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Abstract: Renewable technologies, and in particular the electric vehicle revolution, have generated
tremendous pressure for the improvement of lithium ion battery performance. To meet the increasingly
high market demand, challenges include improving the energy density, extending cycle life and
enhancing safety. In order to address these issues, a deep understanding of both the physical and
chemical changes of battery materials under working conditions is crucial for linking degradation
processes to their origins in material properties and their electrochemical signatures. In situ and
operando synchrotron-based X-ray techniques provide powerful tools for battery materials research,
allowing a deep understanding of structural evolution, redox processes and transport properties
during cycling. In this review, in situ synchrotron-based X-ray diffraction methods are discussed in
detail with an emphasis on recent advancements in improving the spatial and temporal resolution.
The experimental approaches reviewed here include cell designs and materials, as well as beamline
experimental setup details. Finally, future challenges and opportunities for battery technologies
are discussed.

Keywords: lithium-ion batteries; in-situ XRD; operando analysis; synchrotron X-ray characterization;
battery technology

1. Introduction

The increasing use of portable electronics, the need for renewable energy sources, and the ascent of
electric cars in today’s market, are generating tremendous pressure for the improvement of Lithium-ion
batteries” (LIB) performance. Current focus is on working towards a large improvement in terms of
materials performance accompanied by a decrease of production costs, in a global LIB market which
is forecast to exceed $73 billion by 2025 [1]. Developed in the 1970s [2], LIBs were commercially
implemented by Sony in 1991 [3], and in 30 years new challenges in material research and engineering
have led to extending lifetime, efficiency and safety. LIBs are complex systems in which a large
number of chemical and physical processes take place, such as electrode degradation, phase transitions,
and reaction at the electrode/electrolyte interface, to cite a few [4-8]. To design new materials and new
electrochemistry with better performance, a deep understanding of phenomena occurring in materials
under working conditions is mandatory.

A major contribution to the understanding of LIBs has been provided by the revolution of in-situ
and operando experiments [9]. Whilst there is often limited demarcation in literature between the two
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terms, since both refer to analysis under real, or close to real, conditions, generally, in-situ is used
to refer to the analysis in a specific site of the sample within the native environment of the battery,
while operando refers to analysis when the battery is in operation (e.g., during cycling) or under
electrochemical control [10]; both configurations provide an accurate representation of the material’s
behavior under real conditions. By contrast, for ex-situ experiments, usually the electrochemical cell
is cycled, then opened, disassembled, and finally the electrodes can be collected and analyzed [11].
For in-situ analyses, ideally, the battery does not have to be disassembled and all components can be
monitored within an individual system, avoiding risk of contamination or relaxation of metastable
species [12]. Ex-situ measurements remain a good reference for in-situ data and therefore remain
important [13].

Synchrotron X-ray techniques involving scattering, spectroscopy, and imaging have provided
a powerful tool to understand complicated physical and chemical mechanisms within LIBs [14-16].
Among all synchrotron techniques used for battery characterization, X-ray diffraction (XRD) is perhaps
the most widely applied technique used to analyse the composition and the structure at atomic scale
of LIB components [17]. During charge and discharge, electrodes are subject to lithium intercalation
and de-intercalation, which result in changes to the lattice parameters, phase changes, and volume
contraction/expansion [18-20]. Moreover, volume changes can be induced by phase transformation or
solid—electrolyte interphase (SEI) formation, inducing strain into the electrodes, which can generate
chemical potential changes, capacity fade, and electrode degradation [21,22]. XRD can monitor
structural changes and strain evolution in the electrodes during battery operation and is therefore
widely applied for LIB studies. Compared to laboratory diffractometers, synchrotron facilities have the
same basic principle, but allow particular advantages for time resolved studies and in-situ environments,
because of the brightness, photon flux, penetration depth, and high collimation provided [23].

Considering the advances in XRD analysis for battery development, this review focuses on
synchrotron-based in-situ XRD characterization of LIBs. In detail, Section 2 describes the necessary
requirements that an in-situ cell has to satisfy, in terms of design, materials, and configurations, with a
brief review on the state of the art of the first in-situ cells developed for diffraction experiments. The main
differences and advantages in the use of synchrotron source compared to laboratory diffractometers are
presented in Section 3, followed by the most relevant and recent experiments developed in synchrotron
facilities, discussed in Section 4. In particular, several beamline experiments are explored, such as
long duration experiments in Section 4.1, high-precision measurements in Section 4.2, and coherent
diffraction imaging analysis in Section 4.3. Moreover, given the importance of coupling multiple in-situ
techniques to understand complex phenomena occurring during battery operation, it is significant
to consider experiments which couple diffraction with other powerful techniques such as imaging,
spectroscopy, and microscopy. Section 5 discusses recent results obtained via coupling XRD with
absorption spectroscopy, Raman spectroscopy, and X-ray microscopy. Due to the large impact of the
use of XRD-CT in battery research, Section 6 is dedicated to experiments which use this technique.
Section 7 is then dedicated to the pair distribution function due to its complementarity to XRD and,
finally, Section 8 explores perspectives and opportunities for battery technologies with a discussion
about the future of LIB technology and the role of advanced characterization.

2. Design of In Situ Cells for XRD Analysis

Diffraction occurs when light is scattered by a periodic array with long-range order, producing
constructive interference at specific angles. XRD is based on X-ray scattering by the atoms in the
crystalline or partially crystalline material. This scattering is collected by a detector and is converted
into a diffraction pattern which contains crystallographic information about the analyzed structure.
XRD data are collected at a range of scattering angles and the diffraction pattern is the product of
the unique crystal structure of a material. The peak position gives information about the unit cell
size and symmetry, and the peak intensity is related to the number of atoms and their position within
the lattice [24]. Figure 1a shows a scheme of the X-ray diffraction phenomena, with an example of
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the generated pattern. The diffraction conditions are described by Bragg’s law and expressed in the
scheme where 7 is an integer related to the plane in which the scattering is originated, d is the distance
between the crystallographic planes, 6 is the half angle between incident and scattered beam, and A is
the incident X-ray wavelength.
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Figure 1. (a) schematic of XRD working principle with an example of the obtained pattern; (b) schematic
of the in situ cell developed by Chianelli and co-authors [25]; (¢) schematic of the first developed in situ
cell for transmission analysis [26]; (d) representation of the in situ cell developed by Amatucci and
co-workers [27].

An in situ XRD cell has to be designed to satisfy some necessary requirements. Firstly, the cell has
to allow X-ray penetration, meaning that it must provide an X-ray transparent window, which has to
be also chemically inert and impermeable to oxygen and moisture in order to prevent reaction with
electrolyte and exposure of the internal materials to air and water; amorphous materials are usually
preferred, since they do not generate a background signal which can contribute to the diffraction pattern.
Moreover, the cell has to be sealed with materials resistant to any electrolyte leakage or swelling, and the
two internal electrodes have to be electrically isolated and connected to electrode terminals to complete
the circuit and connect to an external potentiostat. Finally, a critical point is a method of compression
to maintain electrodes in place and improve the cycling performance. Insufficient pressure can lead to
the loss of contact between cell parts and therefore limits the electrical conductivity. Uniform stack
pressure is essential to avoid heterogeneity in the electrodes under operation, and particularly as the
location of measurement in many of the techniques mentioned in this review is precisely where the cell
modifications may lead to the lowest compression of the electrode [28].

