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ABSTRACT
High Ni-content layered transition metal oxides cathodes exhibit high theoretical energy density, but their structure undergoes

multiple phase transitions, which lead to reversible and even irreversible structural changes. Mechanisms leading to this degra-

dation affect lithium transport and diffusivity, and promote oxygen loss, ultimately resulting in rock-salt formation. Here, we

investigate the dynamics of the degradation mechanism of lithium nickel oxide (LNO) with the O3 stacking sequence as the

starting structure, which is the most dominant structure before further delithiation. We use in situ transmission electron micros-

copy (TEM) to study high temporal and spatial resolution in real time of dynamic structural changes of the LNO cathode during

cycling, which allows us to identify and map different phase distribution within the LNO layers during and after cycling.

Combined findings from high-resolution (scanning) TEM, 4D-STEM and electron energy-loss spectroscopy reveal that the

Li/Ni cation mixing layer on the pristine structure irreversibly affects the cycling efficiency by blocking the Li+ diffusion paths.

Additionally, the structural and compositional changes are accompanied by an expansion along the c-axis when the LNO is

charged versus Li metal at a constant potential of 4.3 V.

1 | Introduction

Lithium ion batteries (LIBs) first became available in 1991 and
have since revolutionized the consumer electronics industry. The
ever-increasing need for energy storage for both industrial and
household applications, such as electric vehicles, portable elec-
tronic devices, robotics, and wearable technology, has increased
the interest in enhancing LIB technology by reducing the cost
and improving the safety and energy density [1, 2]. The positive
electrode (cathode) is the primary component of LIBs, which
affects the energy density, cost, and safety of the material. The
past few decades have seen increased interest in the development

of suitable cathodes with the ability to accept and release Li ions
smoothly. To achieve this, researchers have explored structural
modifications, doping strategies, and advanced material synthe-
sis techniques to optimize cathode performance. Despite consid-
erable advancements, there is still room for improvement [3].
Some of the most promising lithium-containing cathodes
include;

• LiNi1−x−yMnxCoyO2 (NMC),

• LiNixCoyAl1−x−yO2 (NCA),

• LiCoO2 (LCO), and
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• LiMn2O4 (LMO).

However, both LCO and LiNi0.8Co0.15Al0.05O2 (NCA) show a
tendency to fast capacity fading and high cost due to the high
content of cobalt [4]. LMO results in poor cycling performance
due to undesirable structural changes [5]. High Ni content in
NMCs (x ≥ 0.8) leads to high power capability, but their struc-
ture tends to degrade during cycling [6]. Layered LiNiO2 is one
of the most promising cathode active materials (CAM), due to
its low cost and higher capacity than LCO and NCA [4].
However, it suffers from structural changes during (de)lithia-
tion, high surface reactivity, and severe oxygen evolution dur-
ing cycling, raising the need for further investigation [7].
Previous studies have reported that lithium nickel oxide
(LNO) undergoes phase transitions from rhombohedral H1 →
monoclinic M→ rhombohedral H2→ rhombohedral H3 upon
delithiation [7]. The typical layered O3 structure with AB
CA BC stacking sequence (and R3m space group) has a
face-centered cubic oxygen framework with the alternative
layers occupied by NiO2 (TM) and Li ions (Lithium diffusion
pathways) [8]. All the phases have an O3 stacking sequence,
in which the “O” indicates the octahedrally coordinated interca-
lants (e.g. lithium) and the number denotes the three repeat units
(TMO2 slabs) per unit cell. At first, the rhombohedral R3m sym-
metry with trigonal structure is reduced to monoclinic C2/m,
then transformed into a layered mixture of O3 and O1
(H2-H3) stacking and then further to spinel and rock-salt phase
(Fm3m) [9, 10]. Another study by Ohzuku et al. [11] showed that
LNO involves four phase transitions for different values of x in
Li1−xNiO2. When 0.0≤ x≤0.25 H1, for 0.25≤ x≤ 0.55M, H2 for
0.55≤ x≤ 0.75; and a mixture of H2+H3 for 0.75≤ x≤ 1.0. The
transformation H2-H3 at a high state of charge (>4.15 V) results
in the poorest performance in terms of intrinsic stability of LNO
as it is accompanied by a sudden collapse of the structure along
the crystallographic c-axis [7]. The difficulties of LNO cathodes
can even occur before cycling, due to the instability of Ni2+ ions,
which tend to occupy lithium sites, exhibiting antisite defects
and leading to the blocking of channels that hinder the diffusion
of lithium. The instability of Ni2+ ions arises from their high

mobility and tendency to migrate under certain synthesis and
storage conditions, particularly when exposed to elevated tem-
peratures or insufficiently controlled oxygen partial pressures
during material preparation. Furthermore, this issue can be
attributed to the similar ionic radii of the Ni2+ (0.69 Å) and
Li+ (0.76 Å) [12]. This phenomenon is confirmed by many other
groups as well, which showed a small percentage (≤5%) of resid-
ual Ni2+ in the Li layer [12, 13]. This leads to stoichiometric
issues that narrow the stability window of LNO, creating a
strong oxidation environment to stabilize the Ni3+. Thus, con-
trolling the stoichiometry remains a major challenge; due to the
instability of LNO at high temperatures and/or excessive
cycling, where the loss of Li (or rather Li2O) leads to material
decomposition [14, 15], and that decomposition reaction can be
written as:

LiNiO2 →
1

1+ z
Li1− zNi1+ zO2 + Li2O+

z
2 1+ zð ÞO2

Furthermore, density functional theory calculations have been
implemented to create ground state phase diagrams for the
LiNiO2–NiO2–NiO system. This scheme (Figure 1a) illustrates
a triangle where the three vertices illustrate 100% Li (LiNiO2),
100% Li vacancies (NiO2), and 100% Ni (NiO). Black circles
within this ternary phase diagram indicate stable phases that
have already been reported, and lines indicate known phase tran-
sitions [16–18]. As Li concentration decreases, the spinel phase
appears, which is the only stable phase identified in that region
during delithiation. Further oxygen loss and Ni densification
lead to the final rock-salt formation. This article aims to exam-
ine the intermediate disordered structures or the unidentified
meta-stable phases, red circles, that are present inside this phase
diagram via in situ transmission electron microscopy (TEM)
technique, as well as 4D-scanning TEM (STEM) to map the
phase distribution across the LNO cathode during in situ TEM
cycling. These intermediate phases emerge during delithiation,
forming between the layered and rocksalt stable structures.
Their presence influences lithium diffusion pathways and the
overall cycling stability of the cathode [19].

FIGURE 1 | (a) Ground state Li–Ni-vacancy ternary phase diagram for the LiNiO2−NiO2−NiO system. Black circles with solid lines represent the

stable phases with the identified phase transitions, respectively. Red circles illustrate the unidentified meta-stable phases. (b) Schematic illustration of

the in situ open-cell TEM configuration with a solid metal oxide electrolyte (Li metal/Li2O) and LiNiO2 as the positive electrode.
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1.1 | In Situ TEM Open-Cell Studies

In recent years, great progress has been made in the development
of new in situ and operando techniques that allow for real time
observation of chemical and structural changes in LIBs during
cycling. One of the most widely used techniques is an in situ
open-cell TEM that can provide real-time monitoring of a
solid-state electrochemical process, and interfacial reactions
between the electrode and the solid electrolyte, ultimately lead-
ing to phase changes [20, 21]. In situ open-cell TEM provides a
solid-state nanoscale platform to drive Li+ extraction reactions
under an applied potential, enabling direct observation of struc-
tural and chemical changes in electrode materials. This configu-
ration does not reproduce the operating conditions of a
commercial lithium-ion battery but instead focuses on the intrin-
sic delithiation-induced phase transformations at the single-
particle level. This technique enables the study of lithium-ion
(de)intercalation, phase transitions, and structural evolution of
CAMs, providing insights into the discrepancies between the
simulation and experimental results, as well as the degradation
mechanisms and dynamic phase changes that occur during
cycling [22, 23]. Wang et al. and Huang et al. had pioneered
the concept of an in situ TEM cell based on their first use of open
cell to study energy storage materials including Si, Ge, SnO2,
ZnO, graphene, and carbon nanotubes, providing groundbreak-
ing insights into their lithiation/delithiation mechanisms and
structural evolution during electrochemical cycling [22, 24, 25].
Due to the high vacuum inside TEM, open-cell configuration
cannot incorporate battery liquid electrolyte and instead uses
ionic liquid electrolyte or metal oxide as solid-state electrolyte,
required for in situ electrochemical experiments to drive the elec-
trochemical reaction inside the TEM [20]. Li metal will be par-
tially oxidized, and a thin layer of lithium oxide will cover the
surface to play the role of a solid electrolyte to create a Li+/
Li2O mixture, which is used as an anode and solid state electro-
lyte versus a cathode material [26]. By applying positive potential
between the cathode and the Li metal, lithium ions will be
attracted from the positive electrode into the lithium tip. Wang
et al. [10] investigated in depth dynamic changes in rechargeable
battery materials through an in situ TEM open-cell approach.
Their main focus was the direct observation of the lithium ions
insertion and removal impact on nanowire electrodes (mostly Si).
The authors addressed the gap between real-world battery oper-
ation and atomic-level studies by linking electrochemical data
with material transformations such as lithium dendrite forma-
tion, phase transformations, and the development of the solid
electrolyte interphase (SEI). Using in situ open-cell TEM presents
several challenges that researchers have yet to fully overcome.
One issue is the lack of multiple contact points between the
two sources (electrode/electrolyte) and different charge transfer
resistances [22, 27]. Another challenge of performing in situ TEM
experiments is beam damage, which can lead to alterations in the
surface or bulk structure of the material by triggering side reac-
tions [28]. Studies have shown that the electron beam dose can
have a profound effect on the in situ TEM experiments and can
accelerate or decelerate the lithium intercalation process by
decomposing lithium oxide (Li2O) to drive Li at nearby electrodes
[29]. Despite these challenges, in situ TEM remains an indispens-
able technique for studying dynamic processes in battery materials
at the atomic scale, as its unique capabilities provide invaluable
insights that cannot be obtained using other methods.

1.2 | Methodologies Followed for Investigating
LNO Degradation

In this work, we utilize in situ TEM open-cell approach to study
degradation mechanisms of the LiNiO2 cathodes during delithia-
tion process to understand the phase transition in real time.
Figure 1b illustrates the experimental setup, where LNO nano-
particles are attached to a half-holey carbon copper grid, while
lithium metal is positioned on a tungsten needle mounted inside
the Ar-filled glovebox. Delithiation experiments were performed
by applying a constant positive bias of +4.3 V to the LiNiO2

