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Synchrotron X-ray quantitative evaluation of
transient deformation and damage phenomena
in a single nickel-rich cathode particlef

Ledn Romano Brandt, 2 *@ John-Joseph Marie,” Thomas Moxham,?
Dominic P. Férstermann,® Enrico Salvati, (22 Cyril Besnard,® Chrysanthi Papadaki,?
Zifan Wang, (22 Peter G. Bruce (2°%" and Alexander M. Korsunsky ()2

The performance and durability of Ni-rich cathode materials are controlled in no small part by their
mechanical durability, as chemomechanical breakdown at the nano-scale leads to increased internal
resistance and decreased storage capacity. The mechanical degradation is caused by the transient lithium
diffusion processes during charge and discharge of layered oxide spherical cathode micro-particles, leading
to highly anisotropic incompatible strain fields. Experimental characterisation of the transient mechanisms
underlying crack and void formation requires the combination of very high resolution in space (sub-micron)
and time (sub-second) domains without charge interruption. The present study is focused on sub-micron
focused operando synchrotron X-ray diffraction and in situ Ptycho-Tomographic nano-scale imaging of a
single nano-structured LiNipgC0g1Mng 1O, core-shell particle during charge to obtain a thorough under-
standing of the anisotropic deformation and damage phenomena at a particle level. Preferential grain orienta-
tion within the shell of a spherical secondary cathode particle provides improved lithium transport but is also
associated with spatially varying anisotropic expansion of the hexagonal unit cell in the c-axis and contraction
in the a-axis. These effects were resolved in relation to the grain orientation, and the link established with the
nucleation and growth of intergranular cracks and voids that causes electrical isolation of active cathode
material. Coupled multi-physics Finite Element Modelling of diffusion and deformation inside a single cathode
particle during charge and discharge was validated by comparison with experimental evidence and allowed
unequivocal identification of key mechanical drivers underlying Li-ion battery degradation.

In order to support the growth of electrochemical energy storage applications in applications such as electric vehicles and grid scale storage, improved cathode, anode
and electrolyte materials are required to unlock higher attainable charge rates in combination with enhanced energy density. The main bottleneck in high performance

Li-ion battery cells is the cathode material, as novel Ni-rich stoichiometries with promising electrochemical properties suffer from significant degradation during the first
charge and discharge cycles, which can be linked to a complex interplay of multiple transient phenomena. The overall performance of the cell can therefore only be
enhanced by in-depth understanding of processes at the micro- and nano scale, due to the carefully designed microstructure of particles that are forming the cathode.
In addition, the complex micro-scale phenomena underlying degradation are highly time-dependent, which complicates experimental analysis further. Isolating the
behaviour of cathode material at the relevant single particle scale is therefore a crucial step towards improving battery cells as a whole. In the following study we present
operando data at the micron scale, thus revealing the mechanical mechanisms underlying the degradation of novel high-performance Ni-rich cathodes.
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Li-ion batteries are seen as the technology of choice for many
energy storage applications, including electronics, grid storage,
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batteries continues, research is focused on the development of
cathode materials with higher useable capacities. The so called
NMC compositions (LiNi,Mn,Co,0,, where x + y + z = 1) have

% Electronic supplementary information (ESI) available. See DOL 10.1039/d0ee02290j ~ proven successful in this endeavour. These materials have been
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synthesised in a variety of compositions (NMC111, NMC622,
NMCS811), with higher nickel contents providing higher energy
densities, despite reducing electrochemical and mechanical
cathode stability, leading to loss of capacity retention over cell
life."” The present study focuses LiNiggMng;C0o10, (NMC811),
which is widely regarded as the state of the art cathode material.
Capacity loss in NMC811 is evident from the first charge, with
losses of up to 10% as a consequence of the first ‘formation’
cycle.’™ Over extended cycling complex chemomechanical inter-
actions linking lithium diffusion, anisotropic lattice strain,
surface oxygen depletion and cathode particle degradation have
been identified as other reasons for performance fading over
cycling.®® At the crystal lattice scale, the cycling-induced
mechanical degradation is caused by the anisotropic lattice
expansion during lithium (de-)intercalation. Depending on
the crystal lattice orientation within primary crystallites,'® large
stresses exceeding the material cohesive strength can arise
at grain boundaries, resulting in crack nucleation and propa-
gation.”"'? An example for fracture and void formation is
shown in Appendix A.1. At particle level, cracking exposes more
surface area to the electrolyte, causing further degradation of
the active cathode material through multiple mechanisms:
phase transformation,™ cathode-electrolyte parasitic reactions,"* '
and transition metal dissolution.’>*® Cracking and debonding of
primary particles further contribute to the capacity fade pheno-
menon by interrupting electron conduction from detached frag-
ments to the cathode conductive matrix,”*" thus preventing further
contribution to charging and discharging."® Recent efforts aimed at
optimising the charging behaviour of NMC811 include the use of
coatings,* the design of core-shell particles with a Ni-rich core,>
and secondary particles with optimised lithium diffusion pathways
between particle boundary and core.***

