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Abstract: Single-crystal cathodes have been investigated
for their inherent resistance to intergranular cracking
due to the absence of grain boundaries. However, these
materials exhibit significant intragranular cracking, and
the underlying mechanisms remain unclear. In this
study, we examined the impact of extended solid-
solution reactions on mitigating crack formation in
magnesium-doped single-crystal LiNi,sMn, sO, (Mg-SC-
LNMO) cathodes. With Mg acting as a structural pillar,
the overall volume change was reduced by nearly 50 %,
the two-phase reaction was effectively suppressed, and
the Li-ion diffusion coefficient was doubled. Continuum
modeling based on experimental observations demon-
strates that Mg doping significantly reduces the internal
stress induced by lithium diffusion, thereby preserving
the mechanical integrity of single-crystal LNMO. This
improvement leads to enhanced electrochemical per-
formance and durability. Our study provides new in-
sights into mechanically robust single-crystal cathodes
and proposes a design strategy to improve the durability
of next-generation Li-ion batteries. )

Introduction

As the demand for electric vehicles grows, developing Li-ion
batteries with high energy density has become increasingly
critical.  Spinel-type lithium nickel manganese oxide
(LiNigsMn, sO,, LNMO) is a promising cathode material
due to its significantly lower cost — approximately 40 % that
of lithium nickel cobalt manganese oxide (LiNi,Co,Mn,O,
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(NMC), x>0.8) — along with its higher operation voltage
(5 V vs. Li/Li*).”! Because most cathode materials, including
LNMO, are synthesized by aggregating nanoscale primary
particles into secondary particles, the anisotropic volume
change of misoriented primary particles often induces
intergranular cracking within these secondary particles.”!
Consequently, single-crystal cathodes without grain bounda-
ries are being actively investigated for their potential to
improve mechanical integrity.*! Although polycrystalline
LNMO is less susceptible to intergranular cracking than
layered NMC cathodes because of its isotropic dimensional
change during charge-discharge, it still experiences intra-
granular cracking at the primary particle level.’! During
lithium insertion, an inhomogeneous lithium distribution
forms, generating mechanical stresses within particles that
are particularly problematic at high charging/discharging
rates.)’ When this stress induced by lithiation/de-lithiation
exceeds the material yield strength, particles crack.”’ To
enhance the cyclability of single-crystal LNMO cathodes,
various strategies — such as coating, downsizing, and doping
— have been investigated.”! However, the influence of these
approaches on stress evolution and mechanical integrity at
the particle level is poorly understood. Therefore, a
comprehensive understanding of the mechanisms driving
intragranular cracking in single crystals is essential for
developing design strategies that ensure the durability of
LNMO. Continuum models can simulate lithium and stress
distributions within particles, capturing aspects that are not
directly measurable.® Material properties, including phase
mismatch, Poisson’s ratio, lithium diffusivity, volume
change, surface energy, and interfacial kinetics, as well as
particle geometry — such as particle size, shape, and pre-
crack geometry — have all been shown to influence stress
accumulation and mechanical failure.”” Therefore, continu-
um simulations of single-crystal particles can help identify
key material parameters that limit the durability and
performance of LNMO particles.

In this study, we investigated two types of single-crystal
LNMOs: conventional LNMO and LNMO doped with
magnesium (Mg). Although both materials share the same
crystal structure, their distinct phase evolution behaviors are
critical in the formation of intragranular cracks and,
consequently, the electrochemical performance of LNMO.
Our in situ X-ray diffraction (XRD) and ex situ X-ray
absorption fine structure (XAFS) analyses confirmed that
Mg acts as a structural pillar, reducing the volume change in
LNMO from 5.2 % to 2.65 % and promoting a solid-solution
reaction rather than a two-phase reaction at a high potential
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of 4.8 V. Furthermore, the Mg-doped single-crystal LNMO
(Mg-SC-LNMO) exhibited a doubled Li-ion diffusion coef-
ficient compared with the undoped single-crystal LNMO
(SC-LNMO), facilitating a uniform lithium distribution with-
in the particle without forming a secondary phase through-
out the charge—discharge process. Consequently, Mg-SC-
LNMO demonstrates robust mechanical integrity even at a
high C-rate of 10C, along with stable cycling performance.
Continuum modeling of LNMO particles at various C-rates
confirmed that Mg doping reduces von Mises stress in Mg-
SC-LNMO. Based on these findings, we propose a stress
threshold responsible for intragranular cracking in LNMO
and define criteria for the lithium diffusivities and volume
changes needed to mitigate crack formation at different C-
rates. Our results provide insights into stress evolution in
single-crystal LNMO and offer material design principles for
stress management that may apply to dopants other than
Mg. Therefore, this study paves the way for developing
more durable and robust single-crystal cathode materials for
next-generation Li-ion batteries.