Generally, for cell windows, materials such as beryllium, glassy carbon, thin polymer films
such as Kapton tape or Mylar, or thin metal foils, are the most widely applied. Beryllium is the
most transparent material to X-rays but is expensive and toxic and is not suitable for high voltage
experiments due to its electrochemical reactivity above 3V [29]. To avoid the high risks related to its
reactivity, additional layers of conductive materials can be used to prevent direct contact between
electrolyte and beryllium [30,31]. Another approach can be the generation of an air gap between the
Be window and the electrochemically active part of the cell, so as to prevent Be reactivity at high
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voltage [27]. Alternative solutions include dense glassy carbon, because of its rigidity and electrical
conductivity [32], or polymer materials such as Kapton or Mylar, because of their low cost, non-toxicity,
and flexibility [33]. However, because of their poor sealing properties, their use can lead to a potential
risk of leaking of the liquid electrolyte and consequent contamination from atmosphere [16]. Moreover,
flexible windows can reduce stack pressure on the electrode, resulting in poor cell cycling [12]. Since cell
windows are usually placed above the central part of the electrode, this area can act differently with
respect to the rest of the electrode, resulting in the data acquired not being representative of the whole
material [34]. Finally, since they are non-conductive materials, the electrical conductivity between
the external circuit and the electrode is reduced [35]. Recently, windows consisting of aluminum
coated Kapton, have been used to increase conductivity and prevent moisture contamination [36].
A third approach can be the use of metal foils such as thin aluminum foil, which can simultaneously
act as the current collector and as an X-ray window, due to its low X-ray absorption coefficient [28].
Aluminum foil is in many cases used as a current collector, leading to some signal into the diffraction
pattern; however aluminum windows can generate diffuse scattering due to its amorphous state which
are added to the signal generated by the current collector, generating a background signal with the risk
of overlap with the electrode’s components, and generates difficulties in the spectra interpretation [37].

XRD can operate in reflection or in transmission geometry. In the reflection mode, the incident
X-ray beam is directed on the sample with an angle 0 respect to the sample plane, and the scattered
signal is collected by a detector placed at the same angle following Bragg’s law (see Figure 1a).
In the transmission mode, the beam penetrates the cell in perpendicular direction. The design of
an in-situ cell for transmission XRD requires two holes for X-ray penetration. Due to the layered
architecture of batteries, the X-ray beam is conventionally directed perpendicular to the layers and
penetrates all the cell components [38], collecting multi component scattering from different parts
of the cell along the beam path, which makes detailed studies very difficult. To avoid this problem,
Liu et al. developed a solution working in a radial geometry, obtaining quantitative structural insights
that resolve depth-dependent reaction heterogeneity, which are not accessible from conventional
transmission measurements that traverse all battery layers [39]. The use of Energy-dispersive X-ray
diffraction (EDXRD) can represent another strategy to resolve individual components within the
battery, or different depths within an electrode [40,41]. In such measurements, a series of slits isolate
the scattering at a fixed angle from a selected gauge volume. Data from selected components of the
cell are collected at specific depths or a series of depths within the electrode stack during cycling by
selectively directing the X-ray beam through that region of the cell. Takeuchi et al. coupled in-situ
energy-dispersive X-ray diffraction measurements with ex-situ X-ray absorption spectroscopy on
lithium/silver vanadium diphosphate (Li/Ag, VP,0Og) cells and observed the preferential reduction
of the bimetallic centre. Figure 2 shows that by using high energy radiation, common battery casing
materials such as steel can be penetrated allowing for the collection of operando data in a commercial
cell set-up. However, angular resolution is compromised for the high energy radiation and ED-XRDs
are taken at a fixed angle [42,43].

One of the first in-situ XRD cells was developed in 1978 by Chianelli and his co-authors for the
study of a Li/TiS; cell. The cell was designed for a conventional Bragg-Brentano diffractometer working
in reflection mode, composed of a 50 um-thick Be window, and a Teflon/aluminum body in a parallel
plate configuration [25]. The schematic of the cell is shown in Figure 1b. The authors monitored the
disorder in the TiS, cathode during discharge, which was a step-change in battery research at that
time, since, in the previous works, electrodes were separated and analyzed ex-situ before and after the
electrochemical polarization [44]. However, this preliminary cell was not exempt from limitations;
only 10% of the electrode was analyzed, due to the penetration depth of the X-rays through the cell
window (50 pm-thick) and the electrode (700 pm-thick). After this first experiment, a large series of cell
configurations were tested by different groups. Dahn and co-workers analyzed structural changes in
LiTiS; using an in-situ cell composed of two stainless steel cases, each one with a Be window coated
with the electrode. An electrolyte-soaked separator and a polypropylene gasket prevented electrical
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contact and ensured a hermetic seal [45]. The very first cell used for transmission studies was developed
by Gustafsson et al. in 1992 using a “coffee bag” type cell to study a LiJpolymer-salt electrolyte|V¢O;3
battery. The in-situ cell is shown in Figure 1c and was composed of a thin layer of metallic lithium
and a VO3 electrode coated on a nickel foil in a polymer-coated aluminum-foil bag [26]. The in-situ
cell allowed the authors to monitor the structural changes associated with solid-state reactions under
realistic electrochemical conditions. Amatucci and co-workers characterized the structure of a LiyCoO,
electrode at voltages greater than 5 V without any beryllium corrosion, with the use of an in-situ
cell with an air gap between the Be window and the electrochemically active part of the cell [27].
The schematic of the cell is shown in Figure 1d. A complete historical overview of the developments of
designs and technical details of electrochemical cells used for in situ X-ray studies is out of the scope of
this review, but has been largely summarized by Morcrette et al. [11].
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Figure 2. Experimental set up of the experiment, ED-XRD data obtained from 3 different coin cells
(A) not discharged and (B,C) discharged to 0.5 electron equivalents at C/1440 at two different positions
and (D-F) discharged to 0.5 electron equivalents at C/168.

Nowadays, the most adopted cell configurations are typically bespoke coin cells and pouch cells,
which are modified with coaxial holes covered with X-ray transparent thin film polymer windows
to confine the electrolyte [13,46]. Figure 3a,b show two examples of modified coin cells and pouch
cells, respectively. Coin cells can also be modified with a thin glass window (100 pm-thick), which can
be fixed with a polyethylene foil heated at high temperature (453 K) [47], allowing a more uniform
stack pressure with respect to polymer films [48]. Standard pouch cells without modification can
also be used in combination with synchrotron-based high-energy X-rays in transmission geometry:
high-energy photons are able to fully penetrate the cell, obtaining a 2D diffraction patterns under
more realistic conditions with respect to those obtained using a custom cell [49,50]. An alternative
configuration is given by Argonne’s multipurpose in situ X-ray (AMPIX) cell, shown in Figure 3c and
characterized by a cup-shaped body, two X-ray transparent windows and a flat annular gasket which
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is sandwiched between the electrodes to contain the battery stack [51]. Swagelok™ type cells are
also widely used, which are commercially available and composed of stainless steel caps and a Teflon
body [52]. An example of one Swagelok™ type cell is shown in Figure 3d. Also, largely used are cells
inspired by Swagelok™ characterized by the positive electrode, separator (soaked with electrolyte),
and the negative electrode stacked layer by layer in between two Be windows and a stainless steel
cylindrical plunger [53]. This configuration allows both transmission and reflection analysis, and an
example can be observed in Figure 3e. Finally, a radially accessible tubular in-situ X-ray (RATIX) cell is
commonly used for transmission XRD and is composed of the electrode stack, a containment tube,
two electrode pins, a tensioning screw, a base and a top assembly, and alignment pins [54]. An example
is shown in Figure 3f.
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Figure 3. Designs of the most common used types of in-situ XRD cells: (a) modified coin cell, with photo
(on the left) of the cell mounted on the sample holder on the powder diffraction beamline at the Australian
Synchrotron [13]; (b) modified pouch cell with a Kapton film window [46]; (c) example of AMPIX
cell from reference [51], reproduced with permission of the International Union of Crystallography;
(d) schematic of a Swagelok™ type cells [55]; (e) photo (left) and design (right) of the Swagelok™ type
cell described in [53]. The parts A, B and C compose the cylindrical plunger; (f) Schematic diagrams of
a RATIX cell (left and middle images), with a cross section view (right image) [54], reproduced with
permission of the International Union of Crystallography.

