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Sodium-ion batteries (SIBs) stand as promising alternatives to current lithium-ion batteries in various
energy storage fields. Despite their potential, challenges arise due to the intricate nature of large-size
Na* charge carriers, impacting the cycling stability and rate performance, which currently fall short of
commercialization requirements. Therefore, it is crucial to gain a deeper understanding of the structural
changes and chemical evolution of battery components. The advancement of transmission electron
microscopy (TEM) technology enables multi-dimensional characterization and analysis of SIB cathode
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1. Introduction

Growing concerns about the environment and the high energy
needs of modern society are driving the development of alter-
native renewable energy sources, with rechargeable batteries as
representatives. Sodium-ion batteries (SIBs) are considered as
alternatives to the current lithium-ion batteries (LIBs) due to
their abundant source, low cost, and safety properties.'™
To date, various types of electrodes for SIBs have been developed
using carbon-based materials, intermetallic alloys, organic com-
pounds, and transition metal oxides or sulfides.* Compared to
anode materials, which already exhibit high specific capacities
(=300 mA h g "),>® cathode materials typically provide 100~
200 mA h g~' specific capacities, significantly limiting the
whole system energy density.” The key factors of SIBs are highly
dependent on the cathode materials, including working vol-
tage, energy density, and lifetime. The cathodes mainly consist
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valuable insights to inform the rational design of high-performance SIB cathodes.

of layered transition metal (TM) oxides, Prussian blue analo-
gues, and polyanionic compounds.® Among these candidates,
layered TM oxides show great prospects as commercial cathode
materials for SIBs due to their high ionic conductivity, simple
synthesis, and long working life. However, resulting from the
large radius of Na' ions and low kinetics, the layered oxides
suffer from several structural degradations, such as Jahn-Teller
distortion, phase transformation, and surface decomposi-
tion.>'® Such fundamental issues should be addressed before
full commercialization of SIBs.

The very first step is to figure out the structures of the observed
layered oxides. Multi-dimensional imaging and spectroscopy
characterization have been employed to study the structural
evolution and reaction kinetics of cathode materials at various
length scales. Current illustrative techniques include but are not
limited to, magnetic resonance imaging (MRI), neutron diffrac-
tion, Raman spectroscopy, X-ray diffraction (XRD), X-ray absorp-
tion spectroscopy (XAS), scanning electron microscopy (SEM)
and focused ion beam (FIB)."' One should notice that these
techniques typically provide structural and elemental informa-
tion at a micrometer or larger scale, leading to the ignorance
of fine structure information. Another issue is that these test
results are derived from different samples, which may cause
mismatched information. As a high-resolution imaging techni-
que, transmission electron microscopy (TEM) overcomes these
limitations to provide atomic structural features, for example,
bulk phase, surface evolution, lattice distortions, boundaries,
and elemental changes. Modern TEM instruments can provide
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sub-angstrom resolution, which enables atomic-precision ima-
ging of both bulk and surface structures. Advanced TEM tech-
niques combine real-space imaging with spectroscopy analysis,
offering atomic-level insights into the physical structure and
chemical properties of a specimen. By using the integration of
in situ and operando devices, one can monitor the structural
evolutions and property changes under working conditions.

TEM has become indispensable in nanomaterials research,
and one can find more introductions concerning its history,
techniques, and application in previous reviews.">™* This
review will focus on the applications of TEM in layered oxides
used as SIB cathodes, involving structural determination and
chemical properties at the nanoscale. Such observations highly
depend on the characterization at high-spatial resolution pro-
vided by TEM. Firstly, various TEM techniques for layered oxide
characterization are introduced, emphasizing their capabilities
and applications with illustrative examples. It then examines
TEM applications in analysing intrinsic structures, observing
evolution during charging states, and investigating failure
mechanisms. Finally, our outlook and perspectives are offered
on current challenges and the future role of TEM in uncovering
design strategies for layered oxides.

2. TEM techniques

The major imaging modes of conventional TEM can be classi-
fied into two categories: TEM and scanning TEM (STEM). In the
TEM mode, a parallel electron beam illuminates the specimen
and the transmitted electrons fall onto the camera to form a
bright-field image. At low magnifications, the TEM image is
used to distinguish the crystalline and amorphous phases, such
as the cathode-electrolyte interface (CEI), surface coating, or
surface phase change, and can provide phase-contrast images
to determine the crystal structures. The selected-area electron
diffraction (SAED) patterns can be collected at the back focal
plane, which show the periodical information of the selected
particles. The fundamentals of SAED are similar to those of
XRD, in which the phases or the structures can be defined. For
layered oxides, the phase transformation sometimes can be
hardly detected by XRD or requires a high signal/noise ratio.
By using the 3D tomography technique, the single particle can
be visualized in a 3D model with each facet determined, rather
than a single TEM projection image.