(LNO) particle, while the Li/Li2O counter electrode was electri-
cally grounded. The experiments were conducted using an in situ
open-cell TEM configuration, in which metallic Li is partially
converted to a thin native Li2O layer that acts as a solid-state elec-
trolyte, enabling Li+ transport under an applied electric field.
Upon application of the positive bias, Li+ ions are extracted from
the LNO particle and migrate through the Li2O layer toward the
Li electrode. Although the open-cell configuration does not rep-
licate a full liquid-electrolyte battery environment, this approach
has been widely used to probe lithiation and delithiation mech-
anisms in Li- and Na-ion battery materials at the nanoscale, as
demonstrated in prior in situ TEM studies. The applied bias of
+4.3 V was selected because it corresponds to the upper cut-off
voltage of LiNiO2 versus Li/Li+, associated with the H2→H3
phase transition regime, where pronounced c-axis expansion
and the onset of structural instability are known to occur. This
voltage window is therefore particularly relevant for directly
observing degradation mechanisms and irreversible phase trans-
formations in LNO, contributing to a deeper understanding of its
structural evolution and lithiation kinetics during cycling. STEM
is a powerful tool to measure the electronic structure and bonding
in terms of mechanical and transport properties of a LIB material.
Dark field (DF) and bright field (BF) STEM imaging techniques
are advantageous for performing atomic high-resolution analysis.
However, they are generally sensitive to lower atomic number (Z )
elements, such as Li and O [30]. Therefore, we implement an elec-
tron energy loss spectroscopy (EELS) technique to examine the
changes in the valence state of nickel in the LNO cathode particle
after delithiation. This work investigates delithiation mechanisms
in LiNiO2, focusing on oxygen loss, oxygen vacancies, and their
correlation with the Ni valence state using EELS data. Recent
studies, such as that by Genreith-Schriever et al. [31], highlight
the critical role of oxygen hole formation and oxygen redox activity
in structural stability. Building on this framework, the degradation
pathway summarized schematically in Figure 2 highlights how
oxygen hole depletion, oxygen vacancy formation, and the
accompanying reduction of Ni collectively drive the transition
from the layered structure toward disordered and rock-salt
phases. Establishing a direct link between oxygen holes, oxygen
vacancies, and Ni valence states is therefore central to under-
standing the irreversible structural evolution of LNO during high
voltage delithiation. To investigate these changes, the spectra
were collected from various points of the sample from the surface
to bulk of the delithiated particle, focusing on the Li-K edges,
Ni-M, L edges, and the O-K edges.

First, we focused on characterization of nickel-M2,3 edges and
lithium-K edge in the low-loss region of the spectrum (near to
the zero-loss peak). However, as lithium is located in the low-loss
region of the spectrum, this edge might be subject to high delo-
calization and the overlapping of Ni-M2,3 signals, which makes
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the detection of the lithium more complicated [32, 33]. To over-
come this, we use high resolved EELS and reference spectrums of
Ni2+ and Ni3+, aiming for the direct comparison with the experi-
mental results to enhance the valence state calculations.
Furthermore, we focused on the O prepeak and the O-K edge
to track structural changes in oxygen bonding and oxygen redox
reactions associated with the presence of different oxygen
environments within the LNO cathode [34, 35]. In the parallel
nickel-L2,3 edges are important for the examination of nickel’s
electronic structure and oxidation state, providing insights into
the interactions between nickel and oxygen within the particle
and helping to monitor electronic changes in nickel, which is
crucial for understanding degradation mechanisms. In complex
materials like LNO, particularly after delithiation, the most criti-
cal thing is to identify all the different phases and structures
within the cathode. For this reason, we employ a crystal orien-
tation mapping (COM) [36–38] and adopt a technique introduced
in [39]. This method involved acquiring 2D convergent beam dif-
fraction (CBED) patterns for every position of a focused electron
beam, resulting in a 4D-STEM dataset. Those CBED patterns
were recorded utilizing a fast pixelated detector, simultaneously
allowing us to acquire HAADF images from a localized structure,
which made it easier to characterize the sample in detail. The
underlying idea in COM is that the CBED patterns of crystalline
materials contain Bragg peaks with spacing inversely propor-
tional to the spacing of atomic planes. As instructed in [39],
the Bragg spots at every probe position were identified using a
template matching procedure. Given the structural data of a ref-
erence crystal, an orientation plan was created, which was then
used to find the best orientation match for each probe position.
Since our sample contained multiple phases, we performed this
process for each reference crystal structure. Phase identification
was achieved through a multistep COM analysis. Distinct COM
experiments were conducted on three reference materials: pris-
tine LNO, Li/Ni disordered phase Li1-xNixO2, and rocksalt NiO.
Each COM experiment yielded unique orientation maps charac-
teristic of the respective phase. By extracting the most distinctive
features from each orientation map, we assigned a unique color
(RGB) to represent each phase. This color-coding scheme
enabled the identification and mapping of the various phases
and their intermediates within the LNO cathode material during
degradation. Electron ptychography is an alternative approach
that uses 4D-STEM data for obtaining the relative phase shift

between the light and heavy elements in a sample with atomic
resolution. An example of such a method made it possible to
detect the oxygen distortion and precisely identify oxygen inside
the structure, with requirements of a thin sample to visualize
such atoms [40, 41].

In this work, we demonstrate direct observation of the time-
resolved phase transformation of LNO at the nanoscale using
insitu open-cell TEM, enabling analysis of a single primary par-
ticle during lithiation and delithiation while accessing the intrin-
sic electrochemical reaction pathways of the material.

2 | Results and Discussion

This study explores the phase transformation mechanism
of the high energy density LiNiO2 cathode. In situ TEM open-cell
approach was initially utilized to observe the real time electro-
chemical changes in the LNO structure during delithiation at
4.3 V. Then, 4D-STEM was used to map phase evolution and
identify transitions in the LiNiO2–NiO2–NiO ternary phase dia-
gram. Furthermore, EELS was implemented to address oxygen
vacancies and valence states and how the reduction of nickel
and oxygen loss during delithiation impacts the battery perfor-
mance. These combination of techniques outline the clear pic-
ture of structural and chemical changes involved in LNO
performance and help us explore ways to improve the stability
and efficiency of Ni-rich cathodes.

