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Abstract

Li-ion battery cathode active materials ob-
tained from different sources or prepara-
tion methods often exhibit broadly diver-
gent performance and stability, despite no
obvious differences in morphology, purity,
and crystallinity. We show how state-of-the-
art, commercial, nominally single crystalline
LiNi, sMn,, ,Co, 50, (NMC-622) particles pos-
sess extensive internal nanostructure even in
the pristine state. Scanning X-ray diffraction
microscopy reveals the presence of interlayer
strain gradients and crystal bending attributed
to oxygen vacancies. Phase contrast X-ray
nano-tomography detects substantial quanti-
ties of nano-voids hidden inside the bulk.
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Introduction

The ongoing decarbonization of electricity grids
is limited by the cost and capacity of energy
storage.! Batteries with higher energy density
and operational lifetimes are needed for ap-
plications ranging from grid storage to auto-
motive transport. One strategy to improve
the stability of Li-ion batteries is to fashion
the cathode active material from micron-sized
single crystals instead of polycrystalline aggre-
gates.? Single crystal layered materials such as
LiNi, 4Mn, ,Co, ,0, (NMC-622) have demon-
strated unprecedented cycling life in laboratory
environments, theoretically enabling batteries
which could operate for many decades.®* This
is due to the lack of defects and grain bound-
aries which concentrate stress.® Cracks nucle-
ate and propagate from these features, lead-
ing to pulverization, lowered capacity, and an
increase of internal resistance over time.%" In-
tracrystal heterogeneities and fracturing there-
fore limit the maximum useful cycling rate, the
maximum cell voltage, and the stability of the
surface. #6710

Manufacturing high-performance active ma-
terials at scale with controlled crystal quality
is challenging. The fabrication of single crys-
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tal cathode materials typically involves several
complex processing steps which must be opti-
mized, including synthesis, annealing, grinding,
and coating application.? Most of the single
crystal materials reported in the academic liter-
ature are fabricated at small scale (often with-
out mentioning suppliers) with no straightfor-
ward or validated methods to evaluate the qual-
ity of the product.’ For new materials whose
durability is measured in decades, it is com-
pletely impractical to validate aging through
long-term cycling prior to commercial release,
and heuristic approaches must therefore be de-
veloped which can predict future performance.

This quality assurance problem co-exists with
issues where different groups evaluating mate-
rials with nominally identical crystal structures
obtained from different sources or different syn-
thetic routes obtain widely varying cell perfor-
mance and stability. 2?'? The observed perfor-
mance variation can be attributed to defects,
porosity, surface impurities, coating homogene-
ity, crystallographic site occupancies, and other
microstructural properties. While the academic
literature refers to this class of active materi-
als as a ”single crystal” morphology, industry
partners and the patent literature often prefer
the term "monolithic” instead, which better ac-
knowledges the internal structural diversity of
the particles.

Unfortunately, there are few tools suitable
for determining the crystal microstructure of
these cathode particles. The peak widths are
generally much too sharp for lineshape analy-
sis by conventional powder X-ray diffraction, !
but the micron-sized particles are still too
small for even modern laboratory single crys-
tal diffraction (< 30pm). Scanning electron
microscopy is commonly employed, but pro-
vides very little information about internal mi-
crostructure unless combined with serial fo-
cused ion beam (FIB) milling. Transmission
electron microscopy yields high spatial resolu-
tion, but has the same drawback of using labo-
rious ion milling to prepare ultrathin sections.®
Advanced characterization tools are urgently
required to scale-up manufacturing of these ma-
terials, and guide development of new cathode
chemistries.'* A variety of powerful synchrotron
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techniques are being optimized for these ap-
plications, towards higher throughput, quality,
and ease of data analysis. 1717

In this work, we show how nano-focused Scan-
ning X-ray Diffraction Microscopy (SXDM) and
X-ray nano computed tomography (nano-CT)
reveal different aspects of the microstructure
hidden inside single crystal cathode particles.
We demonstrate an example of state-of-the-art
commercial LiNi, 4Mn, ,Co,,0, (NMC-622)
which exhibits large internal heterogeneities
that are nearly impossible to observe using
conventional techniques. SXDM probes the
variations in crystallographic ordering at the
nanoscale, while nano-CT exposes voids, poros-
ity, and microcracks throughout the crystals.
Structural descriptors which allow universal,
quantitative ranking of crystal quality are de-
veloped, and the inter- and intra-particle het-
erogeneities of the sample are explored.

Results and discussion

Strain imaging

SXDM was used to map the interlayer d-spacing
of NMC-622 particles ex situ. Details regard-
ing the microscope and data analysis have been
published elsewhere. '8! Briefly, a nanofocused
X-ray beam is rastered across the sample of iso-
lated particles dispersed on a substrate. The
diffraction signal from the 003 NMC reflection
at each pixel is measured with high angular res-
olution. A rocking curve is performed, collect-
ing a stack of images while rotating the aligned
microcrystal through the Bragg reflection. The
2D real-space images plus the 3D reciprocal
space maps for each pixel produce a 5 dimen-
sional dataset. The peak position of the diffrac-
tion is fitted for each pixel, from which crys-
tallographic structural parameters can be ex-
tracted (Fig. S1).

