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ABSTRACT: A series of single-crystal, Ni-rich Li[NixCoyMn1−x−y]O2 (NCM) cathodes
(x = 0.7, 0.8, and 0.9) with particle diameters of ∼3 μm are systematically compared
with polycrystalline cathodes with corresponding Ni contents. Despite their high
resistance to microcracking, the electrochemical performances of single-crystal NCM
cathodes, in terms of capacity and cycling stability, are inferior to those of
polycrystalline NCM cathodes. In situ XRD and TEM analyses reveal that the lithium
concentrations in single-crystal NCM cathodes become spatially inhomogeneous
during cycling; this phenomenon is exacerbated by high C rates and Ni contents,
resulting in the coexistence of phases with widely different unit cell dimensions within
a single cathode particle. This coexistence of two phases induces nonuniform stress
that generates structural defects, impairing the diffusion of lithium ions and, eventually,
leading to rapid capacity fading.

Global efforts to reduce CO2 emissions have increased
the demand for zero-emission electric vehicles (EVs),
leading to the rapid growth of the EV market. The

market share of EVs is expected to reach 32% of global
passenger vehicle sales by 2030,1 which is made possible by the
successful adoption of lithium-ion batteries (LIBs) as their
power source. Recent advances in lithium-ion battery (LIB)
technology have enabled the realization of EVs that can
compete with comparable ICEVs. Nevertheless, there remain
several challenges that delay the universal adoption of EVs; the
most serious of these challenges are insufficient driving range
per charge, short service life, and high cost. These limitations
drive the development of high-performance cathode materials
for next-generation LIBs because they largely determine the
price, energy density, and reliability of LIBs.
Ni-rich layered [Ni1−x−yCox(Mn and/or Al)y]O2 (NCM,

NCA, and NCMA) cathodes are considered as the main
candidates for powering next-generation EVs.1−3 Increasing
the Ni fraction above 90% is the primary approach to increase
the energy density, thus enhancing the driving range of
associated EVs. However, when a large fraction of Ni is
incorporated into these layered cathodes, inherent structural
instability caused by the anisotropic lattice contraction in the
deeply charged state creates local stress concentrations along
the interparticle boundaries.4,5 The local stress concentrations
develop into microcracks along the interparticle boundaries
even in the first charged state. Microcracks allow infiltration of
electrolyte into the interior of the secondary particle and
expose the internal surfaces to the electrolyte attack. The

problem is exacerbated by the abundant presence of highly
labile Ni4+ ions in the deeply charged state. These microcracks
undermine the mechanical integrity of the cathode particles in
addition to the loss of electrochemical activity from the
parasitic reactions at the cathode−electrolyte interfaces. Thus,
suppressing the microcracking is a key to alleviating the rapid
capacity fading of Ni-rich layered cathodes.
Removing the interparticle boundaries by growing single-

crystalline cathode has emerged as a promising strategy.6−12

Single-crystalline cathodes, free from interparticle micro-
cracking, are shown to improve cycling and thermal stability
by minimizing parasitic surface degradation;6,10 however,
single-crystalline cathodes are still in an early stage of
development and not sufficiently mature for practical
application.13−15 A large particle size in a single-crystalline
cathode increases the Li diffusion length, leading to sluggish
kinetics, which is already aggravated by the lack of fast
diffusion paths along interparticle boundaries. On the other
hand, decreasing the particle size increases the surface-to-
volume ratio and the risk of surface degradation. The kinetics
of the single-crystal cathode is also largely influenced by
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morphology and size distribution.16,17 In addition, most of the
single-crystalline cathodes reported to date have focused on
materials containing less than 90% Ni because a high Ni
fraction requires lowering of the lithiation temperature,13,14

which makes it difficult to convert a polycrystalline cathode
particle to a single-crystal cathode by high-temperature
consolidation.
In this study, a comprehensive evaluation of the fundamental

