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ABSTRACT: The pressing demand in electrical vehicle (EV)
markets for high-energy-density lithium-ion batteries (LIBs)
requires further increasing the Ni content in high-Ni and low-Co
cathodes. However, the commercialization of high-Ni cathodes is
hindered by their intrinsic chemomechanical instabilities and fast
capacity fade. The emerging single-crystalline strategy offers a
promising solution, yet the operation and degradation mechanism
of single-crystalline cathodes remain elusive, especially in the
extremely challenging ultrahigh-Ni (Ni > 90%) regime whereby
the phase transformation, oxygen loss, and mechanical instability
are exacerbated with increased Ni content. Herein, we decipher the
atomic-scale stabilization mechanism controlling the enhanced
cycling performance of an ultrahigh-Ni single-crystalline cathode.
We find that the charge/discharge inhomogeneity, the intergranular cracking, and oxygen-loss-related phase degradations that are
prominent in ultrahigh-Ni polycrystalline cathodes are considerably suppressed in their single-crystalline counterparts, leading to
improved chemomechanical and cycling stabilities of the single-crystalline cathodes. Our work offers important guidance for
designing next-generation single-crystalline cathodes for high-capacity, long-life LIBs.
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High-Ni-content layered cathodes, because of their high
theoretical specific capacity, are considered to be an

ultimate choice for high-energy-density automotive bat-
teries.1−5 However, conventional polycrystalline high-Ni-
content layered oxides suffer from fast capacity fade due to
severe structural/chemomechanical instabilities6−8 and oxy-
gen-loss9,10 induced phase degradations.11 The culprits of high-
Ni-content cathodes are closely related to its widely adopted
primary−secondary particle architecture. Layered oxide
cathodes are usually synthesized in the form of secondary
particles (∼5−30 μm in size) comprising densely packed
primary particles (∼50−300 nm in size). The use of secondary
particles increases the tapping density and thereby slows the
cathode side reactions/corrosions to some extent;12 however,
it also introduces drawbacks, among which intergranular
cracking, i.e., cracking along boundaries of primary particles
is a major cause of layered cathodes’ long-cycle capacity
fading.13 Distinct from the grain boundaries in polycrystalline
metals or ceramics which are covalently bonded, primary
particles are held together mainly by weak van der Waals
interactions.14 That is to say, secondary particles’ mechanical
strength, determined by the adhesion of the constituent
primary particles, is much lower than the intrinsic material
strength of the single-crystalline primary particles. As a result,

intergranular cracking and related electro-chemomechanical
degradation in secondary particles can be easily induced under
the anisotropic stress and strain generated by Li extraction and
insertion.15 As these cracks create fresh surfaces to electrolytes,
the breakdown of the cathodes will be exacerbated by side
reactions, oxygen loss, and detrimental phase degradations.16,17

The ever-increasing Ni content in the cathodes driven by the
urgent demand to reduce the cobalt content and achieve
higher energy density for electric vehicle applications makes
the situation worse. A prevalent strategy to resolve the cycling
instability associated with the structural instability of the high-
Ni-content cathode is cationic doping. Intensive experimental
works reported that single-element doping, such as Al,18 Mg,19

Ti,20 Sb,21 Ca,22 W,23 and Zr,24 shows different degrees of
improvement in terms of layered cathodes’ cycling stability.
Also, dual-element doping such as Mg/Ti25 and Mg/Mn26

have been proved effective in improving the rate capability,
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thermal stability, and self-discharge resistance of LiNiO2, yet
the structural instability and fast capacity decay problem of
high-Ni and especially ultrahigh-Ni cathodes are still far from
well resolved. In this context, fabricating micrometer-sized
large single-crystalline cathode particles that evade the
traditional primary−secondary particle architecture provides
a promising solution to overcome the cycling instability issues
of existing Ni-rich cathodes.13,27−33 For example, for Ni-rich
cathodes with relatively low Ni content,28,32 the single-
crystalline strategy significantly improves the cathodes’ cycling
stability almost without sacrificing their initial capacity. Most
recently, Xiao and co-workers13 reported a novel single-
crystalline LiNi0.76Mn0.14Co0.1O2 cathode with improved
stability through reversible microcracking. These studies