3. Laboratory Diffractometer vs. Synchrotron XRD

Laboratory diffractometers are largely used for in situ XRD battery analysis because of their
availability, ease of access and affordability. They typically make use of a copper X-ray source, which is
generally not penetrative enough for in situ studies [56]. Harder X-rays are therefore favorable,
which led to the adoption of molybdenum or silver sources for their better penetrative powers.
Reeves-McLaren et al. used a laboratory diffractometer to confirm the existence of the solid solution
mechanism in LiFePOy [56]. A silver source was used, coupled with a PANalytical Empyrean GaliPIX
detector suitable for hard radiation. Each diffraction pattern took 8 min to acquire, which, whilst much
slower than synchrotron equivalents (ca. 10 s acquisition time) showed the improvements in performing
lab-based operando studies in close to real time. Patterns were obtained continuously whilst the battery
was charged at a C-rate of C/10. Variables such as the C-rate can be chosen to allow for data acquisition
to be performed at multiple points throughout the cycle, at a time scale appropriate for the acquisition.
For example, with an acquisition time of 8 min, a C-rate of C/2 would give 15 data points along the
charge curve. The cell used in this study was a modified coin cell with a 10 mm Kapton window.
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The electrochemistry of the modified coin cell was compared to that of a standard CR2016 coin cell,
to verify the applicability of the modified cell configuration. Figure 4 shows the results of the operando
experiment. Typically, LiFePO,4 behaves as a two-phase material unless there are external factors such
as high current rate or high temperature [57]. It can be seen in Figure 4 at the start of charge, only the
Bragg peaks for the LiFePO,4 phase were present and upon charging these peaks moved to higher
angles in line with the unit cell contraction upon removal of lithium. Initially no additional phases
were observed, suggesting a single phase solid solution reaction is taking place. Upon further charging,
the presence of the FePO, phase, coexisting with the LiFePO, phase, was observed. At high states of
charge, only the FePO, phase was detected. The reverse behaviour was observed for discharge.
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Figure 4. In situ diffraction results obtained for one cycle of LiFePOy revealing the initial solid solution
behaviour followed by the dual-phase behavior [56].

The capabilities of lab diffractometers were demonstrated further by Quilty et al. investigating
the structural evolution of NMC cathode, with the generic stoichiometry Li(NixMnyCoj_xy)O>.
NMC622 electrodes (so-called 622 stoichiometry according to the ratio of Ni:Mn:Co) had been cycled
extensively [58], and operando XRD measurements were acquired of pouch cells using the Rigaku
SmartLab X-ray diffractometer utilizing a 1760 W Cu X-ray source and a D/teX Ultra 1D detector.
Each measurement took 27 min, again much slower than acquisition rates at beamlines. The operando
cells adopted for this experiment were pouch cells made with a thin polypropylene material. Pouch cells
usually contain a thin layer of aluminum foil which prevents moisture entering the cell. This component
was removed from the pouch cell as aluminum would attenuate the lowly penetrative X-rays from the
Cu source, which is already attenuated by the pouch cell case, used without any X-ray transparent
windows or modification. In order to prevent moisture from affecting the results, the work was carried
out in a dry room and only one cycle was recorded. The electrodes used in the pouch cells had been
pre-cycled 100 times in a coin cell. Only the 1st, 2nd and 101st cycle were studied. This is a limitation
of this method as it means that incremental cycle numbers were not studied and therefore important
results may be missed. Due to the cyclability of a moisture prone cell it would be difficult to cycle
the cell in the diffractometer for 100 cycles without the battery materials being tarnished by moisture.
An alternative could be a pouch cell with an X-ray transparent window.

Despite the high quality results achievable with laboratory diffractometers, access to synchrotron
facilities has had a profound influence on battery studies. Starting from the advent of synchrotron
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radiation in 1947, and more precisely from its larger utilization in the 1980s [59], a large improvement
in electrochemical in situ studies has been achieved. Synchrotron radiation provides a very bright and
highly coherent source and can produce a well-defined, monochromatic beam [59]. The associated
use of high performance detectors enables the recording of high quality data (i.e., high sensitivity and
signal-to-noise ratio) with exposure times per point amounting to ms or less [60]. Masquelier’s group
demonstrated the importance to have good angular resolution and high intensity data to understand the
exact material behavior and properties of battery materials. They used both laboratory diffractometer
and synchrotron radiation to analyze the stoichiometric NazV,(PO,),F; powder [61,62]. A PANalytical
Empyrean diffractometer using Cu K« 5 in Debye—Scherrer geometry radiation was used to obtain a
starting model of the material structure; high-angular resolution synchrotron radiation diffraction was
adopted using the CRISTAL diffractometer of the SOLEIL synchrotron facility (Saint-Aubin, France)
to gain further insights into the crystal structure. They analysed the Na ions distribution within
the available crystallographic sites, revealing a subtle orthorhombic distortion with unit-cell never
observed before. Moreover, they analysed the crystal structure at high-temperature (up to 400 K) at
ALBA synchrotron facility (Barcelona, Spain) observing a totally disordered distribution of Na ions at
high temperature, in contrast to the partially ordered one of the room-temperature phase. Both the
results were not observable with the use of a laboratory diffractometer.

The research of compatible and high performance in-situ cell designs for synchrotron-based XRD
experiments has led to the development of many different cell configurations. There are several factors
which have been considered when preparing a beamline experiment. First of all, an XRD beamline
can operate in reflection or in transmission mode. In reflection experiments, data is acquired from the
material nearest the cell window; this is the most used configuration, in particular for conventional
diffractometers in which the penetration depth of X-rays is limited [63]. Transmission measurements are
instead the most practiced for synchrotron experiments, thanks to the higher penetration depth of the
X-rays, which allows the extraction of information from all of the cell components simultaneously [38].
However, interference from inactive cell components can overlap with signal from the material of
interest, and should be avoided. Cell components such as windows, separator, and current collector,
have to be carefully selected, and the consequent background interference has to be removed.

It is noticeable that an in-situ cell has to be designed carefully and all the conditions optimized.
The generated background signal from undesired cell components has to be subtracted from the total
signal for quantitative data analysis. This is particularly important for pair distribution function (PDF)
technique, for instance, where the diffuse scattering is difficult to deconvolute without subtraction,
compared with Bragg scattering. More information about this aspect will be provided in Section 7.
A solution could be to measure the signal from an empty cell without the active sample, which can then
be carefully subtracted. It is important that the empty cells have the same windows, current collector,
separator and electrolyte used in the cell of interest.