Results and Discussion

Single-crystal LiNiysMn;s0, (SC-LNMO) and Mg-doped
single-crystal LiNi;sMn, 0, (Mg-SC-LNMO) were synthe-
sized using a molten salt method (see Experimental section).
Because Mg?* and Ni’* share the same oxidation state and
have similar ionic radii, Mg doping is not expected to alter
the lattice structure significantly."”! To assess the impact of
Mg doping on SC-LNMO properties, Mg concentrations

Research Article

An dte

Chemie

were set at 1, 2, and 4 mol %, with each sample denoted as
“Mg-X-SC-LNMO,” where X indicates the Mg molar
concentration (X=0.01, 0.02, and 0.04).

Scanning electron microscopy (SEM) images of the SC-
LNMO and Mg-SC-LNMO series reveal octahedral particles
enclosed by (111) facets with particle sizes ranging from 1 to
3um. The SEM images, D5, values, and specific surface
areas of the Mg-SC-LNMO series confirm that Mg doping
does not induce significant changes in particle size or shape
(Figures 1a, S1, and Table S1). Energy-dispersive spectro-
scopy (EDS) elemental mappings confirm the uniform
distribution of Mg throughout each particle in the Mg-SC-
LNMO series. XRD patterns of both SC-LNMO and Mg-
SC-LNMO series exhibit a cubic spinel structure without
any rock salt phase (LiNi,_,O), indicating successful syn-
thesis without impure phases (Figure 1b). Transmission
electron microscopy (TEM) measurements of SC-LNMO
and Mg-0.02-SC-LNMO showed that the lattice spacing
between adjacent fringes was consistently 4.75 A, corre-
sponding to the (111) plane of the cubic spinel phase
(Figure 1c).™

Typically, LNMO exhibits two distinct phases based on
the distribution of Ni and Mn sites: an “ordered” structure
(where Ni*" and Mn*" occupy the 4b and 12d octahedral
sites, respectively) and and a “disordered” structure (in
which Ni**, Ni**, Mn**, and Mn** are randomly distributed
in the octahedral 16d site).'” These two crystallographic
configurations result in distinct material properties and
electrochemical behaviors.™® To verify the structural charac-
teristics of the SC-LNMO and Mg-SC-LNMO series, Four-
ier transform infrared (FT-IR) and Raman spectroscopy
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Figure 1. Characterization of the SC-LNMO and Mg-SC-LNMO series. (a) SEM images and (b) XRD patterns of the SC-LNMO and Mg-SC-LNMO
series. (c) HR-TEM images with corresponding lattice fringes of SC-LNMO and Mg-0.02-SC-LNMO. (d) HADDF-STEM image of SC-LNMO along
[110] with an enlarged image of the ROI. (e) Intensity profile along the blue line. (f) HADDF-STEM image of Mg-0.02-SC-LNMO along [110] with
enlarged images of the ROI. (g) Intensity profiles along the green and orange lines.
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analyses were performed (Figure S2). In the FT-IR spectra,
the peak at 618 cm™! corresponding to the Mn—O vibration
band, shows higher intensity than the 574cm™ peak
associated with the Ni—O vibration band, indicating that the
crystal structure of both samples resembles the disordered
structure of Fd-3 m.['™¥ Furthermore, all synthesized
LNMO samples in this study exhibit five vibration bands at
618, 574, 553, 497, and 458 cm ™' in the FT-IR spectra, further
confirming their disordered structures (Figure S2a). The
weaker and broader FT-IR peaks in the SC-LNMO and Mg-
SC-LNMO series, compared to the ordered LNMO sample,
indicate lattice distortion attributed to Jahn-Teller effects
due to the presence of Mn**.["! In the Raman spectra of the
SC-LNMO and Mg-SC-LNMO series, characteristic peak
splitting near 580-620 cm™!, as well as distinct peaks at 160,
218, and 240 cm ™! associated with an ordered structure, were
absent (Figure S2b)."*! Thus, Raman analysis confirms that
the SC-LNMO and Mg-SC-LNMO series exhibit a disor-
dered structure with Fd-3 m symmetry, consistent with the
FT-IR results.

