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ABSTRACT: Layered cathode materials are commonly used in lithium and
sodium ion batteries, but they are prone to degradation under electrochemical
cycling during battery operation. Here we report a new type of degradation
mechanism through the electrochemically induced mechanical buckling and
delamination cracking of intercalation layers in a P2 Na0.7-Ni0.3Mn0.6Co0.1O2
(Na-NMC) cathode material. Kinks form in the delaminated layers due to severe
local bending, and each kink consists of a vertical array of dislocations, resulting
from an easy slip between transition metal oxide layers. In situ mechanical
compression experiments directly reveal the kink formation due to strong
mechanical anisotropy parallel and perpendicular to the intercalation layers in
single-crystal Na-NMC. In situ electrochemical experiments indicate that kinks
form during the desodiation process. Our results unveil a new mechanism of
electrochemically induced mechanical degradation stemming from weak
interlayer bonding in layered cathode materials. This work has broad
implications for the mitigation of degradation associated with irreversible interlayer slip in layered cathode materials.

Layered cathode materials such as Li/Na-NMC (Li/Na-
NixMnyCo1−x−yO2) possess high specific capacity for
lithium or sodium ion batteries (LIBs or SIBs) in

electric vehicle and grid storage applications.1−10 However,
electrochemical cycling of Li/Na-NMC cathodes often results
in the accumulation of extended defects such as disloca-
tions11−16 and cracks17−24 and the kinetic hindrance of
sodiation/desodiation induced by formation of cathode−
electrolyte interphases (CEIs),25,26 leading to capacity fade,
short cycle life, and premature failure of batteries.27−30

Understanding these degradation mechanisms is critical to
improving the performance of LIBs and SIBs. Significant
progress has been achieved toward understanding defect
structures and phase transformations in Li/Na-NMC by
high-resolution transmission electron microscopy (HRTEM).
For example, intragranular cracking and dislocation formation
in a single-crystalline Li-NMC cathode after cycling were
observed to understand the origin of capacity fade of LIBs.22

Recently, Bi et al.31 found reversible sliding and microcracking
along the (003) plane in a single-crystalline Ni-rich Li-NMC
cathode, providing clues to mitigate particle fracture from
synthesis modification. Despite these advances, the degrada-
tion mechanisms associated with electrochemically induced
irreversible plastic deformation in layered cathode materials are
still not well understood.

The structure of layered cathode materials of the AMO2 (A
= alkali metal, M = transition metal, and O = oxygen) type
comprises MO2 layers of edge-sharing MO6 octahedra, and
each MO6 octahedron consists of six O atoms occupying the
vertices and one transition-metal atom residing at the center.
Between the MO2 layers, alkali-metal ions occupy either
octahedral or trigonal-prismatic sites. Figure 1a presents a
typical layered NaMO2 structure with sodium ions in prismatic
sites. Bonding interactions within the MO2 layers are generally
much stronger than those between the layers. In two-
dimensional (2D) van der Waals crystals such as few-layer
graphene, MoS2, and WSe2, weak bonding interactions within
van der Waals gaps allow an easy interlayer slip, thereby
facilitating plastic bending, delamination cracking, and kink
formation.32−37 Similar deformation modes could arise in
layered cathode materials but have not been well studied.
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Here we report a degradation mechanism through electro-
chemically induced irreversible plastic deformation in Na-
NMC after electrochemical cycling. We observed buckled MO2
layers containing a number of sharp kinks interlaced with
delamination cracks along the basal planes of Na-NMC. In situ
compression of Na-NMC single crystals produced similar kink
structures. Furthermore, we show that the compressive
strength perpendicular to the basal plane of the transition-
metal oxide layers is more than 2 times higher than that parallel
to the basal plane, indicative of a strong mechanical anisotropy
in Na-NMC that gives rise to the formation of multiple kinks.
In situ electrochemical cycling indicates that kinks and
delamination cracks form during desodiation. On the basis of
these results, we discuss broader implications of degradation
associated with weak interlayer bonding and irreversible slip in
layered materials.
According to Delmas’ notation,38 the layered structures are

designated as O1, O2, O3 and P1, P2, P3. Here O and P
represent the octahedral and prismatic coordinations of an
alkali metal between the MO2 layers, respectively, and 1, 2, and
3 indicate the number of MO2 layers in the repeating unit.

