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Understanding topological defects-controlled structural degradation of layered oxides—a
key cathode material for high-performance lithium-ion batteries—plays a critical role
in developing next-generation cathode materials. Here, by constructing a nanobattery
in an electron microscope enabling atomic-scale monitoring of electrochemcial reac-
tions, we captured the electrochemically driven atomistic dynamics and evolution of
dislocations—a most important topological defect in material. We deciphered how
dislocations nucleate, move, and annihilate within layered cathodes at the atomic scale.
Specifically, we found two types of dislocation configurations, i.e., single dislocations
and dislocation dipoles. Both pure dislocation glide/climb and mixed motions were cap-
tured, and the dislocation glide and climb velocities were first experimentally measured.
Moreover, dislocation activity-mediated structural degradation such as crack nucleation,
phase transformation, and lattice reorientation was unraveled. Our work provides deep
insights into the atomistic dynamics of electrochemically driven dislocation activities
in layered oxides.
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Dislocation, as one of the most important topological defects (1), widely exists in ductile
metals and is the main carrier of their plastic deformation (2—4). Ye, for inherently brittle
ceramic materials, dislocations are not common (5). In fact, for a long time, materials
scientists have considered that in oxide ceramics, plastic deformation by dislocation motion
does not occur at low homologous temperatures or occurs to such a limited extent that
cracks are sharp to the atomic level (6). Different from the scenario that dislocations in
structural ceramics (if they are not nonexistent) could only be triggered by pure mechanical
loading (7), the formation of dislocations in functional ceramics could be induced by
versatile external stimuli such as electric field, temperature field, and electrochemical
driving force (external mechanical stress could also be involved). Among all external fields
that trigger topological defects, the electrochemical driving force is special because the
local valence states and stoichiometry of ceramics are constantly altered and rapidly evolv-
ing during nonequilibrium electrochemical processes (8). Therefore, the atomic-scale
defects generation and evolution dynamics in ceramics driven by the electrochemical
process could be extremely complex (9, 10). However, so far, due to the spatial resolution
limit of optical microscopy, X-ray-based techniques as well as the temporal resolution
limitation of current ex-situ transmission electron microscopy, it remains a grand challenge
to directly visualize the dynamic behaviors of electrochemically driven topological defects
under operating conditions, in real-time, and at the atomic scale.

Layered oxides are a class of technologically important ceramics widely used as cathodes
for lithium-ion batteries (11-18). During electrochemical charge—discharge process, lith-
ium ions were repeatedly extracted and reinserted into the lattice of layered ceramics,
during which considerable inhomogeneous lattice strain accumulates, thus resulting in
the formation of multiple nanoscale phase domains (e.g., H2, H3 phases) in single par-
ticles. Generally, with lithium ions deintercalated from the oxide, its ¢ axis first expands
and then significantly shrinks (19). The expansion is usually attributed to the formation
of the H2 phase, while the shrinkage is attributed to the H3 phase (20, 21) or, more
notably, the detrimental O1 phase, which has recently garnered significant attention in
high-Ni cathodes following its first atomic-scale identification (22-24). Due to lattice
nonuniformity induced by inhomogeneous Li-ion diffusion at the nano- and atomic-scale,
topological defects such as dislocations incline to form between domains of different
electrochemical states. These misfit dislocations, which accommodate the transformation
strain between inhomogeneously delithiated domains, are different from dislocations in
a uniform single-phase crystal. The misfit dislocation could also significantly influence
lithium-ion transport at the domain/phase boundary and thereby the performance of the
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electrodes. So far, a fundamental understanding of how the misfit
dislocations nucleate, move, and interact under nonuniform elec-
trochemical conditions is a mystery. In this work, using operando
atomic-resolution electron microscopy, we systematically investi-
gate the dislocation activities in an archetypal layered oxide cath-
ode driven by nonuniform ion deintercalation. Our work, by
deciphering the dislocation activities driven by atomic-scale non-
uniform ion transport, shed important insights into the behaviors
of topological defects in layered oxides.

