
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

02
5/

10
/3

0 
8:

02
:4

6.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Direct observatio
aElectrochemical Innovation Lab, Departm

College London, London, WC1E 7JE, UK. E-
bThe Faraday Institution, Quad One, Harwel

OX11 0RA, UK
cSchool of Mechanical and Materials Engin

D04V1W8, Ireland
dDepartment of Engineering Science, Univers
eZero Institute Energy Research, Oxford U

Oxford, OX2 0ES, UK

† Electronic supplementary informa
https://doi.org/10.1039/d3ta03057a

Cite this: J. Mater. Chem. A, 2023, 11,
21322

Received 23rd May 2023
Accepted 11th September 2023

DOI: 10.1039/d3ta03057a

rsc.li/materials-a

21322 | J. Mater. Chem. A, 2023, 11, 2
ns of electrochemically induced
intergranular cracking in polycrystalline NMC811
particles†
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Chun Tan, ab Emilio Mart́ınez-Pañeda, d Paul R. Shearing, abde

Dan J. L. Brett ab and Rhodri Jervis *ab

Establishing the nature of crack generation, formation, and propagation is paramount to understanding the

degradation modes that govern decline in battery performance. Cracking has several possible origins; however,

it can be classified in two general cases: mechanically induced, during manufacturing, or electrochemically

induced, during operation. Accurate and repeatable tracking of operational cracking to sequentially image the

same material as it undergoes cracking is highly challenging; observing these features requires the highest

resolutions possible for 3D imaging techniques, necessitating very small sample geometry, while also achieving

realistic electrochemical performance. Here, we present a technique in which particle cracking can be

completely attributed to electrochemical stimulation via sequential ex situ imaging in a laboratory X-ray nano

computed tomography (CT) instrument. This technique preserves the mechanical and electrochemical

response of each particle without inducing damage in the particles except for the effects of high voltage.

Significant cracking within the core of secondary particles was observed upon the electrochemical delithiation

of NMC811, which propagated radially. As X-ray computed tomography allows for imaging of the particle

cores, the particles were not required to be modified/milled, guaranteeing any synthesis induced strain in the

particles was maintained during the whole technique, resulting in an observation that contrasts crystallographic

data, suggesting a significant volume expansion of the secondary particles.
1 Introduction

Decarbonisation of the automotive industry has highlighted
battery technologies as a viable successor to petroleum-based
travel. With increasing performance of state-of-the-art Li-ion
battery materials comes a tendency to initiate degradative
mechanisms more rapidly than acceptable for commercially
viable products. Even with the greatest gravimetric and volu-
metric density, promising transition metal (TM) oxide cathode
materials can suffer from limited cycle life, high cost, and
reduced performance. NMC (Li1[Ni1−x−yMnxCoy]O2) based Li-
ion batteries have emerged as the most promising successor
to LiCoO2 cathodes and could potentially facilitate ubiquitous
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adoption of Li-ion in mobile and transport devices.1 High
specic capacities, high-rate capability, and long-term cycling
abilities are driving extensive research into these cathode
materials whilst forcing a higher nickel content with each iter-
ation. The redox capability of nickel makes it highly attractive
for Li-ion operation, being able to cycle between Ni(II) and Ni(III)
as well as Ni(III) to Ni(IV) without a signicant deviation in
operational voltage. This has presented as an increase in nickel
content to the current NMC811 cathode, which exhibits
a specic capacity of 190–220 mA h g−1.2

Initial observations of NMC811 by X-ray diffraction show
expansion in the c-lattice parameter during charging/
delithiation followed by a drastic reduction shortly aer 4.1 V
vs. Li/Li+, oen termed the lattice collapse.2,3 Upwards of 4.1 V,
delithiation is signicant enough to reduce the interlayer
spacing between TM-oxygen layers to less than that of a fully
lithiated lattice.2,4 The evolution in the a- and c-lattice param-
eters coincides with a total unit cell volumetric reduction;
during charging, the removal of lithium causes a contraction in
the TM–O bond length from 2.87 to 2.81 Å, manifesting in
a shrinkage of the a-lattice parameter. This has been reported to
be due to charge compensation where Ni(II) oxidises to Ni(IV)
and thus has a greater covalent attraction to its surrounding
oxygen atoms.2 It is believed that this collapse then requires an
This journal is © The Royal Society of Chemistry 2023
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additional energetic contribution to intercalate lithium back
into the structure, consequently increasing the stress on the
lattice.5 These extensive heterogenous volume uctuations have
been suggested as an origin for electrochemically mediated
crack formation, as randomly aligned primary crystals expand
and contract asymmetrically causing voids between grain
boundries.6