Figure 1 shows the SXDM results from imag-
ing a single NMC particle. While any reflection
can be measured, the 003 peak was selected be-
cause it corresponds to the spacing between lay-
ers of the transition metal slabs (Fig. 1A), and
is therefore quite sensitive to heterogeneities in
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Scanning X-ray nanodiffraction microscopy of NMC-622 cathode single crystal.

LiNi, sMn, ,Co, 50, crystal structure, showing the interlayer distance (dgp3) between transition
metal (purple) and Li (green) slabs probed by the diffraction imaging (A). Diffraction intensity
map for a single crystal particle (B), calculated d-spacing map for the 003 reflection (C), difference
between local and mean d-spacing for the measured crystallite. (D) Histogram of d-spacing values
from the single crystal (E). The c-axis points out of plane in these images.

the NMC structure. The diffracted intensity
map (Fig. 1B) is used to mask the image, so
that only pixels where NMC is detected are fit.
The d-spacing map of the particle is shown in
Figure 1C. It is often more visually instructive
to plot the d-spacing maps as differences from
the mean value for the whole crystal, which al-
lows areas of relative compressive and tensile
strain to be easily detected (Fig. 1D). The
histogram of the d-spacings is shown in Fig-
ure 1E, which represents the peak shape and
width which would be observed using powder
diffraction, considering only the one particle.
In these images we can observe stripe features
in the c-axis of the particle. In addition, the
outside of the particle exhibits a shorter c-axis
than the inside of the particle. These stripe fea-
tures bear a striking resemblance to the gliding
planes recently described by Bi et al..'* Glide
plane defects and periodic kinking have been re-
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ported in several high-resolution TEM studies
on NMC.1%20-22 Using the sodiated structure,
Li et al. showed that this bending accumulates
planar dislocations and kinks with a periodicity
of 430440 nm, 2! which is in excellent agreement
with the ca. 440 nm period of the stripes in Fig-
ure 1C. These defects readily nucleate microc-
racks and irreversible phase transitions during
charging and are responsible for capacity degra-
dation of the active material.?%?3 In addition
to creating lattice distortion, Lin et al. showed
that these planar dislocations also induce Ni-Li
antisite disordering, linked to structural insta-
bility.?? Since the scattering power of Ni and Li
are very different, local variation in site mixing
may explain why the stripe features are also vis-
ible in the diffracted intensity map (Fig. 1B).
The peakshape of the histogram is asymmet-
rical, with a complex distribution that does not
correspond to the typical Gaussian/Lorentzian
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Figure 2: Scanning X-ray nanodiffraction mi-
croscopy of NMC-622 cathode single crystal. Il-
lustration of random and bending mosaicity in-
side crystal structure, exaggerated for visibility
(A). Crystal misorientation map (B). Misorien-
tation pole figure scatter plot (C)

lineshapes usually considered in X-ray diffrac-
tion (Fig. 1E). The peak width of this his-
togram is known as microstrain (Ad/d, 4.2 x
107%), and is a useful parameter in evaluating
the defectiveness of NMC.124 Microstrain is
normally considered a bulk parameter, but by
using SXDM, it can be mapped across the par-
ticle by fitting the peak width of the diffraction
pattern for each pixel (Fig. S2). This param-
eter offers a direct bridge between single parti-
cle measurements and more routine, accessible
powder X-ray diffraction.

SXDM is highly sensitive to lattice tilt and
orientation. Small rotations, tilts, bending, and
geometric distortions of different domains in-
side the crystal are collectively referred to as
mosaicity (Fig. 2A). Measurements of crystal
mosaicity and orientation distributions at the
nanoscale are still in their infancy. A variety of
different approaches have emerged to probe this
additional dimension of microstructural com-
plexity with the necessary precision,? 2 but a
robust understanding of the origins and influ-
ence of mosaicity has not been established for
battery materials.

The local rotation of the crystal lattice can ei-
ther be directly mapped onto the crystal struc-
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ture (Fig. 2B), or visualized in the form of a
pole figure, where the direction and magnitude
of the tilt are calculated in polar coordinates
(Fig. 2C). Each point on the pole figure repre-
sents an identically colored pixel from the im-
age in Figure 2B. The color varies continuously
from one end of the crystallite to the other, in-
dicating that there are no sharp discontinuities
at the length scale of 100nm. This pattern is
characteristic of a crystal 'bending’ in one di-
rection perpendicular to the c-axis. While no
striped features are visible in the tilt map, the
bending is orthogonal to the direction of the
stripes observed in the strain map.