Moreover, geometric factors relating to the beamline of choice should also be examined, and the
cell must be designed with respect to the sample holder that will host the sample. In addition, the cell
has to be easy to assemble with the active materials, easy to align with the diffractometer and easy
to disassemble after the experiment. Moreover, when performing an XRD synchrotron experiment,
the beam interaction with the materials of interest also has to be considered. X-ray interaction can
influence reaction during cycling and this can alter the material’s behavior [64]. The interaction is
proportional to the material’s X-ray absorption, which is minimized with higher X-ray energies.
Thus, in general, high energy X-rays should be used where possible, or continuous acquisition during
electrochemical cycling avoided, for instance probing the samples with regular intervals during
cycling. Borkiewicz et al. demonstrated that a combination of X-ray beam interaction, non-uniform
stack pressure on electrodes, and non-conductive character of cell windows can influence the electro
chemical reactivity in the batteries, altering the electrode activity by up to 20% [12]. It is therefore
essential to carefully think about the in-situ cell design and to optimize the experiment parameters in
order for the results to be relevant to commercial cell set-ups.
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The variety of scenarios of in-situ cell configuration for synchrotron experiments is very large and
therefore no perfect in-situ cell exists. In the following sections, an overview of recent synchrotron
XRD experiments is reported, with particular focus on cell design and configuration.

4. Recent Case Studies

4.1. Long Duration Experiments Based at the 111 Beamline at Diamond Light Source

In long duration experiments, the cell can be cycled continuously in the beamline hutch with
periodic measurements on the beam allowing for one cell to be studied without interruption over
a very long cycle life. A recent significant study performed by Chao et al. from the Grey group
provided detailed insights into the emergence of a fatigued phase and its growth during cycling of
an NMC811 (LiNipgMny 1Coq 10;) cathode [65]. The work was performed as part of a long duration
experiment at Diamond Light Source (Oxfordshire, UK) on the I11 high resolution powder diffraction
beamline. The I11 beamline allows for extremely high resolution XRD patterns to be obtained allowing
for excellent derivation of precise lattice parameters, strain values etc and the long duration nature
of the experiment allowed for changes to be monitored over 1000 cycles. The in-situ cell used in this
work is shown in Figure 5a and is a modified coil cell, with the centre of the top casing thinned down
to 50 uM in thickness using a laser beam. This served as the X-ray transparent window and minimized
beam attenuation by the stainless steel coin cell case. It is particularly difficult to incorporate an
X-ray transparent window into a cell whilst upholding the sealed nature of the cell imperative to the
air sensitivity of the battery materials, whilst simultaneously ensuring uniform pressure across the
investigated area. Using this modified cell has the advantage of being a well-studied cell format with
reproducible and commercially relevant electrochemistry, allowing 100s of cycles to be carried out
without significant additional degradation caused by the cell format itself. The authors observed that
the fatigued phase possessed a lower accessible state of charge at the end of charge in comparison
to the pristine material, thereby limiting the capacity of the battery. The fatigued phase’s presence
was highlighted by the 003 peak splitting at high states of charge, as shown in Figure 5b. Figure 5¢
shows the splitting of the (003) peak, with two peaks representing the active and fatigued phase and
the trough in between indicative of intermediate phases with varying states of charge. It can be seen
that upon increasing cycle number, the phase fraction of the fatigued phase increased greatly with
roughly 15% fatigue phase presence at 348 cycles, 25% at 439 cycles, and 75% at 915 cycles. This work
proposed a new degradation mechanism suggesting that the high lattice mismatch at the interface
between the bulk layered structure and surface rock salt phases that evolve during cycling prevents
full expansion/contraction of the lattice and therefore limits lithiation/delithiation.
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Figure 5. (a) Modified coin cell, (b) refined phase fractions obtained at different cycling intervals and
(c) splitting of the 003 peak leading to the multiphase analysis adopted in the study [65].

The importance and benefits of a long duration experiment at a beamline are highlighted by
contrasting the results presented in this paper to a previous paper by the same group published in
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2019 [66]. The study performed operando XRD during the first charge of NMC811 using the AMPIX
cells and did not identify the presence of any fatigued phases during(de)lithiation of NMC811
cathodes. The long duration experiment allowed for the evolution of this multi-phase behaviour upon
electrochemical aging to be observed and its evolution with cycling studied.

The position of the (003) peak for NMCS811 indirectly correlates with state-of-charge.
The state-of-charge of all solid state batteries has also been determined using X-ray diffraction in
reference [67]. The study of solid state batteries is beyond the scope of this review; however, some key
references have been listed where X-ray techniques discussed in this review have been applied [68-70].

4.2. Diffraction Studies for Structure Determination

As discussed throughout, understanding the structure and cycling mechanisms of battery materials
is partnered with their continuous improvement. Solving unknown crystal structures of the materials
and their intermediates throughout cycling is key to their further success. Bianchini et al. studied
the elusive nature of the Liy sMn,O4 phase at the MSPD end station of the ALBA synchrotron facility
(Barcelona) which was chosen for its high angular and intensity resolution. The phase, which appears
midway through charge and discharge of LiMn,O, cathodes, was found to have a double ordering
scheme, consisting of Mn3*:Mn** (1:3) cation ordering and lithium/vacancy ordering which results in
the reduction of the symmetry of the structure from Fd3m to P2;3 [71]. Another example of resolving
unknown crystal structures from operando XRD experiments includes the work conducted by the same
group to understand the structure of Nas V,(PO4)2F; using the same beamline at the ALBA synchrotron
facility. For the first time, the crystal structure of the NazV;,(POy4)2F; was fully determined, as well as
the vanadium environments present in the material [61]. Both of these studies highlight the importance
of obtaining diffraction patterns with both good angular resolution and intensity resolution because
even the weaker Bragg reflections can provide vital information, including fine reaction pathways and
the ordering within structures [61,71].

In NMC materials which adopt the a-NaFeO, structure type, the lithium ions occupy a layer
and transition metal oxides occupy alternate layers [72]. For NMC materials it is common that there
is a degree of cation mixing between the Ni’* and Li* ions [73]. The occupation of Li* sites in the
lithium layer by Ni?* is detrimental to the capacity, as fewer lithium ions can be re-intercalated into
the material. In literature, this phenomena (referred to as paired antisite defects (PAS)) is typically
ascribed to the similar size of the Ni?* and Li* ions [74,75]. However, if this were the case there should
be a linear relationship between the fraction of nickel in the NMC material and the PAS concentration.

Yinetal. employed novel high-precision powder diffraction methods to investigate the relationship
between the number of defects and NMC composition [76]. The experiment was a simultaneous study
using X-ray and neutron study, with high precision XRD performed at the Advanced Photon Source
(APS) at Argonne National Laboratory (USA). Time-of-flight neutron powder diffraction experiments
were performed on the NOMAD diffractometer at the Spallation Neutron Source, Oak Ridge National
Laboratory. The neutron and X-ray diffraction data were used as complementary data sets for the same
range of 17 NMC samples (of different compositions).