Cracking in secondary particles has been suggested to cause
reduced performance due to insufficient connection between
particles and the conductive architecture in the electrode
matrix,7 as well as fresh surface exposure to electrolyte and
subsequent oxygen release accompanied by electrolyte oxida-
tion.8 It has been determined that the signicant expansion and
contraction of the c-lattice parameter during cycling will induce
strain on the cathode secondary particles, resulting in the
possible development of micro-cracks along primary particles
grain boundaries.9 As suggested above, the changes in lattice
parameters are likely to be an origin of cracking and can
advance degradation severely, especially during fast charge
cycles that sees substantial changes in crystallographic param-
eters in a short space of time.5 Additional investigations have
prompted a look at the origins of crack formation, showing that
cracks may not be solely mediated by crystallographic activity,
and therefore it is vital to the understanding of fracture
behaviour to be able to register the initial condition of particles
without compromising their mechanical and morphological
integrity. Indeed, approximately 1/3 of all particles investigated
had fabrication-induced cracking in particles due to physical
stresses such as calendaring, winding, or synthesis induced
fracturing.10 This also indicated an increased number of parti-
cles with larger cracks to be located towards the separator
interface before cycling and suggested that any new cracks
would be due to heterogeneous lattice activity. This through
electrode directionality could be a feature of electrochemically
mediated cracking and wrongly correlated if the initial state of
the particle is unknown, concluding that electrochemical
cracking was oriented in the lithium diffusion vector before
characterising the pre-exiting cracks.

Understanding the role and the origins of cracking has
become important to help develop preventative measures and
prolong lifetime. Studies have attempted to show the propaga-
tion of cracks within secondary particles, most commonly uti-
lising destructive focused ion beam scanning electron
microscopy (FIB-SEM)11,12 methods or tracking of single parti-
cles mounted on a steel pin.13 Whilst these experiments provide
good evidence for electrochemically induced cracking, the
nature of the cracks presented have little relevance to
commercial electrode environments. Using FIB-SEM provides
high resolution images of cracks within the particle cores but,
due to the particles being cut in half, any residual stresses that
are inherent to secondary particles induced by synthesis may be
released and thus won't contribute to the cracking phenom-
enon that may be observed in a whole secondary particle. The
behaviour of a particle that has already been damaged by the
milling process would presumably be affected and thus give an
inaccurate representation of the fracturing that would be
primarily caused during delithiation. In addition, a single
This journal is © The Royal Society of Chemistry 2023
particle mounted on a pin will not experience any of the external
inuences from being embedded in the complex electrode
matrix, especially the elasticity of the PVDF (polyvinylidene
uoride) binder,14 and the directional lithium ux experienced
as a function of co-planar electrode stacking.

Here, we demonstrate, for the rst time, a lab-based X-ray
tomographic method by which the same particles can be
imaged before and aer electrochemical testing within
a commercially available electrode sheet, and thus the impor-
tant distinction between mechanically induced cracks and
those resulting from electrochemical stimulus can be made
without the requirement for hundreds of particles to be pro-
cessed to obtain satisfactory statistics. Nano X-ray computed
tomography (XCT), which preserves the particle structure within
an electrode matrix (i.e. is non-destructive), was utilised here
with the addition of a specic electrode geometry designed for
limited eld of view (FoV) imaging techniques. This method can
allow for sequential imaging of initially pristine particles within
conditions typical of a bulk electrode and thus presents as
a commercially relevant system in which to study cracking.
Using a lasered micrometer appendage as the electrode geom-
etry, the same particles were able to be located and assessed at
pristine and extensively delithiated state, by charging the cell to
a high potential. This electrode geometry has been previously
adopted as a rapid technique for sample preparation in nano-
CT and thus utilised here to gather cracking information from
a composite NMC811 electrode as a function of cell
potential.15,16

Modelling of the fracture of Li-ion batteries is typically
considered at various length scales: the homogenised single
particle level,17–22 the agglomerated single particle in 2D23 and
3D,24 and the full electrode level.25 While Allen et al.24 provided
insight into the damage behaviour of agglomerate particles at
a variety of cycling rates (1C–9C), they did not capture the
excessive damage that occurs at low charging rates at high
voltages. Here, for the rst time to the author's knowledge, we
combine X-ray CT imaging and chemomechanical fracture
modelling that describes the anisotropic lattice collapse-related
mechanism, which leads to cracking at high voltages up to
4.5 V. Furthermore, we employ a phase eld method that is
mesh objective, overcoming the mesh dependency issues
intrinsic to continuum damage models.24