The SEM images in Figure S1 show the overall morphology of the
LNO nanoparticles with sizes ranging from 200 to 800 nm.
Energy-dispersive X-ray spectroscopy (EDS) maps (Figure S2)
indicate the uniform element distribution for the LNO particles.
Atomically resolved (S)TEM images were acquired to confirm the
layered structure with the O3 stacking sequence of the pristine
LNO material (Figure 3); Figure 3a demonstrates the distinct
atomic planes of the layered pristine sample, the layers of the
transition metal (NiO2) and the lithium channels. The O3 stack-
ing regularity was observed in Figure 3b, with a blue color
assigned for nickel ions, red for oxygen, and green for lithium
ions. High-resolution TEM image (capture in Figure S3a) illus-
trates clearly the layered structure of the pristine LNO with dis-
tinct atomic planes of the (003) facet. The line profile is used to
calculate the d-spacing of that facet, which is 4.8 Å (Figure S3c)
and refers to the distance between the adjacent NiO2 layers,
which are separated by channels that include lithium ions
(Li+). The spacing between these layers represents the width
of the channels, which allows the Li+ diffusion during cycling.
It should be noted that such a value is higher than the theoretical
d-spacing of layered LNO along the (003) plane most probably
due to the slight drift of the specimen or the synthesis approach
used [43]. When the image was taken along the [110] zone axis,
different signals of the (006) (2.4 Å) and (101) (2.53 Å) appeared
on the fast Fourier transform (FFT) image (Figure S3b).
However, a closer look at the surface of LNO in Figure 3a sug-
gests the presence of a Li/Ni disordering layer around 5 nm thick
from the synthesis of the CAM (denoted by the red dashed box).
This disordered layer exhibits a native rocksalt-like structure,
where a fraction of Ni2+ ions substitute Li+ sites, leading to cation
disorder in both sublattices (i.e., Ni occupying Li sites and Li
occasionally found in transition metal layers). The thickness
of this layer is not perfectly uniform, varying slightly between

FIGURE 2 | Schematic summary of the degradation pathway in

LiNiO2 during delithiation.
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4–6 nm, depending on local synthesis conditions and surface ter-
mination. The shape of the disordered layer tends to follow the
natural particle morphology. According to literature, even under
a very well-controlled environment, there is at least 2%–3% of
residual Ni2+ in the Li channels, creating a Ni/Li cation disorder
layer that hinders the smooth flow of Li ions, affecting the
cycling performance [44–46]. Recent studies have explored low-
temperature ion-exchange synthesis, such as from NaNiO2 to
LiNiO2, as an effective approach to minimize lithium loss
and reduce antisite defects in layered cathode materials [47].
Figure 3c reveals the transformed structure of the cathode
material into the rock-salt phase of NiO after delithiation,
achieved via an in situ TEM open-cell approach when a positive
bias of 4.3 V was applied. This observation indicates the signif-
icant rearrangement of the rock-salt phase, where the Ni and O
atoms are located in such positions that the resulting crystalline
structure is usually much denser and more uniformly packed
than that of the pristine layered one.

Among all phases, the H2 to H3 transformation results in poor
structural stability, especially while operating at high voltages
[48]. We have examined structural and compositional changes
of the stoichiometric LiNiO2 when a positive voltage of 4.3 V
is applied in the LNO particle by the implementation of an in situ
open-cell TEM approach. The understanding of the phase tran-
sition impact during Li de-intercalation has been pointed out in
Figure 4, where the series of the first delithiation process is dem-
onstrated. This resulted in an expansion of the particle at about
26% projected particle expansion over 70 s as shown in Movie S1
(Supplementary Information), which can be described as a signifi-
cant change in the lattice parameters during the structural trans-
formation. Due to the large volume change during high voltage
cycling, concurrent rock-salt transformation is identified [49]. A
series of low magnification TEM images (Figure 4a–d) show
the lattice expansion and the change in the initial LNO structure.
Movie S2 (Supplementary Information) shows the expansion of
another LNO particle at about 30% projected particle expansion
when it was charged at a constant voltage of 4.3 V (Figure 4e–h).
The reaction appears at the first 10 s of charging with changes
in the contrast of the particle marked with the orange dashed line
(Figure 4f ). Furthermore, the expansion started at the 27 s under
the positive bias (Figure 4g) and continued till the particle has

been transformed at about 60 s (Figure 4h). A comparison between
the pristine and the delithiated particles can be observed through a
series of HRTEM images after the 108 s of constant charging at
4.3 V. Figure 4i–l shows a high magnification time-resolved in situ
series of TEM images of an LNO particle, shown in the in situ
Movie S3 (Supplementary Information) upon charging at a posi-
tive bias of 4.3 V.

