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In brief

In battery electrode materials,
compositional heterogeneities give rise to
stress gradients that ultimately result in
degenerative failure. Progress in
hyperspectral imaging has enabled an
unparalleled view of multiphysics
processes. Data science methods hold
promise for deciphering mechanistic
understanding from high-dimensional
data. In this work, the utility of X-ray
spectromicroscopy coupled with
multivariate data analytics is
demonstrated through multi-scale
investigation of intercalation phenomena
in a canonical cathode material aided by
curation of a spectral standards
database.
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THE BIGGER PICTURE In battery electrode materials, phase inhomogeneities and stress gradients sub-
stantially influence battery performance and longevity. In this work, multivariate hyperspectral X-ray spec-
tromicroscopy measurements are coupled with data dimensionality reduction and clustering techniques in
conjunction with a spectral database and finite element analysis to probe compositional, phase, and strain
heterogeneities in a canonical electrode material. The resulting maps are based on physically interpretable
spectral standards and allow a detailed view of Li-intercalation-induced changes in the crystal lattice and
electronic structure across decades of length scales. Direct observation of these changes across length
scales provides a foundational understanding of lithiation processes and informs the design of next-gener-
ation electrode materials.

oe 3 oe Development/Pre-production: Data science output has been
rolled out/validated across multiple domains/problems

SUMMARY

The origins of performance degradation in batteries can be traced to atomistic phenomena, accumulated at
mesoscale dimensions, and compounded up to the level of electrode architectures. Hyperspectral X-ray
spectromicroscopy techniques allow for the mapping of compositional variations, and phase separation
across length scales with high spatial and energy resolution. We demonstrate the design of workflows
combining singular value decomposition, principal-component analysis, k-means clustering, and linear com-
bination fitting, in conjunction with a curated spectral database, to develop high-accuracy quantitative
compositional maps of the effective depth of discharge across individual positive electrode particles and en-
sembles of particles. Using curated reference spectra, accurate and quantitative mapping of inter- and intra-
particle compositional heterogeneities, phase separation, and stress gradients is achieved for a canonical
phase-transforming positive electrode material, «-V,05. Phase maps from single-particle measurements
are used to reconstruct directional stress profiles showcasing the distinctive insights accessible from a stan-
dards-informed application of high-dimensional chemical imaging.

INTRODUCTION and are starting to claim a growing share of the grid-level storage

market."-? The stringent performance and safety requirements of
Lithium-ion (Li-ion) batteries have expanded from consumer medium- and large-area energy storage formats have spurred a
electronics to become a mainstay in electromobility applications  greater focus on the atomistic mechanisms and multiphysics
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coupling underpinning degradation phenomena.®® In many
cases, the origins of performance degradation are traceable to
multi-field and multiphysics coupling originating at atomistic
scales, manifested at mesoscale dimensions, and compounded
up to the level of electrode architectures.” A detailed under-
standing of electrochemistry-mechanics coupling and resulting
emergent phenomena across many decades of length scales
is imperative to unlock unexploited performance from existing
battery chemistries, develop dynamic process controls, and
design next-generation materials and architectures that are pur-
pose-built to alleviate common modes of degradation.®
Degenerative capacity loss in batteries can derive from many
sources, including loss of active material, stoichiometric drift,
SEI formation, and rising internal resistance.”® For the active
electrode components of Li-ion batteries, mechanical stresses
developed during electrochemical cycling play a key role in
many degradation mechanisms. The accumulation of stress
underpins delamination, crack formation, exfoliation, and even
accelerated dissolution/migration reactions at interfaces.”'° In
insertion electrodes, the insertion (extraction) of Li-ions drives
successive dilation (contraction) of the host framework.'""?
The close coupling between mechanics and electrochemistry
plays an especially prominent role in phase-transforming
electrode materials. In these materials, intercalation gives rise
to multiphase coexistence regimes, which result in significant
coherency strains at the interfaces between differently lithiated
phases.'®'* Direct observations of phase separation demon-
strate a hierarchy of lithiation heterogeneities at the single-parti-
cle level, which are propagated across extended length scales,
resulting in increased interfacial resistance, degraded rate
performance, and loss of effective capacity.”'® Despite a
growing appreciation of the link between lithiation inhomogene-
ities and battery degradation,’®'® the mechanisms governing
electrochemistry-mechanics coupling remains underexplored,
especially with regard to localized phenomena.’”” A primary
impediment lies in probing these processes with adequate reso-
lution and chemical sensitivity across length scales.'®'®
Increasingly, state-of-the-art electron microscopy and X-ray
spectromicroscopy methods are being used to probe these pro-
cesses using various contrast methods.'®?° At the micron and
nanometer length scale, for example, cross-section analyses of
diffracted electrons from electron backscatter diffraction demon-
strate the role of grain orientation on electrode degradation.”’ At
the atomic scale, the transmission of electrons through electrode
materials has been used to measure structural changes during
cycling using transmission-electron microscopy.?? In X-ray spec-
tromicroscopy, brilliant and highly tunable X-rays from a synchro-
tron source are used to map pixel/voxel-wise X-ray absorption
signatures across a heterogeneous sample'® affording insights
into the composition and critical atomistic and geometric corre-
lators of intercalation phenomena.”®*?” Compared with electron
microscopy, X-ray methods offer high penetration power and a
significant degree of tunability (enabling the collection of chemical
information over a range of length scales) while minimizing sample
damage.'®?® In a typical X-ray spectromicroscopy experiment,
transmission intensities are recorded for a predefined field of
view (typically between 4 and 100 pm? over one or more
elemental X-ray absorption edges; this technique thus provides
spatially resolved chemical information with element and orbital
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specificity.”® A representative spectromicroscopy dataset can
comprise as many as 1 million individual spectra and 250 images
containing complex information about the chemical properties of
a material mapped with nanometer-scale spatial resolution. A key
challenge is thus to extract from these complex datasets a chem-
ically intuitive understanding of compositional heterogeneities
and their relation to particle dimensions and geometry. 624303
A critical imperative for understanding degradation mechanisms
is to map compositional variations to resulting stress gradients.
Thus, for X-ray spectromicroscopy measurements that rely on
absorption contrast, stress information needs to be derived
from compositional gradients extrapolating from known
structure parameters and stress tensors. Statistical regression
and machine learning approaches hold promise for more effective
utilization of hyperspectral datasets to correlate observed
lithiation heterogeneities to geometric features and for the recon-
struction of stress gradients. However, it is essential that such
approaches be grounded in a physically meaningful interpretation
of X-ray absorption spectra.

In this article, we demonstrate a workflow wherein multivariate
statistical methods are used in conjunction with a library of refer-
ence spectra curated for samples with well-defined extents of
lithiation to develop accurate chemical maps of lithiation gradi-
ents within individual particles and across ensembles of parti-
cles. At the individual particle level, composition maps from
scanning transmission X-ray microscopy (STXM) and X-ray pty-
chography are further correlated with stress gradients with the
help of finite element analysis (FEA). Using orthorhombic V,0s5
as a model system,*?*® we examine phase evolution upon Li-
ion intercalation and construct a library of X-ray absorption stan-
dards for samples that have been rigorously characterized by
multimodal methods. By combining statistical approaches with
curated reference spectra, we demonstrate a generalizable
approach to composition, phase, and stress mapping, which
provides critical insights into modulating battery chemistry and
electrode architecture to alleviate common degradation
mechanisms. 8343

RESULTS AND DISCUSSION

A curated X-ray absorption spectroscopy reference
database for Li,V,05

Orthorhombic «-V,0s5 is a layered compound with multiple
accessible redox couples (V3*/V** and V**/V**) and a frame-
work that can support intercalation of up to three Liions per for-
mula unit (i.e., up to a final composition of LizV,05).°®*" The
promise of this material as an intercalation electrode stems
from a high theoretical capacity (up to 441 mAh/g) and the po-
tential for multielectron redox.*>***” A growing appreciation
for the geographical diversity of vanadium deposits and the
maturity of extraction methods with low-carbon footprints has
driven further interest in V,Os in light of growing concerns about
greenhouse emissions from battery manufacturing and the re-
silience of supply chains.®® Despite current use as a positive
electrode (cathode) for small-format commercial cells, wide-
spread adoption of V505 in larger formats has been stymied
by a series of intercalation-induced phase transformations,
which gives rise to stress and diffusion impediments and limits
the accessible energy density and cycle life.**>* Thus, while
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Figure 1. Li-ion intercalation-induced evolution of crystal lattice and electronic structure
(A-C) (A) Powder X-ray diffraction patterns collected for phase-pure stoichiometric Li,V>,Os materials demonstrate intercalation-induced (B) contraction of the
lattice along the a axis and (C) expansion of the lattice along the b axis. Rietveld refinement of the powder diffraction data shown in (A) is shown in Figure S1.