aroused tremendous research interests in the community as
they open a new avenue to optimizing Ni-rich cathodes. To
date, in the ongoing pursuit of further increasing the Ni
content in current layered cathodes, it is not clear how the
single-crystalline strategy performs when entering the
extremely challenging ultrahigh-Ni (Ni > 90%) regime.
Particularly, considering the delithiation-induced O1 phase
transformation16 and oxygen loss6 dramatically increase with
the Ni content in conventional polycrystalline cathodes, how
these degradation modes operate in ultrahigh-Ni single-
crystalline cathodes remains unclear. Here, we report the first
high-capacity single-crystalline layered cathode (Li-
Ni0.96Co0.02Mn0.02O2) with Ni content up to 96%, and using
it as a ultrahigh-Ni model system, we uncover the fundamental

Figure 1. (a, b) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of SC9622 and PC9622
ultrahigh-Ni cathodes. Both cathodes show a perfect layered structure with a space group of R3̅m. (c) Atomic models of the layered structure of the
cathodes. (d) Long-cycle charge−discharge profiles of coin cells containing PC9622 within 2.7−4.4 V at the current of 0.1C. (e) Long-cycle
charge−discharge profiles of coin cells containing SC9622 within 2.7−4.4 V at the current of 0.1C. (f) Capacity retentions and Columbic
efficiencies (CEs) of SC9622 and PC9622 during long-term cycling. (g) dQ/dV curves showing the H1−H2 and H2−H3 phase transitions in
PC9622 and SC9622.
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mechanisms that underpin the improved cycling stability of a
single-crystalline cathode over its polycrystalline counterpart.
By combining multiple techniques including X-ray absorption
spectroscopy (XAS), transmission X-ray microscopy (TXM)
tomography, and atomic-resolution imaging, we find that the
prominent charge/discharge inhomogeneity, the internal
strain-induced cracks, and the severe oxygen-loss induced
rock salt (RS) phase degradation are effectively mitigated by
the single-crystalline strategy.
In this work, a novel single-crystalline ultrahigh-Ni layered

cathode with a designed composition of LiNi0.96Mn0.02Co0.02O2

(hereafter referred to as SC9622) was synthesized (see SEM
images of the precursors and as-prepared SC9622 cathodes in
Figure S1 and details in Experimental Methods). A baseline
polycrystalline cathode with the same designed composition
(hereafter referred to as PC9622) was also synthesized for
comparative studies (see SEM images of the precursors and as-

prepared PC9622 cathodes in Figure S2). X-ray diffractions
(Figure S3) show that both cathodes have nearly the same
lattice structure and chemical analysis (Figure S4) shows that
both synthesized cathodes have similar compositions nearly
the same as the designed compositions. Figure 1a ,b shows the
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of PC9622 and SC9622
cathodes. The results, along with the electron diffractions
(Figure S5) show that both pristine cathodes have a well-
defined layered structure (space group: R3̅m) as illustrated by
the atomic model in Figure 1c. Electrochemical tests were
conducted to evaluate the performance of SC9622 in
comparison with PC9622. Figure 1d, e shows the charge−
discharge profiles of SC9622 and PC9622, respectively. The
results show that the PC9622 delivers an initial discharge
capacity of ∼225 mAh/g (within 2.7−4.4 V at a 0.1C rate),
whereas SC9622 delivers a slightly lower initial discharge

Figure 2. (a−d) Ni3+ and Ni4+ distributions in pristine PC9622 and those after the 1st charge, 50th charge, and 50th discharge. Charge and
discharge inhomogeneities are identified in the secondary particles. (e−h) Ni3+ and Ni4+ distributions in pristine SC9622 and those after the 1st
charge, 50th charge, and 50th discharge. Fewer charge and discharge inhomogeneities are observed in SC9622 compared with PC9622. (i)
Quantification of the Ni3+ and Ni4+ in the 50th discharged PC9622 cathode. (j) Quantification of the Ni3+ and Ni4+ in the 50th discharged SC9622
cathode. The higher percentage of Ni4+ in the long-cycle discharged PC9622 indicates that fewer Li+ are intercalated back into the cycled PC9622
lattice than in SC9622, suggesting superior structural stability and capacity retention of the SC9622 cathode over the PC9622 cathode.
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capacity of ∼210 mAh/g at the same condition. Long-term
cycling tests (Figure 1f) show that the capacity of PC9622

suffers from severe decay as the capacity retention rapidly
drops to as low as ∼55% after 100 cycles and 38.3% after 200

