuses [138]. In ref. 137 sub-micron and
nanoscale 3D XRM have been used to quantitatively analyze the positive electrode reaching a 130 nm voxel
resolution. This technical achievement has allowed the unlocking of the information related to particle
assembly, cracks, bulk defects, and porosity (Figure 10).

Figure 10. 3D rendering of the volume of the positive electrode layer. Particles, pores, and cracks/defects
throughout the specimen thickness are evidenced in the zoomed portion on the right side. From ref. 137.

The average porosity of each layer of active material could be calculated through slice-by-slice porosity
analysis with nanoscale 3D XRM. The latter can provide information related to cracks within single particles
of the positive electrode and to the percolation pathway of pores with the support of the GeoDICT software
from Math2Market Gmbh (Kaiserslautern, Germany)[139].

3.2.3 X-ray Scattering Techniques

Crystal structures, grain size, chemical properties and phase transformations in electrodes and solid
electrolyte materials can be dynamically studied using XRD. The latter is a non-destructive characterization
technique based on the scattering of X-rays. When X-rays interfere with matter, diffraction patterns from
crystal or partial crystalline structured materials are produced. These patterns, opportunely analyzed,
provide several information regarding microstructural properties of the sample and its phases [140]. XRD is
used for in situ/ in operando experiments to monitor average long-order structural changes of LiBs materials
during charging/discharging processes and/or during temperature changes. XRD can be performed both at
synchrotron facilities and in laboratory where X-ray source systems are available [141]. Most of XRD
techniques, such as standard powder XRD, use a monochromatic X-ray beam and 26 diffraction angles are
scanned. This implies the recording of the signal coming from every part of the in situ cell which stands
along the X-ray beam path. Such an operative characteristic conditions the use of the materials and
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components in the electrochemical cell assembly. Moreover, it poses restrictions in the design of the the in
situ cell. In contrast, EDXRD uses a polychromatic X-ray beam, and the signal is recorded at a fixed angle in
order to satisfy the Bragg conditions. EDXRD allows to characterize a real battery cell with metal cases
without the need of cutting or dismantling. Moreover, EDXRD offers the possibility to probe electrode
materials at interfaces or near the current collector. X-rays show several advantages when compared to other
probes: high penetration power combined with an excellent sensitivity of Bragg diffraction. XRD has been
used by Tanim et al. [142] to study the heterogeneity of lithium plating and the associated degradation
mechanisms over the cross-sectional area of a pouch cell. This approach helped to identify at the
microscopic/granular level which mechanisms operate during Li plating at a local level, and provoke the loss
of cell performance (global resulting effect). Yao et al. [141] presented an experimental methodology for
guantifying spatial and phase heterogeneity of lithium intercalation into graphite during rapid cycling of a
Gr/INCM523 cell using in operando EDXRD. This technique allowed to obtain a ‘‘movie’’ of lithiation and
delithiation in different sections of the cell and to quantify the lithium-ion (guest species) gradients that
developed in a porous graphite electrode (host species) during cycling at a 1C rate. Lithium-ion gradients in
the electrodes introduce heterogeneities in the host electrode itself and render difficult the prediction of cell
lifetimes. This because the presence of gradients of the guest species generate regions with different
chemical composition within the intercalation electrode and different rates of cell aging in correspondence of
the differently composed portions of the electrode. Steep gradients in the anode and phase specific lithium
content could be revealed. LiCg phase showed the greatest inhomogeneity since under certain charging
conditions all lithium content was localized at the surface of the electrode. This resulted in the exponential
decrease of lithium content on going from electrode/electrolyte interface to the current collector with
resulting scarce presence of lithium in the electrode bulk. This situation has negative effects on battery
performances. These consist in the low utilization of the active material with Li plating occurring close to the
electrode surface. The authors proposed the concentration profiles in the individual phases Li,Cs as a
function of lithiation degree to be used as a benchmark for the modeling of electrochemical processes in
LiBs. Raj et al. [143] used EDXRD to quantify lithium concentration and to profile the time evolution of
ordered LiyCq phases in solid electrodes of a LiB. Since silicon electrodes have demonstrated a high lithium
capacity, the electrodes containing silicon and graphite can represent interesting alternatives to the pure
graphite anodes employed in conventional LiBs. Even tough many complications are still limiting the use of
silicon in LiBs, its potential led Yao and co-workers [144] to use in operando EDXRD for the investigation
of lithiation/delithiation in the composite electrodes of pure silicon and graphite with 15 wt% of silicon. This
study evidenced the relationship between the potential and lithiation/delithiation mechanisms. Such an
information can be opportunely exploited to extend cell life.