The total curvature across the crystal is ap-
proximately 0.8°, which is orders of magnitude
higher than the limit for purely elastic and
continuous deformation, given the known rigid-
ity and yield stress of NMC.'*2? We can infer
that at the atomic scale, a substantial quan-
tity of defects are geometrically necessary to
accommodate this distortion. The planar dis-
locations and antisite defects associated with
bending and kinking in NMC are directly re-
lated to the formation of oxygen vacancies dur-
ing crystal growth.?° Oxygen is unstable inside
the lattice at the high temperatures needed for
growing single crystal Ni-rich materials, and
strain/defects indicate incomplete control over
the oxygen atmosphere and temperature used
during synthesis. Plastic distortion and internal
stress could also be introduced during milling
and grinding processes,®® which are sometimes
applied between annealing steps to grow larger
NMC crystals. *>The precise synthetic route of
the NMC analyzed here cannot be disclosed,
which is a common limitation when evaluat-
ing state-of-the-art commercial battery mate-
rials.

While SXDM allows structural heterogene-
ity at the intra-particle level to be discerned,
it is always necessary to understand the inter-
particle heterogeneity, and to what extent indi-
vidual particles are representative of the bulk
sample. To build a more statistically meaning-
ful understanding of the sample microstructure,
we imaged seven additional particles. The d-
spacing and lattice tilt maps are shown in Fig-
ures 3A and 3B, respectively. The scattering
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Figure 3: A) D-spacing maps of 8 different NMC-622 particles obtained from SXDM. The coloration
is adjusted to span the range observed for each particle. B) Lattice tilt misorientation maps of the

same NMC-622 particles obtained from SXDM.

intensity and d-spacing maps for each particle
without normalization are displayed in Figure
S3. The pole figures associated with Figure 3B
are given in Figure S4.

The heterogeneity inside the sample is im-
mediately apparent. All the measured crystals
possess a mosaic structure, with sub-crystalline
domains. There is a large distribution in size,
shape, and internal morphology. Some particles
are clearly part of fused, polycrystalline aggre-
gates (3 and 8), but which share similar crystal-
lographic orientation (Fig. S5. Each crystal has
a unique internal strain gradient, ranging from
particles 1 and 6 with complex internal nanos-
tructure, to relatively featureless (2 and 7). In-
terestingly, particle 1 is the only crystal with
an internal striped morphology. The orienta-
tion maps are similarly heterogeneous. The to-
tal curvature and the size of the crystallites are
positively correlated (Fig. S6). Linear fitting
of the ensemble of particles indicates that the
crystals exhibit an average radius of curvature
of 269 + 52 um. Because crystallographic bend-
ing may reflect the presence of several types
of defects which are difficult to distinguish, we
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propose the radius of curvature as a structural
descriptor reflecting the quality of layered ac-
tive materials. Less defective crystals by defi-
nition must exhibit less crystallographic curva-
ture, independent of doping, transition metal
stoichiometry, or mechanically induced distor-
tion. Ongoing efforts to predict durability ab
initio will need to account for these substan-
tial deviations from the theoretical, unstrained,
uncurved structure in order to accurately an-
ticipate failure modes of micrometer sized crys-
tals. !4

The magnitude of this curvature is resolv-
able using modern electron backscatter diffrac-
tion (EBSD),3! which is becoming more broadly
available.?? We anticipate that EBSD may be
more convenient than SXDM for many re-
searchers, considering recent improvements in
speed and sensitivity, typically achieving 50 nm
lateral resolution. However, EBSD can only
measure the distortion within 20 nm of the sur-
face, while SXDM images probe the thickness
of the entire crystal. This depth summing effect
renders the SXDM maps more representative of
the total crystal microstructure, at the cost of
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losing near-surface vs bulk information.

Phase Contrast
tomography

X-ray Nano-

Phase contrast tomography exploits the phase
shift produced when a highly coherent X-ray
beam interacts with the sample.?®> The use of
a nano-sized beam and imaging at multiple
sample-detector distances yields very high reso-
lution images of sub-micro/micro-sized objects
with excellent contrast. Following phase re-
trieval, the image intensities correspond ap-
proximately to the three-dimensional distribu-
tion of the object’s electron density.?* Nano-CT
has several advantages over conventional FIB-
SEM imaging. Despite lower ultimate spatial
resolution, nano-CT can sample many hundreds
or thousands of particles at once, which is es-
sential for statistical representativeness. Ad-
ditionally, it does not suffer from the need to
prepare milled samples and therefore is non-
destructive® However, beamtime at large scale
facilities is typically required. The advent
of 4""generation synchrotrons®® has simultane-
ously improved the spatial resolution and acqui-
sition time for nano-tomography, closing these
competitive gaps.

A volume of 64 pm x 64 pm x 24 pm of NMC
powder has been systematically analysed,i.e.
3200 particles. Selected regions of interest in-
side the reconstructed volume displaying sev-
eral NMC particles are shown in Figure 4.
While many of the particles appear single crys-
tal in nature (Fig. 4A B), a significant frac-
tion of polycrystalline material is also detected
(Fig. 4C,D). The morphology of these parti-
cles is complex, and they appear to be ‘welded’
into porous aggregates, or have a faceted struc-
ture but with apparent porosity. The quantity
of highly defective particles which exhibit inner
pores, or an aggregated / welded structure, rep-
resents 17% of the total number of NMC parti-
cles imaged. The presence of these aggregates
is evidence that the larger single crystals are
formed through coalescence of smaller crystal-
lites.