Results

To in situ track the structural evolution of the layered oxides during
Li-ion deintercalation, lithium nickelate particles (see detailed
characterization in SI Appendix, Figs. S1-S3) were inserted between
two electrodes with which a voltage can be applied to the object
of interest to initiate delithiation (25, 26) (see experimental setup
and an evaluation of beam effects in S/ Appendix, Figs. S4 and S5
and Materials and Methods). Fig. 1 A and B and SI Appendix,
Figs. S6 and S7 show representative high-resolution transmission
electron microscopy (HRTEM) images and corresponding strain
maps of lithium nickelate after Li-ion deintercalation in TEM at
~5 V. We found that substantial misfit edge dislocations (inset
shows an edge dislocation with the extra half-plane highlighted,
see detailed analysis of the edge nature of the dislocation in
SI Appendix, Fig. S8) formed in the delithiated lattice. Interestingly,
the randomly distributed dislocations can be classified into two
types, i.e., single dislocations and dislocation dipoles (composed
of two dislocations of opposite signs) (Fig. 1B). Fig. 1C shows a
representative atomic-resolution high-angle annular dark-field
scanning TEM (HAADF-STEM) image and corresponding strain
maps of lithium nickelate electrochemically charged to 4.4 V in
coin-cell batteries. Misfit single dislocations and dislocation dipoles

similar to that formed in situ in TEM (Fig. 1B) were also identified,
indicating the in situ method is basically equivalent to coin-cell
electrochemical operations in terms of ion deintercalation.

Next, the moving velocities of these dislocations were moni-
tored as a function of delithiation time (Movie S1). By in situ
tracking the trajectories of dislocation cores, the velocities of these
misfit dislocations were quantitatively measured. Note that,
HRTEM imaging (27) rather than conventional diffraction con-
trast imaging (28-31) was used in this work to understand the
characteristics of the dislocations (see SI Appendix, Fig. S9 and a
detailed clarification in ST Appendix). Fig. 24 and Movie S2 pres-
ent time-resolved HRTEM images and schematic illustrations
showing the climb dynamics of a dislocation during in situ Li-ion
deintercalation. The dislocation motion mainly involves a negative
climb. Note that, unlike climbing in a uniform crystal with the
same equilibrium lattice constant everywhere, the misfit disloca-
tion climb between inhomogeneously delithiated phases/domains
does not require long-range diffusional removal of TM or O vacan-
cies. The departure of Li cation, and the resulting change in TM
cation valence and cation radius, would cause transformational
strain, and this strain can displace TM ions, which are directly
visualized in the TEM. Fig. 2B and Movie S3 present time-resolved
HRTEM images and schematic illustrations showing the glide
dynamics of a dislocation dipole during in situ Li-ion deinterca-
lation. Statistical analyses were performed to quantitatively under-
stand the dislocation motion kinetics. Fig. 2 C and D show the
measured climb and glide velocities of individual dislocations
during electrochemical delithiation under an applied voltage of
~5 V. The average dislocation climb and glide velocities are deter-
mined to be approximately 0.18 nm/s and 0.38 nm/s, respectively,
suggesting that they are of the same order of magnitude.

Atomistic dynamics of versatile dislocation activities were fur-
ther revealed during in situ Li-ion intercalation. Fig. 3 A and B
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Fig. 1. Nonuniform ion-deintercalation-induced misfit dislocations in layered oxides. (A) HRTEM image showing the formation of substantial single dislocations
and dislocation dipoles in lithium nickelate after in situ Li-ion deintercalation at ~5 V. (B) Strain map corresponding to the HRTEM image in (B). (C) Atomic-resolution
HAADF-STEM image (zone axis close to a or b axis) and corresponding strain maps of lithium nickelate electrochemically charged to 4.4 V in coin cells.

