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Abstract

The necessity of mapping crystal defects in battery materials after synthesis is crucial in understanding heterogeneity
within a single crystal domain and among particles to develop superior crystal quality materials. Numerous imaging
techniques have been developed over the past years to study these materials at the nanoscale. However, most of
them use electron beams which demand many hours of sample preparation, and they are incompatible with the in-
vestigation of batteries under realistic working conditions. Techniques such as Scanning X-ray Diffraction Imaging
(Scanning X-ray Diffraction Microscopy) or Bragg Coherent Diffraction Imaging are increasingly available on the lat-
est generation synchrotron sources. Their progressive deployment will allow for a standardized method for imaging
crystal lattice imperfections such as lattice tilt and strain in individual particles without any prior sample preparation.
In this paper, we exploited Scanning X-ray Diffraction Microscopy to probe the strain variation in single crystals and
polycrystalline particles and Bragg Coherent Diffraction Imaging to reconstruct the volume of a single crystal particle.
Presented case studies were performed on particles of different active cathode materials (LiNig gMng,Cog,0,, LiNiO,
and LiMn, 5Nip 504); however, these techniques can also be employed on other battery components for a more holistic
structural understanding of used materials and (de)lithiation dynamics on the microscale.
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INTRODUCTION

Large-scale electrification of the global economy requires cheap, efficient, and durable energy storage. The de-
creasing cost of high-performance lithium (Li)-ion batteries has generated widespread interest for applications
that require far longer lifespans than typical consumer electronics. A wide range of characterization techniques
are employed to systematically study and improve modern battery materials. Powder X-ray diffraction (PXRD)
remains the most common method used to evaluate crystal quality in different battery components and in par-
ticular in cathode materials, while also being applicable for operando measurements for investigation of their
structural evolution. However, this method yields, by definition, averaged information over a large number of
crystals.

Structural heterogeneities present in primary particles such as lithiation irregularities, defects, grain bound-
aries and lattice misorientations are practically invisible during powder diffraction measurements. Such im-
perfections of the crystal lattice can be formed in the particles either during the synthesis or as a result of
long-term cycling and are considered to be an important aspect affecting the electrochemical performance
and stability of the material ">/, High variation of lattice quality among different particles in the cathode can
also explain the reported discrepancy of electrochemical results between different studies. This underlines the
importance of careful crystal quality assessment after synthesis and its monitoring during long-term cycling
on different scales for a more holistic understanding of battery systems. However, directly measuring device
aging performance of different active materials is extremely slow and expensive; therefore, heuristic tools that
can predict aging performance from microstructure would be a valuable asset.

Structural differences among various particles, e.g., the inter-particle lithiation heterogeneity, also remain
mostly unaccounted for in powder diffraction techniques and require the use of specialized techniques. For ex-
ample, such studies of inter-particle structural heterogeneity using X-ray diffraction (XRD) and spectroscopy
techniques can uncover previously unaccounted features of phase transformations*! and correlate crystallo-
graphic heterogeneity with the structural degradation among different particles 2],

There are several microscopy techniques that allow for imaging of battery materials with a single crystal spa-
tial resolution. X-ray microscopy techniques such as Scanning Transmission X-ray Microscopy (STXM) and
micro-X-ray fluorescence (XEM) both give elemental information, in particular Li-ion concentration [*-°/, Op-
tical microscopy techniques such as optical interferometric scattering microscopy (iISCAT) offer similar chem-
ical information with comparable spatial resolution!”). Chemically resolved spatial information is especially
important to study the lithiation pathways and Li-ion heterogeneity across different particles. However, chemi-
cal mapping data obtained using these methods gives only indirect information about the local crystal structure.
In addition, operando measurements with the aforementioned techniques require specialized cells optimized
for specific experiments that can be not representative in terms of electrochemical behavior and can introduce
some experimental challenges such as the need for a vacuum environment or samples with extremely dispersed
crystals>¢],

Recently, Laue micro-diffraction technique was used to effectively study the crystal defects in cathode mate-
rials(®). This technique could be an invaluable tool for quality control of battery material since it allows the
identification of a wide range of different defect types and quantification of their amount in the sample. How-
ever, to the best of our knowledge, successful operando Laue diffraction experiments have not yet been reported.
Electron Backscatter Diffraction (EBSD) opens up a possibility for measurements of crystal orientation which
is valuable for studying the structure of the secondary particles in polycrystalline cathode materials'®). Never-
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theless, the angular resolution does not allow the study of fine misorientation of crystal structure in primary
single crystals.