The morphology of the single crystal fraction
of particles is typical of literature reports, and
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extended faceting is visible on the 3D views of
particles #1, #2 and #3 (Fig. 4B). Faceted sur-
faces are also observable for particles #4 and #6
despite presenting inner morphological defects
and pores. Globally, the particles display irreg-
ular shapes, which do not reflect the hexagonal
unit cell of the NMC structure. In addition to
flat facets, many of the crystals have rounded
edges, or even concavity. In order to illustrate
this, a detailed study of the morphology of the
isolated particles is presented in Figure 5. By
looking at the 3D rendering of a large popu-
lation of NMC particles, it is possible to ap-
preciate the diversity of the shape distribution
(Fig. 5A). Therefore, several mathematical cri-
teria have been considered to precisely quantify
their geometry: the ellipticity, the sphericity
and the roundness (summarized in Fig. ST7).%"
First, the 3D ellipticity represents the elonga-
tion along its three spatial axes of the ellipsoid
that fits the particle :

The distribution of these elongations in 3D
(Fig. 5B) appears to be very wide but not
random and rather organized along a curved
plane, which is indicative of the limited mor-
phologies that can be adopted by these crys-
tals. This indicates that particles have one
or two preferential elongation directions. Fur-
thermore, this distribution appears mostly in-
dependent of their equivalent sphere diame-
ter, indicated by the size and color scale on
the graph. For example, the largest particles
exhibit anisotropic elongations, and particles
aligned along the isotropic line (black line on
the graph) display a wide range of equivalent
diameter.

The size distribution of the particle’s equiva-
lent diameter ranges from 100 nm up to 9.5 pm,
with a median size of 1.9 um, ¢.e. half of the
powder volume is composed of the particles
with an equivalent diameter smaller than this.
Previous reports suggest that single crystals
with a size between 1 and 4 pm are sufficiently
small to preserve (dis)charge rate capability in
NMC.3839 The largest particles ( < 5pm) rep-
resent more than 10%", which is non negligi-
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Figure 4: Nano-CT images of NMC-622 powder. A) Particles with faceted single crystals and C)
polycrystalline, porous aggregate morphology are both observed. B) and D) are the respective 3D
rendering views of the particles. The high greyscale levels correspond to the NMC particles and
the low ones to the embedding epoxy and air. Scale bars are 1 um.

ble, and likely degrades the rate capability of
the total active material. In addition, substan-
tial volumes of large particles can have detri-
mental effects on the homogeneity of the elec-
trode slurry deposition process, and electrode
cohesion during cycling.*%* These parameters
should therefore be carefully controlled during
crystal growth.?!

Shape is an important microstructural pa-
rameter, since it controls both the surface area
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to volume ratio, and often the crystallographic
facets exposed on the particle surface, which
are directly related to intercalation kinetics and
degradation phenomena. The sphericity factor
S, is the volume ratio of an inscribed sphere,
which fits entirely within a particle, to the
circumscribing sphere which encompasses the
complete particle (Fig. S7B).*? Given their re-
spective radii, r;,s and r;,., sphericity is defined
as:
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Figure 5: A) 3D rendering of the population
of NMC particles isolated with three close-up
views of the particle #1, #2 and #6 from fig-
ure 4. Scale bar is 10 and 1 pum for the large
and small ones. B) Graph of the distribution
of the 3D ellipticity for every single particle.
The size and color-scale of the bubbles corre-
sponds to the equivalent diameter of the fitting
ellipsoid. C) Sphericity and roundness distri-
bution for the population of particles and 3D
rendering of the particles shape depending on
their sphericity and roundness are represented
in light grey.
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cle population has a median value of 0.67 (Fig.
5C), with a substantial fraction (45%) around
0.7-0.8. This makes the shape of the parti-
cles closer to the value of a cube (0.71) than
a sphere. Their roundness R is defined as the
ratio of the average radius of curvature of the
corners of the object’s silhouette to the radius
of the maximum inscribed sphere3™42 :

1Zi7ﬂi

n Tmax

R:

where n is the number of corners, r; the ra-
dius of the i** corner curvature, and 7,4, the
radius of the maximum inscribed circle (Fig.
S7C). It is clear on the graph of the Figure 5C
that most of the particles display a soft edge
morphology [0.6-0.95], with a median roundness
factor of 0.73 (Fig. 5C) compared to a cube ge-
ometry (0.53). Taken altogether, the morphol-
ogy of the crystals are more of a ‘potato-like’
shape rather than a single crystal with sharp
facets. Only a small number of particles (less
than 15%) display surfaces with significant flat-
ness than can be attributed to aligned crystal-
lographic planes, i.e. with roundness between
0.5 and 0.6. More research is required to under-
stand the relationship between crystal quality
and particle shape, which is readily accessible
from electron microscopy.