X-ray Diffraction Computed Tomography (XRD-CT) consists in taking a series of measurements at different
angles for the reconstruction of tomograms with 3D spatial crystallographic information. XRD-CT represents
a promising method to provide sub-particle lithiation information and simultaneously detects the onset of Li-

plating thus providing both spatial crystallographic and morphological information in a 3D fashion. Recently
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Finegan et al. [145] first demonstrated that the combination of high-speed XRD and XRD-CT probes
crystallographic heterogeneities within litium-ion intercalation electrodes at the spatial resolution of 1 um
with the attainment of 3D reconstructions. In Figure 11 the XRD-CT representation of the silicon—graphite

electrode is reported showing a phase distribution map.[145]

LiC, Si M Lithiated Si phase
Mixture of Si and lithiated Si
&

10 um

Figure 11. XRD-CT view of a silicon—graphite electrode. (a) the XRD-CT sampled slice taken at the
beginning of the charge step shows a phase-distribution map of LiCy, (red), crystalline silicon (green), and
lithium silicides LiSi (blue) areas. According to additive color mixing, the area with color teal represents a
mixture of green (silicon) and blue (lithiated silicon). (b) Magnified regions of interest showing large
particles of Li,Si phase within crystalline silicon cores (1-3) and small Li,Si particles (4) interspersed in the
graphite matrix. From ref. 145.
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Areas of short-range order and low/no crystallinity are studied, for instance, when conversion-type electrode
are involved. In these cases, XPDF or PDF become very useful to study LiBs. While XRD provides long-
range average structural information, thus covering only Bragg scattering, PDF is a scattering technique that
exploits the total diffracted signal (Bragg and diffuse scattering). PDF can be used to investigate materials
with short range order providing local information such as the pair distribution relating to structural,
morphological, and chemical transformations occurring during electrochemical reactions. A large amount of
information can be obtained from XPDF data (peak position, intensity and area) such as atom-atom distance,
bond length and coordination number [146]. In situ and ex situ PDF and Nuclear Magnetic Resonance
(NMR) spectroscopy have been used in combination by Hua et al. [147] to investigate the reaction
mechanism of a conversion-type carbon-coated nano-CuF, (CCN-CuF,) electrode. The analysis provided

local structural information during the first discharge process (Figure 12).
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Figure 12. In situ PDF profiles for CCN-CuF, during the first discharge. The initial and end states are
highlighted in bold. Black and red arrows indicate a decrease and increase in peak intensity, respectively.
From ref. 147.

The formation of metallic Cu is detected since the PDF profile for Li = 2.0 (end of the discharge) has peaks
positioned at 2.6, 3.6, and 4.4 A. Such values match the Cu—Cu distances respectively in the first, second,
and third coordination shell for the face-centered cubic (FCC) Cu phase. A similar work was carried out by
Wiaderek et al. [148] in which in operando PDF and NMR spectroscopy have been combined to gain
comprehensive insights into the electrochemical reaction mechanism of high-performance iron oxyfluoride

electrodes FeOF (results are shown in Figure 13).
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Figure 13. (a) The electrochemical lithiation (discharge) and delithiation (charge) curve of a FeOF
electrode. (b) A series of in operando PDF data obtained at predefined reaction intervals (intercalation steps
of 0.1 Li). Data fitting models show how (c) phases and (d) particle size evolve during the reactions. (e)
Corresponding changes in the Fe-O and Fe-F content from the application of data fitting model. From ref.
148.