Structure solutions obtained by Rietveld refinement are shown in Figure S2.

(D) Li-ion intercalation further induces monotonically increasing canting of the apical oxygens toward the intercalated lithium-ion and puckering of the V,Os layers

(Figure S3).

(E) Finally, the VOs, 1 quasi-octahedron evolves as the sixth long bond gradually lengthens. In the highly lithiated 3-phase, a half-layer shift in the ab plane gives

rise to a purely VOs square pyramid coordination environment.

(F) Closely overlapping V L- and O K-edge X-ray absorption spectra obtained by analysis of STXM data for individual particles (Figures S4 and S5) demonstrate

lithiation-induced modification of local coordination environments.

(G and H) Expanded regions of the (G) V Ls- and (H) O K-edges are provided. Shifts of absorption features to higher energies and a monotonic diminution in the
intensity of pre-edge features are demonstrated with increasing lithiation. Linear curve fitting of these spectra is shown in Figures S6 and S7.

specific emphasis is placed on the methodology of interpreting
hyperspectral imaging data in this work, in light of increasing
material criticality challenges faced by incumbent positive elec-
trode chemistries, the insights obtained here the role of defects
and particle geometry on electrochemistry-mechanics
coupling in V,05 have practical implications for next-genera-
tion batteries.>**°

To develop a rigorous set of standard X-ray absorption
spectra for use in hyperspectral image analysis, phase-pure
LixV>Os materials (where x denotes the extent of lithiation) were
prepared by reacting V>O5 powders with stoichiometric amounts
of lithium iodide (Lil), as described in the experimental proced-
ures.?* As V,Os incorporates Li, its crystal lattice and electronic
structure are strongly modified, as shown in Figure 1.'> Powder
X-ray diffraction (PXRD) patterns for each phase are shown in
Figure 1A, and the corresponding Rietveld refinements and
structure solutions are shown in Figures S1 and S2, respectively.
Tables S1-S6 show the Rietveld refinement statistics and atom

positions; the evolution of lattice parameters is summarized in
Table S7. Upon intercalation, V,Os undergoes several discontin-
uous changes to its crystal structure, stabilizing «-, e-, and
3-phases with increasing lithiation, corresponding to lithium stoi-
chiometries of ca. 0.0 < x < 0.1,0.3<x<0.7,and 0.9 < x < 1.0,
respectively.>* With the exception of the highly lithiated 5-phase,
which necessitates a half-layer shift in the ab plane (Figure 1E),
contraction of the lattice along the a axis, and expansion of the
lattice along the b axis can be observed with increasing lithiation,
as shown in Figures 1B and 1C, respectively. With increasing
lithium content, electron density becomes localized on specific
vanadium sites, the nearest apical oxygens become canted to-
ward intercalated lithium-ions (Figure 1D), and the V505 layers
are increasingly puckered (Figure S3; Table S8).*' These pro-
found changes in bonding motifs coupled with the structural dis-
tortions give rise to inhomogeneous stress gradients as a result
of anisotropic lattice contraction and expansion along different
crystallographic directions.
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The phase transformations and changes in lattice symmetry
observed by XRD are accompanied by changes in local vana-
dium and lithium coordination environments. These alterations
are demonstrated in X-ray absorption near-edge structure
(XANES) spectra, which depend sensitively on the local coor-
dination geometry and ligand field. Interpretation of XANES
spectra is complicated by multiplet effects, known limitations
of density functional theory in predicting the electronic struc-
ture of complex oxides,***® and challenges in treating core
holes.** First-principles approximations, including multiple
scattering,*® time-dependent density functional theory,*® local
pair natural orbital coupled cluster methods,*” and self-
consistent-field methods coupled with many-body perturba-
tion theory,** have been used to simulate XANES spectra
with varying degrees of success. First-principles approxima-
tions provide insight into the physical origins of spectral fea-
tures but accurate treatments of core holes are often chal-
lenging to implement for many-body correlated systems,
such as typical positive electrode materials, especially upon
incorporation of defects and alloying. We present here a data-
base of experimental spectra derived from STXM measure-
ments (Figure 1F) acquired across V L- and O K-edges of
phase-pure individual particles of a-, e-, and &-Li,V,Os5
(Figures S4). Principal-component and k-means clustering an-
alyses have been performed for each measurement to validate
the phase purity of the samples, as shown in Figure S5. The
spectra in Figure 1F can thus be unambiguously assigned
as spectral signatures of the differently lithiated phases with
variations manifested in Figure S5 solely from detector nonlin-
earity at higher thicknesses.

Evolution of spectral features at V L- and O K-edges as a
function of lithiation

As shown in Figure 1F, the V L-edge (~510-525 eV) comprises
two dominant features centered at ~518 (V Ls) and ~525 eV (V
L,). The V Ly-edge results from transitions from V 2p;, — V 3d
states and remains relatively consistent across all phases. A
Coster-Kronig Auger emission process that broadens spectral
features limits the value of this absorption feature as a fingerprint
of lithiation-induced changes in local structure.“® In contrast, the
V Lz-edge (Figure 1G), which corresponds to transitions from V
2p3/» core states — V 3d states, offers a wealth of information.
Fine features centered near 515 and 517 eV correspond to V
2p — V 3d,,and V 2p — V 3d,y,, transitions, respectively.*’**°
Li-ion intercalation into V,Os5 results in a formal reduction of the
vanadium centers, which shifts the d,, and d,.,, features to
higher energies (Figure S6; Tables S9-S12). Since XANES
probes the unoccupied density of states (i.e., the conduction
band), a diminution of the d,, and d,., intensities is observed
due to Pauli blocking as V 3d states are filled with increasing
lithiation.

The relative intensities of the tog and e,* features in O K-edge
XANES spectra in Figure 1H are also greatly modulated by the
lithiation extent. With increasing lithiation, the t,, feature is
diminished in intensity with respect to the e,* absorption. This
modulation of relative intensities is a consequence of electron
correlation (since lithiation introduces V 3d' states), the loss of
degeneracy between spin-up and spin-down states upon lithia-
tion, and the concomitant reduction of vanadium centers (which
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modifies V 3d-O 2p hybridization), and the elongation and
canting of V-O bonds (Figure S3; Table S8).° The changes in
V-0 hybridization cause a shift in the spectral weight of the ey*
and O 2p-V 4sp hybridized states to higher energies (Figure S7;
Tables S9-S11 and S13). Notably, the pronounced structural
rearrangement across the ¢ < d phase transition does not follow
this trend. Instead, a shift from a distorted octahedral (i.e., VOs,
environment) to an unambiguously square pyramidal coordina-
tion results in a change in the crystal field splitting marked by a
re-emergence of a sharp 3d,,,,, feature centered near 517 eV
at the V Lg-edge and renormalization of the t,g-to-eg* intensity
at the O K-edge.

Using reference spectra to guide composition and
phase mapping by X-ray spectromicroscopy
Access to validated reference Li, V.05 XANES spectra (Figure 1)
enables accurate and efficient interpretation of lithiation hetero-
geneities imaged by high-dimensional X-ray imaging tech-
niques, such as STXM and X-ray ptychography. In STXM,
transmission images are obtained over a series of image
positions, p = 1...P, along a series of energies n =
1 ... N. During pre-processing, the incident flux /g is utilized to
calculate an optical density matrix to establish a linear relation-
ship between the absorption coefficient (i), which is dependent
on the extent of lithiation and thickness (t).?° For a heteroge-
neous sample comprisinga sets = 1 ... S number of spectro-
scopically distinct constituents, the optical density, Dyxp, can be
expressed as a spectrum for each pixel as:

Dnxp = Wyxs - tsxp, (Equation 1)
where pyygs represents the set of exact spectra for all the
s = 1... S, and their corresponding weighting at every pixel
is denoted by tsxp. Thus, provided Dyxp from X-ray spectromi-
croscopy measurements, the goal is to find solutions for the
set of spectra (uyxs) and weighting maps (tsxp) which accurately
represent the contributions of each component at individual
pixels.*® A workflow for these processes and the construction
of stress maps is illustrated in Figure 2. When the exact set of
absorption spectra (uyxs) is well defined, spectral maps (tsxp)
can be obtained by matrix inversion using singular value decom-
position (SVD) as follows:
tsxp = (yxs) - Dnxp. (Equation 2)
Furthermore, when spectral signatures are known for each
composition, hyperspectral maps can be used to visualize
composition gradients. This scheme, where pyyg is directly
defined using the curated spectral library acquired for standards,
is described in this work as a direct deconvolution, which is rep-
resented in the overall workflow sketched in Figure 2 by the di-
rection of the orange arrows. Alternatively, when a direct convo-
lution with reference spectra is not possible (as a result of the
presence of impurities, energy calibration errors, or excess
noise), additional steps are required to find a solution for pyxs-
An example of this scheme is represented in Figure 2 by the di-
rection of the teal arrows (i.e., principal-component analysis
[PCA] — reduced-dimensionality search space — cluster anal-
ysis — yxs). Amore detailed presentation of the matrix notation
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Figure 2. Alternative workflows using reference spectra to generate composition and stress maps from hyperspectral imaging data
Aregion of interest is imaged across a range of incident photon energies spanning one or more elemental absorption edges. A frame stack can be generated by
appropriately aligning the images to account for beam drift and stacking them along the energy dimension. A background spectrum is utilized to transform
transmission images to optical density data represented as a matrix, Dyxp. If a direct analysis with reference spectra is possible, spectral maps can be generated
by SVD (indicated by orange arrows). Alternatively, PCA can be utilized to aid cluster analyses of pixels based on spectral similarity; comparison of the cluster
spectra against reference spectra informs accurate assignments of spectra to Li,V,Os phases (indicated by teal arrows). Composition maps can be further used
to map intercalation-induced stresses by FEA to extract insight into electrochemistry-mechanics coupling. The latter is a purely physics-based calculation and
solves for linear elastic mechanics in 2D.
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Figure 3. A demonstrative workflow for
generating composition and stress maps us-
ing an artificial STXM dataset

(A) A frame stack can be generated by appropriately
aligning the images to account for beam drift and
stacking them along the energy dimension. A
background spectrum (denoted as /, and high-
lighted by the teal dotted circle) is utilized to trans-
form the data from transmission (left) to absorption
(right), revealing the absorption profile of the sample
(denoted by the white spectrum in the center panel).
(B) If accurate energy and intensity calibrated
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for this process is available from Lerotic et al.>>°" and Kopri-
narov et al.>®

Initially, we describe these approaches using the synthetic da-
taset shown in Figure 3A to facilitate discussion and validation of
each methodology. In particular, we seek to effectively utilize the
measured spectral signatures of distinctly lithiated phases (Fig-
ure 3B) to develop a transparent and physically meaningful
framework for interpreting large hyperspectral datasets. The
synthetic dataset shown in Figure 3A consists of three spectro-
scopically distinct (Figure S8) regions comprising phase-pure
Cl'Lio_1V205 and 8'Li0_45V205 in additionto a Lio_35V205 ale phase
mixture oriented in a core-shell motif,*> a common multiphasic
lithiation pattern observed during ion intercalation. In a direct
deconvolution of the synthetic dataset, a set of images (tsxp)
representing the weighting of each spectrum in the sample
(Figure S9), is obtained by SVD as described in Equation 2,
wherein uyxs has been defined using the library of XANES stan-
dards. When plotted using a uniform grayscale, the spectral
maps corresponding to the phases present in the dataset are
clearly represented (S9B and S9D) in sharp contrast to the re-
maining spectral maps corresponding to V>O5 phases that are
not present in the sample (S9A, S9C, S9E, and S9F). In this
example, spectral maps are calculated for the entire library of
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be generated by SVD (workflow indicated by orange
arrows).

(C) Alternatively, PCA can be utilized to cluster re-
gions based on spectral similarity; comparison of
the cluster spectra against reference spectra in-
forms accurate assignments of spectra to Li,V.Os
phases (workflow indicated by teal arrows).

(D) Quantitative composition maps can be gener-
ated by superimposing spectral maps generated by
an SVD using normalized spectra corresponding to
a known lithium stoichiometry.

(E) Composition maps can be further used to
quantify intercalation-induced von Mises stress
profiles by FEA to extract insight into electrochem-
istry-mechanics coupling within individual particles.
The latter is a purely physics-based calculation and
solves for linear elastic mechanics in two di-
mensions.

XANES spectra, and the relative weight-
ings of each component are used to
deduce which phases are present in the
sample. As shown in the composition
map in Figure 3D, this approach captures
the artificial dataset’s ground-truth, a
core-shell phase separation motif, with excellent fidelity (Fig-
ure S8). It is worth noting, however, that prior knowledge
about the sample, such as depth of discharge, can be utilized
to narrow the selection of spectral signatures considered for
SVD (i.e., to visualize the spatial orientation of known phases in
the sample).

It is important to note here that the success of a direct decon-
volution with standards stems in some measure from the fact
that the validation dataset was initially generated using reference
spectra; this represents the best-case scenario wherein the input
spectra used for deconvolution are an excellent match to the
measured data. While the great utility of a direct analysis cannot
be understated, a direct spectral deconvolution with standards
comes with some caveats. For example, while the matrix inver-
sion process described in Equation 2 can be applied to any
combination of input spectra, the fidelity of the spectral
maps depends strongly on the extent to which the reference
spectra are a one-to-one representation of the measured data
(DNX,:).52 Here, sample thicknesses above a certain threshold
(inducing nonlinearities), parasitic reactions generating non-va-
nadium oxide phases, environmental noise, errors in the energy
calibration, potentially polarization dependences of spectral
intensities arising from particle orientation,** and contributions



Patterns

from the halo of the incident beam can lead to erroneous
results. An illustration of this is provided in Figure S10,
which shows invalid results produced by a direct SVD, using
the library of standards applied to a modified dataset incorpo-
rating a —0.4 eV energy calibration error and the addition of
Gaussian noise.®> One approach to minimize this limitation is a
collection of internal standards from known phase-pure regions;
however, the complexity of this approach greatly increases with
the number of chemical constituents. In this work, a consider-
able amount of effort has been placed on minimizing many of
these sources of error during data collection, for example, by
limiting sample thickness and mitigating the formation of non-
vanadium oxide phases, as discussed in the experimental
procedures.

We have examined an alternative approach to analyzing hy-
perspectral datasets acquired for complex samples, which is
the most likely scenario for realistic energy storage materials.
This approach, illustrated by the direction of the teal arrows in
Figures 2 and 3, fuses knowledge of standards (Figure 3B) with
PCA and cluster analysis (Figure 3C) to find spectroscopically
similar groupings of data that represent distinct Li,V.O5 phases.
The first step in this approach aims to provide a reduced dimen-
sionality search space that retains all of the meaningful variations
in the data—this can be accomplished by PCA, as shown in Fig-
ure S11. Next, pixels with similar spectral signatures can be
grouped according to their Euclidean distance in the eigenvector
search-space provided by PCA; here, the average spectral
response of every pixel belonging to a cluster can be used to
define the set of spectra, pyxg, as shown in Figure S12 for the
test set. In this approach, the number of selected principal
components and clusters is user adjustable and critical to an
accurate determination of py,g. Without access to standards,
selecting the number of principal components can be aided by
referencing their cumulative variance.’” Indeed, as shown in Fig-
ure S11 for the test dataset, the majority of the variance in the
data is captured by the first few components (>99.9% from the
first two components in the test set). Subsequently, during clus-
tering analyses, color-coded scatterplots of clusters, as shown
in Figure S12A, can be utilized to investigate how clusters are
separated in eigenvector space to inform the number of user-
selected clusters that form pyxs. In an ideal execution of
k-means clustering via PCA, the number of partitions and their
spectral identity should match the chemically distinctive
constituents present in the sample (contrast Figure S8 with
Figure S12)—in practice, this can be difficult to achieve by solely
monitoring the statistical properties of the data. In this work,
signatures of the eigenspectra (which are often reminiscent of
the difference spectra between standards) and cluster spectra
are validated using the library of X-ray absorption standards
to enable an electronic-structure-informed selection of the
number of principal components and clusters selected for
Uyxs- Figures S11 and S12 show that this supervised approach,
guided by standards to PCA and clustering, respectively, can
successfully partition data based on spectral similarities to
obtain a set of spectra (uyxs), even in the presence of Gaussian
noise and energy misalignment in the modified dataset.*® A com-
bined PCA and k-means clustering approach thus represents a
powerful means of determining s of the spectral components
based on statistical deconvolution of datasets.®*>>*"->® Notably,
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the cluster analysis in Figure S12 delineates three distinct
clusters despite the presence of only two Li,V,Os phases in
the generated dataset. These results thus highlight a crucial
distinction between direct deconvolution aided by spectral stan-
dards and deconvolution based on clustered spectra. The
former can disentangle the individual contributions of multiple
phases. In contrast, the latter must assign regions of mixed
composition to either a separate cluster or as part of a closely
related cluster. One approach to resolving this uncertainty is to
over-cluster the data to achieve greater segmentation and
enable interactive curation by analyzing dendrograms (based
on Euclidian distance) or comparison with standards.*®°° An
additional method for refining the search space has been high-
lighted by Lerotic and co-workers, wherein cluster-similarity
regularization is incorporated with non-negative matrix analysis
to introduce a physically meaningful bias toward properties of
known spectra.®’