The ellipticity, sphericity and roundness
for the four enclosed particles in Figure 5A
(#6,#2,#1 and #7) as well as the median val-
ues obtained from the analysis of the entire
population are summarized in Table S1. The
particle #2 has a very high roundness for a
low sphericity value, typical of an elongated
ellipsoid morphology, compared to particle #1,
which has the roundness of a square and the
sphericity of a triangle. Globally, most of the
particles have a geometry in between the ones
of particle #6 and #2 as highlighted on the
graph of Fig. 5C, whereas particle #1 belongs
to the faceted-shape minority. The same trend
is observed on smaller particles, as highlighted
by the example of particle #7, with both large
roundness and sphericity factor. Moreover, it
is noticeable that the sphericity of particles de-
creases as their equivalent diameters increase,
while keeping a high roundness factor (R >
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0.6). These particle morphologies likely re-
flect the growth process of large NMC crystals
through coalescence, and not growth kinetics
along different crystallographic directions.

Contrast variation is visible inside the single
crystal particles (Fig. 6). Two types of internal
contrast variation could be observed, one with
large amplitude and one with a much weaker
shift in greyscale value. The smaller variations
in greyscale value may be associated with local
compositional heterogeneity of the Ni:Mn:Co
ratio. Unfortunately, those variations are very
close to the image background noise, and can-
not be confidently assigned without higher res-
olution spectroscopic imaging. The larger con-
trast variation is apparent as dark spots in-
side the particle, and are attributed to internal
porosity /voids, and/or microcracks inside the
particles. Details concerning both sets of con-
trast variation are provided in the Supplemen-
tary Information. Some voids are clearly visi-
ble, and have well defined shapes (Fig. 6 red ar-
rows). However, smaller voids, including micro-
cracks < 50nm are incompletely resolved and
present as heightened image noise. While previ-
ous investigations have shown that single crys-
tals may contain a few microcracks or voids, %%
from these images it is clear that these voids can
represent a significant volumetric fraction of the
crystals.Depending on the particle selected and
due to resolution limits , only 65-90% of the
voids can be resolved (i.e. > 50nm). It is not
possible to fully quantify this void volume frac-
tion with certainty, but rather approximate its
minimum value around 10% (Fig. S8).

The voids are not randomly dispersed through
the particles, but can be highly clustered, such
as in the middle of third particle in Figure
6B (red outline), where they are preferentially
found in the middle of the crystallite. While
the mechanism of void formation in NMC has
been studied, the origin of void clustering re-
mains unclear, and to the best of our knowl-
edge has not been previously reported. One
possible explanation is the formation of hollow
structures during the growth process through
the Kirkendall effect, and subsequent aggrega-
tion of these voids during annealing.*3** The
transition metals quickly migrate outward to
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form the Li-rich active material, accompanied
by slow diffusion of oxygen atoms inward, thus
creating cavities inside of the particles. Sub-
stantial quantities of voids certainly reduces
the theoretical volumetric energy density of the
material, while remaining invisible on the sur-
face. The larger clusters of voids may be asso-
ciated with the microstructure seen in both lat-
tice parameter and orientation maps. The in-
dividual voids are too small, and too numerous
to be directly linked to the mosaicity detected
with SXDM, emphasizing the complementarity
of the techniques for characterizing this pristine
material.

Voids almost certainly disrupt Li ion conduc-
tion, lowering the rate capability of the active
material. Defects in single crystal cathode par-
ticles also serve as nucleation points for mi-
crocracks after long-term cycling. These de-
fects and voids can to some extent be corrected
by optimizing the crystal growth conditions in-
side the particles, and their subsequent anneal-
ing.?* Long, high temperature annealing (up
to 900 °C) is energetically expensive, creating a
need for lower-temperature, faster growth con-
ditions. If the temperature during synthesis
and annealing is too high, evaporation of the
Li salts and loss of oxygen also occur, dras-
tically decreasing the structural stability and
performance of the active material.'%'2 If the
temperature is too low, then it becomes diffi-
cult to grow large, high-quality crystals. There-
fore, tools which can quickly screen and evalu-
ate the probable performance of the active ma-
terial are valuable. Voids may even confer ben-
eficial effects, by accommodating strain from
anisotropic volumetric expansion, depending on
the relative rate of different degradation phe-
nomena. Degradation is a function of cycling
parameters, and depends on specific device ap-
plications.* For example, an active material op-
timized for long-term cycling stability may re-
quire a different microstructure than for fast-
charging, 4% or deep discharge.® Ultimately,
the influence of these voids on performance and
durability can only be validated using extended
cycling, although we anticipate that the role
of predictive analytics in cathode development
will continue to grow over time.
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Figure 6: A) Close up view of some NMC particles and B) with contrast fixed on the greyscale
values of the NMC particles only. Scale bar is 1 pm. Red arrows indicate the porosity/voids and/or