During electrochemical cycling, alkali metal ions are inserted
and extracted between the MO2 layers, while these layers keep
their own structure intact. Because Na+ ions are much larger
than Li+ ions, the interlayer spacing in Na-NMC is larger than
that of Li-NMC, thus weakening the interlayer bonding in Na-
NMC. As such, the transition metal oxide layers can much
more easily glide in Na-NMC than in Li-NMC, producing a
variety of phases in the Na-NMC cathodes.15,39−41

The pristine phase of Na0.7-Ni0.3Mn0.6Co0.1O2 in this work
exhibits the P2 structure (Figures S1 and S2a−c) (a = 2.877 Å,
c = 11.173 Å, space group P63/mmc) with a layered
morphology (Figure 1b and Figures S2c and S3a). The Na-
NMC samples were galvanostatically cycled at a low rate (C/
10) between 1.5 and 4.4 V using a coin cell with a Na anode.
The charge−discharge curves are shown in Figure 1f. The
specific capacity was 196.6 mAh g−1 at the initial discharge,
which decayed with increasing cycles (Figure 1f,g). Such a
capacity decay may be related to structural degradation,42

phase transformation,43,44 surface reconstruction,45,46 or
incomplete and kinetically hindered discharge47,48 of the Na-
NMC cathode. To understand degradation mechanisms, we

Figure 1. Kink formation in Na-NMC after cycling. (a) Structure model of P2 Na-NMC. (b) SEM image of a single-crystal Na-NMC. The
layered structure is apparent at the crystal edge. (c−e) Na-NMC after cycling, showing delamination along basal planes and formation of
kinks. The kink density and kink angle increase with cycles. After the 1st charge (desodiation), numerous delamination cracks nearly parallel
to basal planes emerged (c). Small bending of basal planes is also visible. After 50 cycles, wavy layers emerged (d, e). (e) Cross-section view
of the kinks in the delaminated layers with wavy shape. The sample conditions are (b) pristine, (c) 1st charge to 4.4 V, (d), 20th charge to
4.4 V, and (e) 50th charge to 4.4 V, which correspond to points A−D in (f), respectively. (f) Charge−discharge curves of Na0.7-
Ni0.3Mn0.6Co0.1O2. (g) Cycling performance of Na0.7-Ni0.3Mn0.6Co0.1O2 at 0.1C.
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conducted a microstructure characterization of the Na-NMC
samples under various cycling conditions, marked as A−D in
the charge−discharge curves in Figure 1f. After cycling,
delamination cracks and kinks emerged (Figure 1c−e and
Figures S2d,e and S3b−d). Scanning electron microscopy
(SEM) images of a cycled Na-NMC single crystal show the
severely bent layered structures containing a number of
delamination cracks along the basal planes and sharp kinks
in the delaminated layers (Figure 1d,e and Figures S2d,e and
S3b−d), indicative of the occurrence of compression-induced
buckling instability and resultant large plastic deformation in
the layered structures of Na-NMC during cycling. The kinked
layers exhibit a wavy shape with the amplitude varying from
∼90 to ∼120 nm and the wavelength ranging from ∼390 to
∼470 nm (Figure 1e). Such kinds of kinked structures are not
observed in the pristine Na-NMC samples and thus are the
result of large mechanical compression induced by electro-
chemical cycling. Since the kinked layers and delamination

cracks are mostly along the basal planes of the Na-NMC
crystal, it can be inferred that there is a strong anisotropy of the
mechanical properties between the crystallographic directions
perpendicular and parallel to the basal plane of Na-NMC.
Incidentally, kinks and delamination cracks have been
frequently observed in layered materials such as graphite31,33,35

and hexagonal boron nitride33,34 with weak interlayer atomic
bonding. For each kink in Figure 1e, the axis of bending
rotation of the MO2 layers is along the out-of-plane [11̅0]
direction, and each (112̅0) kink plane bisects the bending
angle of MO2 layers (indicated by a yellow dashed line). The
density of kinks along the delaminated layers in Na-NMC
crystals increased with cycles (Figure 1c−e and Figure S3). To
investigate the possible size effect on crack formation, we
examined a number of Na-NMC particles after 50 cycles. The
initial particle size varies from 1 to 6 μm. After 50 cycles, cracks
were observed in almost all of the particles (Figure S4a−d)
regardless of their initial sizes. However, there are some subtle