In all instances, it is crucial to be cognizant of each approach’s
limitations and monitor any residual errors to avoid erroneous re-
sults. Using PCA, for example, has been shown to produce
negative weighting values, which are unphysical and represent
a limitation to its utility for quantitative interpretation.®® Although
the fine spectral features of the X-ray absorption spectra provide
the physical basis for distinguishing components in a heteroge-
neous material, spectra should be placed on an absolute mass-
absorption scale to avoid fitting peak intensity differences
stemming from thickness effects —this can introduce systematic
errors resulting from uncertainties in the mass-absorption coef-
ficients.®” These and other sources of error can be monitored by
tracking residual maps (Figure S9G) and residual plots, as shown
in a subsequent section. Whether employing a direct deconvolu-
tion of datasets using standards or a combined approach using
PCA and cluster analysis, access to a library of reference spectra
enables user-supervised validation to ensure physically mean-
ingful interpretation of the data.

The spatially resolved weighting of each phase, either deter-
mined by direct deconvolution or abetted by the use of reference
spectra and statistical methods, can be utilized to generate
composition/concentration maps, providing a quantitative rep-
resentation of the extent of lithiation (or depth of discharge in
the case of electrochemically lithiated samples).>* To reduce
noise and enable a continuous representation of the data,
spectral maps are subjected to a Gaussian filter and bilinear
interpolation step (see experimental procedures). The recon-
structed composition map for the test particle, shown in
Figure 3D, thus reproduces the spatial localization of the
a-Lig 1V20s and e-Lig 45V-05 phases, their phase mixtures, and
the relative thickness gradient within the particle (Figure S8)
with fine detail and excellent fidelity to the original dataset. Fig-
ure 3E shows von Mises stress values obtained for the test par-
ticle by translating composition gradients to stress via FEA as
described in the supplemental experimental procedures.?*3*
The process of translating composition maps to stress gradients
is physics-based and involves FE calculations, solving 2D linear
elastic mechanics with corresponding boundary conditions.
The commonly used von Mises stress (2D) criterion is applied
to compute an equivalent stress of the Cauchy stress tensor at
every point within the particle, thereby providing a snapshot of
the overall stress state resulting from lithiation heterogeneities."
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Figure 4. Analysis of single-particle lithiation
heterogeneities by STXM and X-ray ptychog-
raphy

(A and B) Optical density maps from STXM (A) and
X-ray ptychography (B) at 518.2 eV, contrasting
differences in spatial resolution and chemical
contrast between the two hyperspectral spec-
tromicroscopy techniques.

E

Intensity (a.u.)

(C-E) Lithiation maps from ptychography images
collected at 518.2 and 519.4 eV are shown in (C and
D), respectively, based on the relative intensity of
the d,, and d,;, features as marked in the inte-
grated STXM spectrum across V L- and O K-edges
in (E).

(F and G) The composition map shown in (F) was
generated by mapping the experimentally deter-
mined lithiation gradients to a Gaussian filter-
smoothed image, which informed the calculation of
von Mises stress profiles as shown in (G) for fixed
boundary conditions. Scale bars, 500 nm.
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In general, regions of high von Mises stress correlate with highly
lithiated domains as a result of compressive stresses. The most
significant stress experienced by the test particle coincides with
phase boundaries, reflecting the sharp changes in lithiation and
elastic misfit strain at the a-Lig1V>O0s and e-Lig45V>05 inter-
face.> A complete picture of lithiation-induced stresses is
provided in Figure S13, wherein the complex stress state is de-
convoluted into the von Mises, normal, and shear stress compo-
nents under fixed and free boundary conditions. Here, the choice
of boundary conditions is intended to capture the likely varying
interactions, in a real electrode, between the active primary par-
ticles and the surrounding electrode, which can significantly in-
fluence the stress state of a given particle. It is important to
note here that, while linear elasticity does not directly predict
fracture, it provides an overall snapshot of the stress state, which
captures the intercalation-induced stresses that typically pre-
cede failure.'®®® Delineation of displacement, von Mises stress,
nominal stress along &£, nominal stress along 7, and shear stress
for free boundary conditions and fixed boundary conditions in
Figure S13 provides an unprecedented view of chemistry-me-
chanics coupling in insertion cathodes.

In summary, we have demonstrated that spectral standards
can enable accurate chemical mapping using a synthetic hyper-
spectral dataset generated from reference spectra. In the
absence of spectral contamination, reference spectra can be
used directly to deconvolute contributions from different phases
within a heterogeneous sample. Alternatively, reference spectra
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deconvolution in conjunction with statisti-
cal clustering approaches in a more gen-
eral scenario. The composition maps
generated from the accurate assignment
of the spatial disposition of lithiated phases
can furthermore be used to reconstruct a
detailed picture of stress gradients within
individual particles. We now focus on
applying standards to experimental
STXM data collected for heterogeneous
Li,V-0s nanoparticle samples to demonstrate the utility of this
approach. Phase distributions are investigated across length
scales with the help of our curated reference spectra (Figure 1F).
In subsequent sections, lithiation heterogeneities are mapped at
the level of individual particles, small ensembles, and particle
networks.

110 120 130
|

Evaluating lithiation heterogeneities and stress
gradients within individual particles

We start at the smallest length scale with hyperspectral data of
the highest spatial resolution. The lithiated V>Os nanowire
fragments shown in Figure 4 were initially screened by STXM
(Figure 4A) at 50 nm resolution and subsequently by X-ray pty-
chography at 10 nm resolution (Figure 4B). X-ray ptychography
is a coherent diffraction imaging technique capable of making
hyperspectral measurements, bearing resemblance to STXM
as an element-specific probe, with marked improvements in
spatial resolution,?” as is readily apparent by contrasting Fig-
ure 4A (STXM) with 4B (ptychography). As a lens-less technique,
the spatial resolution of X-ray ptychography is limited only by the
wavelength of the incident photon energy.®* Given the massive
datasets generated by spectroptychography (on the order of ter-
abytes), STXM can be utilized as a preliminary screen to identify
a limited set of photon energies that best capture chemical
contrast. Figures 4C and 4D show ptychography maps con-
structed from coherent diffraction patterns at 518.2 and 519.4
eV, respectively, which correspond to the d,, and d.,
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absorption features at the V Ls-edge as shown in the integrated
absorption spectrum derived from STXM in Figure 4E. Optical
density maps at 518.2 and 519.4 eV have been normalized by
an optical density profile collected at the post-edge (555.0 eV)
to eliminate mass thickness contrast. This enables the compar-
ison of relative d,, and d,.,, absorption intensities, which, as
observed in Figure 1G, are powerful indicators of the extent of
intercalation. The inferred lithiation gradients from individual d,,
and d,,,, images are consistent and broadly depict core-shell
behavior wherein nanowire edges are sparsely lithiated relative
to a Li-rich core. A linear combination fit (LCF) with energy-
aligned standards has been performed on the STXM data to
enable a more quantitative look at phase separation, as shown
in Figure S14. The results from LCF indicate a nearly even
mixture of a-Lig 1V2Os and e-Lig 30V20s. The concentration map
shown in Figure 4F has been computed based on pixel inten-
sities from Figure 4C (indicative of lithiation) within lower and up-
per bounds for lithiation set by the a-Lig 1VoOs and e-Lig 30V20s5
phase. Notably, the tips of both nanowire fragments appear
heavily lithiated, likely due to preferential nucleation at frag-
mented edges with a large density of defects, which lower the
barrier to nucleation. The outstanding spatial resolution of
X-ray ptychography enables visualization of additional Li-rich
channels originating from the nanowire edges and running along
the length of the nanowire fragments. Here, the insertion of
lithium-ions between specific layers likely drives further insertion
into the expanded layer, a phenomenon akin to staging,*° thus
driving preferential diffusion along locally expanded layers.