Scanning transmission electron microscopy (STEM) was
performed to investigate the atomic structures of SC-LNMO
and Mg-0.02-SC-LNMO. High-resolution STEM images of

Research Article

Angewandte

intemationaldition’y) Chemie

SC-LNMO along the [110] crystallographic analysis revealed
a typical spinel structure characterized by a diamond shape
with empty 16¢ octahedral sites at the center, consistent with
previous reports (Figures 1d and 1e).'"”? In contrast, STEM
images of Mg-0.02-SC-LNMO display two distinct diamond-
like frameworks: one featuring a center-filled diamond
where Mg occupies the previously vacant 16c octahedral
site, while the other structure includes a diamond framework
with two atoms, indicating partial occupancy of the 8a
tetrahedral site by Mg and suggesting partial substitution of
Li by Mg (Figure 1f). These distinct atomic arrangements
were confirmed by line profiles (Figure 1g). Thus, the
introduction of Mg into the LNMO crystal structure
increases the occupancy of Mg at the 16¢c or 8a crystallo-
graphic sites, where they act as structural pillars, potentially
influencing the electrochemical behavior during charge-
discharge processes.**!

To evaluate the effect of Mg doping, the electrochemical
properties of the SC-LNMO and Mg-SC-LNMO series were
assessed in a half-cell setup with a moderate active material
loading of 4.2 mgem™ (Figure 2). As displayed in Figure 2a,
the Galvanostatic charge—discharge (GCD) curves for both
SC-LNMO and Mg-SC-LNMO series exhibit three plateaus
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Figure 2. Electrochemical properties of the SC-LNMO and Mg-SC-LNMO series. (a) Galvanostatic charge-discharge (GCD) profiles of the SC-
LNMO and Mg-SC-LNMO series at 0.1C (1C=147 mAg™). (b) Cycling performances of SC.LNMO and Mg-0.02-SC-LNMO at 1C charge and 5C
discharge. (c) Rate performances of the SC-LNMO and Mg-SC-LNMO series. Discharge curves of (d) SC-LNMO and (e) Mg-0.02-SC-LNMO at
different rates. Cyclic voltammetry curves of (f) SC-LNMO and (g) Mg-0.02-SC-LNMO at various scan rates. (h) Linear relationship between peak
current (i,) and square root of scan rate (v'?) for SC-LNMO and Mg-0.02-SC-LNMO.
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at 4.8, 4.7, and 4 V (vs. Li*/Li), corresponding to the redox
voltage plateaus of Ni**®*  Ni**?*, and Mn*""?",
respectively.l'”*'! The substantial capacity attributed to the
Mn**?* redox reaction indicates a disordered structure of
the SC-LNMO and Mg-SC-LNMO series, consistent with
the FT-IR and Raman results. SC-LNMO, Mg-0.01-SC-
LNMO, and Mg-0.02-SC-LNMO exhibited similar discharge
capacities of 114.23, 114.16, and 11498 mAhg™', respec-
tively, at 0.1C, confirming the minimal effect of low Mg
concentrations on the discharge capacity. However, Mg-
0.04-SC-LNMO delivered a slightly lower discharge capacity
of 112.71 mAhg™" at the same C rate due to the increased
Mg content, which is not redox-active. The cycling perform-
ances of the samples were evaluated at various current
densities. Under 1C/1C charge—discharge conditions, SC-
LNMO, Mg-0.01-SC-LNMO, Mg-0.02-SC-LNMO, and Mg-
0.04-SC-LNMO delivered discharge capacities of 105.83,
105.31, 111.2, and 103.73 mAhg!, respectively, with com-
parable capacity retentions of approximately 99 % after 100
cycles (Figure S3). More pronounced impact of Mg on
cycling performance was observed under a high discharge
rate (Figure 2b). At the 1C/5C charge/discharge condition,
Mg-0.02-SC-LNMO showed a discharge capacity of
109.29 mAhg™', which is higher than that of SC-LNMO
(103.89 mAhg™"). After 1000 cycles at the same current
density, Mg-0.02-SC-LNMO retained 96.3 % of its initial
capacity, whereas the SC-LNMO cell retained 92.28 % of its
initial capacity. The rate performance confirmed that the
Mg content affects the discharge capacity of LNMO at high
current densities (Figure 2c). SC-LNMO and Mg-0.01-SC-
LNMO exhibited comparable discharge capacities of 90.77
and 92.01 mAhg !, respectively, at 15C, representing
79.46 % and 80.6 % of their capacities at 0.1C. Notably, Mg-
0.02-SC-LNMO demonstrated an improved discharge ca-
pacity of 102.72mAhg™' at 15C, which corresponds to
89.34 % of its capacity at 0.1C. A similar trend was observed
in pouch-type cells with larger active areas (Tables S2 and
S3), where the Mg-0.02-SC-LNMO electrode delivered a
capacity of 114.38 mAhg™! at C/3, along with an extended
cycle life compared to SC-LNMO (Figure S4).