The key aspect of diffusion and degradation processes is
their transient nature at particle scale. Pristine spheroidal NMC
particles rely on intra- and intergranular Li* and electron
conduction from the particle-electrolyte interface into the particle
core. Interrupting electrochemical processes for diffraction mea-
surements initiates charge re-balancing, thus masking lithiation
and lattice parameter anisotropy along the radial particle
direction. To understand underlying breakdown mechanisms,
experimental techniques must be able to probe undisturbed
charging/discharging processes at high resolution in both time
and space. Characterising the electromechanical behaviour of
NMC particles operando at the micron-scale poses a significant
experimental challenge. As a result, direct experimental operando
evidence for the evolution of both stress state and structural
integrity in single secondary Li-ion cathode particles has
remained lacking. Previously published operando experiments
on single particles were limited to qualitative, averaged analysis
of the degradation phenomena®®*’ and electrochemical
processes.*®73* Detailed post mortem characterisation of
microstructural changes within secondary NMC particles or
full cathodes provided insights into the consequences of
degradation.®***® However, the dynamic phenomena driving
degradation cannot be captured using this approach. We report
direct evidence obtained using synchrotron science techniques
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for operando sub-micron X-ray diffraction and in situ lensless
coherent ptycho-tomography. Combined with Finite Element (FE)
modelling and additional ex situ material characterisation, we
develop deep model-based understanding of the mechanisms that
underlie particle degradation, which can ultimately improve the
design and fabrication of Ni-rich cathode materials.

Results and discussion
Diffusion pathways in core-shell particles

LiNiy gMn, 1C0, 0, cathodes were charged to 4.2 V and dis-
charged to 3.0 V from pristine state at a rate of C/10. Subse-
quently, they were charged to 100% State of Charge (SoC) at a
rate of C/3. Stoichiometric ratios were obtained from transmis-
sion Energy-Dispersive X-Ray Spectroscopy (¢-EDX) performed
on a thin, electron-transparent lamella containing half of
a fractured particle at the electron energy of 20 keV, thus
reducing the sample-beam interaction volume and increasing
the resolution as compared to bulk sample measurements. The
lamella was produced and fine-polished using FIB milling and
revealed the grain orientation of primary particles in the shell.
The data in Fig. 1a shows the progressive concentration
gradients for Ni, Mn and Co along the radial particle direction.
A Mn-rich surface with composition of LiNiysMng 3C00,0,
(NMC532) was found, while a bulk material composition of
NMC811 was confirmed. To determine the crystal orientation
of primary particles and the orientation of the local c-axis,
Transmission Electron Back-Scattered Diffraction (¢-EBSD)
mapping was performed alongside the t-EDX analysis at the
electron energy of 20 keV. For this purpose, back-scattered
electron diffraction patterns showing Kikuchi bands®” were
acquired in transmission mode and indexed, revealing local
phase and grain orientation information. A more detailed
description of the +-EBSD acquisition process is provided in

a)

Atomic ratio [%]

Fig. 1 (a) Radial atomic ratio of Ni, Mn and Co as determined by EDX
spectroscopy. (b) Lamella containing fractured half-particle after charge to
100% SoC. Left half: t-EBSD map of local unit cell Euler angles with respect
to the Cartesian scanning coordinate system. Right half: Indication of
core—shell interface (c) detailed STEM image of core—shell interface with
elongated, radially aligned particle in the shell and smaller, randomly
oriented particle in the core.
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(a) Distribution of angles between c-axis of hexagonal primary particle lattice in the particle shell and particle radial direction. Red: Gaussian fit.