The phase eld method permits complex crack patterns in
arbitrary geometries to be predicted and has been used in the
description of fracture due to hydrogen embrittlement in oil
and gas pipelines,26 as well as fracture in materials for nuclear
reactors27 and in shape memory alloys.28 Phase eld calcula-
tions that consider intra- and intergranular cracking have been
carried out on NMC811 particles before, these have been on 2D
idealised particles by Singh A. and Pal S.,23 Here, we have pre-
sented interfacial calculations on realistic 3D particles that
move a step beyond this and we present its use in capturing the
intergranular, high voltage cracking of a 3D X-ray CT image-
based agglomerate particle, while comparing the damage
induced in the same particle before and aer charging; this is
the rst time that such calculations have been carried out.
J. Mater. Chem. A, 2023, 11, 21322–21332 | 21323
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2 Materials and methods
2.1 Electrode preparation

Commercial electrode sheets (NEI Corporation) composed of
active material (NMC811, Targray) dispersed within a carbon–
binder–domain (CBD), of composition 90 : 5 : 5 wt% NMC811,
conductive carbon: and polyvinylidene diuoride (PVDF),
respectively. These sheets were printed with an areal capacity of
2.2 mA h cm−2 with an approximate electrode thickness of 69
mm and calendared to porosity of approximately 30%, creating
an active material density of 11.36 mg cm−2. The electrode
sheets were xed to a translation table of a laser micro-
machining instrument (A Series, Oxford Lasers) containing
a 532 nm laser and a spot size of 40 mm. The laser cut a series of
lines resulting in an electrode that was 4.0 mm × 4.5 mm (w ×

h) with an 80 mm × 250 mm tab protrusion from the top (see
Fig. S5† for electrode geometry). This tab was used for imaging
as demonstrated previously.29

2.2 Nano-CT imaging

Using a specically designed holder for the electrode which
held the tab still and perpendicular to the beam, the sample was
loaded into a lab-based nano-CT instrument (Zeiss Xradia 810,
Carl Zeiss). The instrument uses a rotating chromium source
and employs a quasi-monochromatic 5.4 keV, parallel-beam
geometry coupled to a Fresnel zone plate focusing architec-
ture. Images were taken with a pixel binning of 2, leading to an
approximate pixel size of 124 nm. Radiographs were taken for
15–30 seconds to produce average detector counts of 2500 over
a 64 mm × 64 mm eld of view (FoV). For each scan two separate
FoV regions were taken, one at the current collector interface
and one at the separator interface, with approximately 50%
overlap in the middle to aid in post-processing and stitching
(see Fig. S5†), allowing for imaging of the entire electrode
thickness. Each tomography was comprised of 1601 projections,
meaning total scan time was approximately 24 hours including
reference images and motor movements. Regions of interest
were noted and then located again for subsequent imaging.

2.3 Cell assembly/disassembly

Aer pristine imaging, the electrode was then dried in a glass
vacuum oven (Buchi, Germany) at 100 °C overnight before being
transferred into an argon lled glove box and built into a stan-
dard 2032CR coin cell (Hosen, UK) against a lithium chip
(Goodfellows, UK), with an excess of LiPF6 1 M electrolyte in EC/
EMC 3 : 7, with 2 wt% vinylene carbonate (VC) (Soulbrain MI,
UK). A tri-polymer separator (Celgard®2320, USA) was used to
electrically isolate the electrodes with a glass bre spacer
employed to keep the separator from touching the laser
machined tab reducing particle deposition on to the polymer
separator (see Fig. S4† for coin cell assembly). Aer charging,
the cell was then disassembled in an argon lled glovebox and
le to dry before being added into the custom-made electrode
holder. Storage of the electrode was maintained in the glovebox
until ready to image to reduce damage from atmospheric
conditions.
21324 | J. Mater. Chem. A, 2023, 11, 21322–21332
2.4 Electrochemical characterisation

The cell was charged using a standard constant-current-
constant-voltage (CCCV) protocol on a Biologic BCS-805 cell
cycler at room temperature to 4.5 V (vs. Li/Li+) at a c-rate of C/50
based on a calculated theoretical capacity of 0.5 mA h, constant
voltage was applied until the current had fallen to C/100, and
then the cell was disassembled as detailed above.
2.5 Image processing

Image processing was performed in Avizo (V2020.2, Thermo
Fisher Scientic) on the reconstructed nano-CT volume. Each
state of charge scan consisted of two separate scans taken
consecutively and thus horizontally stitched together using an
image registration wizard to form the full volume of the elec-
trode thickness. Each particle was extracted individually and
segmented based on a thresholding algorithm derived from
Otsu's method and adjusted manually to only include voxels
within the particle boundary.30 Each particle at both pristine
and charged state were then labelled using the label analysis
Avizo module which assigns specic values to a binary image.
For particle analysis all particles were lled. For crack level
analysis the NMC phase was separated from the crack structure
using the same thresholding method as before. The cracked
phase was binarised and analysed using the label analysis
module. Skeletonization was performed using the Auto-Skelton
module. This module extracts a 1 voxel centreline of lamen-
tous structures from image data by using an edge erosion
algorithm until the centre line is extracted. The voxel skeleton is
then converted to a spatial graph object, distance map, and
provides local analysis on each segment including estimated
volume and path radius.
2.6 Model framework