A high-resolution composition and phase map enables visual-
ization of stress through finite element simulations, as shown in
Figure 4G. Here, we primarily discuss the von Mises stress since
it provides, at a glance, an expression of the overall stress state
of the material. It should be noted here that stress values are
calculated (not directly imaged) utilizing the composition map
combined with knowledge of the partial molar volumes of the in-
dividual variously lithiated phases. The most significant regions
of von Mises stress coincide with areas of high lithiation, reflect-
ing the compressive strain induced by a locally expanded Li-rich
core against a sparsely lithiated shell. Striations oriented perpen-
dicular to the nanowire length are observed due to boundary
constraints that account for additional compression or tension
due to volumetric expansion or contraction against the sub-
strate. Secondary areas of elevated von Mises stress coincide
with highly lithiated nanowire tips; lithiation-induced local
compression of the crystal lattice likely alters the local diffusion
rate, exacerbating lithiation differences and driving additional
coherency strain.?*%? A full profile of stress calculations from
FEA is shown in Figure S15—which provides a rich picture of lith-
iation-induced stress gradients. For the particle fragments
shown in Figure 4, interparticle diffusion is limited, and the ther-
modynamic driving forces for phase separation are accommo-
dated by intraparticle lithiation gradients.?**>**%° Furthermore,
defects at frayed nanoparticle tips strongly modify nucleation
and subsequent phase propagation. As such, Figure 4 provides
a compelling demonstration of the use of single-particle X-ray
spectroscopy and X-ray ptychography aided by reference
spectra to image phase separation with <10 nm spatial resolu-
tion. Future work will focus on acquiring and utilizing phase
images provided by X-ray ptychography with greater spectral
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resolution to maximize contrast in individual particles and
cross-sectioned single crystals.®® %%

Imaging particle-by-particle lithiation in small
ensembles of V,05 nanoparticles

We next turn our attention to a small ensemble of V,Os nanopar-
ticles to examine the role of interfaces between active electrode
particles.®®"° Figure 5 shows interparticle heterogeneity in two
pairs of interfacing nanowires following "on-substrate" lithiation
described in the experimental procedures.®* This approach to
chemical lithiation enables the investigation of interactions be-
tween adjacent or solid-solid interfaced particles during Li-ion
insertion. The spatial resolution in Figures 5A and 5B is 30 and
50 nm, respectively, which is sufficient for investigating interpar-
ticle and intraparticle lithiation inhomogeneities. Spectral decon-
volution by SVD reveals comparably low and high lithiated
phases, demonstrating the strongly preferential lithiation of one
particle at the expense of the other during early (Figure 5A) and
later stages of lithiation (Figure 5B).

The spectrum for the low lithiated nanowire in Figure 5A (or-
ange) is shown in Figure 5C and is characterized by sharp d,,
and d,./,, features at the V Lz-edge, as well as a relatively strong
toq feature compared with the eg* feature at the O K-edge. These
features collectively suggest little-to-no lithium insertion. In
contrast, the intensity of the d,, and d,./,, features in the light-
blue spectrum is diminished and has broader lineshapes,
indicating some reduction of the formal vanadium oxidation
state. Furthermore, the O K-edge exhibits a lower tog-to-eg* ratio,
demonstrating a relatively higher degree of lithiation. Particle-by-
particle lithiation is driven by a strong energetic preference for
diffusion across an interface, which is preferred over nucleation
of a lithiated phase.®® Analogous mosaic instabilities have been
modeled by Delmas et al.”" and experimentally shown by Chueh
et al. for another phase-separating positive electrode material,
LiyFePOg4. This mechanism is characterized by phase coexis-
tence within particle ensembles but not within single particles
since diffusion across interconnected particles can mitigate the
formation of phase boundaries. Indeed, PCA and k-means
clustering analysis performed for isolated segments from each
nanowire suggest little-to-no intraparticle lithiation heterogene-
ities (Figure S16).

Unlike LiFePO,, which has a singular miscibility gap and shows
two-phase separation between Li-rich and Li-poor phases,”® %"
lithiation of orthorhombic V,Os5 progresses through a sequence of
Li,VoOs phases (Figures 1 and S17), thereby introducing multiple
energetic barriers for phase nucleation. The spectrum shown in
Figure 5D for the lowly lithiated nanowire (yellow, Figure 5B) is
most similar to the e-Lig 3V>O5 phase. In sharp contrast, the adja-
cent particle (blue) shows a much greater extent of lithiation corre-
sponding to d-LigoV20s. Notably, lithiation beyond x > 1 in V.05
leads to the irreversible formation of a y-phase requiring consider-
able distortion and inversion of the square pyramids in addition to
the sliding of layers.®®"* Here, in a particle-by-particle sequence of
lithiation, nucleation of the e-Li,V>Os phase in a previously unlithi-
ated particle is energetically preferred over nucleation of the highly
incommensurate y-phase in the Li-rich particle. Such a sequence
of phase transformations demonstrates an interplay between the
thermodynamic transformation barrier and a barrier to interparticle
transport. At the electrode scale, interparticle heterogeneities can
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Figure 5. Particle by particle lithiation at V,05
particle interfaces

(A-D) Nanowires lithiated by an "on-substrate"
method exhibit particle-by-particle lithiation. Two
sets of nanowires are shown in (A and B), wherein
the colored regions in the composite maps corre-
spond to the spectral components shown in (C and
D), respectively, as identified by SVD with spectra
from a combined principal-component and
k-means clustering analysis informed by compari-
son with reference spectra. Orange (C)/yellow (D),
and blue (C/D) regions demarcate locally low and
highly lithiated wires and their corresponding
spectral identity. Scale bars, 1 um.
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istence. Most notably, in this series, a size
dependence on specific discharge capac-
ity is observed, which reflects the higher in-
ternal resistance and diffusion limitations
of larger particles. Not surprisingly, several
efforts to mitigate transport limitations in
positive electrode materials include a
reduction in particle size. Nevertheless, a
large fraction of commercial cathodes,
prepared via slurry comprising the active
material, binder, solvent, and other
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lead to significant variations in current density, driving high local
current hotspots that can serve as a stress concentrator, nucleate
crack formation, and accelerate degradation.”> Approaches for
mitigating interparticle differences include the formation of
mesoscale architectures that maximize concurrent nucleation
events®* and modifying intercalation phase diagrams to stabilize
extended solid-solution lithiation regimes.”®”” As such, analysis
of STXM composition and phase maps aided by reference
spectra provide insight into the nature of interfaces between
positive electrode particles, illustrating a preference for interpar-
ticle heterogeneity over intraparticle phase boundaries when
particles are connected through interfaces that enable facile Li
diffusion.”® The heterogeneous transformation of individual parti-
cles drives a large fraction of the current to a small fraction of the
active material, thereby contributing to local thermal and stress
gradients.?*7980

Quantitative maps of mesoscale lithiation
heterogeneities

At mesoscale dimensions, the spatiotemporal evolution of phase
propagation fronts strongly depends on particle dimensions and
geometry, their interfaces, (dis)charge rates, and their relative
position in the electrode architecture.'®2%26:3%.72.81 An example
of this is highlighted in Figure 6A, which shows the galvanostatic
discharge/charge profiles of nanosphere (0D), nanowire (1D),
nanoplatelet (2D), and micron-sized platelet bulk (3D) geome-
tries (corresponding SEM images shown in Figures 6B-6E,
respectively). Here, several voltage plateaus, corresponding to
the individual phase transitions in the V,Os phase diagram
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metric irregularities that can engender
large heterogeneities. To this end, it is
crucial to investigate how these irregularities are manifested
across length scales from ensembles to entire porous
electrodes.