As expected, there is a volume change during 1st delithiation,
where the expansion starts at the first 30 s of the Li removal pro-
cess, the transition is also confirmed by the FFT shown in
Figure 4j where apart of the layered structure’s reflection one
more peak appears (indicated by the red arrow), which shows
the transition of Ni in the Li slab layer. The main (003) planes
are still visible even after 1 min of delithiation; however, the FFT
signal becomes weaker (Figure 4k). At this point, the phase tran-
sition of the LNO particle has already started taking place, where
the initial layered structure of LiNiO2 is transforming into NiO-
rich areas after the Li removal and the oxygen loss. The final
frame after 110 s shows the presence of two different phases
in the delithiated region of the particle, as the FFT indicated
the presence of two polycrystalline structures (Figure 4l), with
d-spacings of 2.4 Å (green) and 2.1 Å (red), respectively. The pris-
tine layered structure with the distinct atomic planes of (003)
with 4.8 Å d-spacing transformed into NiO with the lattice planes
of (200) found at 2.1 Å. That result is explained as the distance of
the Ni- Ni* slab layer where the one Ni is at the starting octahe-
dra position while the second Ni* is found at the octahedra posi-
tion of Li vacancy [6]. In order to gain a more detailed picture of
the phase evolution we utilized 4D-STEM, not only to identify the
various phases (stable and metastable) but also to visualize how
far the delithiation had progressed, where the rock-salt phase
appeared to be taking place and investigate whether the nanopar-
ticle formation at the LNO’s surface consists of pure NiO species
clearly seen in Figure 4l inset or if residual lithium remains as
lithium oxide (Li2O) and lithium peroxide (Li2O2) as phase-
separated compounds, suggested by Wang et al. [48]. Next, we
investigated the dynamic process that occurred in the LNO upon
delithiation. Movie S4 (Supplementary Information) revealed
that during charging at 4.3 V LNO particle undergoes a phase
transition in the first 15 s. The reaction appears as a wave-like
propagation of lithium concentration that moves across the

FIGURE 3 | High resolution dark field STEM images of (a) pristine layered LNO, (b) higher magnification image showing the O3 stacking sequence

and R3m space group, and (c) pure NiO phase, at the [211] zone axis, shows the atomic planes of (111) NiO with Fm3m space group, which occurred after

the delithiation. Reproduced from Ref. [42] with permission from Oxford University Press.
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positive electrode from the surface of LNO toward the core of the
cathode particle. This reaction forms a lithium-poor phase start-
ing from the edges and then the whole region has undergone
reaction; this phase boundary movement is aligned with previ-
ously reported mechanisms of “shrinking-core” and “inter-
calation wave” [50, 51]. The shrinking core mechanism is
described as lithium ions eliminated during discharging, which
represents the steady migration of a reaction front or interface
within the particle. This mechanism causes the particles’ lithi-
ated center to gradually shrink as the lithium is extracted from
the surface inward [52]. To verify that this phase-front propaga-
tion arises from voltage-driven lithium extraction rather than
from physical contact or electron-beam exposure, control experi-
ments were performed in which LiNiO2 particles were brought
into direct contact with Li/Li2O in the absence of an applied

electrical bias. Under these conditions, no lattice expansion,
phase transition, or rock-salt formation was observed, confirming
that the dynamic evolution reported here is attributed to electro-
chemical delithiation (Figure S4).

An important challenge in this experiment is to understand the
structural changes that the LNO particle undergoes during the
delithiation process and identifying these phases. Simulated data
based on the concept of the phase diagram has demonstrated all
the possible phases the LNO can have during the Li removal pro-
cess, consisting of LiNiO2, intermediate Li1-xNixO2 and rock-salt
NiO [53]. This knowledge is critical to optimize the stability and
performance of LNO. In addressing this crucial issue, we imple-
mented the comprehensive analysis of 4D-STEM phase mapping
and the corresponding CBED patterns as presented in Figure 5.
Figure 5a illustrates a detailed phase map with distinct colored

FIGURE 4 | (a) Lowmagnification TEM image of Lithiummetal and LNO before delithiation. (b–d) Time series of delithiation of LNO at 30, 50, and

70 s, respectively, highlighting an expansion of �26% increase in projected particle dimension measured from TEM images. Reproduced from Ref. [42]

with permission from Oxford University Press. (e–h) Time series during delithiation of a second LNO particle at low magnification illustrating a total

projected particle expansion of �30% after 59 s of charging at 4.3 V. (i–l) Series of high magnification TEM images before delithiation (i), after 32 s (j),

after 64 s (k), and after 108 s (l), at constant charging at 4.3 V, with FFT patterns showing initially the distinct (003) atomic planes (orange arrow) but as

the reaction propagated another phase appeared (red arrow) to finally form a polycrystalline pattern of NiO rock-salt phases. Inset into these images are

the FFTs and the zoomed-in images of atomic planes of the layered and rock-salt structures present within the material.

6 of 12 Batteries & Supercaps, 2026



regions, where each color represents various structural transfor-
mations as indicated by the triangular phase diagram. The green
regions as appeared in the phase map show the pristine layered
LNO structure. The CBED patterns from these regions with their
crystal diffraction patterns in Figure 5b show characteristic (003)
and (006) reflections of the layered structure with R3m space
group (hexagonal symmetry). As delithiation progresses, the
phase map (blue regions) reveals an increasing degree of Ni/Li
disorder, where both surface-driven and bulk-driven mecha-
nisms contribute to the transformation, but the most dominant,
especially at the early stage, are surface processes (Ni diffusion
and oxygen loss), particularly near the reaction front. The CBED
patterns from the blue regions (Figure 5c) show a consistent rear-
rangement with Ni ions occupying the vacant Li channels, alter-
ing the crystal structure. The surface-driven Ni migration acts as
the main propagation mechanism, appearing in a wave-like man-
ner that leaves behind lithium-poor areas, where the Ni/Li dis-
ordered phase thus emerges as an intermediate structure before
full transformation into the rock-salt phase. Afterward, the pur-
ple regions with their electron diffraction patterns (Figure 5d)
illustrate the continuation of the intermediate phase (Ni/Li
disordered) along with the appearance of a secondary phase at
1.95 Å. This phase signifies the initial stages of further structural

rearrangement as the reaction front proceeds. The formation of
the secondary phases can also be attributed to the loss of oxygen
atoms at that point. The reaction of oxygen loss is one of the main
reasons which significantly affects the structural integrity and
phase composition of the LNO [54]. Pink regions appear as
we move closer to the reaction front, where the LNO exhibits
polycrystallinity. Figure 5e shows the CBED patterns attributed
to the pink regions, where strong reflections from NiO crystals
[(111), (200), and (220)] are presented. This polycrystalline phase
illustrates significant structural changes as the reaction front
advances. Lastly, red regions are the most dominant color at
the reaction front, where the structure has been transformed
into polycrystalline NiO. The CBED patterns (shown in
Figure 5f ) highlight the same major reflections from the
(111), (200), and (220) atomic planes. This results in the peak
of the delithiation reaction of LNO, where the original pristine
structure has been extensively converted to form polycrystalline
NiO. While the ternary phase diagram in Figure 1a defines the
thermodynamically stable phases of the Li–Ni–O system, the
4D-STEM data directly resolve a series of nonequilibrium, meta-
stable intermediates that arise during deep delithiation. These
intermediates are not ground-state phases, but they represent
kinetically accessible transformation pathways under high-voltage