Figure 2. Atomic structure of a kink formed in Na-NMC after cycling. (a) HAADF image viewed along the [11̅0] direction, showing the
kinked MO2 layers. Large white dots correspond to transition metal ions. The kinked region (delimited by the two yellow dashed lines)
consists of an array of dislocations stacked vertically one above another. A Burgers circuit analysis by yellow solid lines gives an unclosed
circuit indicated by a red arrow, representing the Burgers vector of 1/3[1̅1 ̅20] for a full dislocation in a MO2 layer. Each full dislocation is
dissociated into two partial dislocations as marked by the symbols ⌋ and ⌊; the two partial dislocations are evidenced by a change of two
atomic columns of transition metal ions between two adjacent MO2 layers. (b) ABF image corresponding to (a), directly showing Na ions
between MO2 layers. (c, d) Structural model of the bending by in-plane tensile/compressive strain of MO2 layers (c) or interlayer slip (d).
(e) MD image showing a kinked region containing an array of vertically aligned dislocations in a model AMO2 system of LiCoO2. Atoms are
colored by central symmetry parameters, such that a short segment of light blue atoms corresponds to a stacking fault in the core of a
dissociated dislocation: i.e., between the leading and trailing partials. (f) Atomic structure in the kinked region, shown by a magnified MD
image corresponding to the pink box region in (e). Similar to the case for (a), a full dislocation in a MO2 layer is dissociated into two partial
dislocations as marked by the symbols ⌋ and ⌊; the two partial dislocations are evidenced by a change of two atomic columns of transition
metal ions between two adjacent MO2 layers.
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differences in the morphology and density of the cracks.
Namely, some cracks are wavy (Figure S4a,b), while others
exhibit kinking (Figure S4c,d), the crack density varies from

particle to particle, and no size effect on crack formation can be
clearly identified. Therefore, in the particle size range from 1 to
6 μm, no size effect was observed. However, this study does

Figure 3. In situ compression of single-crystalline Na-NMC pillars. (a, b) Compression along the direction perpendicular to the basal plane.
(a) and (b) are TEM images before and after compression, respectively. Note the formation of a brittle fracture surface (indicated by an
arrow) in the pillar after compression (b). (c) Stress−strain plots for compression of pillars perpendicular to the basal plane. (d, e)
Compression along the direction parallel to the basal plane. (d) and (e) are TEM images before and after compression, respectively. Note
the large lateral extension near the compressed surface of the pillar as well as the splitting cracks in the pillar after compression (e),
indicating a ductile response for compression along the basal plane. (f) Stress−strain plots for compression of pillars parallel to the basal
plane. HRTEM (g, h) and HAADF (i, j) images showing kink formation after compression. In (i) and (j), only parts of the crystalline planes
have kinked, whose lattice fringes overlap that of the nonkinked part, forming Moire fringes in the overlapped regions (marked by green
dashed lines).
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not rule out the possibility of a size effect in a wider particle
size distribution from a few nanometers to a few hundred
micrometers, which warrants further study in the future.
The atomic structure of individual kinks is revealed by

scanning transmission electron microscopy (STEM) imaging.
The STEM high angle annular dark field (HAADF) image in
Figure 2a shows a narrowly kinked region that spans less than
10 interconnected MO6 octahedra in each MO2 layer. A large
bending angle of ∼30° (Figure S5) forms across the kink, and
it is achieved through continuous rotation of MO6 octahedra.
The two sides of the kink are almost symmetrical with respect
to the central kink plane of (112̅0). The STEM annular bright
field (ABF) image in Figure 2b shows the arrangement of Na+

ions between adjacent MO2 layers (indicated by yellow dots in
Figure 2b). Apparently, the bending deformation does not alter
the arrangement of intercalation sites of Na+ ions: namely,
each Na+ ion layer is bent with its adjacent MO2 layers across
the kink.
In general, bending has to be accommodated by either in-