For clarity, Mg-0.02-SC-LNMO, which exhibits the best
electrochemical performance among the Mg-SC-LNMO
series, is hereafter referred to as Mg-SC-LNMO. Further
evaluations were conducted for both SC-LNMO and Mg-
SC-LNMO. The discharge curves of SC-LNMO and Mg-SC-
LNMO, measured across current densities from 0.1C to 15C
during discharge, are shown in Figures2d and 2e. SC-
LNMO exhibits substantial polarization and capacity decay
with increasing current density, while Mg-SC-LNMO main-
tains lower polarization and higher capacity, confirming that
Mg incorporation into the LNMO structure enhances Li-ion
diffusion. The redox peak current (I,) and the square root of
the CV scan rate (v'?) exhibit a linear relationship in both
SC-LNMO and Mg-SC-LNMO, confirming that the electro-
chemical processes in both samples are diffusion-controlled
(Figures 2f-h).”" The Li-ion diffusion coefficients for the
01, 02, R1, and R2 peaks, calculated using the Randles-
Sevcik equation with CV data, are reported in Table S4. The
average diffusion coefficient (D,) of Mg-SC-LNMO was
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approximately double that of SC-LNMO, with values of
3.03x107° cm?*s™! and 1.55x107*° cm®s™!, respectively, dem-
onstrating superior lithiation and delithiation kinetics in Mg-
SC-LNMO. Notably, the Li-ion diffusion coefficients asso-
ciated with the Ni**/Ni*" redox couple (O2 and R2) in Mg-
SC-LNMO are significantly higher than those in SC-LNMO,
indicating more facile Li-ion diffusion in Mg-SC-LNMO at
high potentials above 4.74 V. Because Li-ions are extracted
from the 8a sites via the 8a-16c-8a three-dimensional
channel in the LNMO, the observation that Mg ions
occupying the 16c and 8a sites enhance rather than hinder
Li-ion diffusion within the LNMO structure is particularly
noteworthy.?"

To elucidate the origin of enhanced Li-ion diffusion in
Mg-SC-LNMO, in situ XRD analysis was conducted during
the charge—discharge process at a current of C/8 (Figures 3a
and 3b). SC-LNMO and Mg-SC-LNMO exhibited similar
GCD curves, as confirmed by electrochemical analyses.
During delithiation up to 4.79 V, both samples displayed a
solid-solution reaction, evidenced by gradual peak shifts
toward higher two-theta values without any XRD peak
splitting, consistent with previous reports on disordered
LNMO materials.”? However, the in situ XRD results after
further delithiation above 4.79 V revealed clear discrepan-
cies in the structural evolution between the two samples. In
SC-LNMO, new XRD peaks at 28.8°, 31.4°, 37.7°, 41.2°, and
43.2° (denoted by a star in Figure S5) were observed,
indicating a phase transformation to the fully delithiated
phase via a two-phase reaction at high potential (Figure 3a).
In sharp contrast, Mg-SC-LNMO maintained solid-solution
behavior throughout the charge process, transitioning
smoothly from LNMO to Ni,sMn, sO, (Figure 3b). The shift
in the XRD peaks was also more pronounced in SC-LNMO;
for example, the (440) peak exhibited a broader range of
shift in SC-LNMO than in Mg-SC-LNMO. The lattice
volume change, derived from the shift of (111) peaks during
charge—discharge, indicated that the lattice volume change
(AV ~52%, 539.82 A —511.75 A% of SC-LNMO was
greater than that of Mg-SC-LNMO (AV ~2.65%, from
535.02 A® —520.84 A%). This trend was confirmed by ex situ
XRD analysis (Figure S6). As the potential increased from
48V to 4.83V, SC-LNMO showed a sudden shift in the
XRD peaks, stabilizing at 4.9V, indicating a two-phase
reaction (Figures S6a and S6c).*! Conversely, Mg-SC-
LNMO exhibited a gradual shift in peak positions through-
out the charging process up to 4.9 V, supporting the solid-
solution behavior of Mg-SC-LNMO during charge-dis-
charge (Figures S6b and S6d). The ex situ XRD analysis also
revealed reduced lattice parameter variation in Mg-SC-
LNMO. For instance, the (111) peak shifted by 0.36° during
the charge process of SC-LNMO (8.133 A to 7.981 A),
whereas in Mg-SC-LNMO, the (111) peak shifted by 0.20°
(8125 A to 8.039 A). The significant differences in peak
shifts observed in the XRD analysis can be attributed to the
Mg acting as a structural pillar. Based on both the electro-
chemical properties and the in situ XRD analysis, it is
evident that Mg extends the solid-solution behavior and
mitigates lattice misfits during charge—discharge, signifi-
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Figure 3. In situ XRD and ex situ XAFS analyses of SC-LNMO and Mg-SC-LNMO. GCD curve at C/8 with contour maps showing the XRD peak
evolution of the (111), (331), and (440) reflections for (a) SC-LNMO and (b) Mg-SC-LNMO. XANES profiles at the Ni K-edge at various charge—
discharge states for (c) SC-LNMO and (d) Mg-SC-LNMO. EXAFS profiles at the Ni K-edge at different charge—discharge states for (e) SC-LNMO