The equations, material parameters, and boundary conditions for
the chemomechanical phase eld fracture model are outlined in
ESI.† The model geometry comprises an NMC811 agglomerate
secondary particle with internal randomly generated primary
particles. The primary particles were idealised as isotropic and
linear elastic with Ep = 150 GPa and Poisson's ratio of np = 0.3,
while the lithiation induced strains were applied in a transversely
isotropic manner – a direct consequence of the transversely
isotropic lattice constants, 3a and 3c, as measured by Xu et al.21 The
lattice strains were implemented such that their direction was
transformed through random angles, representing that of a real-
istic polycrystalline particle. The carbon binder surrounding the
particle is assumed to be a linear elastic, isotropic solid of Young's
modulus Ec= 0.3 GPa and Poisson's ratio of nc= 0.3. It is typically
a nano-porous solid that provides electronic conduction and
structural rigidity, while allowing transport and conduction of
lithium ions; thus, we assume that charge transfer reactions are
permitted at the particle–binder interface despite the presence of
a fully solid computational domain. We employ a single particle
model that permits the solution of the interface over-potential and
current density, as well as the particle voltage. The interface
kinetics take the form of a typical Butler–Volmer type equation,
This journal is © The Royal Society of Chemistry 2023
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while a simplication is made such that the electrolyte is not
considered. This is suitable for calculations that involve low
cycling rates, and therefore appropriate here due to the C/50
charging regime employed. Further information can be found
on the single particle model in the review of Planella et al.31

A phase eld formulation was used to describe fracture due to
anisotropic lithiation-driven strains. Griffith's thermodynamics-
based theory of fracture states that variation of total energy in
a solid due to an incremental increase in the crack area is
a function of the elastic strain energy density and the energy
required to create to new surfaces.32 Here, Griffith's theory was
recast in variational form,33,34 such that the unknown crack
surface is calculated via a phase eld variable, f, which assumes
a value of 1 for a fully cracked material point and 0 when the
material is uncracked. Furthermore, a damage degradation
function g can be dened that enables the diminishing stiffness
(E′= gE) of thematerial to be quantied, where g= (1− f)2, and E
and E′ are the nominal and effective Young's modulus, respec-
tively. A phase eld length scale, l, which characterises the size of
the fracture process zone was introduced and provided a relation
with the material strength according to the AT2 model.35 In
addition, to account for the different fracture energies of grain
boundaries and bulkmaterial, we introduce an auxiliary variable g
to characterise the transition between material properties (here
fracture toughness) of the primary particles (when g= 1) and that
of the bond between the primary particles (g = 0).23,36 An addi-
tional auxiliary differential equation is solved, giving the distri-
bution of g, while the function h = (1 − g)2 denes the diffuse
transition between the material properties; the equations, as well
as the associated boundary conditions and material properties
can be found in the ESI.†
2.7 Numerical methods

The secondary particle with diameter of 14 mm was extracted
from the X-ray CT electrode image and then a randomised
Voronoi microstructure of 400 primary particles was generated
using Rhino Grasshopper, forming the polycrystalline geom-
etry. A shell of diameter 20 mm was placed around the particle
that captured the presence of carbon binder. The theoretical
framework was implemented in the nite element soware
COMSOL Multiphysics (v6.0, Sweden) on a 3D tomography-
based mesh, as described. The mesh consisted of approxi-
mately 4 million elements with 13 million degrees of freedom.
The Multifrontal Massively Parallel Sparse Direct Solver
(MUMPS) was used to solve the discretised transport, electrode
kinetics and deformation kinematics equations in a fully
coupled manner. Also, a history eld was dened to ensure
damage irreversibility.19 Time stepping was handled using 2nd
order backward Euler differentiation, whilst a time step sensi-
tivity analysis was carried out.
3 Results and discussion
3.1 Nano-CT