microcracks inside the particles

Conclusions

Advanced characterization enables a deeper un-
derstanding of cathode microstructure, and can
help explain not only the inter- and intra-
particle heterogeneity, but also justify the range
in reported performance for nominally identi-
cal NMC active materials. SXDM and nano-
CT are demonstrated to be powerful probes
for strain/tilt mosaicity, morphology, and in-
ternal voids in single crystal cathode materi-
als. While the influence of these microstruc-
tural motifs must be thoroughly validated in
actual devices, optimization and commercial-
ization of these materials requires new heuristic
tools which can predict the performance of ac-
tive materials to guide their development. Lay-
ered active materials with higher nickel con-
tent are being aggressively pursued due to their
higher energy density and lower cost. How-
ever, Ni-rich single crystals are even more dif-
ficult to manufacture, and we therefore expect
these quality control issues to expand in the
near term. Because both SXDM and nanoCT
utilize hard X-rays, their in situ capabilities of-
fer promising routes towards optimizing the an-
nealing/synthesis of advanced cathode materi-
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als including NMC, and understanding degra-
dation dynamics in operational cells. Recent
advances in synchrotron microscopy allow these
techniques to provide unprecedented insight to-
wards the rational design of single crystal cath-
ode active materials used in high performance
lithium ion batteries.

Materials and Methods

NMC characterization

The LiNij 4Mn, ,Co, ,0, material used in this
work was obtained from Umicore. Scanning
X-ray nanodiffraction was collected at beam-
line ID01 at the European Synchrotron Radia-
tion Facility. The X-ray wavelength was 1.24 A,
with a flux of 10° ph/s, focused using a Fres-
nel zone plate. The beam size was focused to a
140 nm spot for the particle in Figures 1 and 2,
while the rest of the particles in 3 used a beam
size of 80nm. A 512 x 512 pixel Maxipix de-
tector at a distance of 1.6 m was used to collect
the nanodiffraction data. Detailed descriptions
of the nanodiffraction microscope!® and map-
ping technique*” have been described previ-
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ously. The stripe features shown in Figure 1 are
not associated with linescan artifacts commonly
observed in scanning probe microscopy. 4®

Nano-CT was performed at beamline
ID16B*° at the European Synchrotron Radi-
ation Facility, using an X-ray beam with a pho-
ton energy of 29.6 keV. The nano-beam (50 nm
x 50nm) flux was 1.6 10'? ph/s. Four tomo-
graphies at four different distances from the
focal plane were performed by acquiring 3203
projections over 360° with an exposure time of
0.04s per projection recorded on a PCO edge
5.5 camera. The 3D reconstruction with a pixel
size of 25 nm was achieved in two steps: (1) Re-
cursive phase retrieval calculation®®? using an
in-house developed octave script based on a
Paganin-like approach with a delta/beta of 87
and (2) filtered back projection reconstruction
using ESRF software PyHST2.%' 32 to 8-bit
conversion along with ring removal has been
performed using a dedicated in-house devel-
oped Matlab script.

Image analysis

Image analyses were performed on the entire re-
constructed volume using the ImageJ software
package.®? 3D renderings were made using the
dedicated volume viewer plugin. Details on the
procedures for the image segmentation and for
their quantitative analyses (elongation, spheric-
ity, roundness) are presented in the Supporting
Information.
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SXDM data analysis

Python scripts in combination with the XSOCS library developed at ESRF (https://kmap.gitlab-
pages.esrf.fr/xsocs/) were used to analyse the data. Conversion of the diffracted intensities
to reciprocal space maps was performed by binning the diffraction data in each voxel of a
array with dimensions of 50x100x100 and applying a 2x2 median filter. 3D center of mass
fitting of the Bragg peak was used to determine the direction and the length of local Q-space

vectors. The threshold parameter used for masking the particle area was equal to 20% of

S-1

https://doi.org/10.26434/chemrxiv-2023-p621k ORCID: https://orcid.org/0000-0002-5383-440X Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-p621k
https://orcid.org/0000-0002-5383-440X
https://creativecommons.org/licenses/by/4.0/

the maximum for all scans.
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Figure S1: Example of 5 dimensional SXDM dataset corresponding to the particle in Figures
1 and 2 of the main text. D-spacing map of the particle, with a green X indicating the pixel
plotted in reciprocal space (A). 3D reciprocal space maps sliced through the YZ (B), XZ
(C), and XY (D) planes. Blue Xs mark the fitted center of mass peak position in 3D.

Figure S1 shows an subset of the 5D dataset obtained from SXDM. Each pixel of the
2D map has a 3D reciprocal space map of the diffraction data. The signal from a selected
pixel of the real space map is shown in three projections through reciprocal space. The
peak position and width in all three dimensions can be fit and analyzed. In this coordinate
system, X is the rocking curve direction, Y is the direction along the powder ring, and Z is

the scattering angle 26. Z contains the d-spacing information typically measured in powder
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diffraction, while X and Y relate the orientation of the crystal lattice. Qyz corresponds to a

single detector frame.