(b) Rendered image of a core—shell particle based on t-EBSD data. Radial alignment of primary particle Li layers allows faster diffusion from the electrolyte
towards the randomly oriented core during discharge (red arrows pointing into particle), and in the inverse direction during charge (green arrows pointing

out of particle). Top left: Hexagonal unit cell of NMC811.

the ESI.t The obtained #EBSD map with colour-coded Euler
angles is shown in Fig. 1b, alongside a Scanning Transmission
Electron Microscopy (STEM) micrograph of the lamella and
an illustration of primary particles in the core and shell.
Elongated, radially oriented particles are visible in the particle
shell, while smaller, randomly shaped particles were found in the
particle core.

Subsequently, the obtained Euler angles were converted
from Cartesian coordinate base to the angles between the radial
direction (from particle centre to -EBSD measurement point)
and the c-axis of the hexagonal particle lattice. The findings
were normalised with respect to the statistical frequency of
angle occurrence within a sphere. Further details are provided
in the ESL{ The angle distribution shown in Fig. 2a confirmed
a carefully designed grain orientation distribution within
the secondary particle shell, resulting in radially aligned Li
diffusion layers with respect to the particle centre, as illustrated
in Fig. 2b.

The experimentally confirmed diffusion pathway optimisation
by design enables higher Li diffusion rates, however, it may also
have a detrimental impact on the mechanical stability of spherical
secondary particles. Preferential expansion and contraction
directions of the hexagonal NMC811 lattice perpendicular to
the lithium diffusion direction can cause large stresses between
grains and within the microsphere overall, and lead to Mode I
(opening), II (in-plane shear) and III (out-of-plane shear)
fracture,® as depicted in Fig. 3. A close relationship between
microstructure and cracking mode can be seen in Fig. 3c: while
radial Mode I cracks travel along the elongated grains in the
shell, crack deflection resulting in Mode II cracking along the
core-shell interface is visible. This ultimately leads to electrical
isolation of active material.

High local deformation upon first charge onset

To measure the lattice parameter distortion within a single
core-shell particle during operando charging, a sub-micron
focus wide-angle X-ray scattering (WAXS) experiment was per-
formed at the B16 Test beamline at Diamond Light Source, to
collect local probes of the lattice parameter variations within a
single particle. A pristine single NMC811 particle with the mass
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Fig. 3 (a) SEM image of NMC811 cathode cross-section after a single
charge to 100% SoC at C/3. Arrows indicate locations of fracture.
(b) Illustration of Mode | (opening) fracture between two primary NMC
particles. (c) High resolution FIB image of lower half of larger particle
shown in (a). Crack deflection from radial to azimuthal direction is clearly
visible. (d) Illustration of Mode Il (in-plane shear) fracture between two
primary NMC particles.

of 4.69 x 10~° g was attached to an Al-coated nano-manipulator
tungsten needle using an in-SEM Pt gas injection system. The
particle was immersed in a LiTFSI:PYR13 ionic liquid droplet
to substitute the more volatile and air-sensitive electrolyte.*
A lithium disc served as anode and a Kapton container, as well
as a Faraday cage with X-ray inlet and outlet windows, were
built around the setup. The volume was continuously flushed
with Argon, ensuring an inert gas sheath atmosphere and
minimal electromagnetic disturbances. Further details of the
setup are described in the ‘Methods’ section. A photon energy
of 19 keV was selected using a multilayer monochromator and
focused onto the particle using Kirkpatrick-Baez (KB) mirrors,
resulting in a beam size of around 380 nm on the sample.
A low current potentiostat was connected to the tungsten

This journal is © The Royal Society of Chemistry 2020
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needle with attached particle (cathode) and the Li disc
(anode). The particle was charged up to a SoC of 10.3%, while
a line scan across the particle was repeatedly acquired. The
implications of the large overpotential introduced by the use
of ionic liquid with high internal resistance meant that the
experimental data were limited to the SoC range of 0% to
10.3%, as determined by current readings and the specific
capacity of NMC811.