Excellent agreement between the X-ray and neutron results were achieved throughout (agreement
of 0.1%) and allowed for a comprehensive understanding of occupancy defects that occur in NMC
compounds. Contrary to popular belief, it was found that the defect concentration was not driven
purely by the size similarity of Ni?* and Li* ions but rather the average size of transition-metal sites
as seen in Figure 6 because the number of PAS defects are seen to scale linearly with the absolute
amount of Ni?* ions present (in Figure 6f) rather than the fraction of Ni?* ions present (Figure 6d).
This phenomena occurs because the of the larger size of Ni** ions compared to Ni** ions, pushing apart
the oxygen atoms in the layer between which the transition metals occupy octahedral sites. A better
understanding of the local structure, how it evolves during cycling and how it is affected by synthesis
conditions is required to understand the degradation mechanisms of LIBs. This would be possible
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using this method of high precision XRD and neutron diffraction for defect quantification under
operando conditions and also correlating it with total scattering methods such as PDE.
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Figure 6. Variation of antisite defect concentration (top row) or antisite defect fraction (bottom row)
plotted as a function of the average nickel oxidation state (a,d), the fraction of nickel (Ni2* and Ni®*)
relative to the all transition metals (b,e) or the fraction of NiZ* only relative to all the transition metals.
The solid lines represent the line of best fit [76].

4.3. Bragg Coherent Diffraction Imaging

One of the limitations of powder XRD is the phase problem. Each diffraction spot is related
to a point within the reciprocal lattice and is associated with a wave consisting of an amplitude
and relative phase. The phase information is not observable with XRD and thus the relative phase
information is lost [77,78]. Bragg Coherent Diffraction Imaging (BCDI) can be used to solve the
phase problem experienced with XRD by oversampling a small sample size and using iterative
reconstruction algorithms [79]. It uses a very small beam size (1 M X 1 uM) and can be used to observe
both morphological and strain information for a single crystal at the nanoscale [79-81]. The work
carried out by Singer et al. mapped the 3D displacement of lithium-rich layered oxide cathode
active material (Lij 2Nip 133C00 533Mny 133)O; single crystals during operation. This experiment was
performed at the 34 ID beamline at the APS at Argonne National Laboratory (USA). The in situ cell
design adopted for this study was an adapted coin cell with an opening sealed with Kapton film
to allow X-ray transmission [82]. Figure 7 shows the nucleation of a dislocation within the cathode
material upon charging to 4.4 V, with dislocations observed at 4.3 V. These dislocations can then be
linked to degradative behavior such as voltage fade and capacity hysteresis. The charging/discharging
mechanism of lithium-rich layered transition oxides is still not well understood. It is proposed that
at lower voltages the layered transition metal oxide structure of the cathode is active and at higher
voltages the monoclinic Li;MnOg3-structure is activated [83,84]. However, in the BCDI experiment
no two-phase behaviour was observed and so it is proposed that there is anionic activity that results
in the higher capacity of lithium rich layered transition metal oxide cathodes. Dislocations play a
big part in providing a ‘pipeline’ for oxygen vacancy mobility. With the addition of further studies,
including imaging and spectroscopic techniques oxygen activity within cathode materials could be
better understood [80].
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Figure 7. Rendering of cathode active material from the operando measurements during charge (a) at
4.0 V—a dislocation free crystal, (b) at 4.3 V and the presence of two dislocations, (c) 4.3 V and a
formed dislocation network. The arrow labelled q indicates the direction of the X-ray scattering vector,
perpendicular to the atomic layers [80].

Ulvestad et al. suggested that BCDI could be a useful tool for defect engineering, where designing
the defect system could be used to generate desirable properties. Since BCDI is a technique that
allows for nanoscale resolution of defects under operando conditions it is uniquely powerful for this
purpose [85].

Overall, BCDI is a method that has yet to fully be taken advantage of for operando experiments of
battery materials. They are difficult experiments to perform but it is essential to understand disorder
at the nanoscale to elucidate degradation mechanisms and lead on to design improvements. BCDI is a
valuable tool for visualizing events at the nanoscale as it can directly image the interior of particles of
this size [80]. The Kapton windowed cells used in these examples, however, may not be suitable for
longer duration cycling (for the reasons previously outlined) and thus a more robust operando cell
design could yield similar improvement in understanding of the evolution of structural defects with
longer cycle lives as those obtained using the long duration PXRD [65]. Developments are also being
made both in computational power and increasing the photon flux allowing for BCDI to become a
crucial probe for electrochemical studies [86].

5. XRD Coupled with Other Techniques

The complexity of phenomena occurring in LIBs during the electrochemical reaction, and the
heterogeneities of battery materials, often make it necessary to use various complementary
characterization techniques in concert. Events such as phase transformation, ion diffusion,
surface modification, and charge transfer at the electrode, can require multi-operando and multi-scale
measurements, combining together scattering, imaging and spectroscopy.

The combination of XRD and X-ray absorption spectroscopy (XAS) is usually used to investigate
phase transitions and reaction kinetics during the ionic intercalation/deintercalation of electrode
material [51,54]. Operando XAS, including X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) has extensively been used to study the oxidation
state variations of specific elements and the evolution of interatomic distances in the electrode materials
as a function of state of charge [87]. Sottman and co-authors presented an electrochemical cell for
operando quasi-simultaneous XRD and absorption XANES and EXAFS measurements at the Swiss
Norwegian Beamlines (SNBL) at the European Synchrotron (ESRF, Grenoble, France) [88]. The proposed
cell, shown in Figure 8a (scheme on the right), has been characterized by metallic pistons with Kapton
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windows, and pressed onto the cathode and anode, which are separated by electrolyte-soaked glass
fiber. A Teflon cylinder, which is chemically inert and electrically insulating, has been used to host
the battery and the pistons. The Teflon has been also used to hermetically seal the electrochemical
cell by pressing the metal onto Teflon contacts. A spring washer between pistons ensured pressure
for good electrical and ionic contact. The researchers have demonstrated the applicability of the cell
by analyzing an ordered LiMn; 5Ni 504 electrode. They have observed a series of structural phase
transitions related to the electronic changes of Ni during electrochemical cycling. The two- phase
behavior in the voltage region above 4.7 V is shown in Figure 8a (left). On the right, the changing in
the oxidation state of Ni in K edge transmission XANES spectra is shown.
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Figure 8. (a) XRD-XAS Voltage profile with the evolution of the cubic lattice constants of the
LiMn; 5Ni 504 electrode (left), and Ni K edge XANES spectra of collected at the maximum phase
fraction of the corresponding phases (middle). The image on the right shows a scheme of the used in-situ
cell [87], reproduced with permission of the International Union of Crystallography; (b) XRD patterns
of the Geg 9Sey ; electrode during the first cycle at 0.1C (upper left) and voltage profile (upper-right);
selected germanium XANES (bottom-left) during lithiation (black solid) and delithiation (red dash)
and Fourier Transforms of the EXAFS spectra during lithiation (black) and delithiation (red); on the
right, scheme of the used in-situ cell [89].

Recently, Li et al. combined quasi-simultaneous operando XRD and XAS measurements coupled
with electrochemical characterization to study the degradation mechanisms of a GepgSe 1 electrode
during operation. The operando XRD and XAS experiments were conducted at beamline 11-ID-C and
20-BM of the APS, at Argonne National Laboratory (USA), respectively [89]. They used CR2032 coin
cells modified with a 30 um-thick Kapton tape adopted as an X-ray window to seal the hole on both
sides of the case. They observed the formation of a superionically conductive Li-Se—Ge network at the
beginning of the lithiation process, which was inactive during subsequent cycles. Figure 8b shows the
XRD patterns of the electrode during the first cycle at 0.1C (upper-left), with the associated voltage
profile (upper-middle) and the selected XRD (upper-right). The bottom figures show germanium
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XANES results during lithiation and delithiation (bottom-left) and the Fourier Transforms of the EXAFS
spectra (bottom-right). A scheme of the modified coin cell used in the experiment is shown on the right.