properties of single-crystal and polycrystalline cathodes with a
wide range of Ni-rich compositions is undertaken. For an
accurate comparison, single-crystal NCM cathodes (S-
NCM70, S-NCM80, and S-NCM90) and polycrystalline
NCM cathodes (P-NCM70, P-NCM80, and P-NCM90)
were synthesized with Ni contents of 70, 80, and 90%,
respectively. The electrochemical performances of single-
crystal and polycrystalline cathodes were correlated with
their structural changes to elucidate the dominant capacity
fading mechanism of single-crystal cathodes and inform the
rational design of advanced cathode materials for LIBs.
Single-crystal and polycrystalline cathodes can be reliably

compared provided that their particle size is carefully
considered, as it significantly influences the electrochemical
performance and physical properties of the cathodes. Based on
that single-crystal layered cathodes synthesized tend to range
from 1 to 6 μm in previous literature and the particle size of a
mass-produced Ni-rich single-crystal cathode by a manufac-
turer of battery materials is ∼3 μm (Figure S1 and Table
S1),6−18 we obtained S-NCM cathodes with a mean particle
diameter of ∼3.1 μm (D50) from hydroxide precursors
synthesized by coprecipitation method (Figure S2). To
prepare single-crystal cathodes, the 3 μm sized hydroxide
precursor powders were homogeneously mixed with LiOH and
calcined for 10 h at 850, 900, and 950 °C for S-NCM90, S-
NCM80, and S-NCM70, respectively, under flowing O2. After
calcination, the obtained S-NCM cathodes were finely ground.

For realistic comparison, the particle size of polycrystalline
cathodes was kept at ∼10 μm, which is the industry standard.
To obtain P-NCM cathodes, the 10 μm sized hydroxide
precursor powders were homogeneously mixed with LiOH and
calcined for 10 h at 750, 770, and 810 °C for P-NCM90, P-
NCM80, and P-NCM70, respectively, under flowing O2. The
particle size distributions of the cathodes are plotted in Figure
1a and Figure S1. Figure 1a indicates that a P-NCM90 cathode
has a narrow particle distribution with a mean particle diameter
of 9.71 μm (D50), whereas an S-NCM90 cathode has a
relatively wide particle size distribution with a mean particle
diameter of 3.08 μm (D50). Due to their small particle sizes, S-
NCM cathodes have higher surface areas but lower tap
densities than P-NCM cathodes; the surface areas of the S-
NCM90 and P-NCM90 cathodes were found to be ∼1.46 and
∼0.51 m2 g−1, respectively, and their tap densities were found
to be ∼2.1 and ∼2.5 g cm−3, respectively. The chemical
compositions of the synthesized cathode, determined by ICP,
are summarized in Table S1. The powder XRD patterns
(Figure 1b and Figure S3) reveal that they all have a hexagonal
α-NaFeO2-type structure belonging to the R3̅m space group
and no detectable impurities. The a-axis and c-axis lattice
parameters of the cathodes slightly increase and decrease,
respectively, with increasing Ni content (Table S2). The lattice
parameters of corresponding single-crystal and polycrystalline
cathodes (i.e., with the same chemical composition) are similar
and the splitting of the (006)/(012) and (018)/(110) peaks in
their XRD patterns indicates that a high degree of crystallinity.
The full width at half-maximum (fwhm) values of the (003)
peaks in the XRD patterns (listed in Table S2), indicate that
line broadening effects are more pronounced in the XRD
patterns of the P-NCM cathodes than in those of the S-NCM
cathodes, reflecting the different sizes of the single-crystal and
polycrystalline cathodes. The morphologies of S-NCM and P-
NCM cathode particles are shown in Figures1c,d, and Figure