X-ray CT has been extensively utilised to image and understand
the morphology of polycrystalline NMC811, due to its ability to
This journal is © The Royal Society of Chemistry 2023
probe the core of particles with non-destructive
interactions.10,15,37–39 We have also shown previously that 4D
imaging can be achieved, using sequential imaging of the same
region of interest (RoI) during temperature cycling of battery
materials.40 Lab based nano-CT was adequate to investigate
cracking in the internal structure without imaging induced
damage of the sample before subsequent temperature cycles.
For this, the sample environment was not suitable for electro-
chemical control. Further ex situ studies have shown that CT is
indeed a viable technique for successfully imaging NMC811
particles and resolving micro-scale fractures within the internal
structure.41 Work performed within our group has shown that
a relationship between the potential of the positive electrode
and the extent of cracking exists, proving that cracking is severe
at 4.5 V, whereas the extent of cracking was much less so at
lower voltages.42 Whilst extensive research has examined battery
electrodes using X-ray CT, due to limitations in sample prepa-
ration it has yet to be used to track the condition of cathode
particles at this resolution within a composite electrode matrix.
Iterations of sample preparation have led to the use of a laser
milled tab architecture as detailed in the methods section. This
method has been presented as a stand-alone method for rapid
CT imaging without the addition of an electrochemical
component, as well as in XANES imaging,16,29 and here is
employed as a technique to locate particles easily in an envi-
ronment that is not only designed for limited FoV tomography,
but that also allows for suitable electrochemical performance.

To assess the cracking response to SoC, an initial scan was
taken at a pristine state (i.e. prior to any cycling) to set a baseline
for each particle and to determine the extent of cracking
innately present within the electrode. As shown in the pristine
scan (see Fig. 1a, d and e) the level of cracking is minimal with
few particles containing resolvable voids between primary
particles. Each particle assessed showed that there was no
signicant crack detected and a homogenous density was seen
through all particles as conrmed by the GReyscale Erosion
Algorithm for Tomography algorithm (GREAT) discussed in
more detail and shown in Fig. 4c; the full method is described
by Wade et al.43 This also allowed for a region of interest (RoI) to
be determined and therefore reference particles to be located in
the subsequent scan. Once scanned, the electrode was dried
and built into a coin cell before charging to 4.5 V at C/50,
relating to a delithiation state of greater than 85% according
to Märker et al.,2 driving the potential of the electrode beyond
the typical point where c-lattice collapse occurs and guarantee
signicant cracking.12

The electrode was then imaged for a second time (aer
disassembly of the coin cell) and the same RoI was located to
directly observe any changes induced by charging (delithiation)
of the NMC811 particles. As shown in Fig. 1b, d and e, particles
that have cracked show a lower attenuation of the X-ray beam in
the regions where the cracks reside, due to the lower density/
lack of material.37 Since we were tracking individual particles,
statistical errors introduced using bulk measurements, where
the same particle cannot be examined before and aer opera-
tion, have been mitigated. In all assessed particles, there was no
cracking present prior to charging; consequently, we propose
J. Mater. Chem. A, 2023, 11, 21322–21332 | 21325
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Fig. 1 (a and b) Volume rendering of the same region of an NMC811
electrode at (a) blue – pristine and (b) red – charged state (4.5 V s Li/
Li+). (c) Charging profile for NMC811 electrode to 4.5 V at C/50, noting
potentials at which the two nano-CT datasets were collected. (d and e)
Representative ortho slices of the same particles at pristine and
charged state at (d) separator and (e) current collector.
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that the crack feature formations were introduced solely by the
electrochemical charging conducted and delithiation of the
NMC crystallographic structure. To the authors' knowledge, this
is the rst SoC resolved imaging of the same particles that has
been achieved using laboratory nano-CT. We have proven that it
is possible to image and re-image the same particles without
destroying the sample whilst retaining a commercially relevant
environment. We propose that the existence of cracking within
particles located in the tab region is a reasonable indicator that
the tab is electrochemically active and participating in the
overall electrochemistry of the cell, providing evidence that this
set up can be a suitable proxy for larger formats and commercial
cells.

To assess the state of cracking, particles were selected and
individually cropped from the raw data to be segmented using
image processing soware (Avizo, V2020.2, Thermo Fisher
Scientic). Each particle was chosen based on their ability to be
registered in both the pristine and the charged state, and that
the charged particle had clearly dened boundaries for
segmentation; any particle that had shattered during cycling, or
could not be located in subsequent images, was not included,
21326 | J. Mater. Chem. A, 2023, 11, 21322–21332
along with particles that were not entirely contained within the
FoV. To understand the particle level response to charging, the
entire volume of the particle, including the crack voxels, were
included in the analysis (see Fig. S2†). From the 15 selected
particles, an average of 19% volume increase was measured,
with the greatest increase being approximately 28% (see Fig. 2).
Due to the fact a 5% volume decrease has been reported in
literature at 4.4 V with respect to the unit cell volume (of
primary particles),2 an increase in secondary particle size pres-
ents as a topic for further investigation. It may be suggested that
the expansion of the c-lattice could contribute to the expansion
of the particle as a whole, and then the enlarged particle
boundary maintains during the contraction phase, resulting in
voids forming in the centre of the particle.