Debye-Scherrer diffraction rings of the 003 and 104 reflec-
tions representing the c¢- and a-axis, were collected using an
Image Star 9000 detector (Photonic Science Ltd, UK) and
integrated azimuthally. The results presented in Fig. 4, showing
the local ¢- and a-lattice parameter evolution during charge
from 0% to 10.3% SoC along the particle radius, reveal the rise
of significant local strain gradients during the early stages of
the formation cycle, which would have been masked by aver-
aging techniques. The free secondary particle surface closest to
the lithium anode (location 4, Fig. 4) experiences an expansion
of the hoop-oriented c-axis from 14.20 A at 0% SoC to 14.30 A at
10.3% SoC, as well as a contraction of the radially oriented
a-axis from 2.850 A at 0% SoC to 2.835 A at 10.3% SoC. c-Axis
expansion in hoop direction leads to the formation of com-
pressive residual hoop stress in the particle shell, while con-
traction of the g-axis lattice parameter in radial direction leads
to tensile residual stress in radial direction. As the illuminated
material volume in locations 2 and 3 increasingly contains
contributions from inactive primary particles under tension in
the core, the resulting lattice parameter distributions represent a

View Article Online
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superposition of increasing and decreasing lattice parameters,
which ultimately cancel each other out along the beam path
through the particle centre in location 1.

Averaging operando strain measurements of a full NMC811
cathode were carried out for lattice strain comparison under
identical beam conditions, but without the use of focusing KB
mirrors to ensure sufficient averaging for reliable probing
statistics. The cathode was charged from 3.4 to 4.4 V at a
C-rate of 0.5. Further experimental details can be found in
the supplementary information. Average lattice strains at 10.3%
SoC were found to be 0.18% for the c-axis and —0.19% for the
a-axis, as compared the observed inter-particle strain at single
particle level of 0.71% at 10.3% SoC for the c-axis and —0.53%
for the g-axis. Due to the anisotropic lithium intercalation
and de-intercalation and resulting uneven lattice parameter
distribution within a single particle, averaging measurements
mask local peak strains during charge and discharge. The
above-presented comparison of single particle results with
averaging measurements reflect the unique insights gained by
local probing by operando diffraction.

Stress analysis of the particle deformation obtained from
operando XRD revealed the stress distribution in hoop and
radial direction along the particle radius, as shown in Fig. 5.
Assuming a stress free reference state before charging, pro-
nounced compressive stresses of up to —1 GPa were found in
the particle shell at a SoC of 10.3%, while tension of around
0.4 GPa was present in radial direction. As the lattice para-
meters in locations 1 and 2 were probed and averaged along the

ELECTRODE

10um

Fig. 4

(a) Left: Illustration of X-Ray beam path across particle with lattice parameter gradient ranging from de-lithiated (blue) to lithiated (yellow) state.

Right: Local c-axis and a-axis lattice parameter variation within single NMC811 particle during charge from 0% to 10.3% SoC. Points at particle surface
exposed to the electrolyte (blue on left hand side cartoon) experience increasing c-axis expansion and a-axis contraction, whilst the converse occurs at
particle core (yellow on left hand side cartoon). (b) Left: Single X-Ray detector frame showing Debye—Scherrer rings alongside integrated intensity and
identified peaks. The two broad rings in the centre originate from ionic liquid. Right: SEM micrograph of single NMC811 particle attached to Al-coated W

needle using Pt deposition.
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Fig. 5 Reconstructed stress state along the particle radius vs. time and SoC, based on the lattice parameter data shown in Fig. 4. Assumption: Stress-free

pristine particle. (a) Hoop stress. (b) Radial stress.

diameter of the particle, local stresses were masked by averaging
and thus resulted in near zero stress values.

Considering the designed radial grain orientation of the
shell particles, the observed high stresses at low SoC appear to
provide a reasonable explanation for the high incidence of void
formation and intergranular fracture observed using FIB-SEM
cross-sectional imaging shown in Fig. 3 and Appendix A.1
(Fig. 10). A significantly reduced deterioration rate of maximum
capacity observed across literature in subsequent cycles can be
explained by the significant amount of distributed micro-
cracking and pseudo-plastic deformation during the first char-
ging cycle, during which cracks and voids are formed initially.