20of 6 https://doi.org/10.1073/pnas.2409494122 pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2409494122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2409494122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2409494122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2409494122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2409494122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2409494122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2409494122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2409494122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2409494122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2409494122#supplementary-materials

Downloaded from https://www.pnas.org by MASSACHUSETTS INSTITUTE OF TECHNOLOGY ; MIT LIBRARIES on January 14, 2025 from |P address 18.18.54.15.

C

1.51
3
£
o 1.0
(&)
[
i)
R
2051
E
O

0.04

0 2 4 6 8
Time (s)

$ ,'
i

1

f
=
X
5 4
4

| ﬂgff;

;“,’!‘iimr

it

1.5
3
£
o 1.0
(8]
C
8
@
< 05-
k]
o

0.01

0 1 2 3 4
Time (s)

Fig. 2. Direct measurement of dislocation glide and climb velocities during electrochemical delithiation. (A) Time-resolved HRTEM images and schematic
illustrations showing the climb dynamics of a dislocation. (B) Time-resolved HRTEM images and schematic illustrations showing the glide dynamics of a dislocation
dipole. (C and D) Statistical measurement of (C) climb velocity and (D) glide velocity for individual dislocations. The solid lines represent the average climb/glide
distance over time, with error bars indicating the SD. The dashed lines (in different colors) represent measurements obtained from three independent dislocations.

and Movie S4 present time-resolved HRTEM images and sche-
matics showing the nucleation and evolution dynamics of a dis-
location dipole. The Burgers circuit (without closure failure) shows
that the original lattice has a perfect structure (#= 1 s). In a second,
a dislocation dipole, i.e., two dislocations (the separation between
the dislocation cores is less than 1 nm) of opposite signs simulta-
neously formed from the lattice. The misfit dislocation dipole soon
underwent an expansion (z= 2 s) through pure glide (the spacing
between the dislocation cores perpendicular to the slip plane
remained constant). Subsequently, the dislocation dipole annihi-
lated (£ = 15 s) through reversed dislocation glides. Fig. 3C and
Movie S5 show the motion dynamics of two adjacent dislocation
dipoles. First, upon delithiation, a dislocation dipole (denoted as
dipolel) grew out of the perfect lattice nearly through pure glide
(z =10 s). Subsequently, another dislocation dipole, i.e., dipole2
(right side) formed right next to the preexisting dipolel; mean-
while, dislocation dipolel remained stable as the spacing between
the two component dislocations did not change. Soon, dipole2
expanded through mixed glide and climb, leading to slightly
increased spacing between the dislocation cores; meanwhile,
dipolel vanished through reversed glide and annihilation of the
component dislocations. Fig. 3D and Movie S6 show the motion
dynamics of a single dislocation and a dislocation dipole adjacent
to each other. After nucleation, the single dislocation underwent
both glide (to the left) and climb (upward) (= 10 s). After that,
a dislocation dipole with a core separation of around 2 nm soon
nucleated right next to the single dislocation (r = 15 ).
Subsequently, the dipole expanded through pure climb of the
upper dislocation, while the lower dislocation in the dipole, as
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well as the single dislocation, remained stable (r = 17 s). The
observed versatile dislocation motions, including pure glide, pure
climb, and mixed motions, indicate that the electrochemically
driven dislocation activities in lithium nickelate are quite random
and complex, which is caused by inhomogeneous Li" ion deinter-
calation and transport at the atomic scale, that causes inhomoge-
neous transformation strains.