Although the crack volume now contributes to the overall
particle volume (particle volume post charging is dened as
NMC + cracked voxels within the particle boundary (see
Fig. S2†)), we may have expected a more modest increase, if we
use the expansion of specic lattice parameters as a possible
origin of particle expansion. Some increase in the volume can
be attributed to the volume expansion of lattice grains in the c-
lattice direction (up to 5%), and then during collapse the
reduction in size manifests as intergranular cracking. However,
this expansion is approximately 2% in this direction with the a-
lattice parameter up to 210 mA h g−1.2 it is conceivable that
during expansion of the c-lattice to 4.1 V, the crystal grains
(which are orientated randomly) experience a variety of complex
stress/strain interactions, maximised at the grain boundaries.
We propose that the overall volume expansion of the secondary
agglomerate is due to the release of thermally induced residual
stresses when grain boundary cracking occurs. The residual
stresses may have been introduced during the high-temperature
sintering process while the primary particles were fused. When
the stresses are released during the delithiation process, the
particles will expand and impinge upon one another, resulting
in a net volume expansion. Substantiating this hypothesis is
a matter for future work.

As shown previously, there is a tendency for composite
electrodes to exhibit gradients in material utilisation due to
diffuse transport limitations arising from slow diffusion of
lithium ions; coupled with high toruosities from the carbon
binder network, the material closest to the separator is more
active than the material at the current collector surface,
meaning that there is a spatial polarisation within the elec-
trodes.44,45 Oen, more lithium is extracted from the separator
region and thus can reach a higher local potential. The volu-
metric strain distribution was analysed through the thickness of
the electrode and showed a slight tendency for particles at the
separator to undergo a larger volume expansion; however, this
was established from only 15 particles in the electrode with an
R2 value of 0.49 hence is not a statistically signicant result (see
Fig. S2†). The size of the pristine particle may also play a role in
the cracking behaviour as charging occurs; however, it was
shown that the size of the particle had an insignicant effect on
the volume expansion between pristine and 4.5 V, with no
discernible trend (see Fig. S2†). Although, at higher C-rates than
that employed here (C/50), both sources of SoC heterogeneities
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Volume rendering of merged pristine electrode showing the current collector in white, analysed particles in orange, and other particles
in blue. (b–i) Volume rendering of merged electrode showing the particle location of particles 1 to 8 in orange. (j–q) Surface rendering of charged
particle with volume rendering of the segmented cracking within (yellow). (i–vii) Pristine particle centre ortho slice. (1–8) Charged particle centre
ortho slice. Table below shows corresponding size and location values for each particle above. More particles than highlighted here have also
been analysed (see Fig. S1†).
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(electrode thickness and particle diameter) may become more
prominent.25,44,46,47

In the rst instance, analysis was conducted on the particle
including all crack voxels, but in addition, we report the crack
volume subsequently segmented as a separate phase to the
NMC material (i.e. NMC + crack, analysed separately). On
average, the crack volume was approximately 9% of the total
volume, with the largest amount of cracking occupying 16% of
the total particle volume (see Fig. 3k and l). Additionally, the
crack volume did not account for all of the absolute volume
increase of each particle; in the best cases about 70% of the
volume increase was associated with “segmentable” crack
volume via a greyscale thresholding method as described in the
methods section. However, the residual volume increase was
not able to be accounted for at this resolution and can be
assumed to be associated with fractures smaller than the
124 nm voxel resolution. This phenomenon, known as partial
averaging, occurs when voxels are occupied by two phases and
thus NMC voxels that have a reduction in intensity due to the
This journal is © The Royal Society of Chemistry 2023
inclusion of void space.48 Due to the difference between the
volume increase and the crack volume, it would appear that the
NMC fraction of the particle had increased, but as discussed
above we believe this to be due to unresolvable crack formation.