and (f) Mg-SC-LNMO.

cantly lowering kinetic barriers and thereby enhancing the
rate performance of Mg-SC-LNMO.!

To further investigate local structure changes, ex situ X-
ray absorption fine structure (XAFS) analysis at the Mn and
Ni K-edges was conducted on a series of electrodes in both
as-synthesized and various charged states. The E, values
measured at the Mn K-edge for the as-synthesized SC-
LNMO (6550.05 eV) and Mg-SC-LNMO (6550.08 eV) were
identical and positioned between those of Mn,0;
(6544.44 ¢V) and MnO, (6552.52 eV) references (Figure S7).
This confirms that Mn exists in both samples as Mn** and
Mn*", supporting the disordered structure observed in the
FT-IR and Raman analyses. Similarly, the Ni K-edge
XANES spectra of both samples were also identical
(8341.96 eV for SC-LNMO and 8341.78 eV for Mg-SC-
LNMO). The E, values of the NiO and LiNiO, references
were 8341.33 and 8342.05 eV, respectively, thus supporting
presence of Ni** and Ni** in both materials (Figure S8).
Both SC-LNMO and Mg-SC-LNMO exhibited substantial
shifts in their X-ray absorption near-edge structure
(XANES) profiles at the Ni K-edge, with the E, value
increasing to 8342.62 eV, which is higher than that of Ni*".
This indicates that Ni ions act as the primary redox centers
responsible for most of the observed capacity (Figures 3c
and 3d). The E; values of both Ni and Mn decreased
reversibly during the discharge process, and this reversibility
persisted across cycles for both samples (Figure S9). Despite
similar trends in the E, profiles during the charge-discharge
process, the extended X-ray absorption fine structure
(EXAFS) analysis revealed a significant difference in Ni-O
bond length variations between SC-LNMO and Mg-SC-
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LNMO (Figure S10 and Tables S5-S8). In Mg-SC-LNMO,
the Ni—O bond length remained relatively constant through-
out charging and discharging, whereas in SC-LNMO, the
Ni—O bond length decreased and increased cyclically,
indicating that local structural changes in the Ni—O bond
significantly affected the lattice volume of SC-LNMO at the
bulk scale (Figures 3e and 3f).

Comprehensive XRD and XAFS analyses confirmed
that Mg within the LNMO lattice plays a crucial role in (1)
extending solid-solution reaction and (2) mitigating struc-
tural changes at both bulk and local scales during charge
and discharge. These effects reduce phase boundary dis-
locations, enhance Li-ion diffusion, and minimize strain
evolution, potentially improving the mechanical integrity of
LNMO particles.

The introduction of Mg into SC-LNMO becomes partic-
ularly impactful in thicker electrodes, where high-loading
increases mechanical strain and stress accumulation, leading
to a higher incidence of cracks and exfoliation during
charge-discharge cycles.? This stress-induced pulverization
accelerates capacity degradation in SC-LNMO.” The
cycling performances of the high-loading SC-LNMO and
Mg-SC-LNMO electrodes with an active material loading of
18 mgem™, is shown in Figures 4a and 4b. After 200 cycles
at a rate of 1C, the capacity retention of SC-LNMO and Mg-
SC-LNMO was 10.1 % and 82.2 %, respectively, indicating
that Mg doping significantly enhances capacity retention
under high-loading conditions (Figure 4b). To confirm that
the observed degradation in SC-LNMO originated from the
cathode material rather than the lithium metal or electro-
lyte, the cycled SC-LNMO cell was disassembled in a glove
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Figure 4. Mechanical failure in SC-LNMO and enhanced cycling stability of Mg-SC-LNMO. (a) GCD curves and (b) cycling performances of high-
mass-loading SC-LNMO and Mg-SC-LNMO at 1C and 25°C. (c) XANES mappings of SC-LNMO and Mg-SC-LNMO at pristine and after 200 cycles.
Corresponding histograms for (d) SC-LNMO and (e) Mg-SC-LNMO. (f) Magnified XANES mapping image of SC-LNMO after 200 cycles. Cross-
sectional SEM images of high-mass-loading electrodes after 200 cycles for (g) SC-LNMO and (h) Mg-SC-LNMO.

box and reassembled with fresh electrolyte and lithium
metal. The discharge capacity of SC-LNMO did not recover
after reassembly, confirming that the capacity loss stemmed
from the degradation of the cathode material.” To examine
the impact of Mg on LNMO structural integrity, further
analyses were performed on electrodes from cells cycled
with SC-LNMO and Mg-SC-LNMO.