Single particle strain imaging inside battery crystals has been performed before using atomic resolution trans-
mission electron microscopy (TEM) or Bragg Coherent Diffraction Imaging (BCDI) [10-12]_ Steady improve-
ments in the strain resolution of phase-sensitive, coherent techniques such as BCDI offer interesting opportu-
nities to study defective cathode structures. However, such techniques face fundamental barriers in measuring
industrially relevant particles of several microns in size, since they are limited by the coherence length of the
X-ray beam "3}, While TEM allows significantly better spatial resolution than these novel X-ray techniques, it
faces even steeper restrictions in terms of field of view, crystallite thickness and has only limited operando ca-
pabilities. The present article highlights the importance of multiparticle and single particle imaging of cathode
materials on the example of Scanning X-ray Diffraction Microscopy (SXDM) and BCDI. Going beyond con-
ventional powder diffraction investigations, these methods are able to reveal unique structural information on
single and multiparticle scales. SXDM is a flexible technique that exploits nanosize beams '] and allows mon-
itoring of both inter- and intra-particle structural heterogeneity for polycrystalline and single crystal materials.
The BCDI technique uses a highly coherent X-ray beam [**! to probe 3D strain fields with high-resolution inside
primary particles. These techniques require a highly brilliant X-ray source and are thus essentially exploitable
on 3rd or 4th generation synchrotron sources. A leading instrument in this field is the beamline IDo1 at the
European Synchrotron Radiation Facility (ESRF)['¢). Both of these techniques are available for users with de-
veloped pipelines for measurements and data analysis. This opens up an opportunity for systematic studies of
battery materials that focus on understanding the influence of variations in synthesis, composition, morphol-
ogy, etc. on their electrochemical performance and stability. Wide flexibility of the IDo1 beamline also allows
for integration of different experimental setups and techniques*>!¢! that facilitate a holistic understanding
of battery material structure on various scales ranging from tens of nanometers to hundreds of micrometers.
We have previously shown how SXDM can reveal a broad variety of defects inside nominally single crystal
LiNip sMng 2C0p 20, (NMC-622) at high spatial resolution (17 and successfully followed the phase transition
inside a LiMn; 5Nip 504 (LMNO) particle (12] 1 this work, we present a set of case studies on LiNiO, (LNO),
NMCe622 and LMNO cathode materials investigated using SXDM and BCDI. These examples highlight the
possibility of probing lattice quality with an unprecedented resolution on different scales ranging from single
crystals up to an ensemble of polycrystalline particles. In addition, flexibility of these techniques lifts most of
prior sample preparation requirements and simplifies the measurements in operando conditions.

METHODS AND MATERIALS

SXDM principles

SXDM is an imaging technique where a nanofocused X-ray beam is rastered across a sample, measuring diffrac-
tion in Bragg reflection geometry from each position of a real space map [Figure 1A]!'>'4]. In a SXDM ex-
periment, the diffraction signal from the particles in the Bragg condition in the sample is collected by a 2D
detector at the 26 of the Bragg reflection of interest. To obtain the full 3D information of the diffracted peak in
reciprocal space, the sample is rotated around an axis perpendicular to the beam, varying its incidence angle
[Figure 1A]. In this way, a set of 2D slices of reciprocal space in the vicinity of the studied Bragg reflection
is obtained for each position on the sample [Figure 1B]. This set of data collected is what is called a rocking
curve scan. An example of a rocking curve on a particle is presented in Supplementary Figure 1. By merging
the rocking curve 2D slices, it is possible to obtain the intensity distribution of the Bragg reflection in a 3D
volume of the reciprocal space for each XY sample position. In a 3D-SXDM map, the position and shape of
the Bragg reflections contained in each (XY) scanned position can be analyzed to obtain local diffraction infor-
mation. To streamline the analysis and data interpretation, a simple Center of Mass (COM) fitting is used to
determine the coordinates of the Bragg reflection (and therefore the magnitude and the direction of the local
scattering vector Q|oc5(). More detailed analysis of the diffracted intensity is possible by fitting the reflection
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Figure 1. Scanning X-ray Diffraction Microscopy (SXDM) experimental schematics (A). A nanofocused beam (with wave-vector k;) is
rastered across the sample (using piezo motors x and y) imaging crystals found in Bragg conditions in the scanned area. For each step of
the map local scattering vector, Qy,..: is measured which is defined as the difference between k; and &, incident and scattered wave vectors,
respectively. It corresponds to the studied Bragg reflection and contains local diffraction data of the illuminated portion of the crystal. Maps
are obtained at distinct rocking curve angles » to probe the 3D volume of the reciprocal space. The slices measured at each rocking curve
angle by the 2D detector define the studied volume in the reciprocal space, which contains the Bragg reflection of the particle (B). SXDM
is sensitive to the magnitude variation of the Q;,..; scattering vector (orange) relative to the averaged scattering vector (@ (gray)) across
the measured particle (C). These local variations can be visualized as maps of absolute d-spacing (D) or "strain” relative to average d-
spacing of the particle (E). Rotation of Q;,..; vector in the reciprocal space due to lattice mosaicity/misorientation can also be detected (F).
The direction of Q... Vector can be expressed in spherical coordinates as tilt magnitude (Altitude) and tilt direction (Azimuth) (G) (Tilt
magnitude is exaggerated for clarity). Lattice mosaicity can also be visualized on the map of the same scanned area (H) by color coding
the altitude and azimuth values with saturation and hue, respectively (1).