FIGURE 5 | (a) Phase mapping of the LNO particle after in situ delithiation from the 4D-STEM dataset. Different colors representing various phases

indicated by the triangle at the top, corresponding to the transformation of LNO upon Li removal: green for the pristine layered structure, blue for the

Ni/Li disordered phase, and red for the reaction front where NiO crystals dominate. (b) CBED patterns taken from the green regions, where the structure

maintains its pristine form (layered), with the main reflections of (003) and (006). (c) CBED patterns from the blue regions, representing the reaction’s

furthest point where the phase has transitioned to a Ni/Li disordered state, with some Ni ions occupying the Li sites. (d) CBED patterns from the purple

regions, showing the Ni/Li disordered phase with the emergence of a second phase. The appearance of new reflections indicates the transition toward the

pink region. (e) CBED patterns from the pink region, where polycrystallinity has developed near the reaction front. Major reflections come from NiO

crystals, with (111) and other planes visible. (f ) CBED patterns from the red regions, representing the reaction front where the structure is predominantly

polycrystalline NiO. Reflections from (200), (111), and (220) planes are marked.
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conditions. Specifically, the blue regions in Figure 5 correspond to
a Ni/Li-disordered layered phase formed by kinetically driven Ni
migration into Li layers; the purple regions indicate oxygen-
deficient layered variants stabilized by vacancy formation, evi-
denced by the emergence of new reflections (�1.95Å); and the
pink regions represent early-stage rock-salt nanodomains associ-
ated with surface reconstruction. Together, these observations
demonstrate that the role of Figure 1a is to provide thermody-
namic anchors, while the 4D-STEM data reveal the metastable
pathways connecting them during operando delithiation.

EELS was conducted to provide chemical and electronic insights;
to help us distinguish the various phases as seen in the delithi-
ated LNO particle (Figure 5a). The goal is to understand how the
oxygen bonding, vacancies and nickel oxidation state impact the
performance of the LNO. The EELS spectra of LiNiO2 taken
before and after delithiation in Figure 6 specifically focus on
the O K-edge and Ni-L edges to complement our understanding
of local phase changes after cycling. Figure 6a shows the line
profile of EELS spectra (1 → 4) taken at the O K-edge, which
illustrates distinct changes between the three different distinct
regions: green, blue, and red. The first major peak at 529.55 eV is
identified as oxygen K-edge prepeak, which originates from
transitions from O 1s to unoccupied O 2p states that are strongly
hybridized with Ni 3d orbitals, and therefore directly reflects the
presence of oxygen holes, the degree of Ni–O covalency, the spe-
cific number of oxygen hole formation and more details regard-
ing oxygen redox activity.

As delithiation progresses, a simultaneous fading of the O-K edge
prepeak and a shift of the Ni-L3 edge toward lower energy are
observed. The Ni-L3 shift, accompanied by an increase in the
L3/L2 intensity ratio, is consistent with the reduction of Ni3+

to Ni2+. Importantly, in the EELS line scans acquired across

the reaction front, the disappearance of the O-K edge prepeak
and the Ni-L3 energy shift occur at the same spatial locations,
with no evidence of one occurring before the other. O-K edge
(second major) at� 540 eV results from electron transitions from
O-1s core level to unoccupied O-2p orbitals. The intensity of the
first peak helps us to estimate the number of unoccupied Ni-3d
orbitals per oxygen atom: 1.5 (three orbitals for two oxygen
atoms) in LiNiO2 (Ni