Figures 6G-6L illustrate mesoscale lithiation heterogeneities in
arepresentative ensemble of >83 polydisperse Li,V,O5 nanopar-
ticles, as illustrated by the scanning electron micrograph in
Figure 6G. In previous work, a qualitative heuristic analysis of
lithiation heterogeneities was performed on this dataset.®®
In the present work, accurate visualization of the spatial distribu-
tion of e-Lig3V>0s (Figure 6H), e-Lig45V205 (Figure 6l), and
d-Lig.gV20s5 (Figure 6J) is made possible by a comparison of clus-
tered spectra (solid line, Figure 6K) against standards (dashed
line, Figure 6K) to assess mesoscale lithiation heterogeneities
quantitatively. At first glance, the phase maps shown in
Figures 6H-6J point toward a size dependence of the extent of
lithiation. Instance segmentation of each phase map by a deep
learning model based on the Mask R-CNN algorithm® enables
a quantitative assessment of this hypothesis by calculating
the statistical distribution of particles represented by the
€-Lig 3V20s, e-Lig.a5V20s, and d-LigoVoOs spectra (Figure S18).
Figure 6L shows an inverse correlation between projected (2D)
particle surface area and lithium stoichiometry, consistent with
previous observations from modeling®® and the cycling data
shown in Figure 6A. Here, a reduction in particle size increases
surface area (thereby increasing the interface between the active
particle and the electrolyte/lithium source) and reduces diffusion
pathlengths, which are particularly important in the case of
orthorhombic V05 wherein significant changes in coordination
environment engender ion-transport limitations.*
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Figure 6. Quantitative analysis of lithiation heterogeneities on an ensemble of Li,V,05 nanoparticles
(A-E) (A) Discharge/charge profiles of various a-V,0s particle geometries at a C-rate of C/5 for the first cycles between 2.0 and 4.0 V The morphology of the
(B) nanospheres, (C) nanowires, (D) nanoplates, and (E) micron-sized "bulk" platelets is depicted by SEM Scale bars, 100 nm (B) and 1 um (C-E), respectively.
(F) A simplified phase diagram showing the evolution of lithiation-induced Li,V,05 phases is included in (F).

(legend continued on next page)
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Notably, the mode values for the surface area of the closely
lithiated e-LigsVo0s (12.4 um?) and e-Lig45VoOs (11.9 pm?)
phases are in proximity, and in contrast to the formation of
d-LiggV20s, which is observed primarily in particles with a
6.8 um? mode surface area. It should be noted here that the
calculated surface area for smaller particles, in particular, is an
overestimation due to feathering at particle edges, resulting
from limited spatial resolution and the presence of agglomera-
tions. Interestingly, a significant fraction of the larger particles
in this distribution show regions that can best be represented
by either e-Lig 3V205 or e-Lip45V20s, demonstrating composi-
tional differences within individual particles (albeit within a
single solid-solution regime) above a critical size threshold.
This heterogeneity is likely driven at least in part by geometric as-
phericity'® as well as the presence of extended defects within
particles.’®®° This quantitative view of phase coexistence and
its size dependence provides a compelling illustration of the
use of reference spectra acquired for well-defined standards.
Through the lens of electrochemistry-mechanics coupling,
scaling down particle dimensions increases the relative penalty
associated with phase-boundary-induced interfacial mismatch,
thus suppressing phase separation, an origin of stress and bat-
tery degradation.®® Indeed, this quantitative mapping under-
scores the interplay between crystallite geometry and lithiation
heterogeneities; whereas micrometer-sized platelets of V,Os
exhibit considerable phase heterogeneities across the thickness
of the electrode; electrodes comprising homogenous-nano-
meter-sized spherical V,O5 show remarkably homogeneous
lithiation with extended solid-solution lithiation.'® Together, the
results in Figure 6 attest to the importance of controlling
electrochemistry-mechanics coupling to enhance electrode
performance.

A closer investigation of the size distribution of the three
phases in Figure 6 reveals that, following lithiation (discharge),
a limited number of large and small particles remain lithiated
(discharged) and delithiated (charged), respectively, reflecting
a minority population that shows deviations from the norm.
Indeed, this suggests that particle size is not the sole determi-
nant of the sequence of intercalation events. As shown in
Figures 4 and 5, for example, the presence of defects and
interparticle connectivity can significantly alter phase separation
patterns. In view of this, local considerations of electrode mate-
rials, proximity and accessibility of Li-ion exchange with adjacent
particles, and geometric asphericity play a significant part in
driving the observed intercalation phenomena.’®*%** This
coupling between geometry, electrochemistry, and mechanics
remains inadequately understood. However, it is clearly critical
to realizing the full potential of intercalation electrodes,®" such
as V,05 as demonstrated by recent studies leveraging geome-
try,'®%* strain,?*#5%" and atomistic modifications®*® as levers
to modulate intercalation phase diagrams to circumvent signifi-
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cant phase inhomogeneities and stress gradients. Pint and co-
workers demonstrated that straining V,Os thin films through
coupling with shape-memory alloys modulated intercalation po-
tentials by as much as 40 mV and provided a 2.5 x increase of the
Li-ion diffusion coefficient.®>%® Electrochemistry-mechanics
coupling in cathode materials is a multiphysics problem that
occurs over decades of length scales from atomic to mesoscale
dimensions; visualizing these interactions through hyperspectral
imaging, as shown in this work, is a step toward deciphering
design principles for mitigating the consequences of battery
degradation.

Conclusions

The fundamental mechanisms of chemistry-geometry-me-
chanics coupling in Li-ion batteries remain inadequately
understood but continue to be of pivotal importance to the
lifetime of commercial batteries. Atomistic phenomena propa-
gate across mesoscale dimensions, manifesting as phase in-
homogeneities and stress gradients, which strongly impact
the performance and longevity of electrode architectures.
This work demonstrates the remarkable utility of synchro-
tron-based hyperspectral X-ray spectromicroscopy experi-
ments, which, when coupled with spectral standards,
enable accurate and quantitative mapping of inter- and intra-
particle compositional heterogeneities, phase separation,
and stress gradients in the canonical positive electrode
material, «-V,0s. A detailed account of Li-intercalation-
induced changes in the crystal lattice and electronic structure
is developed to curate a robust set of physically interpretable
spectral standards. Distinctive workflows, including SVD,
PCA, k-means clustering, and linear combination fitting, are
deployed in conjunction with reference spectra to develop
high-accuracy quantitative maps.

Soft X-ray ptychography, informed by standards, enables
high-resolution visualization of lithiation gradients, illuminating
the role of defects and substrate coupling during nucleation-
limited lithiation. Experimentally determined phase and compo-
sition maps at the level of individual particles are translated to
stress gradients, enabling a direct link between chemistry and
mechanics and providing key insights into the role of particle ge-
ometry in stress concentration. STXM imaging of interconnected
particles reveals the delicate balance between barriers for phase
nucleation, the energetic penalties associated with stabilizing
phase boundaries, and Li-ion transport across interlinked parti-
cles. Finally, quantitative analysis of phase separation across
an ensemble of nanoparticles demonstrates the role of particle
size and geometry in governing phase separation and phase
evolution. Deterministically controlling the trajectories of interca-
lation reactions remains a grand challenge for battery diagnos-
tics and prognostics. Future efforts will focus on combining the
chemical and spatial resolution of hyperspectral imaging with

(G) Scanning electron micrograph of >83 polydisperse Li,V,05 nanoparticles Scale bar, 2 um

(H-J) Weighted maps obtained by SVD of the spectromicroscopy data (80 nm spatial resolution) using clustered spectra are shown for cluster 1 (H), cluster 2 (l),
and cluster 3 (J). Scale bars, 2 um (H-I). Thin nanosheets, outlined in yellow in (G and J) become highly lithiated due to the <100 nm dimensions along the plane-of-
view are not considered during segmentation due to their departure from the nanowire morphology.

(K and L) Phase assignment of the clustered spectra (solid line) was determined by comparison with standards (dashed line) as shown in (K). A quantitative
correlation between projected particle area and the extent of lithiation is provided in (L) based on the segmentation of the particles represented by each

phase map.
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temporal resolution within operando cells to track intercalation
phenomena under an electrochemical stimulus with an eye to-
ward developing design principles for real-time process control
of key processes. In addition to the challenges of extracting cor-
relators from dynamic imaging data, it is key to map laboratory
measurements and the phenomenology observed in imaging ex-
periments to data steams available in real-world applications.
The latter are predominantly electrochemical impedance and
current-voltage inputs monitored in battery management
systems (BMSs). It is thus imperative to establish rigorously vali-
dated correlations and transfer functions between information-
rich hyperspectral imaging data and impedance signals.®%:°
Such a capability could have tremendous potential for inte-
grating meaningful performance descriptors into existing
BMSs to monitor battery state-of-health and prolong battery
service life.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will
be fulfilled by the lead contact, Sarbajit Banerjee (banerjee@chem.tamu.edu).
Materials availability

This study did not generate new materials.