Figure 1. Material characteristics of pristine S-NCM90 and P-NCM90 cathodes: (a) particle size distributions, (b) XRD patterns, and
scanning electron microscopy (SEM) images of (c) S-NCM90 and (d) P-NCM90.
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S4. The S-NCM cathode particles are microsized granules with
polygonal shapes; each granule consists of one or several single
grains. In contrast, the P-NCM cathode particles consist of
nanoscale grains (primary particles) that are densely packed to
form nearly spherical secondary particles; these secondary
particles show good monodispersity.
Figure 2 summarizes the fundamental electrochemical

performances of P- and S-NCM cathodes having 70%, 80%,
and 90% of Ni evaluated using 2032 coin-type half cells, cycled
between 2.7 and 4.3 V. The characteristic charge−discharge
curves in Figure 2a−c show that the capacity of both cathode
types increases with increasing Ni content. Although the P-
NCM and S-NCM cathodes achieve similar initial charge
capacities, the S-NCM cathodes deliver lower discharge
capacities than their P-NCM counterparts. The S-NCM
cathodes exhibit substantially lower Coulombic efficiencies
(CE) compared to the P-NCM counterparts, i.e., 182.8 (CE:
87.2%) and 193.8 mAh g−1 (CE: 93.1%) for S-NCM70 and P-
NCM70 cathodes, respectively, 199.1 (CE: 89.3%) and 213.5
mAh g−1 (CE: 95.3%) for S-NCM80 and P-NCM80 cathodes,
respectively, and 212.9 (CE: 88.8%) and 232.6 mAh g−1 (CE:
96.4%) for S-NCM90 and P-NCM90 cathodes, respectively.
Panels d−f of Figure 2 compare the cycling performances of
corresponding S-NCM and P-NCM cathodes. The difference
between the initial capacities of the S-NCM and P-NCM
cathodes (at 0.5 C) increase with increasing Ni content. The
difference was 10 mAh g−1 for S-NCM70 and P-NCM70 and
14 mAh g−1 for S-NCM80 and P-NCM80 cathodes; however,
a significant difference of 26 mAh g−1 was observed for the S-

NCM90 and P-NCM90 cathodes. The rate capabilities of the
P-NCM90 and three S-NCM cathodes were measured to
evaluate the difference in their performance (Figure S5a). The
capacity of the S-NCM90 cathode decreases faster than that of
the P-NCM90 cathode with increasing C rate; at 5 C, the S-
NCM90 cathode retains 79.8% of its capacity at 0.1 C, whereas
the P-NCM90 cathode retains 90.0%. Although the S-NCM70
and the S-NCM80 cathodes exhibited slightly higher rate
capabilities, they were inferior to P-NCM90 cathode. However,
the chemical diffusion coefficients of lithium ions in S-NCM
cathodes and P-NCM90 cathodes, measured using a
galvanostatic intermittent titration technique (GITT), are
nearly similar except at the beginning and end of charge
(Figure S5b). These results suggest that the poor rate
capabilities of the S-NCM cathode are mainly attributed to
its morphology; unlike P-NCM cathode particles with
networks of grain boundaries offering 3-dimensional fast
diffusion paths, Li ions in the S-NCM cathode particles
migrate through bulk diffusion mainly through in 2-dimen-
sional pathways along the layer planes, resulting in slow
electrochemical reactions.
P-NCM70 and P-NCM80 cathodes retained more than 96%

of their respective initial capacities after 100 cycles while the P-
NCM90 cathode experienced comparatively significant ca-
pacity loss, retaining 87.4% of its initial capacity. In contrast,
the cycling stability of the S-NCM cathodes steadily
deteriorate with increasing Ni content; the S-NCM70, S-
NCM80, and S-NCM90 cathodes retained 91.1, 85.0, and
80.7% of their initial capacities, respectively, after 100 cycles.