with a Gaussian function and calculating the peak width along each axis of the reciprocal space.

The obtained local scattering vector is extremely sensitive to the local changes in d-spacing (the magnitude
of the Qo4 presented in Figure 1C). Strain inside the particle can be displayed either as the variation in d-
spacing (see Figure 1D), or, more conveniently, as the local deviation of the d-spacing from the mean value of
the whole crystal (%d - 10°) (see Figure 1E).

Another unique information that can be obtained by investigating the local scattering vector is the local crystal-
lographic misorientation/mosaicity of the measured planes (rotation of the Q.5 shown in Figure 1F). Small
rotations, tilts, bending, and geometric distortions of different domains inside the crystal are collectively re-
ferred to as mosaicity. While strain measurement is a more mature methodology due to the possibility of its
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extraction from conventional diffraction patterns, measurements of crystal mosaicity and orientation distribu-
tions at the nanoscale are still in their infancy. A variety of approaches have emerged to probe this additional
dimension of microstructural complexity with the necessary precision ['8-2!], but a robust understanding of
the origins and influence of mosaicity has not been established for battery materials yet.

As can be seen in Figure 1G, the direction and magnitude of these tilts can be expressed with azimuth and
altitude angles in a spherical coordinate system, the main axis of which points along the average Q-vector
of the particle (Q), and mapped directly onto the crystal [Figure 1H]. The hue represents the direction of
the tilt (azimuth), while the saturation intensity of the color conveys the magnitude of the local tilt vs. the
average orientation of the whole crystal (altitude). The local rotation of the crystal lattice can either be directly
mapped onto the crystal structure [Figure 1H], or visualized in the form of a pole figure, where the direction
and magnitude of the tilt are calculated in spherical coordinates [Figure 1G and I]. By investigating the shape
of the Bragg reflection along different axes (Q,,Q, and Q.) at each point of the maps, it is possible to determine
the degree of heterogeneity of aforementioned parameters along the illuminated volume at each position on
the crystal Supplementary Figures 2 and 3.

(14] has been recently used to image the strain and defect structure of battery

. In addition to excellent sensitivity towards crystalline microstructure, nanod-

This relatively new technique
cathode microcrystals (#2123
iffraction has two advantages over soft X-rays (> and electron beam **! spectromicroscopy for battery materials.
Firstly, penetration through sample environment up to several centimeters thick [2°), providing compatibility
with industrially relevant materials and secondly, potentially lower beam-induced damage>) as the beam en-
ergy can be arbitrarily tuned to reduce absorption phenomena. Furthermore, spectroscopic imaging, which
follows transition metals through their oxidation state, cannot differentiate ordered/disordered phases and

crystalline strain due to Li* dishomogeneities.

SXDM is frequently used for thin films where the sample thickness can be negligible 27->°), but in this study,
the 2D projection of a 3D particle is measured. Therefore, the diffraction signal is averaged through the "depth”
of the crystal, projected along the incident beam direction. This introduces some amount of ambiguity into the
acquired maps of the particle that requires additional scrutiny during their interpretation. This can be resolved
by obtaining a 3D reconstruction of the particle and strain fields with BCDI technique which will be discussed
later.

SXDM data analysis

Python scripts utilizing the XSOCS and SXDM libraries developed at ESRF[*":*2) were used to analyze the
data. Conversion of the diffracted intensity to reciprocal space was done by "binning” the diffracted intensity
data in each voxel of an array and applying a 2 X 2 median filter. The size of the array was calculated in each
case to match the resolution determined by the detector orientation, its distance from the sample and rocking
curve step. The 3D fitting of the center of mass of a Bragg peak was used to determine the direction and the
length of local Q-space vectors. The images were masked to exclude pixels with less than 20% of the maximum
diffraction intensity.