3+: d7); due to the covalent bonding between
O-2p and Ni-3d orbitals, which takes place at the first peak
[55, 56]. The experimental spectrum (4) taken from the bulk
of the particle is aligned with the reference sample (3+) in terms
of the sharpness and the activation energy (859 eV) of both peaks,
suggesting that the reaction has not reached that region. The pre-
peak on the green region is 11.75 eV away from the O peak; that
distance becomes smaller as the O-K edge signal shifts toward
lower activation energies. This phenomenon can be explained
by the oxidation and reduction reactions that the LNO undergoes
as the Li is removed from that region and the further oxygen loss.
Furthermore, inside the blue box in Figure 6a, we can observe
that this prepeak has started disappearing as the spectrum gets
closer to the reaction front (4→ 1), proposing that the sample has
become rock-salt. The fading away of the O-K pre edge was pre-
viously reported as an incident that frequently occurs in rock-salt
structures, which is attributed to the full reduction of O to O2−,
meaning there are no electron holes on O and, consequently, no
prepeak. This phenomenon is also associated with the formation
of oxygen vacancies, changes in the atomic structure, such as the
migration of transition metals, and the reduction of these metals,
leading to the formation of ionic bonding [57–59]. Furthermore,
Figure 6b illustrates Ni-L2,3 peaks of the pristine LNO consisting
of two major peaks at 859 eV and 876.25 eV for the green region
respectively. The local electronic structure of the nickel atom, e.g.
oxidation number, spin state, and coordination number affect the
shape of the L2,3 edge due to the localization of Ni-3d orbitals on a
Ni atom. The two peaks are associated with transitions from 2p3/2
to unoccupied 3d states (3d3/2 and 3d5/2) for the L3 edge and tran-
sitions from 2p1/2 to unoccupied 3d states (3d3/2) for the L2 edge
[60, 61]. As the EELS line scans the particle from bulk to the sur-
face a noticeable fact is that the L3 peak appears with an energy
shift at about 1.25 eV (from 859–857.75 eV) toward lower energy
levels, confirming that Ni ions are reduced during the delithia-
tion process, aligned with the findings of Weatherup et al. who
demonstrated that Ni ions near the surface of LNO undergo a
similar reduction to Ni2+, forming a reduced surface layer
(RSL) approximately 200 nm thick. This reduction was accompa-
nied by the formation of molecular O2 near the surface [62]. The
results calculated from the intensity ratio of these two peaks sug-
gest that the ground state of the nickel atoms is Ni3+ with a low
spin state in LNO. The intensity ratio between the L3 and L2
peaks of Ni are highly reliant upon the d-band occupancy and
thus of the elemental transition state [63–65]. For the most accu-
rate calculation of the valence state of Ni, the intensities of the L3
and L2 peaks must be determined reliably, and numerous meth-
ods have been proposed throughout the years [66, 67]. Figure S5
represents an EELS spectrum taken at the low loss region, close
to the zero-loss peak. Line profiles from the surface (1) to
bulk (4) illustrate the behavior of the Li-K edge peak (at
63 eV) and another major peak at 71 eV, which is suggested as
the Ni-M2,3 edges has much weaker spin–orbit coupling on
Ni-3p orbitals than on Ni-2p is the reason why a clear separation
between Ni-M2 and M3 cannot be observed [55]. As expected, the

FIGURE 6 | (a) Shows the O-K edges, the blue box highlights the oxy-

gen pre-edge peaks. (b) Shows the Ni L-edges EELS spectra in the core

loss region. Reference spectra for oxidation states Ni III and Ni II for a

comparative analysis. The experimental spectra originated from the bulk

material (labeled as ‘4’), intermediate regions (labeled as ‘2’ and ‘3’), and

the surface region (labeled as ‘1’).
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signal from the Li K-edge becomes weaker toward the surface.
Figure S6 shows measured ratios between the L3, L2 Ni peaks from
four different samples, three references (NiO for Ni II, Ni from pris-
tine LNO for Ni III, and NiO2 for Ni IV), and the spectrum taken
from the surface (red) region of the LiNiO2 cathode, confirming the
reduction in the valence state of Ni to the final phase of NiO. This
reduction of Ni results demonstrates an increase intensity ratio
between the L3 and L2, due to the increased population of 3d elec-
trons enhancing the L3 absorption intensity more than the L2, also
confirmed by other groups [68–71].

3 | Conclusions

In summary, degradation of LiNiO2 during cycling was charac-
terized by an advanced in situ open-cell TEM approach,
4D-STEM, and EELS spectroscopy, to examine the phase trans-
formation mechanisms in Ni-rich cathodes. Our comprehensive
use of the in situ TEM technique allows for the direct observation
of real time structural and compositional changes, attributed to
phase transitions withing the LNO particle. While previous stud-
ies have relied only on in situ TEM data [10, 41], our comprehen-
sive implementation of in situ open-cell TEM, 4D-STEM, and
EELS provides a more detailed picture of the dynamic changes
of the LNO cathode during battery operation. The pristine lay-
ered structure of LNO was well investigated, as to how the
Li/Ni disordered layer affects the paths of both Ni and Li during
cycling and the phase transitions. This set of experiments showed
interesting results in the lattice parameters with the changes in
d-spacing from 4.8 to 2.1 Å, indicating lattice expansion along the
c-axis and volume change upon high voltage charge (4.3 V) of
about 20%–30% after the second lithium deintercalation experi-
ments took place. This reported expansion corresponds to the
change in projected particle dimensions measured from time-
resolved TEM images, rather than to crystallographic lattice
expansion alone. In the in situ open-cell nanoscale configuration,
delithiation proceeds under conditions that promote deep struc-
tural reconstruction, including a high surface-to-volume ratio
and direct Li/Li2O contact. At high states of delithiation,
LiNiO2 evolves beyond the H3 phase toward oxygen-deficient
and ultimately NiO-type rock-salt structures, consistent with
high-voltage surface reconstruction reported for Ni-rich layered
oxides. This quantified lattice expansion along the c-axis pro-
vided a thorough understanding of the mechanical stress and
structural degradation of the LNO cathode. An irreversible
rock-salt transformation was observed at the end of the delithia-
tion process, but no porous formation was recorded. This irre-
versible change is also justified by the few nanometers-thick
disordering layer on the surface of the pristine material which
blocks the Li diffusion path. This work represents an important
approach in studying the degradation mechanisms of LIBs by uti-
lizing 4D-STEM measurements for phase identification mapping
of both light and heavy elements, which features are necessary
for the detection and analysis of lithium, especially in materials
like LNO, where the Li identification is particularly challenging.
We utilized 4D-STEM for a detailed phase mapping analysis to
capture effectively the structural changes of the LNO cathode.
This allowed the location of different layers, including layered
pristine, Ni/Li disordered phase, and polycrystalline areas rich
in rock-salt NiO nanoparticles, and thus the delivery of a phase
diagram of the LNO during cycling. By cross-correlating different