Transmission X-ray microscopy (TXM)-XANES map-
ping confirmed the distribution of Mn valence states within
cycled SC-LNMO and Mg-SC-LNMO (Figure 4c). The Mn
valence states in the as-synthesized SC-LNMO and Mg-SC-
LNMO samples were identical, showing a white line
maximum at 6561 eV, consistent with the XANES results
presented in Figure S11. After 200 cycles, however, the
reduced Mn valence state was significantly more pro-
nounced in SC-LNMO than in Mg-SC-LNMO (Figures 4c—
e). This finding supports that the mechanically unstable
cathode-electrolyte interphase (CEI) layer in SC-LNMO,
caused by repeated volume changes, accelerates TM dis-
solution (Figure $12).2?") Ex situ STEM and electrochem-
ical impedance spectroscopy (EIS) analyses confirmed that
the surface structural transition from spinel to the rocksalt

Angew. Chem. Int. Ed. 2025, 202422726 (6 of 11)

structure was significantly more pronounced in SC-LNMO
after cycling (Figures S13-S15 and Table S9). Additionally,
TXM-XANES analysis further provided insights into stress
evolution in LNMO single crystals, revealing a decrease in
Mn oxidation state from the facet centers toward the bulk
(Figure 4f), suggesting stress accumulation due to Li-ion
diffusion and consequent mechanical degradation in this
direction.

Ex situ cross-sectional SEM analysis after 200 cycles at
1C was used to verify the failure origins in the LNMO thick
electrodes (Figures 4g and 4 h). Mg-SC-LNMO maintained
stable octahedral particle structures, whereas SC-LNMO
showed severe particle cracking and electrode delamination.
This delamination was attributed to the accumulation of
shear stress at the interface, which resulted from substantial
volume changes in the SC-LNMO electrode.™ Furthermore,
intragranular cracking in SC-LNMO was observed at the
center of the facets, consistent with the TXM-XANES
results, indicating that Mg doping enhances particle mechan-
ical integrity. This enhancement is likely due to improved
Li-ion diffusion and reduced volume change via an extended
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solid-solution reaction, which mitigates the internal stress
within the single crystal.

To highlight the effect of diffusion-induced stress on the
mechanical deformation of single crystal particles, stress
evolution in octahedral particles (Figure 5a) of SC-LNMO
and Mg-SC-LNMO was simulated across a range of charg-
ing—discharging rates. The simulation parameters are de-
tailed in Table S10. The characteristic diffusion time, t, is
calculated as t=a%D. For a lithium diffusivity of 1.55x10
“m?s7!, derived from CV results in Figure 2h, a 1um
LNMO particle has a characteristic time of 65s. Using the
surface lithium flux (J,), the maximum concentration differ-
ence within a particle, Ac=aJ/D, can be estimated to be
approximately 70 mol m™ at 1C, translating to an occupancy
difference of approximately 0.3 %. Due to this minimal
occupancy variation, concentration-dependent properties
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within the particles, such as lithium diffusivity, can be
considered uniform. The inelastic volume changes of SC-
LNMO and Mg-SC-LNMO due to delithiation (e.) were
measured at 4.25, 4.74, 4.8, 4.83, 4.86, and 4.9 V during 0.1C
charging by ex situ XRD (Figures 5b, S16, and Table S11).
Across the entire charging process, Mg-SC-LNMO exhibited
smaller inelastic volume changes than SC-LNMO, indicating
that Mg doping stabilized the crystal structure at all lithium
contents. Significantly, by extending solid-solution behavior
and preventing phase transitions between 4.8V and 49V,
Mg-SC-LNMO reduces the volume change in this range
from approximately 2% in SC-LNMO to approximately
1%. The time evolution of the maximum von Mises stress
throughout the charging process is shown in Figure Sc,
correlating with the derivative of the inelastic volume
change displayed in Figure 5b, which reflects the lithium

b 6 Cs
S .| - SC-LNMO LA g SC-LNMO
% 5] - Mg-SCLNMO 483/ e ‘Mg-SC-LNMO
= 48v./ 3
3 3 arav 2 -
s 2
4 w
% 2 |a® § 1 -
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h