Raman spectroscopy is another technique often coupled to XRD for battery studies. It is used
to explore the variation in the local structure and oxidation state, as well as the thermal stability
of electrode surfaces or electrode-electrolyte interfaces during charge-discharge and heat treatment.
Tardif and co-authors combined operando Raman spectroscopy and synchrotron XRD to probe the
evolution of stress and the elastic strain in LIB anodes made of crystalline silicon nanoparticles
(51 NPs) [90]. They used an in-situ cell composed of two stainless steel electrodes and a polyether
ketone body with a um-thick window for high chemical stability and low background contribution.
On the CRG beamline BM32 at the European Synchrotron (ESRF, Grenoble, France), they observed
the core-shell Si NP structure by analysing the intensity and position variations of the XRD and
Raman peaks, showing how the pressure exerted from the amorphized shell onto the continuously
shrinking crystalline core is responsible for electrochemically driven variations of the internal stress.
Figure 9 shows the time dependence of the cell potential and the transferred specific capacity during
the first two cycles (first graph), the integrated X-ray diffraction intensity (second graph), and the
strain, ¢, relative to the initial state (third graph). The successive steps of the lithiation/delithiation
related to distinct mechanisms are schematically shown in the bottom graph. On the right, a sketch of
the custom battery half-cell and the experimental XRD setup are shown.
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Figure 9. Si NP-based anode time dependence of the cell potential (first graph), the X-ray diffraction
intensity (second graph), the strain € over the first two partial lithiation/delithiation cycles, (third graph),
and cartoon representing the single-core—shell (first cycle) and double-core—shell (second cycle)
mechanisms, compressive and tensile states [90];on the right: scheme of the used in-situ cell (top) and
picture of the experimental set-up (bottom).

Raman spectroscopy can be also used in combination with hard X-rays as a bulk technique to
analyse the electronic structure of electrode materials and electrolyte in LIBs, and due to the high
penetration of hard X-rays, does not require high vacuum or any specific thin cell window. The detailed
discussion of X-ray Raman spectroscopy (XRS) is out of the scope of this review, but fundamental
examples can be found in [88,91-93].

In addition to spectroscopy, microscopy has also found widespread use in battery materials.
In-situ transmission electron microscopy (TEM) in particular is a powerful tool because of its high
spatial resolution (up to sub nm scale) [43,94]. TEM combined with XRD was used recently by Zhou and
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co-authors to study the non-equilibrium phase transition in layer structured NMC LiNij;3Mn;;3Co130,
cathodes during cycling. The experiment was performed at the beamline X14A of the National
Synchrotron Light Source (NSLS) at Brookhaven National Laboratory (BNL). A different three-phase
transition behaviour was demonstrated by in-situ XRD; the 003 diffraction peak evolution of NMC
electrode during the first charge is observable in Figure 10a; thanks to ex-situ scanning-TEM analysis,
the authors observed the coexistence of an abnormal Li-poor region with tetrahedral Li occupation
and a normal Li-rich region with octahedral Li occupation. Figure 10b shows TEM images taken along
the 110 zone axis [95].
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Figure 10. (a) 003 diffraction peak evolution of NMC cathode during the first charge; (b) TEM image
taken along the [110] zone axis of the NMC electrode after 55 s charging at the current rate of 30 C,
with zoom-in image of the areas marked with yellow and pink squares, respectively [95].

Transmission X-ray microscopy (TXM) conducted in advanced synchrotron facilities is also a
powerful tool to characterize battery materials with high spatial resolution (~30 nm using hard
X-rays) and providing a large field of view (~tens of um), which is ideal for tomographic imaging
in kinetic studies [5,96]. Li,MnOj3-LiMO; electrodes were investigated with operando TXM coupled
with neutron powder diffraction by Chen and co-authors. Analysing the morphological evolution of
particles during the first charge/discharge cycle, they observed how the morphological evolution of
particles is directly correlated to electrochemical function. Particle cracking was revealed to be initiated
by the solid-solution reaction of the LiMnO, phase on charge to 4.55 V vs. Li+/Li and intensified
during further charge to 4.7 V vs. Li+/Li during the concurrent two-phase reaction of the LiMnO,
phase, involving the largest lattice change of any phase, and oxygen evolution from the Li;MnOj3 phase.
Chen and co-workers employed scanning transmission X-ray microscopy (STXM) at the beamline 5.3.2
at Advanced Light Source (ASL) (Berkeley, USA) to image the local state-of-charge (SOC) and particle
morphology of a LixFePO, (LFP) electrode in a coin cell during operando, revealing the particle by
particle SOC pathway [97,98]. They observed that the active population depends strongly on the C-rate,
exhibiting particle-by-particle-like behaviour at low rates and increasingly concurrent behaviour at
high rates [98].

TXM is extensively used in combination with XANES for their ability to achieve spatially resolved
analysis of chemical phases and oxidation state of NMC materials, for instance [99], or in Li-S batteries
studies [100]. However, the coupling of TXM and XRD—conducted concurrently during operando
conditions—represents a powerful tool for LIB analysis since it can give information about structural
and morphological changes in the battery during operation [101,102]. Villevieille and co-authors
analysed the lithiation dynamics in negative electrodes composed of Ti containing Sb particles [103].
The operando XRD and TXM were performed at the MS-powder (X04SA) and at the TOMCAT
beamlines at the Swiss Light Source (SLS) (Villigen, Switzerland), respectively. The authors observed a
core-shell lithiation process which induces crack growth and varies with particle size and morphology.
Figure 11a shows the operando XRD (upper graph) obtained for 14 scans taken at regular intervals
during the first electrochemical reduction (represented in the middle). Scan 0 corresponds to unreduced
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particles in the electrochemical cell prior to cycling at open circuit conditions. The bottom image
represents a colour map corresponding to the X-ray linear attenuation coefficients, which is linked to
mass density and elemental composition scale of the four steps during the electrochemical reduction:
pristine Sb-Ti particle (step 0), SEI layer growth (step I), beginning of the Sb lithiation through a
core—shell process (step II), phase transition which induces particle fracture and ejection of Ti (step III),
and continues fracture and volume expansion (step IV). Figure 11b shows the X-ray tomograms of
selected particles presenting experimental evidence for a core—shell phase-evolution process and for
unequal reduction kinetics in different particles.
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Figure 11. (a) operando XRD (upper) obtained for 14 scans during the first electrochemical reduction
represented in the middle; colour map of the X-ray linear attenuation coefficients (bottom): the colour
red can be associated with the high-density phases (i.e., Sb and TiSb,), the yellow—green with low-density
phases (i.e., Li;Sb and Li3Sb), and the blue regions with weakly absorbing components of the electrode
(i.e., carbon black, polymeric binder, and electrolyte); (b) X-ray tomograms of selected particles recorded
every 24 min during lithiation. Scale bar: 20 pM.