Figure 3. (a) 3D tomographic reconstruction and multislicing analysis of a representative PC9622 secondary particle after long-term cycling.
Intergranular cracks are identified in the particle. (b) Cross-section image of another cracked PC9622 secondary particle after cycling. Some of the
cracks are indicated by the arrows. (c) 3D tomographic reconstruction and multislicing analysis of representative SC9622 particles after long-term
cycling. Cracks are not observed inside the particles. (d) Cross-section image showing intact SC9622 particles after cycling.

Figure 4. (a) Atomic-resolution HAADF-STEM image of a 1st charged PC9622 cathode taken along the [100] zone axis. (b) Super-resolution
image corresponding to the boxed region in panel a obtained by AtomSegNet.36 The result shows that the O1 phase forms substantially on the
surface of the particle. Because of local cation mixing, local rocksalt (RS) domains (indicated by arrows) are identified in the bulk O1 phase,
especially close to the particle surface. The insets highlight an RS domain and an O1 block with cation mixing (TM atomic columns are denoted by
dash circles) in the buck O1 phase. (c) Atomic-resolution HAADF-STEM image of a 1st charged SC9622 cathode taken along the [100] zone axis.
(d) Super-resolution image derived from the HAADF-STEM image in panel c. Bulk O1 phase and local cation mixing (highlighted by the dash
circles in the inset) similar to that in PC9622 are also identified in SC9622. Note that except for a small amount of RS at the surface as indicated by
the arrow in panel c, local RS domains are not formed in the bulk O1 phase.
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cycles; in contrast, the capacity retention of SC9622 is ∼72%
after 100 cycles and ∼60% after 200 cycles, which is
remarkably improved compared to that of PC9622. The dQ/
dV profiles (Figure 1g) of both cathodes show that although
the H1−H2 phase transition is more evident in SC9622, the
more detrimental H2−H3 transition is considerably sup-
pressed, as indicated by the flattened peak at the same voltage.
TXM X-ray absorption near-edge spectroscopic (XANES)

imaging34 was performed to elucidate the changing Ni valence
states of SC9622 and PC9622 upon cycling. Figure 2 shows
the Ni valence state maps (Ni3+ and Ni4+) of both cathodes
and their evolution at different states. The pristine and 0.1C
fully charged PC9622 are used as references (Figure S6). It is
seen that the 1st charged PC9622 (Figure 2b) show
inhomogeneous Ni valence distributions (Ni4+ blocks are
indicated by dashed circles) with a length scale of ∼200−500
nm, which is comparable to the grain size of the PC9622
primary particles. In contrast, although the Ni valence
distributions in the 1st charged SC9622 (Figure 2f) also
show inhomogeneity similar to that in single-crystalline
cathode with relatively low Ni content,35 the length scale of
the Ni4+ blocks is around 100 nm, much smaller than that in
their polycrystalline counterpart. The alleviated charge
inhomogeneity in the single-crystalline cathode is likely
attributed to the elimination of the differently oriented grain
boundaries that impede the homogeneous diffusion of Li+ in
the secondary particles and to the varied surface RS phase
transformation in different primary particles. Figure 2c, g
shows the Ni valence state maps of SC9622 and PC9622

charged particles after long cycles. The results show that the
severe charge/discharge inhomogeneity in PC9622 persists
after long cycles (Figure 2c, d), whereas SC9622 shows
charge/discharge inhomogeneity with a much smaller length
scale (Figure 2g, h). By quantifying the Ni valence state in the
long-cycle discharged cathodes, we find that the percentage of
Ni4+ in PC9622 cathode is evidently higher than that in
SC9622 cathode (Figure 2i,j), suggesting that fewer Li+ are
intercalated back into the cycled PC9622 lattice than that in
SC9622. This agrees well with the fast capacity decay of
PC9622 cathode revealed in the electrochemical tests in Figure
1f.
TXM tomographic imaging, a three-dimensional (3D)