SXDM measurements

SXDM measurements were performed at the ID01 beamline of the ESRE. Fresnel Zone Plates are used to focus
the X-ray beam down to nanometer size (50-120 nm depending on the beam energy). For ex situ SXDM exper-
iments, no special sample preparation is required. However, it is preferable, especially for cathodes with small
particle size (< 500 nm), to minimize the number of the crystals in the path of the beam since only one particle
should satisfy the Bragg condition for a certain position of the detector to efficiently isolate the diffraction data
and keep the scanned particle in the center of rotation. This can be achieved, for example, by using thinner
cathode films. The sample (in this case, a piece of a cathode film) is glued or taped to a magnetic holder and
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placed in the focal point to achieve the highest resolution. Operando experiments require an electrochemical
cell that allows for X-ray measurements in reflection geometry!'>*?! (e.g., the Leriche cell **) or operando cells
from EL-CELL. The design!'®) and acquisition strategy!'*! have been discussed in detail elsewhere. For each
x, y raster position, a 2D diffraction pattern is collected, but to fully sample the whole Bragg peak in reciprocal
space, rocking curves were performed over a range covering several times the full width at half maximum
(FWHM) of the Bragg peak. A monochromatic beam with an X-ray energy of 8.33 keV (1.48 A wavelength)
was focused onto the sample with a Fresnel zone plate of 300 micrometers in diameter and an outermost zone
width of 30 nm leading to a spot size of about ~40 nm. Diffraction patterns were collected with a 512 x 512
Maxipix detector with an exposure time of at least 10 ms per pixel.

To overcome eventual sample drifting due to center of rotation misalignment during the rocking curve scan,
the particle is linearly re-positioned at each rocking angle to account for all eccentricity contributions. An
example of shift correction is reported in Supplementary Figure 4. COM calculations per pixel were evaluated
over a selected region of interest (see Supplementary Figure 5).

BCDI principles

BCDI is a powerful technique that allows the visualization of, in 3D, lattice strain and displacement fields
in crystallites'>>5-2%) Tt is based on the fundamental principle of mathematical equivalence of diffraction
phenomenon to Fourier transformation. Upon certain conditions such as full coherence of the X-ray beam,
full illumination of the particle and sufficient diffracted signal oversampling, it is possible to fully reconstruct
the shape, and the lattice deviations inside, of the crystal by essentially performing inverse Fourier transform
of the diffraction signal. Here, iterative algorithms are employed to reliably retrieve the phase of the signal that
is lost after detection of the diffraction from a crystal *).

BCDI measurements

Similar to SXDM, BCDI does not require any sample preparation for ex situ experiments and requires the same
type of electrochemical operando cells. However, unlike SXDM, BCDI requires a fully coherent X-ray beam
and correct oversampling in both the detector plane and along the rocking curve. This implies positioning
the detector at a distance that fulfills the oversampling condition (oversampling greater than 2, i.e., at least
2 pixels per fringe, the Nyquist limit), and ensuring that the steps of the rocking curve also meet the over-
sampling requirement. The sample was mounted on a high-precision (~1 nm) XYZ-stage that is installed on
the diffractometer of the ID01 beamline. The beam energy was set to 13 keV and focused down to a ~ 1 pm
beam using a set of Beryllium compound refractive lenses. The diffracted signal was recorded with a Maxipix
photon-counting detector (pixel size of 55 x 55 pm) positioned on the detector arm at a distance of 1.4 m. We
measured the 004 LMNO Bragg reflection in three dimensions by rotating the particle around its Bragg angle
(0) over 0.4°.

Materials

Commercial SC-NMCe22 was provided by MSE Supplies (batch N. 29520B1). LNO pristine electrodes with a
loading of 3 mAh/cm? were provided by BASF and consist of 94 wt% LNO (BASF), 3 wt% Cé5 carbon black
(TIMCAL) and 3 wt% Solef5130 polyvinylidene fluoride (PVDE, Solvay). Disordered LMNO cathode material
was prepared by polymer-assisted sol-gel method which was described in detail in our earlier work['?. The
active material was made into electrodes using a doctor blade onto Al foil (99.6%, 15 pm) thick, Guangdong
Canrd Ltd), with an ink composition of 85 wt% LMNO, 10% conductive carbon, and 5% PVDF (Solef PVDF
5130/1001, Solvay) binder with N-methyl pyrrolidone (NMP) serving as the solvent.
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Figure 2. 40 x 40 um SXDM map of LNO polycrystalline pristine powder. Pixel resolution ~ 400 nm. XRD intensity of multiple single crystals
in Bragg condition (A). c..is lattice parameter extracted by fitting the Bragg peak Center of Mass (COM) of each single pixel within the
collected map (B).