We also see a higher proportion of cracking towards the centre
of the particle that reduces in severity when tracing radially
outwards towards the particle surface (see Fig. 3 and 4). This is
a feature noted previously with electrochemically induced
cracking, as opposed to cracks that have been induced by the
manufacturing process which tend to have a more random
orientation, however, this has yet to be proven beyond speculation
of the initial condition of the particle.6,12 Again, the location of
each particle was assessed in accordance with their cracking
nature. Particles that reside closest to the separator show a higher
percentage of “segmentable” cracking with respect to the total
particle volume, thus suggesting that particles at the separator
form larger, more broad, void structures and particles at the
current collector develop smaller cracks that are more evenly
distributed, rather than a single large void in the centre of the
J. Mater. Chem. A, 2023, 11, 21322–21332 | 21327
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Fig. 3 (a and b) Ortho slice of particle 1 at (a) pristine and (b) charged state. (c–j) Surface rending of 8 charged particles with skeletonised crack
structure within, colour represents mean radius and line thickness represents volume. The table below shows the corresponding results from the
crack segmentation. (k) Graph showing the % of particle volume change that is attributed to segmented crack. (l) Percentage of total particle
volume occupied by the segmented crack. (m) Split rendering of particle 1 showing the crack (red) concentrated in the centre portions.
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particle with micro-cracks forming off this structure (Fig. 3k).
Whilst cracks of less than 124 nm are technically un-resolvable, its
is well documented with higher resolution techniques that they
exist in charged/aged NMC811 particles and thus can be reliably
attributed to volume increase even if they are unable to be
visualised.49,50 This phenomenon may be explained by a lithium
diffusion rate factor, where particles that are able to delithiate
quickly at the separator, go through intraparticle polarisation
from the centre of the particle, and thus exhibit greater aniso-
tropic mechanical stresses on the particles causing large void
structures in the centre, as shown previously with operando
measurements on single particles.47 Conversely, particles at the
current collector exhibit a moremodest lithium diffusion rate and
Fig. 4 (a) GREAT analysis of exemplar particles with different cracking
analysis of minimum normalised intensity value for all particles. (c) Radial d
cracked areas in blue.

21328 | J. Mater. Chem. A, 2023, 11, 21322–21332
therefore do not have such an elevated level of polarisation within
the particle, causing cracking to occur more homogeneously
throughout the particle and therefore less likely to be segmented
as a separate phase at the resolution used in these CT investiga-
tions. We understand that at the rate used here this may lead to
a more homogenous distribution of intraparticle delithiation
states, however, similar observations have been reported by
previous electrochemo-mechanical and phaseeldmodelling that
also showed higher damage in the centre of secondary particles at
the separator region.25 Another possible explanation for thismight
be the presence of residual stresses as described previously, where
the greatest residual stresses may reside in the centre of the
particles and correspond with the large central voids, although
profiles, with ortho slice of each particle inset. (b) Through thickness
istribution plots of pixel intensity showing cracked areas in red and un-

This journal is © The Royal Society of Chemistry 2023
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this wouldn't explain the prevalence of this phenomenon at the
separator, unless a signicant c-rate polarisation existed through
the electrode thickness which we wouldn't expect here.

3.2 Fracture modeling

In order to interpret the experimental results and gain insight
into the fracture behaviour during the entire charging process,
we now consider the chemomechanical fracture model. Fig. 5a
illustrates the 3D geometry of a single particle of diameter ∼14
mm extracted from the X-ray CT image, while Fig. 5b shows the
associated computational mesh, with a cutout showing a selec-
tion of the 400 randomly generated primary particles. The
particle was charged at a rate of C/50 and it is clear from Fig. 5c
that there is good agreement between the simulated voltage
response and that of the experiment. We note that the
discrepancy at low voltages is likely due to the fact that we are
modelling a single particle and there are no effects of electrolyte
or transport limitations through a full electrode, for example.

In general, the damage response from the single particle
model corresponds with that of the experiment – high levels of
Fig. 5 (a) Model geometry extracted from X-ray CT. (b) Cut-out of the
underlying agglomerate microstructure comprising 400 primary
particles. (c) Comparison of the single particle voltage with the
experimental cell voltage response. (d) The lattice parameter strains as
measured by Xu et al.21 (e) The phase field damage variable and (f)
maximum principal stress profiles at a cut-out mid-way through the
particle.

This journal is © The Royal Society of Chemistry 2023
damage are found to occur at a charged state of 4.5 V. The
present model indicates that this is a result of the anisotropic
deformation of the primary particle lattice and their random
orientation relative to their neighbouring crystal within the
secondary particle agglomerate. The relationship between
lattice strains and degree of lithiation, as measured by Xu et al.21

is shown in Fig. 5d; we highlight the points of crack initiation,
and progression of fracture (i–iii), which correspond with the
same markings on the voltage response in Fig. 5c and the
damage and stress proles of Fig. 5e. Note that the damage
variable in Fig. 5e shows damage when f = 1 and undamaged
otherwise. The principal stress proles of Fig. 5e highlight (a)
the signicant degree of heterogeneity in the stress response as
a result of the randomly oriented primary particles, (b) their
transversely isotropic behaviour when lithiated and (c) the high
levels of tensile stresses that exist within the particles from c-
axis stretching and the tensile stresses at the boundaries due to
the tendency for particles to pull away from one another as they
contract due to delithiation.