plane strain of MO2 layers (Figure 2c) or interlayer slip (Figure
2d). These two competing modes of bending deformation can
be distinguished by comparing the number of MO6 octahedra
across the bent MO2 layers, which remains constant in the case
of in-plane strain but increases in the case of interlayer slip. We
compare the model structures from these two bending modes
(Figures 2c,d) with the kinked structure in the HAADF image
(Figure 2a). In the largely bent region (delimited by the two
yellow dashed lines) in Figure 2a, the number of atomic
columns of transition metal ions and thus the number of MO6
octahedra changes by 2 between two adjacent MO2 layers. In
contrast, outside the bent region, the MO2 layers are flat; the
atomic columns of transition metal ions and thus the MO6
octahedra are perfectly aligned and their numbers remain
identical in all of the MO2 layers. Hence, interlayer slip has
occurred in the kinked region. A Burgers circuit analysis in
Figure 2a indicates that the Burgers vector is 1/3[1̅1̅20], which
is a full dislocation in the basal plane of a hexagonal crystal. It
appears that the perfect dislocation is dissociated into two
partial dislocations according to 1/3[1̅1̅20] → 1/3[1̅010] + 1/
3[01̅10], which give rise to a change of the number of atomic
columns of transition metal ions and thus the number of MO6
octahedra by 2 between two adjacent MO2 layers. As such, the
bending deformation associated with the kink is accommo-
dated by two partial dislocation walls (marked respectively by
the symbols ⌋ and ⌊), each of which consists of a vertical array
of partial dislocations at each side of the kink, and each
dislocation wall is perpendicular to the local basal plane
(Figure 2a).
Interlayer slip is an important microscopic mechanism of

plastic deformation and degradation in layered cathode
materials. On the basis of the above experimental observations,
we performed molecular dynamics (MD) simulations to
analyze the dislocations resulting from bending-induced
interlayer slip in layered oxides. Figure 2e,f show the
representative MD results of formation of a sharp kink
consisting of a vertical array of dislocations in a model AMO2
system of LiCoO2, which are consistent with the HAADF
images in Figure 2a,b. More specifically, bending was imposed
on a LiCoO2 slab (Figure S6a) with weak bonding between
MO2 layers. Initially, the MO2 layers experienced an elastic
bending deformation (Figure S6b and Movie S1). Increased
bending caused the formation of a sharp kink, where a slip
between the MO2 layers produced dislocations (Figure S6c

and Movie S1). Further bending led to an increase of the kink
angle, with an increasing number of dislocations in the kinked
region (Figure S6d and Movie S1). Figure S6e shows the
simulated HAADF image of a kinked region in Figure 2e,f and
Figure S6d containing several dislocations, while Figure 2f and
Figure S6f show the corresponding atomic structure containing
the alkali metal layer between the MO2 layers.
We note that, for a dislocation core between two adjacent

MO2 layers in Figures 2e,f and Figure S6d, there are two extra
atomic columns of transition metal ions (Figure 2f) and thus
two extra MO6 octahedra in the top MO2 layer, consistent with
the experimental HAADF and ABF images in Figure 2a,b,
respectively. Close examination of the three-dimensional
atomic structure from MD confirms that the two extra atomic
columns in a MO2 layer correspond to the respective core of a
leading and a trailing partial (indicated respectively by the
symbols ⌋ and ⌊ in Figure 2f) of a full dislocation, with a
stacking fault (indicated by short dashed lines in Figure 2f and
Figure S6e) between the two partial dislocations. As such, the
kink consists of an array of full dislocations (equivalent to two
arrays of partial dislocations) stacked vertically one above
another, which effectively forms a symmetrical tilt grain
boundary (GB). For such kind of GB, the geometrical relation
of 2D sin(θ/2) = b holds, where D is the spacing between the
dislocations, b is the Burgers vector length, and θ is the GB
angle (i.e., misorientation across a GB). In the GB shown
Figure 2a, every MO2 layer contains a full dislocation, such that
D takes the smallest limit of the spacing between two adjacent
MO2 layers. Using the above geometrical relation along with
the measured values of b = 2.877 Å and D = 5.59 Å, we
estimated θ = 29.8°, which agrees with the measured value of
30° from the STEM images in Figure 2a.
We obtained similar MD results of bending-induced kinks