Figure 2. Fundamental electrochemical performances of S-NCM and P-NCM cathodes: (a−c) initial charge−discharge curves at 0.1 C and
(d−f) cycling performances at 0.5 C. The differential capacity (dQ dV−1) curves and magnified redox peaks of the H2−H3 phase transition
of cells featuring (g) P-NCM90 and (h) S-NCM90 cathodes.
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The primary degradation mechanism of Ni-rich P-NCM
cathodes is well established.5 In a deeply charged state, H2−
H3 phase transitions in Ni-rich layered cathodes cause the
abrupt anisotropic contraction/expansion of lattice structures.
The resultant structural stress undermined the mechanical
stability of the polycrystalline cathode particles because locally
accumulated stress was released along grain boundaries by
nucleating microcracks. The severity of the anisotropic volume
change increased with increasing Ni content; consequently, a
cathode with a high Ni content is more prone to developing
microcracks that allow the electrolyte to penetrate the cathode
particle and attack and damage its internal surfaces. The
capacity fading rate of P-NCM cathodes is indirectly revealed
by the decaying of the H2−H3 redox peak in their associated
differential capacity (dQ dV−1) curves (Figure 2g and Figure
S6). The sharply defined H2−H3 peak in the initial-cycle curve
of the P-NCM90 cathode decreases in intensity and becomes
increasingly polarized (shifts to a higher voltage) during
cycling while the dQ dV−1 curves of the P-NCM70 and P-
NCM80 cathodes hardly change during cycling. It will be
shown that extensive microcracking occurs in the P-NCM90
cathode particles due to severe volume changes induced by the
H2−H3 phase transitions, and the consequent formation of
impedance-increasing surface impurities accelerates capacity
fading. In contrast, in the case of the dQ dV−1 curves of the S-
NCM90 cathode, the H2−H3 peak in the initial-cycle curve of

the S-NCM90 cathode does not decay as fast as that of the P-
NCM90 cathode without any shift in position during cycling
despite its inferior cycling stability (Figure 2f). The results
suggest that different mechanisms govern the capacity loss of
S-NCM and P-NCM cathodes.
Cross sections of charged S-NCM cathodes were examined

by SEM to assess their structural damage in deeply charged
states. Regardless of the Ni content in the S-NCM cathodes,
the incidence of visible microcracks in the low-magnification
SEM images of charged S-NCM cathode particles was low
(Figure 3a and Figure S7). Although most of the charged (to
4.5 V) S-NCM70 and S-NCM80 cathode particles remained
intact, some intragranular cracks were observed in a few S-
NCM90 cathode particles, as indicated by yellow circles in
Figure 3a. A magnified image of such a charged S-NCM90
cathode particle (Figure 3b) confirms the presence of
intragranular cracks. It has been reported that intragranular
cracking can occur in single-crystal cathodes when they are
overcharged or after long-term cycling.10,13,19 The intra-
granular cracking in S-NCM cathode particles mainly stems
from the inhomogeneous structural stress induced by lithium
concentration differences within the particle. The localized
tensile/compressive and shear stresses were released by
triggering the gliding of layer planes to nucleate cracks within
the single crystal.13,20 Since the amount of lithium extracted
from S-NCM cathodes increases with increasing Ni content,

Figure 3. Cross-sectional SEM images of initially charged (to 4.5 V) (a, b) S-NCM90 and (d, e) P-NCM90 cathodes and discharged (c) S-
NCM90 and (f) P-NCM90 cathodes after 100 cycles. Particles circled in yellow (a) contain intragranular cracks like the particle shown in
(b). (g) The specific surface area of P-NCM90 and S-NCM90 cathodes as a function of the state of charge. (h) Variation in charge transfer
resistance (Rct) of S-NCM and P-NCM cathodes during cycling.
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the degree of intragranular cracking increases with increasing
intensity of the H2−H3 peaks in the associated dQ dV−1

curves (Figures S6 and S7). During discharging, the nucleated
microcracks close as the structural stresses reverse.13 After 100
cycles, although some cracks are visible, most of the discharged
S-NCM90 cathode particles appear nearly undamaged,
maintaining their original shape despite repeated crack
nucleation and closure (Figure 3c). In contrast, intergranular
cracks are observed in nearly all the charged (to 4.5 V) P-
NCM90 cathode particles (Figure 3d). A clear network of

microcracks traces the grain boundaries of the secondary
particles, isolating adjacent primary particles (Figure 3e).
Unlike the S-NCM90 cathode particles, repeated nucleation
during long-term cycling (100 cycles) undermines the
mechanical stability of P-NCM90 particles to produce
microcracks that persist within the secondary particle even in
its fully discharged state (Figure 3f). The most critical
difference between the intragranular and intergranular cracking
behaviors of the S-NCM90 and P-NCM90 cathode particles,
respectively, is that the latter exposes the particle interior to