RESULTS

The current SXDM setup on the IDo1 beamline at ESRF [¢] allows the study of lattice heterogeneity on various
scales that are relevant for the battery material research. Several instrumental parameters can be adjusted
to satisfy possible experimental requirements in field of view, strain sensitivity, time resolution, etc. These
parameters include the beam size which is controlled by the choice of the focusing optics, the focusing distance,
the detector distance which determines the resolution and the field of view in reciprocal space, the size of the
scanned region, and the rocking curves step size and range which are related to the reciprocal space resolution.
This flexibility in the beamline setup opens up a possibility for a wide range of experiments on materials with
different morphologies and allows automatic and dynamic switching between different modes of operation
during an experiment %],

In this paper, we demonstrate the unique range of possibilities using SXDM and BCDI techniques available at
the ID01 beamline. SXDM provides local 2D maps of the strain and tilt of the measured planes at different
scales. The size of the mapped regions can vary from 40 X 40 to 100 X 100 pm with the spatial resolution
defined by size of the beam (30-120 nm). We will first present high Field of View (FoV) scans of multiple
single crystals in polycrystalline LNO particles, followed by more in-depth high-resolution measurements of
lattice structure inside single-crystal NMCe22 (SC-NMC622) cathode material.

BCDI, on the other hand, provides a 3D strain map of a single particle. This technique achieves a spatial
resolution smaller than the beam size through iterative reconstruction algorithms. The BCDI technique is
limited to isolated crystalline nano- and micro-scale objects. For the demonstration of BCDI capabilities, we
will present full 3D BCDI reconstruction of a morphology and strain distribution of LMNO crystals.

SXDM on polycrystalline materials

Study of inter-particle structural heterogeneity is of great interest due to particle-by-particle charging kinetics
path dependencies and particle-by-particle differences in Li-ion concentration. From an electrode engineering
perspective, a heterogeneous reaction across a population of particles could lead to an increased current density
in a fraction of active particles and thus be a reason for accelerated degradation of that specific cathode material
portion, especially when fast C-rates are employed >*°!. Moreover, the redistribution of lithium ions between
particles was suggested to be a reason for hysteresis between the charge and discharge voltages ',
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To understand the intra- and inter-particle heterogeneity of polycrystalline electrodes, we performed various
SXDM maps for different spatial resolutions on pristine LNO cathode material embedded in a conventional
electrode film that shows particles with a polycrystalline nature as seen on the Scanning Electron Microscopy
(SEM) images [Supplementary Figure 6]. XRD analysis is presented in Supplementary Figure 7.

The first map of 40 X 40 pm with a resolution of 400 nm per pixel (see the diffraction intensity map in Figure 2A)
shows that multiple crystals satisfy the Bragg condition for the 003 reflection. A map of dyp3-spacing values
corresponding to each position on the same map is presented in Figure 2B. Considering the direct relation of
the c,yis lattice constant to the Li-ion concentration, this map reveals sample-wide structural heterogeneity
likely caused by uneven Li-ion distribution among different crystals in the sample. Therefore, the advantage of
SXDM over the conventional PXRD lies in its potential to retrieve positional information in real space of the
diffracting crystals. Furthermore, in addition to the d-spacing or ¢y, distribution, per pixel in the 2D map,
SXDM is also sensitive to local angular orientation and lattice distortion. D-spacing distribution maps come
in handy for the exploration of inter/intra particle heterogeneities. However, differentiating primary particle
domains within a cluster of pixels might be challenging. In Figure 3A, a smaller portion of the map is taken
into account where two clusters of particles are diffracting. To recognize whether two pixels belong to the same
crystallite or not, with this specific resolution, it is necessary to additionally inspect the corresponding Bragg
peak in reciprocal space per individual pixel.

By investigating neighboring positions in the pixel cluster on the right of Figure 3A (highlighted by black and
white crosses), we can see only a minimal change in Bragg reflection position in the slices of the reciprocal
space in Figure 3B. This likely indicates that the diffraction signal produced by these two pixels is coming from
one single crystal. Yet, the d-spacing variation between the black and white cross pixels is 14.043 and 14.057
A, respectively, suggesting intra-particle heterogeneity. The lattice tilt misorientation at the white and black
crosses in Figure 3A is rather significant (~ 0.18°), as shown in Supplementary Figure 8. Such deformation of
the single crystals was observed before and can be a sign of high defect concentration due to degradation or
issues during synthesis'>#3], However, for a more detailed insight into the low angle lattice misorientations
in a single crystal, it is better to probe the internal gradients at sub-100 nm resolution, as will be demonstrated
later.