Figure 5. Continuum modeling of the Li concentration and stress evolution in SC-LNMO. (a) Single crystal particle (gray) and simulated region
(purple), with points A and C at the two corners, B at the midpoint of the edge, D at the center of the outer surface, and O at the particle center.
The length of AO was set to a=1 pm. (b) Pure inelastic volume changes in SC-LNMO and Mg-SC-LNMO due to delithiation. (c) Time evolution of
maximum von Mises stress during a 1C charging process. (d) Normalized lithium concentration in SC-LNMO particles at the end of 1C charging,
shown in ABC, AOB, and AOC cutting planes. Black arrows indicate lithium flux. (e) Normalized lithium concentration in an SC-LNMO particle
along the A-O—D—C-B path at times 0.6 7, 0.12 7, 0.18 1, 0.24 7, and 0.3 t during 1C charging. Von Mises stress in an (f) SC-LNMO and (g) Mg-SC-
LNMO particle at the end of 1C charging, shown in ABC, AOB, and AOC cutting planes. Red arrows indicate edge traction. (h) Von Mises stress
along the path A~O—D—C-B at times 0.3 7, 0.6 7, and 3600 s during charging.
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partial molar volume V;; = % at different states of charge
(SOC). The maximum von Mises stress aligns with the large
volume change between 4.8V and 49V, and in Mg-SC-
LNMO, this stress is approximately 20 % of that in SC-
LNMO (Figure 5¢). The lithium distributions in the SC-
LNMO and Mg-SC-LNMO at the end of the 1C charging
process are illustrated in Figures 5d and S17. The dimension-
less concentration, ¢ = (c—7¢)/dc, is plotted, where ¢
represents the volumetric average lithium concentration of
the particle. Both particles had a minimum lithium concen-
tration at the corners and a maximum lithium concentration
at the center. Figure Se shows the ¢ values along path
A—O-D—C-B at five different times. Similar to diffusion in
spherical particles,®**! the ¢ distribution reaches steady state
rapidly, in about 0.2 t=13s, which is notably shorter than
the charging—discharging period, which spans from minutes
to hours. The corner (point A) exhibits the maximum
concentration gradient and largest lithium flux, whereas the
flux vanishes at the particle center.

The von Mises stress distribution within the SC-LNMO
particle at the end of the 1C charging process is illustrated in
Figure 5f. The surface cutline AB undergoes tensile stress
during delithiation and compressive stress during lithiation,
while the particle core (point O) experiences high compres-
sive pressure during delithiation, consistent with previous
findings regarding surface and core stresses.*! The max-
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imum von Mises stress occurred at the edge midpoint (point
B), aligning well with experimental observations show in
Figure 4f. TXM-XANES results show substantial Mn reduc-
tion at the edge midpoint, which implies diffusion-induced
stress in this region may cause cracking and is responsible
for TM dissolution. Figure Sh also shows another von Mises
stress peak at the face center (point D), which might be
another region prone to crack. Because most materials
exhibit significantly higher yield stress in compression than
in tension,* SC-LNMO single crystal particles are likely to
fracture under tensile stress, suggesting that they may crack
at the end of the charging process.

To verify the effect of C-rate on crack formation, SC-
LNMO and Mg-SC-LNMO were examined by ex situ SEM
after 10, 20, and 50 cycles at 1C, 5C, and 10C (Figures 6a
and S18). For SC-LNMO, no cracks were observed at 1C,
even after 50 cycles; however, substantial crack formation
was evident after 20 cycles at 5 and 10C. In contrast, Mg-SC-
LNMO displayed no cracks under any tested C-rate or
cycling condition. According to our modeling, the lithium
diffusivity and volume change appear the two key factors
that determine the maximum stress and current density that
can induce crack formation. For an analytical analysis, we
combined the governing equations (Equations S1-S4) and
derived a relationship describing how the maximum von
Mises stress (0,,.) depends on the C-rate (C), lithium

C 10
] o
Cracking
|>'§' 05 %©
a = Ly
] I\Qo
3 EO0O o o
i ] SC-LNMO oy
m % :
4 Mg-SC-
5’_0'5 L%MO
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log,,D/ D

Figure 6. Guidelines for designing SC-LNMOs to mitigate mechanical failures. (a) Ex situ SEM images of SC-LNMO and Mg-SC-LNMO electrodes
after cycling at various C-rates. (b) Simulated maximum von Mises stress (0, ) and its ratio to Young’s Modulus(0, 4 /E) for SC-LNMO and
Mg-SC-LNMO at different C-rates. (c) Failure currents of materials with differing diffusivities and partial lithium molar volumes.
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partial molar volume (V;), diffusivity (D), and Young’s
modulus (E). An additional term f accounts for the effect of
the stress distribution, which is controlled by the lithium flux
distribution, particle geometry, and Poisson’s ratio:

1n% —InC+1nV,, —InD +f

For particles with fixed Poisson’s ratio and geometry, f
becomes constant once the lithium flux achieves time
invariance.