Figure 4. Overlays and deconvolutions of the (003) reflections peaks recorded by in situ XRD during in the voltage range of 4.15−4.5 V:
(a,c) P-NCM90 at 0.025 C and (e,g) at 0.5 C, (b,d) S-NCM90 at 0.025 C and (f,h) at 0.5 C, (i) S-NCM70 at 0.5 C, and (j) S-NCM80 at 0.5
C.
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electrolyte attack. As shown in Figure 3g, the exposed area of a
P-NCM90 cathode increased gradually with increasing state of
charge up to 4.17 V, the voltage at which microcracks start to
form, before increasing sharply between 4.17 and 4.3 V, due to
the H2−H3 phase transition; the surface area of the P-NCM90
cathode increases from 0.72 to 1.04 (4.17 V), 2.16 (4.3 V), and
2.38 m2 g−1 (4.5 V) with increasing state of charge. In contrast,
although the surface area of an S-NCM90 cathode was initially
higher than that of a P-NCM90 cathode owing to its small
particle size, its surface area hardly changed when charged to
4.5 V. Because of their different cracking behaviors, the
variation in the charge-transfer resistance (Rct) of S-NCM and
P-NCM cathodes differed appreciably (Figure 3h). The
intergranular cracking of the P-NCM90 cathode particles
allowed electrolyte infiltration along grain boundaries; the
accumulation of an impurity layer associated with the resulting
surface degradation as evidenced by the increase in Rct during
long-term cycling. As shown in Figure S8, sharply defined
fractures and microcracks were formed in charged P-NCM90
cathode particles after 100 cycles whereas P-NCM70 and P-
NCM80 cathode particles retained their original spherical
morphologies moderately well without clear fracturing. As
expected from their Rct results, the original morphologies of S-
NCM cathodes were well preserved after 100 cycles, even in
their fully charged states; however, the incidence of fine
fractures increased with increasing Ni content (Figure S8).
The increasing Rct of the P-NCM90 cathode was responsible
for the decreasing intensity and increasing polarization of the
H2−H3 peaks in the dQ dV−1 curves of the associated cell
during cycling (Figure 2g). In contrast, the Rct of the S-
NCM90 cathode hardly changed during cycling, consistent
with its relatively unchanging surface area, leading to a slow
decaying of the H2−H3 peaks without polarization (Figure
2h).
The aforementioned examinations of the impedance and

differential capacity of cells in terms of cathode particle
cracking behavior revealed that the capacity fading mechanism
of P-NCM cathodes did not apply to S-NCM cathodes.
Despite their low Rct, single-crystal cathodes exhibited
relatively poor cycling stability. To explicitly monitor the
structural changes of the P- and S-NCM90 cathodes during
charging, in situ XRD measurements of P-NCM90 and S-
NCM90 cathodes were carried out during charge at a low
current density of 4.5 mA g−1 (corresponding to 0.025 C).
Figure S9 shows contour plots of the XRD patterns and the
calculated lattice parameters as a function of extracted lithium.
During charging, the a-axis lattice parameter decreased
monotonically while the c-axis lattice parameter initially
increased and then rapidly decreased with the onset of the
H2−H3 phase transition near 4.15 V or x = 0.7 in Li1−xTMO2
(TM = transition metal). The P- and S- NCM90 cathodes
experienced almost identical intrinsic lattice contraction. The
maximum changes in a- and c-axis lattice parameters were
approximately −2.1% and −6.5% up to 4.5 V, respectively.
Despite experiencing similar dimensional variations of the
respective unit cells, the phase evolution during the H2−H3
phase transition above 4.15 V in the P-NCM90 and S-NCM90
cathodes differs notably. Panels a and b of Figure 4 present two
series of overlaid (003) reflections showing the phase evolution
in the P-NCM90 and S-NCM90 cathodes between 4.15 and
4.5 V. The (003) reflections of the P-NCM90 cathode shifted
smoothly to a higher angle with limited variation in intensity
and width. In contrast, the intensity of the (003) peaks for the