Data and code availability

e The hyperspectral datasets, PXRD diffraction data, and X-ray absorp-
tion spectroscopy reference database can be found in a Mendeley
Data repository: Santos, David (2022),“Multivariate Hyperspectral
Data Analytics Across Length Scales to Probe Compositional, Phase,
and Strain Heterogeneities in Electrode Materials,” Mendeley Data,
V1, https://doi.org/10.17632/797f2kfgbp.1.

o The original code used for generating composition maps and stress
maps (via FEA) from hyperspectral imaging is included in the Mendeley
Data repository.

o Access to the Analysis of X-ray Images and Spectra (aXis 2000) software
is provided, free of charge, by Adam Hitchcock: http://unicorn.
chemistry.mcmaster.ca/axis/aXis2000-download.html.

o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.

Synthesis of various V,05 particle morphologies

#-V»05 nanowires were synthesized by a hydrothermal growth process adapt-
ed from a previously reported method and range from 50 to 400 nm in width
and thickness, respectively, and span several microns in length—the
<400 nm thickness of the nanowires, parallel to the direction of the beam,
ensure sample thickness is within the detector linearity region during STXM
measurements.>***%" In a typical reaction, 300 mg of commercially sourced
V,05 (Sigma Aldrich, 99.5%) was treated hydrothermally under reducing con-
ditions (7:2 [v/v] mixture of water and 2-propanol; typically, the total reaction
volume is 16 mL) to obtain green/blue V307-H,O nanowires. V,Os nanowires
were obtained by calcination of the recovered V30;-H,O nanowires in static
air at 350°C for 48 h.

The micron-sized platelet bulk (3D) geometries, shown in Figure 6E, were
obtained from Alfa Aesar. a-V,05s nanospheres (Figure 6B) were synthesized
based on a procedure outlined in previous work.'® For the preparation of the
nanoplatelet morphology (Figure 6D), 10 mL H,O, (35 wt %) was slowly added
into 0.36 g of bulk V,05 (Alfa Aesar) with magnetic stirring and reacted for
10 min, followed by addition of 30 mL nano-pure water. The suspension was
stirred continuously for 10 min. Next, 30 mL isopropanol was added, stirring
the solution for another 10 min. The brown suspension was collected, trans-
ferred into a Teflon autoclave, and secured into a stainless-steel reactor.
The reactor was placed into an oven and maintained at 180°C for 24 h. After
cooling to room temperature (24 h), a precipitate was obtained through
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vacuum filtration. The precipitate was washed with nano-pure water and iso-
propanol and subquality dried under ambient conditions. Finally, the powder
was annealed at 300°C for 24 h in the muffle furnace. For all morphologies,
phase purity of the resulting orthorhombic V,0s (Pmmn) was established
by PXRD.

Synthesis of stoichiometric Li,V,05 phases
V505 nanowires (300 mg) were initially dispersed in 20 mL of dry acetonitrile
under an inert Ar atmosphere. A 1.25 M excess of the desired stoichiometric
amount of anhydrous Lil (i.e., 0.1, 0.3, 0.45, 0.7, and 0.9 mol of Lil per mol of
V,05) was added to the acetonitrile/V,Os mixture, which was allowed to stir
gently for 7 days. Over the course of the reaction, the supernatant developed
a brown/red color indicative of |, byproduct formation as per:
V,0s(s) + xLil(MeCN) < Li,V,0s(s) +)§(I2 (MeCN). (Equation 3)
Notably, I, acts as a mild oxidant and is sufficiently oxidizing so asto actas a
chemical deintercalation agent. Consequently, reaction 2 is best characterized
as reversible, and phase purity of the powder can be achieved at equilibrium.
The stabilization of phase-pure Li,V.Os nanowires is key to construction and
curation of a spectral database for well-characterized materials (Figures S6
and S7). This is in direct contrast to the use of the more highly reducing n-bu-
tyllithium (vide infra) as a lithiating agent, which is not reversible. The resulting
Li,Vo.Os powders were separated from the supernatant by centrifugation and
washed three times with dry acetonitrile to remove |, and excess unreacted
Lil. After drying under an inert Ar atmosphere, phase purity was confirmed
by PXRD (Figure 1A). X-ray absorption spectra obtained for each phase
were collected in transmission mode (STXM) across V L- and O K-edges, as
shown in Figures 1 and S4.

PXRD

PXRD patterns were collected on a Bruker D8-focus diffractometer in
Brag-Brentano geometry (Cu Ka, A = 1.5418 A; 40 kV voltage; 25 mA current).
Rietveld refinement of the X-ray diffraction patterns was performed using
GSAS-IL.Y

Chemical lithiation of V,05 nanowires via n-butyllithium
Chemical lithiation of all samples not used as X-ray standards was achieved
via immersion in a solution (molar excess of >4:1 Li:V,0s) of 0.025 M n-butyl-
lithium (Sigma, Aldrich) in n-heptane under an inert atmosphere (Argon, <0.1
ppm O, and <0.1 ppm H0). Lithiation of the V,Os nanowires proceeded
according to:

V,20s5(s) + xC4HoLi(C7H16) — LixVo0s5(s) +)§(CBH15(I). (Equation 4)

The samples shown in Figures 4, 5A, 5B, and 6 were lithiated for 5, 5, 30, and
5 min, respectively. Relatively short lithiation times are employed to prevent
saturation (i.e., complete lithiation) and to further reflect the early stages of lith-
iation (low depth of discharge). In contrast, longer lithiation times reflect a
deeper depth of discharge.

The particles shown in Figure 6 were lithiated as a powder, utilizing a previ-
ously detailed procedure.*’ Here, the lithiated V,05 powders were dispersed
via ultrasonication in a 2-propanol (5 mg/mL) solution and subsequently
drop cast onto a silicon nitride substrate.

The nanoparticles shown in Figures 4 and 5 were drop cast prior to lithia-
tion.>*>* An on-substrate lithiation protocol allows for the effects of intercon-
nectivity on lithiation to be probed. For all samples, the as-prepared grids were
immediately sealed under an inert argon atmosphere for transport to the
Canadian Light Source and the Advanced Light Source for STXM and
ptychography measurements, respectively.

Galvanostatic measurements

Galvanostatic measurements were carried out using coin cells (CR2032)
assembled in a glove box filled with argon gas. The working electrode was
prepared by casting a mixture of active material (V,Os powder), conductive
carbon black (Super C45, MTI Corp.), and binder (poly(vinylidene fluoride)),
with a weight ratio of 70:20:10 (w/w/w) in N-methyl-2-pyrrolidinone solution
onto an aluminum foil as a current collector. A lithium foil (Sigma-Aldrich)
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was utilized as the reference electrode. A Celgard 2500 membrane and a1 M
solution of LiPFg in ethylene carbonate and dimethyl carbonate (Sigma Aldrich)
were used as the separator and electrolyte, respectively. Galvanostatic
discharge-charge measurements of the coin cells were performed on a Land
(CT2001A) system under a voltage window between 2.0 and 4.0 V at 25°C.

STXM

The STXM measurements in Figures 5 and 6 were performed at the 10ID-1
beamline of the Canadian Light Source in Saskatoon, SK, CA. The 10ID-1
beamline is equipped with an elliptically polarized Apple Il type undulator,
which provides an intense beam in the 130-2,700 eV energy range. State-of-
the-art Fresnel zone plate optics are utilized in conjunction with an order-sort-
ing aperture to achieve a focused X-ray beam. The regions of interest shown in
Figures 4A, 5A, 5B, and 6 were imaged with a spatial resolution of 50, 30, 50,
and 80 nm, respectively. Regions of interest were defined based on experi-
mental goals, i.e., the study of single particles, interconnected particles, or
particle ensembles. Typically, ROls are located using single-energy X-ray mi-
croscopy measurements. Before spectromicroscopy experiments, an average
composition is estimated from a line-scan (ensemble X-ray spectroscopy). For
the STXM measurements shown in Figures 4, 5, and 6, the V L- and the O
K-edges were collected in a single stack ranging from 508 to 560 eV with en-
ergy steps of 0.2 eV in the regions of spectral interest (Figure 1) and 1 eV in the
continuum regions before and after the specific elemental edges. In a typical
STXM measurement, a region of interest is raster-scanned while transmission
intensities are recorded in a stepwise fashion by a charged-couple device de-
tector. A 500-line mm~" monochromator was used to tune the incident photon
energy to the V L- and O K-edges for imaging the Li,V>O5s samples; here, a1 ms
pixel " energy ' dwell time was used for signal acquisition.