imaging technique, was performed to evaluate the chemo-
mechanical stability of SC9622 cathode in comparison with
PC9622. Figure 3 shows representative 3D tomographic
reconstructions of long-term cycled PC9622 and SC9622
cathodes. Multislicing analyses of the reconstructions show
that after long-term cycling, substantial intergranular cracks
formed inside the PC9622 secondary particles (Figure 3a).
Figure 3b shows a cross-section image of another PC9622
particle inside which multiple cracks (indicated by the arrows)
are identified. In sharp contrast, The long-term cycled SC9622
remains intact after long cycles as revealed by the 3D
reconstruction (Figure 3c) and cross-section image (Figure
3d). These results reveal the superior chemomechanical
stability of the single-crystalline SC9622 cathodes over their
polycrystalline counterparts.

Figure 5. (a, b) HAADF-STEM images showing the morphology of long-term cycled PC9622 primary particle and SC9622 particle (the degraded
surface layers are indicated by the arrows). (c, d) Atomic-resolution HAADF-STEM images showing the structures of cycled PC9622 and SC9622
cathodes. (e) Super-resolution images derived from the HAADF-STEM images in panels c and d by AtomSegNet processing. The results show that
after long-term cycling, a thick RS layer (∼20−30 nm thick) forms on the surface of the PC9622 particle. A residual O1 phase existing between the
surface RS and the interior O3 phase is also observed. In contrast, only a thin layer of RS phase (not effectively determined by AtomSegNet because
of the low contrast resulted from its small thickness) is identified in panel d at the surface of the SC9622 particle and the subsurface degradation
layer still largely remains as O1 phase.
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Comprehensive atomic-scale TEM imaging was performed
to study the structural stability and degradation pathways of
both cathodes comparatively. Usually, for LIB cathode
materials, especially the highly unstable delithiated phases
which are very beam-sensitive, the relatively low electron dose
used for the atomic-resolution imaging easily leads to a poor
signal-to-noise ratio which may bury the atomic details (e.g.,
trace amount of TM atoms in Li layers) of the materials.
Therefore, a robust strategy to detect atomic columns and
restore the in-depth information hidden behind the nonideal
atomic-resolution images is highly desirable. In this work, to
precisely decipher the atomic structural information hidden in
the original HAADF-STEM images with complex contrast, a
deep-learning-based AtomSegNet36 software was employed to
perform atomic column localization and segmentation (see
details in the Supporting Information). Figure 4a shows a
representative HADDF-STEM image of 1st charged PC9622
cathode at a cutoff voltage of 4.4 V. It is seen that during
delithiation, a substantial amount of O1 phase formed near the
particle’s surface. Moreover, because of surface oxygen loss, a
layer of RS phase was formed on top of the bulk O1 phase.
The super-resolution image (Figure 4b) of the boxed region in
Figure 4a shows that local RS transformations (RS domains
indicated by the arrows in Figure 4b) already took place inside
the bulk O1 phase. The upper right panel highlights an RS
block (corresponding to the red boxed region) embedded in
the bulk O1 phase. Moreover, cation mixing, i.e. migration of
TM atoms from TM layer to Li sites are detected in local
regions (lower right panel of Figure 4b, corresponding to the
orange boxed region in the left panel) of the bulk O1 phase.
The relatively weak contrast of the TM atomic columns
(indicated by the magenta circles) in the Li layers suggests that
the cation mixing, although detrimental, is not yet sufficient to
trigger the transformation from the O1 phase to RS which
requires further interlayer gliding between the TM layers in the
O1 lattice (see ref 6 for a detailed discussion on this newly
discovered phase transformation pathway). Figures 4c shows a
representative HAADF-STEM image of 1st charged SC9622 at
a cutoff voltage of 4.4 V. Similar to that in PC9622 cathode,
bulk O1 phase also formed near the particle’s surface. Although
a thin layer of RS phase also formed on the top of the O1
phase, no RS domains were observed inside the bulk O1 phase,
indicating there is less severe oxygen loss in the O1 phase of
SC9622. The super-resolution image (corresponding to the
image in Figure 4c) in Figure 4d shows that cation mixing
(TM atomic columns indicated by magenta circles) also took
place in local regions of the O1 phase, yet the intensities of
these cations are weak and their distribution is more dispersive
than that in the bulk O1 phase of the PC9622 cathode. This
implies that the oxygen loss on the surface of the SC9622
cathode is relatively weaker and more uniform than that in
PC9622, which is consistent with the trend revealed in the
XANES maps in Figure 2b, f.
To elucidate the structural degradation pathways of SC9622