First charge degradation observed by nano-resolution
ptycho-tomography

Ptychographic imaging was performed at the 113-1 beamline at
Diamond Light source and combined with in situ particle
charging, permitting the comparison of 3D tomographic data
of one and the same single particle before and after charge with
a voxel size of 43 x 43 x 43 nm®. This approach overcomes the
well-known challenge of comparing different particles in ex situ
and post mortem experiments, in which the prior damage state
of different particles being compared cannot be known. The
present operando approach ensures that the observed particle
degradation can be compared to the pristine state of the same
particle, and can be unequivocally ascribed to charging-related
damage, as opposed to pre-existing particle damage inherited
from particle manufacturing. A similar setup described above
for the single particle diffraction experiment was employed,
allowing to charge a single pristine NMC811 particle of mass
5.23 x 10° g to a SoC of 17.8%, thus demonstrating the effect
of high-rate charging on the structural integrity of NMC811.
A higher SoC was reached than in the previous experiment to
ensure the capture of mechanical fracture within the particle.
The reconstructed particle Ptycho-Tomography slices in Fig. 6
show significant microstructural degradation after one single
charge to 17.8% SoC. Two types of cracks can be identified
and show agreement with those observed in Fig. 3, namely,
radial cracks reaching from the particle centre to the particle

3560 | Energy Environ. Sci., 2020, 13, 3556-3566

boundary (represented by blue arrows), and cracks in hoop
direction along the core-shell interface (red arrows) — both of
which limit lithium diffusion significantly.

Modelling and simulation

A coupled diffusion-strain simulation was implemented in
COMSOL Multiphysics®, which combined the solution of a
generalised diffusion equation with sequentially coupled strain
and stress analysis. More precisely, the model consisted of
solving the diffusion equation for a Li-concentration gradient
within the particle using a prescribed boundary concentration.
In a second step, the calculated concentration was related to
strain in prescribed expansion directions based on the t-EBSD
results presented above and finally converted into stress.
A lithium concentration of 20% was assumed for a fully
charged particle, while a lithium saturation of 100% was
assumed for the fully discharged state. Further model details
are described in the ‘Methods’ section.

Fig. 7 shows the distribution of concentration, radial stress
and hoop stress along the particle radius as a function of time
during charge and discharge. Fig. 7a and b represent the full
de-lithiation evolution from 100% to 20% and vice versa within
10800 s or 3 hours. The prescribed diffusion coefficient Dy;
obtained from literature®>*° thus results in an effective charge
rate of C/3, showing good agreement with real-world Li-NMC
battery testing and applications.

The time-dependent hoop stresses at the particle core and
shell during charge and discharge, which are shown in Fig. 8,
reveal peak stresses at time ¢ = 1080 s. Stresses ranging from
—4 GPa compression at the particle boundary to 1.5 GPa
tension at the particle core can be expected to exceed the
cohesive strength between particles by far, resulting in void
formation, crack nucleation and growth. Lithium deintercala-
tion from the particle boundary leads to an abrupt increase in
c-axis lattice parameter, resulting in compressive boundary
hoop stresses, which are balanced by tensile hoop stresses in
the particle core. This simulated behaviour showed good agree-
ment with operando diffraction data shown in Fig. 4, as well
as the radial cracking pattern observed by Ptycho-Tomography

This journal is © The Royal Society of Chemistry 2020
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(a) 3D Ptycho-Tomography reconstruction of a single particle in pristine state with indication of cross-sectional planes 1-3 shown on the right.

(b) Reconstructed ptychography slices of pristine single particle. (c) Crack types observed after single charge: cracks in radial direction initiated in the core
(blue) and cracks in hoop direction along core-shell interface (red). (d) Reconstructed ptychography slices after a single charge up to 17.8% SoC,
revealing significant microstructural degradation in radial direction (blue arrows) and along the core-shell interface (red).

shown in Fig. 6. Radial stresses remained tensile across the
particle during charge, thus providing a good explanation for
the observed cracks in hoop orientation at the core-shell
interface in Fig. 6. This also agrees with the reduction in
a-axis lattice parameter in radial direction observed by XRD
in Fig. 4. After time ¢ = 1080 s the stresses reduce without
returning to a stress-free state. Upon discharge, the sense of
stresses within the particle is invert between compressive and
tensile, and vice versa, before returning to zero stress.
All calculated stresses were obtained based on the assumption
of a residual stress-free sample before the initial charge. As this
assumption is difficult to verify experimentally, real stresses
might be shifted by the amount of prevailing residual stress
before first charge. Furthermore, inelastic processes that
modify the material properties and response and lead to strain
accumulation have also been ignored in this simulation.