By looking at the particle cluster to the left side of the map in Figure 3A and selecting two pixels close to each
other (highlighted by red and blue crosses), it is evident that, in addition to the small ¢,;s value variation, the
Bragg peak position in Q, is considerably different as displayed in two bottom slices of the reciprocal space
in Figure 3B. The d-spacing values for the red and blue crossed pixels are 14.136 and 14.147 A, respectively,
whereas the tilt magnitude is ~ 15.06°, as reported in the polar plot in Supplementary Figure 8. Although both
clusters show d-spacing heterogeneity, for the left cluster, such a large variation in diffraction signal position
along Qy, as shown in Figure 3B, could be caused by two highly misoriented grains of a polycrystalline particle
with the diffraction signal from both of them hitting the field of view of the detector. The other explanation is
related to the 2D projection limitation of SXDM and suggests the presence of a second crystallite at a different
depth in the sample, while appearing close on the measured 2D map. In both cases, inter-particle heterogeneity
can be investigated, in particular the lithiation state of different single crystals across the sample. For a more
detailed study, the ambiguity mentioned before can be resolved with a higher resolution map which, in addition,
can be useful for investigating grain boundaries in polycrystalline materials which are expected to be a limiting
factor for ionic conductivity inside of secondary particles and can be a reason of failure in the form of cracking

and pulverization of cathode particles [*4=7.

In Figure 4, we present the scan of a 2 X 2 pm area in an LNO electrode using 50 rocking steps. As before, we
were able to detect multiple crystals in Bragg condition which are well separated in reciprocal space but now
with much higher spatial resolution. This type of q-space Bragg peak segregation ultimately allows us to select
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Figure 3. (A) a zoomed in portion of the 40 x 40 pm map. The map shows a clear cluster of particles for each pixel. (B) is reported the
relative Bragg peak in the @, and Q, slice for the selected pixel

regions of interest related to separate crystals in real space. The diffraction intensity of LNO particles shown
in the blue and red box in Figure 4A and their relative ¢, value variation in Figure 4B can be separately
identified by selecting a specific region of interest in reciprocal space, as reported in Figure 4C. In fact, within
the collected reciprocal space volume, a cluster of LNO crystals of similar size and a larger single crystal were
found. Interestingly, the small cluster of crystals, highlighted in the blue box, shows a homogeneous intra-
particle d-spacing distribution and a heterogeneous inter-particle distribution. As the 003 peak position of this
layered cathode material is sensitive to the Li* occupancy within transition metal slabs where any variation
of Li* concentration would change the d-spacing values of the unit cell*), it comes as no surprise to identify
possible crystallites with relatively lower Li-ion content, especially after the lithiation process upon synthesis.
The larger crystal highlighted in the red box in Figure 4 shows instead an internal gradient within the same
crystal domain. This intriguing gradient observed, albeit limited on a 2D projection, indicates a heterogeneous
Li-ion distribution inside the single crystal domain. The additional advantage of SXDM on the larger LNO
crystal lies in the possibility of also retrieving internal mosaicity information. This is evident in Figure 4D;
the larger crystal exhibits two distinctive sub-domains within a single particle. Furthermore, the maximum
tilt extent shown in Figure 4E is ~0.7°. Large tilt values and the presence of clear subdomains are usually
ascribed to the existence of a large number of crystal defects %! typical of fused crystals. These two examples
underline the feasibility of obtaining a statistical relevant map, achieved through a wide field of view, and
a higher resolution map, enabling exploration of intra-particle features within single crystals. Moreover, a
combination of both maps is required to differentiate the details of Li-ion content heterogeneities arising from
either inherent material structure or cycling-induced inter/intra-particle variations with respect to the sample
average behavior.

SXDM of single-crystalline materials

Single-crystal LiNiyMnyCo,0, (SC-NMCs) are promising positive electrode materials because of their superb
resistance to cracking even at high voltages, avoiding electrolyte penetration along grain boundaries, increasing
their stability over cycling!*. As explained earlier, the application of SXDM provides access to distinctive
internal structural features within the single crystal domain. In this case study, pristine SC-NMCe22 crystals
were probed by means of scanning nanobeam diffraction. SEM reveals an average particle size of 2 pm (see
Supplementary Figure 9) and all the reflections in PXRD (see Supplementary Figure 10) matched the expected
layered structure, with no relevant impurity. To be representative of the bulk sample, two different particles of 2-
3 pmand an average c,ys parameter of ~ 14.22 A were measured. Particle size, cy;s distribution and ¢ (average
Caxis Value over the particle) for both particles are reported in Supplementary Figure 11. Equivalent to the LNO
sample, the vicinity of the 003 reflection was probed for the NMCe622 sample in order to probe the c,ys of the
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Figure 4. (A) XRD intensity of a cluster of LNO crystals (top) and a larger single crystal (bottom). (B) Respective d-spacing map along the
caxis Of the unit cell.( C) Visualization of the crystals Bragg peaks in reciprocal space. (D) Misorientation map of the LNO large crystal. (E)
Pixel distribution of misorientation map in the polar scatter plot.
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Figure 5. Scanning X-ray nano-diffraction microscopy of NMC-622 cathode single crystal. NMC-622 crystal structure, showing the inter-
layer distance (dyy;) between transition metal and lithium slabs probed by the diffraction imaging (A). Diffraction intensity map for two
single crystal particles (B and C), extracted d-spacing map (D and E), absolute u;, i, Variation map defined as |Ad.d| - 10° (F and G).