S-NCM90 cathode decreased considerably and the peaks
became asymmetric due to the presence of multiple phases at
∼4.2 V, corresponding to the H2−H3 phase transition.
Beyond 4.2 V, the (003) reflections partially recovered their
intensity and shape with increasing voltage until 4.5 V. The
considerable variations in intensity and symmetry during the
phase transition imply nonuniform strain caused by distortions
in structure.5,21 To better trace differences in the phase
evolution of P- and S-NCM90 cathodes, the (003) reflections
were detailedly compared by assuming that a single-phase or a
mixture of two phases exist. The deconvoluted (003)
reflections are shown in Figure 4c,d. The deconvoluted peaks
for the P-NCM90 cathode in Figure 4c show that two phases
coexisted up to 4.2 V, corresponding to the voltage of the apex
of the H2−H3 peak in the associated dQ dV−1 curve. In the
case of the S-NCM90 cathode, the coexistence of two phases
was observed at 4.19 V and persisted even above ∼4.3 V at
which the H2−H3 transition should be complete and only
single should exist based on the dQ dV−1 curve. The in situ
XRD data of the S-NCM90 cathode suggests sluggish kinetics
for the H2−H3 phase transition that could generate a
nonuniform distribution of lithium within the cathode. The
structural distortion was more pronounced at a high C rate.
Figure 4e−h show the evolution of the (003) reflection peaks
of the cathodes recorded during charge at a higher current
density of 90 mA g−1 (corresponding to 0.5 C). Despite the
high C rate, the (003) reflections for the P-NCM90 cathode
retained their nearly symmetrical shape above 4.14 V,
reflecting that the H2 phase is rather abruptly converted to
the H3 phase (Figure 4e,g). For the S-NCM90 cathode, in
contrast, the sluggish phase transition resulted in a clearly
visible residual H2 phase even at 4.5 V (Figure 4f,h). In
addition, unlike the P-NCM90 cathode, the H2 phase in the S-
NCM90 cathode did not shift during charging such that two
clearly separated peaks were observed above 4.3 V. At 4.5 V,
the two deconvoluted peaks were approximately 1° apart, and a
residual area remained beneath the curve between the two
peaks. The clear separation between the deconvoluted (003)
peaks indicates inhomogeneity in lithium concentration and
consequent nonuniform strain within the S-NCM90 cathode.
Despite the nonuniform strain, the (003) reflection peak of the
S-NCM90 cathode nearly recovered to its initial state during
discharge, indicating the reversibility of the H2−H3 phase
transition (Figure S9). To further investigate whether S-NCM
cathodes with low Ni also experience the sluggish kinetic
reaction at high current density, we performed in situ XRD
measurements. The (003) reflection peaks of the S-NCM70
cathode maintained their symmetrical shape without severe
broadening up to a fully charged state of 4.5 V at a specific
current density of 0.025 C (Figure S10) and 0.2 C (Figure
S11). However, during the charge at a higher C rate of 0.5 C
(Figure 4i, Figure S11, and S12), the peaks of the S-NCM70
cathode broadened and decreased in intensity between 4.15
and 4.5 V, remaining a residual peak at 18.4°. Similarly, the
(003) reflection peaks of the S-NCM80 cathode broadened
much asymmetrically when charged at 0.5 C than 0.2 C
(Figure 4j and Figure S12). However, unlike S-NCM cathodes,
the (003) peaks of P-NCM70 and P-NCM90 cathodes shifted
smoothly to a higher angle without severe broadening during
even 1 C charging (Figures S11 and S13). These results
suggest that single-crystal cathodes experience more severe
structural inhomogeneity at high C rates, likely attributable to
their long diffusion paths, and the extent of structural
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inhomogeneity, which leads to localized internal strain
becomes increasingly severe as the Ni fraction approaches 90%.
To confirm the presence of the structural inhomogeneity