techniques with the theoretical models, therein, the present work
not only illustrates the intrinsic complexity of LNO behavior
during delithiation but also justifies the need for advanced imag-
ing techniques to unravel electrochemical pathways of next-
generation energy storage materials. The EELS spectrum verifies
the electron valence state of the pristine LNO. To complete the
investigation, we used time-resolved EELS to provide us with
direct observation of oxygen loss, Li removal, and Ni valence
state at the rock-salt phase by comparing the elemental ioniza-
tion edges. The delithiated particle was examined and the
changes in the signal peaks were observed by investigating the
valence state of Ni in the rock-salt formation. This work showed
important insights into the phase dynamics, structural features,
and chemical heterogeneity within the LNO particle by thorough
EELS spectral analysis from the low-loss and core-loss areas. These
insights are critical for optimizing the cathode design and perfor-
mance in battery applications. In summary, this study greatly
advances the fundamental understanding of the degradation pro-
cess and changes in structure in Ni-rich cathodes during cycling,
emphasizing the importance of a comprehensive understanding of
phase transition, cation mixing effects, and lattice expansion,
which is crucial in the rational design of more stable and efficient
cathode materials for advancing next-generation LIBs.

4 | Materials and Characterization

The in situ open-cell TEM characterization was conducted using
a nanobattery-like configuration with LNO as the working elec-
trode, Li as the reference, and Li2O as the solid electrolyte. All the
in situ electrochemical tests were conducted in a JEOL 2100Plus
TEM operated at 200 kV with the open-cell holder (PicoFemto,
Zeptools Technology, China). To assemble the nanobattery, the
holder was moved into an Ar-filled glovebox. The LNO cathode
material was in powder form, which was transferred onto a half-
holey carbon copper grid, while the Li metal was scratched on the
tip of a tungsten needle. The holder was then transferred to the
microscope column within a sealed Ar-filled bag. The Li metal
was later moved toward the LNO NPs inside the TEM. After con-
tact, a positive bias was applied to the half-cell to trigger and
drive the delithiation process. This process was recorded by
the CCD camera (Gatan’s K3) of the TEM. Further microstruc-
ture and element distribution within powder samples were inves-
tigated by high angle annular DF (HAADF) STEM. The images
were collected using an aberration-corrected (Cs) TEM/STEM
JEOL 2100FCs microscope operating at 200 kV equipped with
a Gatan GIF Quantum SE for EELS. STEM/EELS spectra
and maps were using an 8.3 mrad convergence angle and a
0.25 eV/channel. The measurements of lattice spacing recorded
in HRTEM micrographs were made using digital image analysis
of reciprocal space parameters. The analysis was carried out by
the Digital Micrograph software. To quantify the intensity ratio of
Ni L3/L2 peaks, first the noise background of the spectrums was
extracted and the NLLS/Gaussian peak fitting of each Ni peak L2
and L3 was also conducted. The phase and orientation maps were
determined by comparing and matching each diffraction pattern
in the collected 4D-STEM dataset. 4D-STEM experiments were
carried out using a Tescan Tensor operated at 100 kV in a regular
nanobeam diffraction setup and data was acquired using a
DECTRIS QUADRO detector. The acquired 4D datasets were
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processed using the py4DSTEM package, allowing for the extrac-
tion of spatially resolved structural and phase information.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Figure S1: SEM figures of LNO cath-
ode particles at different magnifications. The secondary particle nature of
the material is visible, and an inset OF (b) shows the surface texture in
detail. Supporting Figure S2: EDS mapping shows a) the electron image
of LNO particle, b) elemental composition presented as the wt% of the
main elements Ni, O, and other elements appeared from the experimental
set-up, c) map of Nickel in green color suggesting that is the main element
of the structure and d) map of Oxygen. Supporting Figure S3: (a) High-
resolution TEM image illustrates clearly the layered structure of the pris-
tine LNO with distinct atomic planes of the (003) facet. (b) Selected area
diffraction pattern of TEM image showing the main reflections. The line
profile is used to calculate the d-spacing of that facet, which is 4.8 Å (c).
Supporting Figure S4: (a,b) Time-resolved TEM images of an LNO par-
ticle brought into direct physical contact with Li/Li2O without applied
electrical bias, acquired at 1 s and 60 s, respectively. FFTs (insets) confirm
preservation of the layered structure with intact (003) reflections. No lat-
tice expansion, phase transition, crystallinity loss, or rock-salt formation
is observed. This control demonstrates that neither physical contact nor
electron-beam exposure alone induces the transformations reported
under applied bias. Supporting Figure S5: EELS spectrum taken at
the low loss region of LiNiO2, close to the zero-loss peak. 6 spectrums
taken within the LNO particle (fig.5). 1 is taken from the surface, 6 from
the bulk. Supporting Figure S6: Ni L3/L2 intensity of ratio as calculated
between three reference samples (NiO for Ni II, LNO for Ni III, and Ni
peroxide for Ni IV) and one experimental spectrum taken from the reac-
tion front (red-pink region) of the particle. Supporting Movie S1. Low
magnification video of the reaction between Li tip and LNO during Li
removal when positive voltage is applied. 70 seconds of delithiation
led to 26% expansion of the LNO particle. Supporting Movie S2.
Low magnification video of the reaction between Li+/Li2O and LNO
during lithium de-intercalation, when positive voltage is applied
(4.3V). 60 seconds of delithiation led to 30.6% expansion of the LNO par-
ticle. Supporting Movie S3. HRTEM video shows the reaction between
LNO and Li tip when +4.3V is stored in the battery cathode. The movie
shows the phase transition of the (003) atomic planes of LNO into rock-
salt (NiO) upon delithiation. Supporting Movie S4. HRTEM video
showing the dynamic reactions that take place within the LNO particle
during Li ions removal process.
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