unit cell (see Figure 5A). The variation of the ¢,y is often related to Li-ion occupancy variation and Ni/Li cation
mixing within the crystal structure. A noteworthy result is related to the particle’s shape; although the obtained
images are a 2D projection of the crystal, the faceted nature of each single crystal is clearly recognizable in the
diffracted intensity images in Figure 5B and C. Both particles appear to possess morphological characteristics
indicative of high-quality crystals. However, SXDM probes nanoscale crystallographic variations in the bulk
of the particle. Both particles show intra-particle c,y;s lattice parameter heterogeneities, as presented in their
respective d-spacing maps in Figure 5D and E. Plotting d-spacing maps as difference from an averaged value
(d) is visually more informative, as it enables the detection of compressive and tensile strain within the scanned
crystal region. However, we are mostly interested in the absolute d-spacing variation from its average value,
which reveals areas with higher strain within the single crystal region as reported in Figure 5F and G.
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Despite the internal heterogeneity for both particles dictated by the d-spacing value variation, Particle 1 shows
an overall higher |sqin| compared to Particle 2. In general, as a result of a stress relaxation mechanism, high
strain values are linked to a higher concentration of defects. Furthermore, tilt magnitude and tilt direction
are a symptom of stress relaxation mechanism due to high concentration of defects and crystal mosaicity,
respectively. As shown in Figure 6A and B, both SC-NMCe22 particles show higher values of tilt magnitude
close to the crystal facets or particle edges. To visualize the crystal mosaicity, Figure 6C and D represents tilt
direction maps for Particles 1 and 2 allowing us to spot multiple crystal domains within the whole particle; in
fact, the left side of Particle 2 has pixels with an azimuth > 0 (colored in lightblue, blue and violet), whereas the
right side pixels of the map have azimuth < 0 (colored in green, yellow and red) suggesting at least two main
crystal sub-domains from left to right. Particle 1, instead, owns a more complex directional tilt map; in fact, we
are able to identify three major sub-domains colored in lightblue/blue, yellow/green and purple/red. However,
the information on tilt direction alone might be misleading as the direction map needs to be combined with the
magnitude map to better understand the crystal mosaicity. As shown in Figure 6E and E Particle 1 possesses
rather small bulk mosaicity, whereas it appears highly defective and tilted on the edges. Particle 2, on the
contrary, shows two large tilt domains from left to right from the bulk all along to the edges, as if composed of
two distinct crystal domains. Also, here, the largest saturation values ascribed to the tilt magnitude are found
close to the particle edge. It is rather normal to observe multiple crystal domains in single crystal cathode
materials knowing the synthesis process of the individual crystals where high calcination temperatures are
used to fuse multiple crystals together.

The scattering vector rotation at each pixel of the particle (which corresponds to the local lattice misorientation)
can be better visualized in Figure 6G and H where the direction and the magnitude of the tilt are represented
in a scatter pole plot. Interestingly, the maximum tilt extension of Particle 1 (0.54°) is larger than the one of
Particle 2 (0.26°). Even though, to a certain extent, they both present mosaicity indicating crystal sub-domains,
Particle 1 exhibits an overall larger crystal distortion, especially closer to the particle edges. Cation mixing and
dislocations along with sub-domain distortions are often ascribed to the formation of oxygen vacancies upon
single crystal growth [}, The required temperatures needed for the growth of single crystals often result in
lithium evaporation, as Li,O, and oxygen instability in the host structure>'], leading to a defective lattice. To
improve the crystal quality of these materials, the mosaicity degree expressed by the maximum tilt extension
should be smaller as compared to previously studied spinel-like materials 2! in order to reduce the possibility
of crack formation upon cycling and improve the life span of single crystal cathode materials. It is important
to note that SXDM vyields 2D projection images of a 3D volume; therefore, the information per pixel is the
average value along the beam path across the entire particle which can somewhat hinder the data interpretation.
Nevertheless, we can observe high defect concentration in both particles, especially close to their edges.