6. XRD-CT

While synchrotron XRD has been successfully applied to study changes to battery materials’
lattice parameters, phase transformation mechanisms, site occupancy or changing atomic position,
computed tomography (CT) has been shown to be an excellent tool to analyse volumetric changes and
resulting crack formation, or mechanical degradation mechanisms in electrodes upon electrochemical
cycling [104]. Thanks to the high brilliance X-rays generated by synchrotrons, X-ray scattering coupled
simultaneously with tomography analysis allows for the acquisition of spatially resolved signal from
the interior of an object under working conditions. XRD-CT experiments are usually performed using
a micro pencil beam (2-100 um?) which maps a 2D cross section translating the sample perpendicularly
to the beam. This process is repeated several times at angular increments until the sample has been
rotated by at least 180°. The diffraction data is recorded while translating and rotating the sample,
and then radially integrated. The result is a sinogram which is back-projected via a suitable algorithm
to a square pixel image where each pixel comprises a full diffraction pattern [60]. The technique has
been first demonstrated on a synchrotron facility by Bleuet et al. adopting Harding’s original CT
approach, but is now becoming routine [105].
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Taking advantage of XRD-CT’s ability to spatially resolve phenomena is the work performed
by Daemi et al. which analyzed the change in unit cell parameters upon cycling, allowing for
heterogeneities within the cell to be studied at multiple scale lengths, from particle to electrode [106].
A multiscale approach is necessary in order to understand the phenomena at all levels and how they
materialize into full-cell degradation.

The pencil beam used for XRD-CT also leads to high spatial resolution in point diffraction
experiments when rastering through the thickness of the electrode. Recently, Finegan et al. performed
the first high-speed XRD-CT to probe, in 3D, crystallographic heterogeneities within a graphite-Si
composite electrode with a spatial resolution of 1 uM. The experiment was performed on the ID15A
beamline at the European Synchrotron (ESRF, Grenoble, France) [107]. They proposed an in-house design
microcell consisting of a perfluoroalkoxy alkane (PFA) Swagelok union fitting and a bespoke polyether
ether ketone body which housed the battery. They were able to analyse the local charge-transfer
mechanism within and between individual particles, observing charge balancing kinetics between the
graphite and Si during the minutes following the transition from operation to open circuit. Moreover,
subparticle lithiation heterogeneities in both Si and graphite with their respective diffraction patterns
have been characterized with spatial resolution. Figure 12 presents a XRD-CT slice taken at the
beginning of the charge step, with magnified regions of interest (left images); the XRD patterns from
segmented lithium silicide shells and Si cores are shown on the right. The inset shows a picture of
the used cell. Using the same cell type, techniques, and beamline, the group was able to obtain the
spatial and temporal quantification of crystallographic heterogeneities within and between particles
throughout both fresh and degraded LixMn,Oy electrodes during cycling [104]. A similar design was
previously adopted by Tan and co-workers for in-situ and operando micro-CT studies to quantify
microstructure evolution of NMC and Li-sulfur electrode and analyse the degradation [35].
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Figure 12. XRD-CT of graphite-silicon composite electrode with phase-distribution map (upper-left
image), with magnified regions of interests (bottom-left). On the right, the XRD pattern from segmented
lithium silicide shells and Si cores. Adapted with permission from [107], copyright 2019 American
Chemical Society.
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Again on the ID15A beamline at the European Synchrotron (ESRF, Grenoble, France), Liu and
co-authors resolved and quantified the reaction heterogeneity within a whole LiFePO, (LFP) electrode
using the XRD-CT technique [108]. Figure 13 shows the dominant reaction heterogeneity as a function
of depth within the electrode (upper part); the bottom part shows the maximum heterogeneity,
as characterized by the standard deviation at any time during charge.
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Figure 13. XRD-CT voltage profile of a whole LFP electrode cycled at C/10 during operando XRD-CT
(red curve); the bottom image shows the LEP phase fraction, i.e., the Li composition, map of different
horizontal layers across the electrode during cycling [108].

An important contribution in the field was given by Roué’s group, who used synchrotron XRD-CT
on the Psiché beamline at Soleil Synchrotron (Gif-sur-Yvette, France) to study the morphological
changes in Si-based anodes induced by cycling at different stages of the 1st and the 10th cycles [109].
The analysed electrode was composed of nanocrystalline/amorphous Si particles and a porous carbon
paper as current collector and graphene nanoplatelets as conductive additive. They used a Swagelok™
cell made of PFA polymer with a thin wall (2.5 mm-thick) near the electrode to obtain low X-ray
attenuation. Figure 14a shows the evolution of the electrode potential along the 1st and 10th cycles
performed during the in-situ XRD-CT experiments (left) and the corresponding colour map XRD
peak intensity upon charging (right). The CT images at different stages of cycling were obtained on
representative areas of 280 x 280 uM? and are shown in Figure 14b. The Si particles, visible in white
at the pristine state, are traced in order to track their lithiation/delithiation upon cycling. The same
cell configuration used in this study was adopted by the same group to analyse the microstructure
evolution of a sulfur-based cathodes in Li-S batteries with the same techniques. A schematic diagram
of the used Swagelok™ cell is shown in Figure 14c, with an inset showing the zoom of the central part
containing the electrodes [110].
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Figure 14. (a) discharge/charge curves (left) and respective colour map XRD related to steps 1-24
(right); (b) lateral CT images at z ~5, 50 and 100 uM for different stages of cycling. The numbers 1-24
correspond to those indicated on the discharge/charge curves in (a); (c) schematic diagram of the used
in-situ cell. Reprinted (adapted) with permission from [110].

The spatial sensitivity afforded to XRD when using a pencil beam makes it an excellent tool for
studying heterogeneities within the material during cycling. Finegan et al. applied point XRD to study
lithium dynamics within a graphite electrode during cycling in order to quantify lithium plating [111].
The tendency for lithium plating to occur under stressful operating conditions (such as accelerated
C-rates and low temperatures) is hindering the application of fast charging of lithium ion batteries.
This work was carried out at the ID15A beamline at ESRF and made use of the extremely quick high
resolution (0.5 s) which is essential for fast C-rates. A modified coin cell architecture was adopted for
this experiment (Figure 15), negating any concerns that bespoke operando cells give rise to unusual
results due to the cell design. Significant lithium concentration gradients were found throughout the
depth of the electrode during cycling, and a description of lithium plating was developed; results can
be seen in Figure 15.
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Figure 15. Modified coin cell used in the XRD-CT experiment (left); 3D plot showing LiC¢ value as
a function of time and depth during 6C charge and 2C charge [111], published by The Royal Society

of Chemistry.
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7. XRD and Pair Distribution Function

While XRD covers only Bragg scattering and provides long-range average structural information,
PDF analysis utilizes the total scattering (Bragg and diffuse scattering) to investigate materials with
short-range ordering. PDF can provide local information on the atomic pair distribution relating to
chemical, structural, and morphological transformations that occur during electrochemical reactions.
For this reason, it is particularly useful to study nano-sized materials or highly disordered materials.

Applied tobattery studies, PDF analysis can provide detailed insights into the local atomic structure,
phase progression, and particle size/ordering in electrodes [112,113]. For instance, Sottman et al.,
combined operando PDF and XRD-CT to study the chemical structure of specific sodium ion battery
components. Using the ID15A beamline at ESRF facility (Grenoble, France), they analysed the different
mechanisms of sodiation and desodiation of phosphorus.