during long-term cycling, we further investigate its structural
evolution in comparison with that of PC9622. Figure 5a, b
shows representative morphologies of a PC9622 and SC9622
particle after long-term cycling (50 cycles at a 1C rate). It is
seen that for both cathodes, surface degradation layers (∼20−
30 nm in thickness) were observed. Atomic-resolution
HAADF-STEM imaging results (Figure 5c and the magnified
super-resolution images in Figure 5e) reveal that the degraded
surface layer is composed of a significantly thickened outer

layer of RS and inner O1 phase blocks. This suggests that, after
long cycles, a large proportion of the bulk O1 phase which is
preferentially formed on the surface of PC9622 finally
transformed into inactive RS. In contrast, for the long-term
cycled SC9622 cathode (Figure 5d and the magnified super-
resolution image in Figure 5e), although an RS layer also
formed on the outer surface, a large proportion of the degraded
surface layer (inner layer) remained as bulk O1 phase.
Although the surface RS layer of SC9622 cathode was
thickened compared with that in the first cycle (Figure 4c),
it is considerably thinner than that in the long-term cycled
PC9622 cathode (Figure 5c), suggesting that the oxygen loss
and thereby the surface RS transformation in SC9622 is
significantly mitigated compared with that in PC9622 cathode.
The observations elucidate, at the atomic scale, the origin of
the remarkably improved capacity retention of SC9622
compared with that of the PC9622 cathode.
The key difference between the SC cathodes and their PC

counterparts lies in (1) the reduced surface to volume ratio
and (2) the loss of the conventional secondary-particle
architecture in SC cathodes. First, the decreased surface area
of the SC cathodes originating from the increased average
particle size (compared to the primary particles of PC
cathodes) is responsible for the lower initial capacity of the
SC cathodes. This is because, for a certain system with fixed
chemical composition, larger particles have longer Li+ diffusion
lengths13 and smaller total surface area, which leads to a
decreased reaction area with electrolytes. Despite that, the
benefit of the reduced electrolyte exposure is that it alleviates
the side reactions that promote surface oxygen loss6 and
thereby mitigate the RS degradations11 to some extent. On the
other hand, because the conventional secondary particles of
PC cathodes are formed by dozens or hundreds of
agglomerated primary particles with different crystallographic
orientations, charge inhomogeneity (e.g., Figure 2b) is
inevitable in these closely packed primary particles (Li+

diffusion along the (003) planes of the layered lattice is
energetically favorable). The inhomogeneous Li+ diffusion
kinetics unavoidably causes a severely nonuniform volume
change and local strain4 in the secondary particles at a high
state-of-charge and finally results in intergranular cracks37,38

and even pulverization of the PC cathodes. As the intergranular
cracking exposes new surfaces to the electrolyte for side
reactions, the degradation of the cathode will be accelerated.39

In contrast, by eliminating the secondary-particle architecture,
the micrometer-sized SC particles are relatively loosely
aggregated, and thus the intergranular cracking caused by
local stress generation between cathode particles can be
effectively mitigated.
In conclusion, through combined synchrotron-based trans-

mission X-ray techniques and atomic-resolution STEM
imaging, we decipher the atomic-scale stabilization mechanism
underneath the enhanced cycling performance of an ultrahigh-
Ni single-crystalline cathode. We uncover that the charge/
discharge inhomogeneity as well as oxygen-loss-related phase
degradations that are prominent in ultrahigh-Ni polycrystalline
cathodes are considerably suppressed in their single-crystalline
counterpart, leading to the improved cycling stability of the
single-crystalline cathode. The new understanding of the
degradation pathways of the ultrahigh-Ni single-crystalline
cathode is expected to be applicable to other high-Ni single-
crystalline layered cathodes, and it will offer valuable guidance
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for the optimization and redesign of current ultrahigh-Ni
cathodes for ultrastable and long-life batteries.
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