The PDF data acquired during the initial discharge process indicate the process of conversion of FeOF to
metallic Fe via the rock-salt-type intermediate phase as shown by the smooth changes in local structure and
bond lengths. Even though the recharge capacity is almost the same if compared to that of initial discharge,
the structure of the re-charged electrode is completely different from the initial single-phase electrode. The
PDF data acquired during the recharging process suggest that the charge capacity originates from the
formation of an oxide-rich rock-salt-phase and a fluoride-rich rutile phase.

3.2.4 X-ray Absorption Spectroscopy

In situ/in operando X-ray characterization for LiBs research includes XAS techniques. XAS provides
information concerning elemental and chemical composition of a specimen. Since each element shows a set
of characteristic absorption edges that correspond to the different binding energies of its electron, XAS is
element-sensitive and suitable for probing local atomic arrangement and electronic structure of a material.
XAS can be distinguished in two different energy regions relative to the absorption edges: X-ray Absorption
Near Edge Structure (XANES, ~30 eV) and the Extended X-ray Absorption Fine Structure (EXAFS, above
40 eV extending to several hundred eVs) [149]. If XANES provides information about the oxidation states
of absorbing atoms and on-site symmetry, EXAFS offers geometrical information such as bond length,
coordination numbers of shells surrounding the absorbing atom and the degree of ordering [150]. sXAS ( <3
keV) can detect K-edges of light elements such as carbon , nitrogen , sulfur and oxygen and the L-edges of
transition metal elements. hXAS (> 5 keV) is used to detect K-edges of transition metal elements. Since
both high intensity and coherence of the X-ray beam are required, XAS spectra must be acquired using a
synchrotron radiation source. Therefore, it does not represent a routine or readily available technique [150].

Wang and co-workers [151] presented a five-dimensional imaging method combining TXM with in situ
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XANES nanotomography to observe directly the dynamic delithiation evolution of LiFePO, particles in a
working LiB. The basic principle of XANES tomography can be explained as follows. Tomography data set
is acquired over a 180° rotation range, from -90° to +90°, at each photon energy step (7,102 to 7,192 eV, 2
eV per step) across the near absorption K-edge of iron in order to obtain chemical information for each
voxel. Resulting spectra are then fitted as a linear combination of end-phase spectra with phase composition
attributable to each voxel. This procedure provides a 3D XANES map of the sample. The results obtained by
Wang and co-workers are reported in Figure 14. The evolution of the two-phase boundary separating
LiFePO,and FePQ, is shown in Figure 14a. The latter indicates the first stage of anisotropic migration along
the y-axis in correspondence of the beginning of charging. Successively the phase boundary has an
inclination toward z-axis and a curved phase boundary is observed. As long as the charging process
continues, the particle becomes more delithiated and the phase boundary moves along various directions with
quasi isotropic character. This mechanism is strongly related to lithium-ion diffusion paths and to the field of
strain within solid [152]. Figure 14a shows the phase volume composition provided by 3D quantitative
analysis whilst in Figure 14b the charging profile of LiFePO, is reported with the blue rectangles indicating

the points at which XANES tomographic data have been collected.

29



< 100 =
o =
S
g I I
© -
5 e " =
o -
> = ’ | =
1

80
60
40
20

2 T T T T
0 30 60 90 120 150

Capacity (mAhg™)

Potential (V versus Li/Li*) €
o

Figure 14. (a) Two-phase boundary evolution as a function of charging state. The cut-away views reveal the
motion of the phase boundary within the grane with quasi isotropic features. (b) Volume fraction of LiFePO,
and FePQ, phases as obtained from 3D quantitative analysis. (c) Charging profile of LiFePO, battery with
the blue rectangles indicating points at which XANES tomographic data sets were collected. From ref. 151.