Chapman’s group used operando PDF combined with nuclear magnetic resonance (NMR)
spectroscopy to gain comprehensive insights into the electrochemical reaction mechanism of iron
oxyfluoride electrodes using an AMPIX cell [114]. On the 11-ID-B beamline at the APS at the Argonne
National Laboratory (USA), they observed complex behaviour during cycling, including a multistep
sequence of structural transitions and formation of amorphous and nanoparticle phases. Figure 16a
shows the PDF data obtained during the first charge-discharge cycle. The data seems reversible,
implying reversibility of the electrochemical reaction. However, the atomic structure of the electrode
formed after cycling differs from the pristine uncycled electrode material. Fits of the data reveal that
upon cycling the electrode is a nanocomposite of an amorphous rutile phase and a nanoscale rock salt
phase. Fe nanoparticles grow to ~30 A (at 1.3-1.2Li) during charge followed by the formation of a
rutile phase. The rock salt phase does not react until late into charge, after all the Fe nanoparticles have
transformed to amorphous rutile. Some rock salt remains in the fully charged material. The evolution
of Fe phases during cycling is shown in Figure 16b.
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Figure 16. (a) PDFs obtained during the first discharge—charge cycle (for x = 0.60, 50 °C, C/30, ~35 h,
4.5-1.5-4.5 V). The arrows indicate distances characteristic of the rock salt intermediate. The colours
reflect relative peak intensities; (b) evolution of Fe phases during cycling of x = 0.60 at 50 °C from full
profile fits to the PDF data.

8. Conclusions and Perspective

In situ and operando experiments have led to significant progress in understanding complex
battery materials and related processes. XRD has been revealed as a powerful tool in this context and
this review reports the most recent in-situ XRD synchrotron-based experiments on battery materials.
The combination of different synchrotron characterization techniques, such as XRD combined with
neutron, CT, Raman, XAS, and microscopy has allowed for LIBs to be studied simultaneously at
multi-length scales and has achieved a more clear and comprehensive understanding of the (evolving)
heterogeneities within LIB materials. Experiments that have been considered extremely difficult until
relatively recently, now have become routine, with rapid measurements and a large number of available
facilities. It is now possible to monitor changes in interfacial regions for high-resolution primary
particle analysis, probing redox reactions occurring to a single particle. The contemporary analyses
of morphology and crystallography of battery materials are now becoming common on a single
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beamline. This is an enormous advantage, because it allows for the use of multi-operando techniques,
increasing the level of results and reducing the experimental time. In the future, several types of
experiments should be carried out on the same sample sequentially, reducing the risk of exposure of
the sample to the atmosphere and without the need for manual exchange, with automatic motion
inside and outside the beamline. Nevertheless, the issues related to the measurements of amorphous
materials should also be considered. Disordered materials still represent a challenge for XRD analysis
because of the lack of sharp peaks deriving from no long-range ordering, which result in a difficult
interpretation of diffracted data. The use of high-energy synchrotron X-rays (~60-300 keV) can help
in providing structural information at short-to-medium range atomic order [115]. It offers several
advantages with respect to the use of energies in the range 10-30 keV. First, the enlarged range of
Q range, where Q = (47sin)/A) is the scattering wave vector [116]. Second, the fast decay of the
photoelectric cross-section with energy above the K-edge results in vanishing absorption corrections.
The polarization corrections also become smaller, due to smaller scattering angles [117]. However,
to completely understand the global picture of amorphous materials, computer modelling and
simulations should be used for a better interpretation of diffracted data. Indeed, the lack of short range
order determines a one dimensional structure factor, which represents a problem in the structural
determination in three-dimensional amorphous solids. Inverse methods such as Reverse Monte
Carlo [118,119] or Empirical Potential Structure Refinement [120,121] can be used to reproduce and
interpret data [122], since they provide a 3-dimentional atomic model which fits the measured data.
The combination of modelling and experimental approaches can represent a major step forward to the
interpretation of amorphous material diffraction data [123].

It should also be considered that a vital opportunity in battery research is given by long duration
experiments. In this kind of experiment, the cell can be studied without interruption over its entire cycle
life and this is essential to understand how the materials evolve upon aging. Commonly, users have
only a few days available for their experiment, which is not enough for a long duration experiment.
The I11 beamline at Diamond Light Source is an example of this: as highlighted in this review,
results have demonstrated that long duration experiments allowed for the formation of new phases
which occurred after extensive electrochemical cycling to be studied compared to a traditional beamtime
where it was not possible for this result to be observed in the time given [65,66]. Due to the nature of
battery materials and how they evolve upon cycling, it would be greatly advantageous for there to be
more long duration experiments offered at different beamlines or the option for repeat visits to the
beamline at incremental points throughout a cell’s cycle life.

Another simple but important aspect is given by beamline equipment. Not every beamline is
equipped with instruments which are essential for battery experiments (for example dry rooms or
glove boxes for battery assembly and disassembly, or a potentiostat for battery cycling that is integrated
with the operational software of the beamline). This is fundamental for battery materials studies,
but often is not available on the beamline site. A larger availability of this kind of equipment for sample
preparation on beamline sites would be desirable to maximize the benefit to the battery community.

The advent of more intense sources (e.g., 4th generation synchrotron sources), which will
provide better spatial and time resolution, new high-performance optics, and detectors, as well
as post-processing software, are necessary to provide data with higher signal-to-noise ratio.
New aberration-free sources require low aberration optics and nowadays, lithographic nanofabrication
techniques are able to generate diffractive and refractive lenses such as Fresnel zone plates with a
small focus of less than 10 nm [124]. The use of high performance area detectors with an acquisition of
~ms/pattern for rapid time-resolved studies on battery material dynamic behaviour that occur at tiny
length scales [60]. These will allow the study of phenomena which do not occur at equilibrium, such as
the formation of metastable intermediate phases or the evolution of the reaction front that governs
the phase transformation pathway, and this could offer critical insights into the battery degradation
and failure mechanisms. Faster acquisition rates would also be extremely beneficial in order to study
the materials in real time and tackle practical issues such as fast charging and dynamic failure modes.
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Progress has been made with pixelated devices with a reasonable numbers of pixels [125] and more
recently with photon-counting pixels, which can give higher count rates with higher frame rates [126].
There is a desperate need for advanced systems to achieve ambitious battery performance targets,
but also to accelerate the discovery of new battery materials. A new generation of battery material,
e.g., the new classes of high energy density electrodes, such as layered O-redox cathodes or high
nickel/low cobalt content cathodes beyond NMC811 are the imminent future of battery materials and
there is a need of powerful tools to accelerate their discovery and optimization.

Finally, the large amount of data that is acquired during operando battery experiments should
also be considered. With new collection technologies it is possible to acquire a huge amount of
data within a short amount of time and this will be improved by the next generation of synchrotron
facilities. Scientific “big data mining” is one of the next frontiers for energy science in large scale
X-ray facilities, and requires input not only from battery researchers and synchrotron scientists but
also from computer scientists and applied mathematicians. Moreover, the use of advanced software
for rapid and complex data analysis with an element of automation has to go hand-in-hand with the
technological developments [127]. Machine learning for data analysis could represent the future for
the processing of large amounts of data.

To conclude, future advances in the battery field are possible with a combined effort across many
scientific communities: battery researchers, large-scale facilities such as new generation synchrotrons,
new beamline technologies such as detectors and optics, and machine learning. Only with a total
synergy between all of these areas of expertise will it be possible to aspire to a new generation of
battery materials and devices.
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