To explore the impact of dislocation formation on layered cath-
ode’s structural and chemomechanical degradation, we performed
statistical atomic-scale imaging of layered oxides electrochemically
cycled within real batteries. As shown in Fig. 4 A and B, the rock
salt (RS) phase—an electrochemically inactive and detrimental
phase triggered by concurrent lattice oxygen loss and cation mix-
ing—was found to preferentially nucleate in the form of nanodo-
mains around individual dislocations and dislocation dipoles.
Meanwhile, dislocation formation-mediated lattice expansion
(indicated by the arrow in Fig. 4C), which has been previously
reported to lead to crack embryo nucleation (32), was also
observed in LiNiO, during electrochemical operation. These
results confirm that dislocations could indeed serve as universal
preferential sites for both detrimental phase transformation and
mechanical failure in layered oxides. Moreover, we also observed
local lattice reorientation induced by intense dislocation
nucleation-annihilation (Fig. 5 and Movie S7). Fig. 54 shows that
before Li-ion deintercalation, the pristine layered cathode consists
of two domains (domain1 and domain2). While domain2’s lattice
fringes [with a d-spacing of 0.47 nm corresponds the (003) crys-
tallographic planes of LiNiO,] are resolved, domain1’s lattice is
not clearly resolved due to a slight misorientation possibly
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Fig. 3. Atomistic dislocation dynamics during in situ Li-ion deintercalation under an applied voltage of 5 V. (A) Time-resolved HRTEM images showing the process
of nucleation (t =2 s), expansion (t = 4 s), and annihilation (t = 15 s) of a dislocation dipole. (B) Schematic illustrations of the dislocation dynamics corresponding to
(A). (C) The motion dynamics of two adjacent dislocation dipoles. Upon nucleation, dislocation dipole1 remained stable for a few seconds and soon annihilated; in
contrast, dislocation dipole2 underwent expansion with mixed glide and climb motion soon after nucleation. (D) Motion dynamics of adjacent single dislocation
and dislocation dipole. The single dislocation underwent both glide and climb motion during the whole process; while the dislocation dipole underwent expansion

through pure climb of the upper dislocation.

occasionally introduced during calcination as reported by previous
works (33). Upon possibly localized Li-ion deintercalation, a large
bunch of dislocations burst out from the domain interface
(Fig. 5B). Subsequently, the dislocation densities at the domain

40f 6 https://doi.org/10.1073/pnas.2409494122

interface decreased rapidly through annihilation of dislocations
of opposite signs (Fig. 5 C and D). Ultimately, with the dislo-
cation densities further reduced (Fig. 5 £and F), domain1 reor-
iented to nearly the same orientation as domain2. This previously

‘Lattice expansion

Fig. 4. Dislocation formation-
mediated structural and mechani-
cal degradation of layered oxides.
(A and B) RS phase transformation
promoted by (A) individual dislo-
cation and (B) dislocation dipole
formation in electrochemically
operated layered oxides. The RS
nanodomains are highlighted in
cyan. (C) Dislocation formation-
mediated crack embryo nuclea-
tion. The abnormal lattice expan-
sion around the dislocation core
is indicated by the arrow.
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Fig. 5. Dislocation burst-annihilation-induced domain reorientation. (A) The initial structure of a lithium nickelate particle composed of two domains. (B)
Dislocation burst at the domain interface. (C-£), Coalescence of the two domains through annihilation of dislocations at the domain interface. (F) Counts of the
interfacial dislocations as a function of time. (G) Schematic illustration of the dislocation burst-annihilation-mediated lattice reorientation.

unrecognized dislocation burst-annihilation induced domain
reorientation, as schematically illustrated in Fig. 5G, could have
an important influence on Li-ion transport within layered oxides,
warranting further investigation in future studies.