The graphs in Fig. 7 and 8 clearly show why averaging
experimental techniques fail to determine the real stress state
within NMC cathodes during charge, as the integral of hoop
stresses along the radius lie significantly below the locally
observed stresses. Clearly, the realistic mechanisms that
underly Li intercalation and de-intercalation are significantly
more intricate. However, the overall mechanical implications
and some quantitative insights obtained by the combination
of experimental and modelling studies presented here are
representative and in good agreement with previous studies.
The simulation described here provides reliable insights into
the mechanical processes underlying fracture, although atten-
dant chemical processes such as the formation of additional

This journal is © The Royal Society of Chemistry 2020

solid-electrolyte interfaces or oxygen depletion of surface layers
are ignored. Excellent agreement between the simulated and
observed radial and hoop stress profiles shown in Fig. 5 was
confirmed. Given the high magnitudes and gradients of stresses
within the particles during the initial charge, the greatest propor-
tion of plastic deformation and primary particle de-bonding
(micro-cracking) are likely to occur immediately during the first
charge and discharge (‘formation’) cycle, with tensile stresses
during discharge being the main driver for particle-level damage.
During subsequent cycles, the accommodation of unit cell volume
changes of up to 4% does not require similar magnitudes of
additional plastic deformation and micro-fracture. The degrada-
tion therefore proceeds at a significantly reduced rate, with cyclic
fatigue being the main mechanical driver, alongside electro-
chemical degradation processes. Optimising diffusion pathways
in the core-shell secondary particles by orienting the lithium
conduction pathways in the radial direction permits a faster
transport of lithium ions from the electrolyte towards the centre
of the particle, and results in higher achievable charge rates.
In terms of the mechanical consequences for the durability of
the cathode material, however, these appear to be somewhat
detrimental to the long term performance.

Discussion

Combining the results of operando X-ray diffraction with in situ
tomographic imaging demonstrates that a large proportion of
the damage observed during the first charge stems from the

Energy Environ. Sci., 2020, 13, 3556-3566 | 3561
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Fig. 7 Solution of the coupled diffusion-strain model including concentration, radial stress and hoop stress distribution within a secondary NMC particle
cycling. (a) Concentration (b) radial stress distribution and (c) hoop stress distribution during charge. (d) Concentration (e) radial stress distribution and

(f) hoop stress distribution during discharge.

electrochemical and mechanical phenomena triggered by lithium
de-intercalation, especially at high charging rates. Tensile stress in
the particle core balancing the compressive hoop stress caused by
an expansion of the c-axis in the shell leads to void formation in
the core, followed by radial crack growth towards the particle
shell, as summarised in Fig. 9. Red arrows in Fig. 9d highlight that
crack growth is impeded when reaching the particle shell, which
further supports a change in stress along the radial direction from
tensile to compressive. In addition, a decrease in the radially
oriented g-axis lattice parameter leads to tensile residual stress in
radial direction, resulting in hoop-oriented cracks between shell
core and shell, which are shown in Fig. 9d and indicate a reduced

3562 | Energy Environ. Sci., 2020, 13, 3556—-3566

core-shell interfacial strength. This permits further crack propa-
gation along the core-shell interface and partial electrochemical
isolation of the Ni-rich NMC811 particle core. FEM simulation
results showing the simultaneous formation of peak tensile
stresses in the particle core and peak compressive hoop stresses
in the particle shell (Fig. 8a) shortly after the onset of charging
confirm the described mechanisms underlying the experimental
observations. Tensile radial stresses along the radial direction
were also confirmed by FEM simulations (Fig. 7b) and support the
assumptions made regarding the formation of core-shell interface
cracks. Finally, the FEM results predict inverted stress values
during particle discharge, which gives rise to further fracturing

This journal is © The Royal Society of Chemistry 2020
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b)

Fig. 9

(a) Illustration of lattice parameter change determined by operando synchrotron XRD, with compressive stress in the hoop direction of the shell

(red) and tensile stresses in radial direction (blue). (b) 3D tomographic reconstruction of NMC811 particle indicating cutting planes. (c) Pristine NMC811
particle cross-section. Upper picture: Vertical cross-section, lower picture: Horizontal cross-section. (d) NMC811 particle after single charge to 17.8%
SoC. Upper picture: Vertical cross-section, lower picture: Horizontal cross-section. Blue arrows indicate crack growth driven by tension, red arrows

indicate crack arrest by compressive hoop stress in the particle shell.

upon first discharge. We note that stresses in subsequent cycles
are unlikely to reach identical peak stresses due to the “particle
training” associated with distributed micro-cracking and pseudo-
plastic deformation, which enable the particle to accommodate
stresses with a smaller amount of further fragmentation.