A) x10 B) ®107? <) %107 D) x107?
X-direction peak width a3 Y-direction peak width 1.0 Z-direction peak width 27 Average XYZ peak width .
4.0 . 26 .
0.9 —_—
5.0

07 r’w 23 1
I o 2.0

Y

Figure S2: Peak width maps obtained from fitting the diffraction peak of the particle in all
three reciprocal space directions.

Figures 1 and 2 of the main text show the peak position and direction of the lattice. Figure
S2 shows the equivalent map with peak widths, after fitting with a Gaussian lineshape. The
X and Y direction reflect the local curvature of the lattice, while the Z direction corresponds
to the local microstrain. No correction for the convolution of sample related broadening with
instrumental divergence of the focused beam was made, so the calculated microstrain slightly
overestimates the true values. Nevertheless, the sample-induced broadening was much higher
than the instrumental contributions.

The d-spacing maps for particles 2 through 7 without normalization are shown in Figure
S3. The pole figures corresponding to all the crystals shown in Figure 3 are provided in
Figure S4.

While fused together and overlapping in the real space image, several individual sub-
crystalline domains composing particle 8 could be isolated by examining slight differences
in their local orientation (Fig. S5). This strategy allows crystal coalescence mechanisms to
be studied in detail. All particles in this figure originate from a single SXDM dataset. In
Figure S5A, the XRD intensity, d-spacing map and tilt map for the larger particle 8 is given.
Parts B and C represent the left and right hand side of the particle, which exhibit slightly
different orientations and d-spacings. In addition to the large particle, there are numerous

smaller crystallites surrounding it which overlap in the real space image, but which can be
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Figure S3: Intensity and d-spacing maps for particles 2-8, corresponding to the same images
seen in Figure 3 of the main text.

14.180

1pm 14.175

decovoluted through orientation. All of these crystallites possess different strains and strain
distributions, which is evident in the different shapes of their d-spacing histograms.

The radius of curvature for the crystals can be calculated by examining the size of crystal,
and the total lattice tilt observed along the same axis. Using particle 3 as an example, the
crystal is approximately 4.3 pm between the most intensely red and blue colored regions.
Instead of mapping the tilt values onto the real space image of the particle, the magnitude
and direction of the tilt can be displayed as a pole figure. Using the pole figure we can
see that the particle is strongly bent along a single axis, with a total curvature of 0.51 deg.
Plotting the size and curvature of all the crystals allows for determining the average radius of
curvature, which was performed using a linear fit. Particle 4 was omitted, because the peak

stretched off the edge of the detector and the total curvature could not be reliably calculated.
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Figure S4: Altitude/azimuth orientation pole figures for the 8 particles imaged with SXDM.

Note that the goodness of the fit in this relationship is not determined by the quality of the
SXDM analysis, but rather the heterogeneity in the defect content of crystallites in the
sample.

It may be noticed that in the tilt orientation maps all the particles are colored red-blue
(with the exception of particle 1) and their tilts preferentially oriented east-west along the
polar coordinate system. Randomly oriented particles in a powder do not show any prefer-
ence. This is an artifact resulting from how the initial crystallite search was performed, by
imaging a large 2D slice of reciprocal space with low spatial resolution, followed by measur-
ing selected crystals in 3D with higher resolution. Strongly diffracting particles selected for
measurement are therefore aligned with the initial search vector. This axis has no special
significance, and physically rotating the sample by 90 deg would align the bending of the
particles into the north-south orientation. However, because the reciprocal space maps are
sampled with better resolution in the detector plane than the rocking curve direction, this
methodology produces much higher quality SXDM maps in shorter acquisition times, and

reduces susceptibility to drift.
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Figure S5: Decomposition of a single SXDM dataset containing particle 8 into sub-crystallite
domains, organized by XRD intensity maps, local d-spacing (with inset histograms) and tilt
maps.
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Figure S6: Relationship between total curvature of the NMC crystals and size of the crystal,
calculated using the tilt maps of each particle as labelled.

X-ray nanotomography

Image analyses were performed on the 8-bit ring filtered images using the ImageJ software
[1]. The images display three principal grey scale level, the brightest corresponds to the
NMC particles, and the intermediate grey to the glue used for fixing the particle on top of
the glass capillary. The lowest grey value (dark) corresponds to pores filled with air. The
segmentation of the phase of interest (NMC) is performed using thresholding on a fixed value,

which was estimated from the deconvolution of the grey value histogram by the means of the
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multi-peak fitting tool of the OriginPro software [2]. After segmentation, binary 3D images
of the NMC particles were refined through watershed and labelling using ImageJ operation
for attributing separated grey value to every single particle. The isolated particles are then
used for quantitative analysis of their morphological characteristics. The volume and surface
of each particles are measured using a marching cube algorithm [3] and inertia ellipsoid are
used to fit the particles. The 3D ellipticity represents the elongation along its three spatial

axis of the ellipsoid that fits the particle, such as Fig.S7A:

Their sphericity S is a function of the volume ratio of the reference sphere to the circum-

scribing one (Fig.S7B), with 7;,s and r;, their respective radius:

Tins
S =

Teir

Their roundness R is defined as the ratio of the average radius of curvature of the corners

of the object’s silhouette to the radius of the maximum inscribed sphere:

R: lerZ

n Tmax

where n is the number of corners, r; the radius of the i** corner curvature, and rmaz the

radius of the maximum inscribed circle (Fig.S7C).