Discussion

Dislocation movement in ceramics is inherently sluggish when
compared to metals (34, 35). This deceleration can be attributed
to the strong ionic and covalent bonds that naturally impede
dislocation mobility. Generally, depending on variables such as
crystal structure, temperature, and other factors, dislocation
glide velocities in ceramics tend to fall within the range of 107"
to 10°* m/s, while climb velocities are typically on the order of
107" to 1072 m/s (36), with the latter being a few orders of
magnitude slower. In contrast to conventional expectations, our
research, in the context of electrochemical reactions, reveals a
noteworthy departure from this norm. Specifically, we found
that, in layered oxides, the electrochemically driven dislocation
climb exhibits an average velocity (~0.38 nm/s) comparable to
that of dislocation glide (~0.18 nm/s). This observation suggests

PNAS 2025 Vol.122 No.3 2409494122

a significant increase in climb velocity relative to glide velocity,
likely originating from the inherent instability of layered oxides,
particularly the most unstable pure LiNiO,. Specifically, the
enhanced climb velocity can be attributed to two distinct char-
acteristics that distinguish layered oxides from conventional
ceramics like structural ceramics: First, the electrochemical dein-
tercalation process generates substantial Li vacancies that provide
abundant favorable empty sites for transition metal (TM) ion
diffusion, a critical factor in accelerating dislocation climb kinet-
ics. Second, the electrochemically triggered oxygen loss, which
is universal in layered oxides, largely debonds TM ions from the
TM-O octahedra, thus lowering the energy barrier for disloca-
tion climb through TM ion diffusion.

Oxygen evolution occurs during in situ TEM deintercalation,
albeit to a very limited extent. For example, only a small amount
of RS phase (indicative of oxygen loss) was identified on the out-
ermost particle surface during in situ deintercalation (Fig. 5).
Meanwhile, RS phase or cation mixing was not identified during
dislocation nucleation, interaction, and annihilation processes as
shown in Figs. 2 and 3. This suggests that oxygen loss had a trivial
role in the observed dislocation activities initially. However,
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extended electrochemical cycling, as in the case of the long-cycled
layered oxides in Fig. 4, led to enhanced oxygen loss, especially
around dislocation cores. This indicates that while oxygen evolu-
tion may not be a prominent factor in the early stages of disloca-
tion activities, it can be significantly promoted by dislocation
activities with prolonged electrochemical cycling.

In conclusion, by performing in situ electron microscopy obser-
vations, we deciphered the complex dislocation activities driven by
nonuniform ion deintercalation in an archetypal layered oxide cath-
ode for lithium-ion batteries. The nucleation, motion, and annihi-
lation dynamics of misfit dislocations within the inhomogeneously
deintercalated lattice were directly captured with atomic resolution.
The dislocation glide and climb velocities in layered oxides were
experimentally measured. Moreover, dislocation generation-triggered
chemomechanical degradation and local lattice reorientation were
also uncovered. Our work, by providing direct visualization of the
dynamic behaviors of topological defects during electrochemical
reactions, offers important insights into the dislocation activity and
dislocation-controlled structural degradation of layered oxide cath-
ode materials.

Materials and Methods

sample Preparation. The lithium nickelate (LiNiO,) layered oxide was pre-
pared by coprecipitation followed by calcination. For the coprecipitation, a 0.1
M NiSO,-6H,0 solution was pumped into NaOH and NH,-H,0 aqueous solution
(the molar ratio of NaOH/NH; is 1.2) under the protection of N, at 55 °C. The
prepared hydroxide precipitates were washed with deionized water, collected,
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and dried inavacuum oven ata temperature of 105 °Cor 12 h.The coprecipitated
hydroxide precursors were mixed with LiOH powders, calcined at 460 °C for 2 h,
and then 700 °C for 6 h under oxygen flow to obtain the LiNiO, layered oxides.

In Situ TEM Experiments. In situ TEM experiments were conducted with a scan-
ning tunneling microscopy-TEM system in a transmission electron microscope
(equipped with an X-FEG field emission source) operated under 200 KV. The
in situ delithiation experiments were performed by applying a bias between a
Cu substrate and a piezo-controlled W probe (LiNiO, layered ceramic particles
were inserted between the Cu substrate and the W probe). By scratching a small
amount of lithium metal with the W probe and exposing it to air for seconds, a
surface passivation layer mainly composed of lithium oxide was intentionally
formed to act as a Li-ion conductor to enable the delithiation of LiNiO,.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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