4. Considerations on the correlative analysis of AFM and XRM data

In general terms a correlative analysis of a given system implies that diverse characterization techniques are
employed simultaneously to monitor the same portion of the system under investigation. Consequently, one
of the initial problems that a correlative approach has to face is represented by the design of an experimental
set-up that consents the two (or more) to-be-correlated techniques of occupying distinct (and possibly
separated) spaces. For any correlatable technique the operator must consider primarily the aspects of size,
weight and energy-supply requirements in the choice of corresponding stimulus-producing units and
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response-collection devices. These two distinct types of units must not interphere with the analogous units
of the other technique(s) in the final set-up. Therefore, the techniques operating simultaneously for a
correlative analysis of a system should act independently from each other except for the synchronization of
the application of the diverse stimuli. The latter achievement would allow the generation of a single time-
profile for the various diverse parameters under investigation. In doing so, the resulting profiles recorded
simultaneously are truly indicative of the changes in the responsive system and allow a correct correlative
analysis. It is here implied that any characterization technique comprises (at least) two basic units
performing the two essential functions of:

(i) production of a stimulus with controllable and known features;

(ii) collection of the response of the system (data acquisition). The response is synchronized with the
stimulus thus accounting for the eventual variation (either imposed or accidental) of the stimulus

Data recording and successive elaboration are also other essential functions that should be perfomed during
the operation time of a given characterization technique. This is especially important if a process of imaging
formation is involved, like in case of microscopies. On the other hand, in this framework recording and
elaboration do not actually represent major sources of problems since these functions are carried out by non-
instrumental units, e.g. computers, the output of which depends on their memory capability, the efficacy of
the running programs and the goodness of algorithms.

Other issues that are intrinsic of a correlative analysis with multiple techniques concern;

(2) the sizes of the area/volume of the system that has to be investigated simultaneously by the two (or more)
techniques (extensive issue);

(b) the spatial resolution with which the area/volume of interest is scanned or monitored by the two (or more)
techniques (aspects of sensitivity and detection limits of the combined techniques);

(c) the rate with which the operation of scanning/monitoring/stimulus of the portion under investigation is
executed and an intelligible response is recorded (temporal resolution for the correlative analysis of the
kinetics of the phenomena).

In the specific cases of the considered combination EC-AFM [a well-established one involving
electrochemical and microscopical techniques with correlative purposes (vide supra the examples in LiBs
research)] and the considerable combination AFM(EC-AFM)/XRM (a much less considered synergy that has
been mainly explored in biological ambit [153,154]) there is ample space for continuing (or even starting
from scratch) the research in the quite complicated field of LiBs. In the latter systems complicacies arise at
structural and chemical levels across a very broad range of length scales (from nm to m) if unambiguous and
meaningful correlations between battery structure and functionality have to be found. [155] In addition to
that, at the practical level the operators have to consider not only the materials-related problems of the single
LiB but also the questions of module assembly and pack construction with further concerns regarding
connections, enclosures, control devices etc.. All these non-battery elements at some stages will reconduct
the operators to consider the correlation of chemical, physical, morphological and structural analyses.[1] An
example of meaningful correlative analyses of LiBs has been reported in ref. 156 in which the combination
FIB/SEMt-synchrotron X-ray tomography was used for the investigation of the same specific spot of
a lithium manganese oxide composite cathode. In refs. 157-162 several combinations of techniques have
been considered for a correlative analytical approach and examples of such combinations are listed hereafter:

- electron backscattering diffraction/machine learning segmentation [157]
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- confocal Raman spectroscopy/SPM [158]

- atom probe tomography/TEM [159]

- FE-SEM/TEM [160]

- neutron tomography/ X-ray tomography [161]

- digital volume correlation/synchrotron X-ray computed tomography [162]

For sake of simplicity, for any of the specified combinations only the corresponding reference is given in
order to avoid a too dispersive description of the relative content. The reader who is interested in the
investigative potentialities of a given combination for correlative purposes is redirected to the corresponding
reference.
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