and dislocations stemming from interlayer slip in another
AMO2 model system of LiNi1/3Mn1/3Co1/3O2 with weak
bonding between MO2 layers (Figure S7 and Movie S2). While
there is currently a lack of robust interatomic potentials for
simulation of the Na-based AMO2 systems, our MD results
from the two Li-based AMO2 model systems provide atomic-
level insights into the irreversible interlayer slip and resulting
dislocation structures in layered cathode materials with weak
interlayer bonding. Future studies are needed to evaluate the
effect of the octahedral versus trigonal-prismatic coordination
of alkali metal ions on the interlayer slip, after reliable
interatomic potentials become available for the Na-based
AMO2 systems.
The large bending of the MO2 layers through an interlayer

slip suggests weaker interlayer bonding in comparison to
intralayer bonding, indicating the mechanical anisotropy of Na-
NMC crystals. To test this hypothesis, we conducted in situ
mechanical compression experiments of Na-NMC single
crystals with an applied load either perpendicular or parallel
to the basal plane. Figure 3a,b and Movie S3 show
compression perpendicular to the basal plane. The initial
single-crystalline Na-NMC pillar (Figure 3a) appeared to
withstand little plastic deformation, and it fractured with a
sharp fracture surface (indicated by a black arrow in Figure 3b
and Movie S3) parallel to the basal plane after compression.
The corresponding stress−strain curve deviates slightly from
the initial linear response beyond the elastic limit (Figure 3c),
which is consistent with the brittle fracture observed by TEM
(Figure 3a,b). The average yield strength (defined as the stress
at the elastic limit in the stress−strain curve) is about 3.68 GPa
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(Table S1). In contrast, compression along the basal plane
resulted in substantial plastic deformation (Figure 3d,e and
Movie S4); the compressed pillar (Figure 3e) became
shortened, while it extended along the lateral direction. The
pillar split into several small columns with bent layers and
kinks (Figure 3e,g−j and Figure S8). The stress−strain curves
from this loading orientation (Figure 3f) exhibit extensive
nonlinear responses with large plastic strain limits ranging from
∼8% to 28%. The average yield strength along the basal plane
is about 1.57 GPa (Table S1), which is more than 2 times
smaller than that from compression vertical to the basal plane
(3.68 GPa). These results demonstrate the strong mechanical
anisotropy of the Na-NMC crystals. Notably, HRTEM and
HAADF images of the deformed samples indicate that bending
and kinking are the dominant mechanisms of plastic
deformation (Figure 3g−j and Figure S8). Kinks similar to
those formed in the electrochemically cycled samples were also
observed in the Na-NMC samples mechanically deformed
along the basal plane (Figure 3g−j and Figure S8). These
results indicate that mechanical anisotropy is the intrinsic
property of layered cathode materials. Weak interlayer bonding

leads to an interlayer slip. A localized and nonuniform
interlayer slip results in the formation of kinks, in contrast to
a delocalized and uniform interlayer slip giving rise to a phase
transformation in layered Na-NMC cathodes. From in situ
compression experiments, the average yield strength parallel to
the basal plane is about 1.57 GPa and kinks form near the yield
strength. The observation of a large amount of kinks in Na-
NMC suggests that the local mechanical stress generated
during electrochemical processes is in the range of 1.57 GPa,
which agrees well with the stress generation in anode
materials.49,50

Although interlayer cracks have been observed in Na-NMC
after electrochemical cycling, it is unclear whether they form
during sodiation or desodiation, and the same question also
arises regarding the formation of kinks. To address these
questions, we conducted in situ electrochemical cycling of a
Na-NMC cathode (Figure 4, Figure S9 and Movie S5).
Delamination cracks emerged and opened up even during the
first desodiation (Figure 4a). With increasing cycles, the length
and width of the cracks increased gradually (Figure 4c,e). We
found that such wide cracks were not formed immediately