within a single grain, the S-NCM90 cathode was recovered
after charging to 4.3 V at 0.5 C rate, and a thin section of the
charged cathode was prepared by ion beam milling and
examined using transmission electron microscopy (TEM)
(Figure 5a). High-resolution TEM images were obtained in a
region between locations near the surface (i) and center (ii) of
the S-NCM90 cathode along the direction of the lithium-ion
diffusion path, as deduced from the corresponding [100]
zone−axis electron diffraction patterns. To quantitatively
assess the average distance between layer planes, the c-axis
lattice parameter of each location imaged by TEM was
calculated (Figure 5b and Figure S14). Figure 5c shows that
the calculated c-axis lattice parameters tend to increase from
the surface toward the center of the particle. Based on the c-
axis lattice parameters determined from the in situ XRD result
(Figure S9e), the lowest value of 13.7 Å near the surface
corresponds to the highly charged state where the delithiated
amount of x = ∼0.9 whereas the maximum value of 14.1 Å in
the center of the particle suggests that x = ∼0.77. Consistent
with the in situ XRD results in Figure 4f,h, the TEM result
shows that a charged S-NCM90 cathode particle consists of
regions with varying lattice parameters that developed
according to the gradient profile of the lithium-ion
concentration. The inhomogeneity within the cathode particle
produces nonuniform spatial stress which the cathode releases
by generating structural defects through planar gliding and
particle fracturing during electrochemical reactions.13,19,20,22

Such spatial inhomogeneity in the lithium-ion concentration
and strain in Ni-rich S-NCM cathodes is exacerbated by
repeated cycling and contributes to capacity fading in S-NCM
cathodes.
In this study, a series of Ni-rich S-NCM cathodes (Ni

contents of 70, 80, and 90%) with particle diameters of ∼3 μm
were systematically examined to compare their characteristics
and cycling behavior with those of conventional P-NCM
cathodes. Unlike P-NCM cathodes susceptible to intergranular
microcracking during cycling, S-NCM cathodes are resistant to
mechanical fracture even at the deeply charged state or

repetitive cycling. Nevertheless, the electrochemical perform-
ances of S-NCM cathodes, in terms of capacity and cycling
stability, are inferior to those of P-NCM cathodes because of
limited lithium-ion diffusion pathways. The difference in the
electrochemical performances of S-NCM and P-NCM
cathodes increases with increasing Ni fraction. The H2−H3
phase transition peaks, considered as a critical gauge of the
rapid capacity fading for Ni-rich layered cathodes, faded
differently with cycling, suggesting that different mechanisms
govern the capacity fading of S-NCM and P-NCM cathodes.
The rapid capacity fading of P-NCM cathodes is largely
attributed to the formation of microcracks that allow
electrolyte attack, resulting in the buildup of NiO-like rock-
salt phases. In contrast, owing to the limited lithium-ion
diffusion pathways of S-NCM cathodes, their lithium
concentrations tend to become spatially inhomogeneous
during cycling, this tendency is exacerbated by high C rates
and Ni contents, resulting in the coexistence of two phases
within a single cathode particle. The structural inhomogeneity
at the charged S-NCM90 cathode, observed using in situ XRD
and TEM, induces nonuniform stress to cause structural
defects and thus limit diffusion kinetics of Li+ ion, eventually
leading to capacity fading during electrochemical reactions.
To improve the performance of LIBs, both polycrystalline

and single-crystal cathodes are being investigated by academic
and industrial researchers. Single-crystal cathodes have the
advantages of being resistant to mechanical fracturing and
tolerant of gas evolution, but deliver unsatisfactory perform-
ance, especially at high C rates. Overcoming the inhomoge-
neous lithium-ion and associated internal stress concentrations
in S-NCM cathodes requires optimizing their particle sizes to
improve lithium diffusion kinetics during operation, whereas
stable, Ni-rich, fracture-resistant, P-NCM cathodes can be
developed through microstructural modification.23−25 Alter-
natively, a bimodal cathode featuring both S-NCM and P-
NCM particles could be an effective strategy for enhancing LIB
performance.

Figure 5. (a) TEM image of the S-NCM90 cathode particle charged to 4.3 V at 0.5 C and (b) part of electron diffraction patterns from the
regions marked (i) and (ii). The yellow arrows in (a) are parallel to the lithium-ion diffusion path in the particle. (c) The c-axis lattice
parameters at locations along the dashed yellow line in (a).
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