Table S1: Morphological parameters of the three particles of Figure 5A compared to the
global NMC particles population

Particle | Eq. diam. (um) | eys | € | €y S R
#6 3.26 0.49 1 0.36 | 0.73 | 0.52 | 0.63
#2 7.9 0.84 | 0.3 1035|029 | 0.8
#1 4.26 0.69 | 0.63 | 0.91 | 0.54 | 0.55
#7 1.56 0.65 | 0.37 | 0.57 | 0.61 | 0.85

median 1.9 0.80 | 0.57 | 0.70 | 0.67 | 0.73
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Figure S7: Schematic illustrating the ellipticity, sphericity, and roundness parameters used
for quantifying the particle shape obtained from nano-CT reconstructed volumes.

In order to study with more details, the features observable within the NMC particles,
regions of interest have been drawn in the 8-bit ring filtered images around seven different
particles representative of the large variety found in the global population. The histograms
of the grey values of the segmented particles have been represented along with the one
corresponding to a subvolume of background (air) of nearly identical volume size in the closest
area nearby. The peaks full width at half maximum are representative of the signal standard
deviation respectively in the NMC particles and in the background. Then, the narrower
shape of the background peak compared to the active material one’s indicates that the wide
dispersion of grey value in the particles are higher than the noise level in the background. In
fact, the noise distributions of air volumes located nearby the studied particles in the final
reconstructed volume after ring removal are only twice or three times sharper, meaning that
the smallest features could be associated with noise in the reconstruction (see supplementary
Fig.S8). This implies that this dispersion and the darker features in the images may be
related to internal voids present in the NMC particles. The resulting void volume fraction and
associated median size have been estimated from the images thanks to volume fraction and
local thickness measurement. As between 10-35 % of voids cannot be reasonably identified
within the spatial resolution limits (> 50 nm), it is not possible to quantify this void volume
fraction with certainty but rather just give a rough minimum value of 10 % for the seven

particles selected.
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Figure S8: Normalized histograms of the NMC particle and air grey value (for identical
volumes). The particle of interest are represented in the enclosed images (contrast fixed on
the NMC particle peak) on the right corner along with a 3D representation of the particle
with its internal void highlighted in magenta (with volume fraction and median size enclosed).
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However, the signal over noise ratio (SNR) and contrast over noise ratio (CNR) are high
for the acquired images, with respective estimated values of 8.8 and 2.3, entailing that most
of the largest features inside of the particle should have a physical meaning. The estimation
of the signal over noise ratio (SNR) has been performed on the raw projections of the scan,
following the formula[4]:

SNR - mean(voxelofinterest)

Odev(background)

The contrast over noise ratio (CNR) have been estimated from the 32-bit floating images

according to the formula:

ONR — mean(voxelofinterest) — mean(background)

Ogev(background)

mean (voxel of interest): myyc = 5737
with mean (background): mg;, = 4255

Ogev(background) : o4, = 649

Analyses of the void structure of the particles have been based on the 8-bit images ring
filtered images. Peak analyses have been carried out using the peak analyser tool of the

OriginPro(C) software from OriginLab Corporation.

Electrochemistry

The electrochemistry of the NMC was validated using previously published procedures.>!
Briefly, 100 pm thick electrodes were prepared on Al foil using an ink composed of 95/5/5
wt% NMC/PVDF binder/ Super P conductive carbon dispersed in N-methyl-2-pyrrolidone,
corresponding to an active material areal loading of 11 mgem™2. A coin cell was assembled

using a 20 pm polyethylene separator, and Li foil. The electrolyte was 1M LiPF in ethylene
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Figure S9: Electrochemistry of the NMC active material.
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carbonate/dimethyl carbonate in 1/2 v/v ratio. The cell was cycled at C/10 to an upper
potential limit of 4.3V at 25°C. The first cycle is plotted in Figure S9.
References

(S1) Paulsen, J.; Nelis, D.; Hu, J.; Zhu, L.; Robert, E. Precursors for cathode material with

improved secondary battery performance and method to prepare the precursors. 2022.

S-13

https://doi.org/10.26434/chemrxiv-2023-p621k ORCID: https://orcid.org/0000-0002-5383-440X Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-p621k
https://orcid.org/0000-0002-5383-440X
https://creativecommons.org/licenses/by/4.0/