Figure 4. In situ TEM images showing structural evolution during four charge−discharge cycles of the Na-NMC cathode. Note that
microcracks are readily visible after the first desodiation (a), and the population, length, and width of the cracks increase with increasing
number of desodiation (a, c, e, g). The cracks appear to be mostly closed after each sodiation (b, d, f, h). (i, j) HRTEM images of the cracks
and delaminated layers formed during the third desodiation. (i) and (j) are local magnification from the red and yellow boxed regions in (e),
respectively. Symbols ⊥ in (j) mark dislocations.
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upon cycling but resulted from cumulative growth over many
cycles (Figure 4g). We verified that the cracks are not caused
by electron beam irradiation (Figure S10). The opening cracks
observed after desodiation were closed after each sodiation
process (Figure 4b,d,f,h). As the cracks grew longer, some
delaminated layers were largely bent, bridging two adjacent
opening cracks (Figure 4i,j). Delaminated layers were also
formed and bent to connect the top and bottom surfaces of the
same opening crack (Figure 4i,j). With increasing cycles, the
bending deformation of delaminated layers increased. These in
situ results indicate that the formation of delaminated layers
and the associated large bending and kinking of these layers
occurred during the desodiation processes. To explore the
effect of sample thickness on the cracking behavior of Na-
NMC, we built a nanobattery with the coexisting thin and
thick areas of Na-NMC for in situ TEM experiments (Figure
S11a). As shown in Figure S11b,c, the thickness of the thin
area of Na-NMC is about 200 nm, while that of the thick area
is about 2 μm. After the third charge, cracks emerged not only
in the thin area but also in the thick area (marked by a yellow
arrow in Figure S11d). This result indicates that the sample
thickness has a negligible effect on crack formation in the range
studied in this work.
During desodiation, the lattice parameter along the a axis in

the basal plane decreases, while that along the c axis
perpendicular to the basal plane increases; during sodiation,
the change in lattice parameter along the a axis and c axis is
reversed.19,43,44 Indeed, we measured the lattice parameters of
pristine Na-NMC of and Na-NMC after the first charge and
discharge, which show that c = 5.66, 5.90, and 5.55 Å,
respectively, while the change in a is indiscernible (Figure S12
and Table S2). These results indicate that the first desodiation
and sodiation generate a tensile strain of ∼4.2% and a
compressive strain of 5.9% along the c axis, respectively,
consistent with previous measurements in P2 structures.44

Desodiation usually starts from surfaces, leading to concen-
tration gradients that induce nonuniform lattice deformations
(Figure S13a,b). Upon cell charge, the increase of the c
parameter of the external part of a single-crystalline particle
causes tension of the internal part along the c direction, which
can induce the formation of delamination cracks along the
basal planes. On the other hand, the decrease in the a
parameter of the external part of the particle causes
compression of the internal part along the a direction, which
can induce the bending and kinking of delaminated layers
(Figure S13c,d). Cycling of Na-NMC introduces an increasing
amount of defects such as dislocations, delamination cracks,
and kinks. These defects in turn cause nonuniform sodium
extraction and insertion, which promote the formation of
defects. These processes lead to cumulative degradation of Na-
NMC electrodes with increasing cycles.
To summarize, kinking is an essential mode of plastic

deformation in layered materials with weak interlayer bonding.
A kinked region exhibits an abrupt orientation change around
the kink plane.51 Our results show that in Na-NMC, the kink
plane is {112̅0}, the rotation axis in the kink plane is ⟨11̅00⟩,
and the kink angle is up to ∼40°. During the kinking process,
an interlayer slip occurs to accommodate the large bending
deformation of MO2 layers and is presumably facilitated by the
decreased amount of Na+ ions between MO2 layers during
desodiation. In contrast to the previous studies of interlayer
slip giving rise to phase transformation,15,52 our work reveals
the localized and nonuniform interlayer slip between MO2

layers resulting in kink formation. In fact, a kink consists of an
array of dislocations stacked vertically one above another. Each
dislocation in this array dissociates into the leading and trailing
partial dislocations, giving a narrowly kinked region spanning
less than 10 interconnected MO6 octahedra in each MO2 layer.
Kinking in Na-NMC results from severe local bending of
delaminated layers and thus represents a unique mechanism of
electrochemically induced mechanical degradation stemming
from weak interlayer bonding in layered cathode materials. An
increasing amount of kinks with electrochemical cycling
reflects the accumulation of irreversible, localized interlayer
slips in Na-NMC. A further in-depth study of the interlayer slip
and resulting kinking phenomena is essential to finding
effective means of mitigating the degradation in layered
cathode materials. Broadly, kinking in layered oxides has the
same root cause of weak interlayer bonding as that in 2D van
der Waals crystals. Kinks in single-layer or few-layer oxides may
exhibit intriguing mechanical and physical properties as 2D van
der Waals crystals do.36,53,54 As such, our study suggests a
possibility of making the kinked structures and investigating
their properties in 2D materials based on layered oxides for
functional applications.
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