Ex situ XRD results for SC-LNMO and Mg-SC-LNMO
during charging at 0.1C confirm that Mg doping reduces the
volume change across the full range of lithium occupancy
(Figures 5b, S16 and Table S11). Specifically, the maximum
V,; in SC-LNMO reaches 9.35x10"°m’mol~! between 4.8 V
and 4.9V, where a two-phase reaction occurs. Mg doping
reduces this maximum V,; by more than 50 %.

The von Mises stress was analyzed in conjunction with
Young’s modulus, reflecting that the failure stress typically
scaled with Young’s modulus.”* Since the simulated
LNMO particle is a single crystal, characterized by no visible
pre-cracks or grain boundaries, the failure process predom-
inantly involves crack initiation rather than propagation.®"
Consequently, a critical stress threshold is incorporated into
this model. The maximum von Mises stress of SC-LNMO
and Mg-SC-LNMO at different C-rates is shown in Fig-
ure 6b. Notably, Mg-SC-LNMO at 10C exhibits a lower
maximum von Mises stress than SC-LNMO at 3C, which is
consistent with experimental observations where SC-LNMO
begins to crack at 5C and 10C, while Mg-SC-LNMO remains
crack-free even at 10C. By combining simulation and
experimental observations of failure, our study suggests that
the critical von Mises stress lies between 80 and 150 MPa, as
indicated by the shaded region in Figure 6b. This range
aligns with the common yield strength values of electrode
materials, typically 0.2 %—1 % of Young’s modulus.[3"!

Based on these findings, we simulated materials with
various combinations of lithium diffusivity and partial molar
volume under a critical von Mises stress of 100 MPa,
identifying their maximum C-rate without crack formation.
This simulation provides a design principle for producing
durable particles for the target C-rate (Figure S19). Fig-
ure 6¢ presents the contours of the failure C-rates across this
material search space, demonstrating that electrode materi-
als with higher diffusivity and lower lithium partial molar
volume can withstand higher currents. The failure current of
Mg-SC-LNMO is expected to be approximately four times
higher than that of SC-LNMO, which is attributed to the
doubled lithium diffusivity and the 50% reduction in
maximum V;; in Mg-SC-LNMO. Extending these results
allows us to estimate the lithium diffusivity needed for an
LNMO single crystal to remain crack-free at a given C rate.
For instance, to ensure stable performance at 20C, an
LNMO particle requires an enhanced diffusivity of 6x10
“m?s™ or a reduced volume change of 1.6 %.
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Conclusion

In summary, we demonstrated that Mg serves as a structural
pillar in Mg-SC-LNMO, facilitating solid-solution reactions
the entire charge—discharge process. This enhancement in
solid-solution behavior significantly improved lithium diffu-
sivity, effectively reducing stress levels within the LNMO
single crystal and achieving a high areal capacity of
1.5mAhcm™? with a capacity retention of 82.2% after 200
cycles at 1C.

Through a detailed analysis of the mechanisms under-
lying intragranular crack formation in SC-LNMO, using
continuum modeling, TMX-XANES, and ex situ SEM, we
identified the mid-edge of SC-LNMO as the area experienc-
ing the highest stress, acting as a hotspot for crack initiation.
The combined effects of reduced volume change and
increased lithium diffusivity due to the solid-solution reac-
tion in Mg-SC-LNMO reduced stress by approximately 80 %
compared to SC-LNMO, thereby preventing crack forma-
tion even at high C-rates of 10C.

This study provides new insights into the strategic use of
dopants to mitigate particle cracking and outlines a design
strategy for single-crystal cathode materials to maintain
mechanical integrity across a range of C-rates, ultimately
advancing the development of more resilient battery
systems.
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This study outlines a design strategy to
enhance the mechanical integrity of
single-crystal LNMO cathodes by ex-
tending solid-solution behavior. Com-
bined experimental and modeling ap-
proaches identify stress distribution
within the crystal and demonstrate the
role of Mg doping in mitigating intra-
granular cracking.
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