The experimental evidence presented in this work addition-
ally points at a diffusion limit induced phase separation during
the intercalation wave, resulting in a ‘shrinking core’ scenario,
as first described by Fraggedakis et al:*' while XRD tomo-
graphy and SEM imaging techniques revealed crack growth
along the core-shell interface, diffraction data confirmed
the presence of high tensile stresses in radial direction. This
mechanism can contribute to increased internal resistance in
two different ways, depending on whether or not electrolyte is
present in the newly formed void: (1) lacking the conducting
properties of electrolyte, Li-ions can no longer be transported
across the fractured part of the core-shell interface, resulting in
a reduced Li-ion diffusion rate from boundary to core. (2) Crack

This journal is © The Royal Society of Chemistry 2020

channels connecting the void with the particle boundary are
present and enable the transport of electrolyte into the newly
formed void. This promotes chemical side reactions due to the
exposed additional surface area, such as the formation of a
Solid-Electrolyte Interface (SEI) and surface oxygen depletion,
which are likely contributors to further degradation.

Conclusion

A novel experimental multi-technique approach for the quanti-
tative evaluation of NMC811 particle degradation upon first
charge was presented in this work. The combination of nano-
scale synchrotron X-ray analysis with locally resolved structural
insights obtained from ¢-EBSD mapping revealed the presence
of a complex stress state upon de-lithiation during charge,
which was shown to be strongly correlated with the designed
microstructure of core-shell type particles. The locally measured

Energy Environ. Sci., 2020, 13, 3556-3566 | 3563
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strains, particularly in the particle shell, exceeded the averaged
data obtained from conventional full cathode diffraction by far
and highlight the drawbacks that diffusion rate optimisation of
Ni-rich particles can have on their structural integrity. Based on
the observed degradation mechanisms, two main fracture modes
were found to underlie primary particle decohesion. To expand on
the insights gained from the experimental data, a multiphysics
model of the interlinked Li diffusion and strain state within
a single particle was created. Excellent agreement between the
experimental XRD data obtained during the onset of single
particle charge as well as the structural degradation observed by
in situ ptycho-tomographic imaging and the simulation data was
found. The presence of peak strains in radial and hoop direction
during the early stages of charge was confirmed experimentally,
while an inversion of stresses predicted by FEM suggests further
significant particle degradation during the first discharge.
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Appendix
A.1 Void formation upon first charge

LiNi, gMn, ;Co, 10, cathodes were obtained from an industrial
supplier, charged to 4.2 V and discharged to 3.0 V from pristine
state at a rate of C/10. Subsequently, they were charged to levels
of 50% and 100% SoC at a rate of C/3, respectively. Initial post
mortem characterisation of the void evolution versus SoC was
performed by creating FIB cross-sections through the bulk
cathodes, revealing microstructural details in the centre of
the spherical NMC811 particles. Sectioning of the cathode
was carried out using Ga FIB at a voltage of 30 kV and a beam
current of 11 nA, followed by fine polishing at 0.2 nA. The
observed fragmentation is shown in Fig. 10, with voids high-
lighted in orange. The electron-conductive PVDF matrix can be
seen in between particles. Combining the formation cycle with
one single charge was thus sufficient to drive strong fragmenta-
tion and void formation, causing significant and irreversible
loss in maximum capacity of around 10% after first charge.
Intergranular voids result in reduced internal Li and electron
conductivity, a significantly increased charge-transfer kinetic

3564 | Energy Environ. Sci., 2020, 13, 3556-3566
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Intergranular void evolution vs. SOC in NMC811 material observed by FIB-SEM cross-sectional imaging. Cracks and voids highlighted in orange.

resistance and therefore lower attainable charging rates. In addition,
fragmentation of secondary particles leads to de-bonding and
electrical isolation of primary particles, which stop contributing to
electrochemical processes due to a lack of electron conductivity
through the enclosing electrolyte.®
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