Single-crystalline BCDI

BCDI is another nanodiffraction technique that gained traction recently in the field of battery research *%32,
By illuminating the whole crystal with a highly coherent X-ray beam available at IDo1, it is possible to extract
a full 3D reconstruction of both the internal distribution of strain and the electron density of the particle1®?,
This is done by applying iterative reconstruction algorithms >>>*), The full 3D reconstruction of a crystal allows
for a noticeably easier data interpretation compared to the projection-summed 2D maps obtained with SXDM.
This, however, comes at the cost of significantly more complicated data analysis procedures where a successful
reconstruction is not always guaranteed for strongly strained particles with higher defect concentrations or
deformations. Indeed, when employing the BCDI technique, consideration of multiple parameters becomes
essential. For instance, highly strained particles may experience overlapping fringe features along a diffracting
streak, resulting in an information loss for the phase retrieval process. Moreover, the larger the crystal, the more
the fringes in reciprocal space will get closer together. While the latter issue can be mitigated by increasing
the detector distance from the sample stage to ensure the appropriate pixel resolution, such adjustments are
often constrained by the geometry of the beamline. For these reasons, better candidates are often crystals
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Figure 6. Scanning X-ray nanodiffraction microscopy of NMC622 cathode single crystal. Tilt Magnitude of crystal deviation from mean
direction (altitude) (A and B). Local distortion in orientation of lattice vs. mean direction (azimuth) (C and D). Crystal misorientation map
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Figure 7. BCDI reconstruction of an LMNO particle (A and B). Several slices of the particle representing the strain distribution along the
[004] direction inside the particle (C). One of the slices that includes strain heterogeneity (zoomed in) in the crystal (D).

within the range of 200-1,000 nm in size and not highly strained. The first size condition would be satisfied by
the population of LNO crystals, yet they are highly strained. A perfect candidate for BCDI is the previously
studied LMNO single crystals!'”) which show lower misorientation magnitude and lower strain compared to
layered cathode materials. Displayed in both Figure 7A and B is a reconstructed LMNO particle from the
004 Bragg reflection measured ex situ (see Methods and Materials). The particle size is about 800 nm. Very
interestingly, facets are observed over the particle and can be indexed as {111} facets. Higher strain on the
surface of the particle is consistent with SXDM data. BCDI allows the observation and identification of strain
heterogeneities or defects within the crystal lattice. Specifically, as shown in Figure 7C, it is possible to visualize
2D cross-sections from the 3D strain field map, ultimately accessing defects distribution at a specific particle
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Figure 8. A schematic overview of the presented techniques including different operation modes of Scanning Diffraction X-ray Microscopy
(SXDM) (A-C) (with varying ratios of the measured area to the scanned area) and Bragg Coherent Diffraction Imaging (BCDI) (D). SXDM
produces 2D maps of structural heterogeneities (E-G) while BCDI allows the retrieval of a 3D reconstruction of the particle with strain fields
inside of it.

position as observed in Figure 7D. The heterogeneous strain distribution and defects and their influence on the
delithiation pathways can be followed operando during cycling of the particle. Contrary to SXDM for which
the spatial resolution is limited to the beam size, here, the resolution is estimated to be 20 nm°.

CONCLUSIONS

In this study, we highlight a variety of case studies where techniques available at the ID01 beamline of ESRF
can unveil microstructural variations in various cathode materials with different particle morphologies. An
advanced technique such as SXDM allowed the discernment of inter and intra-particle heterogeneity for a
polycrystalline case study at varying map resolutions. Furthermore, the use of SXDM proved to be particu-
larly effective in identifying internal crystal features for highly strained and defective single crystals. Notably,
the main advantage of this technique lies in its ability to map entire crystal domains with exceptionally high-
resolution and minimal sample preparation, indicating its potential as a tool for predicting the impact of crystal
defects on cathode performance, consequently guiding their development upon synthesis. However, building
structure-activity relationships in materials with a large quantity and diversity of defects is still challenging,
because the individual contributions of all structural motifs are convoluted, and the features overlap in images.
This main limitation of SXDM ascribed to the impossibility of visually retrieving the whole 3D strain field
map can be addressed by means of the BCDI technique. As demonstrated in this study, heterogeneous strain
distribution within a crystal can be resolved. Additionally, by navigating within the crystal volume slices, it
is possible to pinpoint individual defects in the strain field map. Figure 8 presents an overview of SXDM and
BCDI experimental setups and the type of retrievable data that can be useful for holistic understanding of bat-
tery materials on different scales. The widespread utilization of these techniques for operando studies is crucial
for comprehending the evolution of defects, thereby offering unprecedented insights into the development of
superior cathode materials.
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