The particle damage process during charging proceeds as
follows: the majority of cracks initiate within the central region
of the particles at a c-lattice strain of 0.015. This happens at
a voltage of approximately 4 V as shown in Fig. 5e(i). As deli-
thiation proceeds, a small number of cracks continue to initiate
and subsequently propagate outwards with increasing severity
as the c-lattice strain increases to a maximum at approximately
0.55 state of lithiation; this can be observed in Fig. 5e(ii).
Finally, once the peak in the c-lattice strain is reached, lattice
collapse occurs and the bulk contraction of the particles
follows, resulting in a steep increase in the level of damage as
shown in Fig. 5e(iii). While the maximum principal stress
relaxes in the regions of newly developed cracks, it is clear that
this relaxation is not enough to inhibit further crack growth and
stresses continuously ramp upwards during charging. We note
that the majority of damage was located along the particle
boundaries. We nd little evidence of cracks branching into the
grains; however, a deeper analysis of the mechanisms that
govern this in 3D particles is le for future work. The interested
reader can nd such analysis of 2D idealised structures in the
work of Singh et al.23

The trends observed by the model match that of the experi-
ment; however, there are two phenomena that are not explained
by the simulations here and have not been observed in the
literature to the best of the authors' knowledge: the large voids
that open in the centre of the particles, and the outward
expansion of the particles by 13–25%. As stated previously,
these phenomena are likely to be due to residual stresses from
the manufacturing process, and it remains as future work to
include thermally induced residual stresses within the model to
account for this behaviour. It must also be noted that another
failure mechanism is not considered here: delamination at the
particle–carbon binder interface is possible and contributes to
electrical isolation of the active material.21 It can be modelled
using the present approach,23 however it is beyond the scope of
this study and carbon binder domain is non-trivial to resolve
properly using adsorption CT.
J. Mater. Chem. A, 2023, 11, 21322–21332 | 21329
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4 Conclusions

To fully understand cracking mechanisms exhibited in next
generation Li-ion batteries we must be able to decouple
mechanically induced cracking triggered during manufacturing
from cracking introduced under electrochemical control. Here we
have presented a methodology by which the structure and integ-
rity of the electrode and the particles can be preserved within
a commercially relevant setting, for sequential imaging and elec-
trochemical operation. Employing a unique electrode design
required for limited FoV X-ray CT, we have shown that it is
possible to consecutively image the same RoI in both a pristine
and charged state to directly monitor, extract, and quantify cracks
directly induced by electrochemical activity. This provides the rst
of its kind analysis on a commercial electrode (active NMC
material within a CBD matrix), in a set up where the internal
structure of the particles is imaged non-destructively, with suffi-
cient resolution to resolve the intergranular cracking.

Image processing revealed that secondary particles tend to
increase in volume during charging and will crack aggressively
at a voltage above the c-lattice collapse. Cracking primarily
exhibits within the centre of the particles and then reduces in
severity radially, proving that electrochemical cracking has
distinct directional properties. This method presents a perti-
nent procedure for future imaging of the same RoI that can be
registered to an initial pristine state, allowing for under-
standing of how the propagation of cracking occurs over
a matrix of voltages, rates, and health states. The lack of an
obvious correlation between rate-limitations (particle size,
electrode thickness) can be attributed to the very slow rate and
relatively low electrode loading; we anticipate that at faster
rates, a more apparent correlation would be observed, which is
an avenue for future experimentation.

In addition, we have modelled the fracture behaviour using
an X-ray CT based chemomechanical nite element model that
shows a clear link between primary particle anisotropy and
signicant cracking at elevated voltages. We predict crack
initiation in the centre of the particle at approximately 4 V that
propagates outwards as voltage increases – this is commensu-
rate with the experimental evidence. Excessive cracking at 4.5 V
can be directly linked with the collapse of the c-lattice, at which
point the primary particles undergo aggressive contraction that
generates tensile stresses at the joints between their
neighbours.

This technique could be applied to other chemistries including
single crystal and solid state electrolytes as a an easy way to
conrm the origin of cracking and the cracking tendencies in
these materials. In addition, phase contrast imaging could be
used in the future to resolve the carbon binder domain of the
electrode and elucidate any contribution to secondary particle
cracking that may be missed here. For all next generation chem-
istries looking to be employed in EVs, it is paramount to under-
stand the cracking and loss of conductive contact behaviour to
help mitigate these and prolong the lifetimes of cells, which may
contribute to a reduction in battery wastage as they become more
prominent in the automotive industry.
21330 | J. Mater. Chem. A, 2023, 11, 21322–21332
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