Image registration was achieved by a cross-correlation analysis using the
“Jacobsen stack analyze” routine in the aXis2000 software suite (version
updated May 28, 2022). An incident spectrum was collected from a fully trans-
mitting region in the sample (i.e., the silicon nitride substrate) to convert the
transmission measurements to an optical density matrix. Preliminary screen-
ings of the data were recorded by integrating the spectra across all pixels to
obtain an averaged spectrum that could be compared indirectly or directly
to energy-calibrated reference spectra. Spectral shape, peak positions, and
relative peak intensities are qualitatively assessed in an indirect comparison,
whereas a direct comparison fits a linear combination of the standard spectra
to experimental spectra in the Athena suite offered by the Demeter software
package (http://bruceravel.github.io/demeter/).

PCA and subsequent k-means clustering were carried out using the “PCA_
GUI” routine (version 1.1.1) within aXis2000. The number of principal compo-
nents considered for clustering was chosen based on their eigenvalues and
their corresponding eigenspectrum/eigenimage representation of the data.
Access to the analytical standards aids in a preliminary interpretation of the
eigenspectra, which considerably improves the selection of significant com-
ponents. The number of clusters sought by a subsequent k-means search
was refined by comparison with standards and by linear combination fitting
of experimental spectra with standards. The averaged spectrum for each clus-
ter was then assigned a lithium stoichiometry of x =0, x = 0.1, x = 0.3, x = 0.45,
or x = 0.7 in Li,V20s to obtain a set of phase-specific signatures from which
composition maps could be generated by SVD (vide infra).

X-ray ptychography

The X-ray ptychography measurements shown in Figure 4 were performed at
the coherent scattering and microscopy beamline (COSMIC) 7.0.1.2 of the
Advanced Light Source in Berkeley, CA. The recursive translation function of
the StackReg plugin within Imaged (https://imagej.nih.gov/ij/) was utilized to
register ptychography images generated in a stepwise fashion along the V
L-edge. The particles in Figure 4 were initially imaged by STXM with a spatial
resolution of 50 nm, and an energy resolution of 0.2 eV in the regions of spec-
tral interest (Figure 1) and 1 eV in the continuum regions before and after the
specific elemental edges—their averaged spectra were compared against
standards to fingerprint Li,V>O5 phases. Single-energy X-ray pytchyogrpahy
images were collected with 10 nm spatial resolution at energies corresponding
to the d,y, d., and post-edge features (energy positions were directly
informed by the averaged spectrum from STXM). Relative intensities at the

14 Patterns 3, 100634, December 9, 2022

Patterns

d,, and d,,, were assessed to infer lithiation gradients after normalizing for
thickness effects based on pixel intensities at the post-edge.

Construction of a test STXM dataset
A synthetic stack can be generated (as opposed to experimentally collected)
from a single image (Figure S19A) and spectrum (Figure S19B) in the
aXis2000 software suite. In brief, for a given spectrum with N number of ab-
sorption measurements (determined by the incident photon energy range
and step size [eV]), the resulting stack comprises N images containing pixel
values that result from the product of the pixel intensity in the original image
and the energy-specific absorption intensity as shown in Figure S19C.
Intraparticle heterogeneity was simulated by creating a synthetic stack data-
set comprising three spectroscopically distinct regions. The images in
Figures S8A and S8C were combined with the reference spectra (Figure 1F)
in Figures S8D and S8F, which represent phase-pure a-Lig1V>,Os and
e-Lig 45V20s, respectively. Figures S8B and S8E correspond to a phase
mixture comprised of 70% e-Lig45V20s and 30% a-Lip1V2Os (generated
from a weighted average of the spectra in Figures S8D and S8F). The impor-
tance of accounting for regions with intermediate concentration (within the
spinodal region) is 2-fold; first, thin metastable interfaces between Li-rich
and Li-poor domains have been experimentally observed,”* and, second,
phase boundaries oriented along the direction of the incident X-rays are
possible based on the orientation of the nanowire to the substrate as shown
in Figure S20.

Generation of composition maps from STXM data
Prior to performing SVD, spectra obtained directly from standards or a stan-
dards-informed PCA selection and k-means analyses were converted to a
mass absorption scale by matching the pre- and post-edge absorption inten-
sities to the sum of the tabulated atomic mass attenuation coefficients for each
material composition and density to enable quantitative analysis. The results of
applying SVD to STXM data include a set of phase maps that describe the
spectral weighting of each component and thickness in every pixel, as shown
in Figure S9. In this work, the generation of high-resolution composition maps
has been adapted from a previously reported procedure that directly uses the
spectral maps to visualize composition.?***3

To reduce noise and enable a continuous representation of the data, the
spectral maps generated from the SVD process were subjected to a Gaussian
filter G, according to:

Glxy) = e ( )

(Equation 5)

2no
where ¢ denotes the filter width—increasing the value of ¢ leads to a broader
"smearing" of the input data over the image plane. This work uses the multidi-
mensional Gaussian filter from the SciPy package for smoothing.’” The ¢ hy-
perparameter of the Gaussian filter is chosen based on the spectral resolution
of the original image (¢ = 1, mode = “reflect”). The remaining default settings
were retained from the SciPy package. A bilinear interpolation enables a
continuous representation of the data to better visualize the spatial orientation
of distinctly lithiated domains. This work uses Omni’s calculator (https://www.
omnicalculator.com/math/bilinear-interpolation) to perform bilinear interpola-
tion on each spectral map. Subsequently, the superposition of the pixel
intensities contained in the spectral maps are weighted by the corresponding
stoichiometric fraction x; for each spectral map (informed by standards), yields
a composition map according as:

Cx,y) = > ailx.y) x, (Equation 6)
where ¢; denotes the intensity value at a given pixel after Gaussian transfor-
mation, and i denotes the number of phases in Li,VoOs. The composition C
at each pixel is thus derived from a superposition of the various lithiated
phases present in each pixel, as inferred from a standards-informed decon-
volution of the phase mixtures. To avoid the introduction of errors
during bilinear interpolation, composition maps have been contrasted
before and after the interpolation step—no notable inconsistencies were
identified.
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To calculate stress maps, a finite element mesh is first generated from the
composition map using the open-source mesh generator GMSH. The find_-
contour function within the scikit-image library applies the marching square al-
gorithm to extract the particle’s geometry, which aids in mesh generation.
Subsequently, local lithium stoichiometries are mapped onto the nodes of
the planar triangle mesh utilizing a linear interpolation according to:

M), (Equation 7)

C = Cmin+ (X — Xmi

min + ( mrn) ( Xmax — Xmin
where cpmin and cmax denote the lower and upper bounds of the lithium concen-
tration at corresponding composition bounds xmin and Xmax according to liter-
ature data (Table S14).

For a general case, nonlinear kinematics and inelasticity are expected.
Linear elasticity is assumed wherein a constitutive relationship links stresses
and strains according to:

o = Ciued, (Equation 8)
with a fourth-order elasticity tensor, Cjy, that describes the linear dependence
between the symmetric second-order stress tensor g;; on the elastic strain 5/,
which can be further defined according to:

€ = en — CQu, (Equation 9)
where g denotes the second-order infinitesimal strain tensor, Qy is the strain
change related to lithiated V05 (values from a linear interpolation of unit cell
parameters are shown in Table S14). In the special case of isotropic volume
change, Q = %Qék,, with Q being the partial molar volume change and dy
the unit tensor with components k and /. In the finite element simulations, lith-
iation-induced deformations of the Li,V,Os intercalation host are described by
the linearized strain tensor defined as:

Ej =

(uij + uy), (Equation 10)

1
2
where u; denotes the components of the displacement vector. To visualize the

resulting stress states and their proximity to failure in the present material sys-
tem, the von Mises stress is calculated as

g, = ,/0§+0§ — crxoy+31')2<y,

where the equivalent von Mises stress oy, and oy, 0y, and 7, denote the
normal and shear stress components in Cartesian coordinates (see supple-
mental information and Figures S21-S23). For simplicity, isotropic material
behavior and a concentration-independent Young’s modulus of E = 43 GPa,
Poisson’s ratio of » = 0.3 were assumed for the finite element simulations.?**°
Both fixed and free boundary conditions were considered to account for the
constrained and unconstrained volumetric expansion of the particle bound-
aries, resulting from varying degrees of particle-particle or particle-substrate
surface interactions. The fully constrained and unconstrained conditions
examined here enable a quantitative estimation of the upper and lower bound
of von Mises stress developed within single particles. The overall stress level
for the constrained conditions is nearly 2- to 3-fold greater when compared
with the unconstrained alternative. Constraining the boundaries affects a
stress state shift toward the compressive regime, an overall increase in the
magnitude of stresses, and 7z, "hotspots" at phase interfaces, as shown in
Figures S13 and S18.

(Equation 11)

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
patter.2022.100634.
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