In the STEM mode, as shown in Fig. 1, the convergent
electron beam interacts with the specimen, generating second-
ary particles to form images and for spectroscopy analysis. After
interaction with the specimen, part of the primary electrons is
scattered and collected at different detectors based on the
scattering angles, bright-field (BF), annular bright field (ABF),
annular dark field (ADF), and high-angle annular dark field
(HAADF). For layered oxides, STEM-HAADF is most used to
reveal the TM ions and their ordering, in which the image
contrast is proportional to Z'7 (Z represents the atomic
number).'> STEM-ABF imaging has also been well used in
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Fig. 1 Summary of TEM applications for the study of layered oxides.

locating the light elements, such as oxygen and lithium in
the electrode materials.'®™®

Coupling with spectroscopic functionalities, TEM offers the
elemental composition along with complex structures of layered
oxides at atomic scale resolution. Energy dispersive X-ray spectro-
scopy (EDS) and electron energy loss spectroscopy (EELS) are the
most commonly used techniques with TEM. In the EDS technique,
high-energy electrons interact with sample atoms, displacing low-
orbit electrons. Subsequently, higher-orbit electrons fill the vacan-
cies, emitting X-rays in the process. Each element produces a
distinct identification peak, and the elements can be determined
by fitting the peak values in the spectra to a database. A common
use is to determine the distribution of TM, Na, and O elements
since EDS is more sensitive to heavy atoms (Z > 5). On the other
hand, the EELS spectrum corresponds to the recording of the
primary process of the electron excitation process with target
atoms. The incident electron will transfer an appreciable amount
of energy to the orbiting electron, thus exciting them to higher
energy levels during the inelastic interaction process. The main
functions of EELS include the analysis of chemical bonding,
valence states of TM ions, and electronic structures.

3. Structural investigation in Na,TMO,
3.1 Typical P2 and O3 phases

The layered TM oxides used in SIBs are normally characterized
by the general formula Na,TMO, (0 < x < 1), and are
constructed through the repetitive stacking of edge-sharing

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Crystal model of the O3 phase with three stacking TMO,, layers.
(b) SAED pattern of the O3 phase along the [100] axis. Reproduced with
permission from ref. 21, copyright 2020 Wiley. (c) STEM-ABF image of a
typical O3 phase Nag gsLig 12Nig 25Fe0 15MNng 480, cathode along the [010]
axis, with corresponding models shown in the inset. Reproduced with
permission from ref. 22, copyright 2022 Wiley. (d) Crystal model of the P2
phase with two stacking TMO, layers. (e) SAED pattern of the P2 phase
along the [010] axis. Reproduced with permission from ref. 24, copyright
2021 Wiley. (f) STEM-ABF image of a typical P2 phase Nass/s4lis/s4Nitg,
54Mnz4,540, cathode along the [010] axis, with corresponding models
shown in the inset. Reproduced with permission from ref. 25, copyright
2020 American Chemical Society.

TMOs octahedral layers, while Na" ions reside between neigh-
boring layers.'® Fig. 2(a) and (d) show the two typical crystal
structures of Na,TMO,: P2-type (0.3 < x < 0.7) and O3-type
(0.7 < x < 1), based on the coordination environment of Na"
ions and the stacking arrangement of O layers.”® In O3-
Na, TMO, Na' ions are initially positioned at octahedral sites
in an edge-sharing configuration, marked by an ABCABC oxy-
gen sequence. The SAED pattern in Fig. 2b clearly shows the
stacking ordering along the [100] axis.>' In the STEM-ABF
image, the oxygen atoms are visible in TMO, layers, aligning
well with the crystal model.>> For P2-Na,TMO,, Na* ions are
initially situated at trigonal prismatic locations, either arranged
in an edge-sharing or face-sharing configuration, characterized
by an ABBA oxygen sequence.”® The corresponding SAED patterns
and ABF images of a P2-Na,TMO, sample viewed at the [010]
orientation are shown in Fig. 2e and f, where the TM slab and Na*
ion slab stacking is visible in the ABF image.>*** The two examples
clearly display the atomic structures of P2- and 03-Na,TMO,
materials directly by STEM imaging techniques.

Apart from the two typical phases, other types of layered
oxides are also studied by TEM imaging techniques. P3 phase
layered oxides are reported as long-life and high-rate SIB
cathode materials. Song et al. applied high-resolution TEM to
investigate the P3 ordering of their Naj45Nip,Mng 50,
cathode.?® Moreover, Sambandam et al. used SAED to distin-
guish the P3- and P2-phases of samples and measured the d
spacing for the two samples.”” Another type of layered oxide,
the O2 phase, commonly appears at the charging state of the P2

This journal is © The Royal Society of Chemistry 2025
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phase due to an oxygen framework shift.”® Wang et al. observed
the O2 phases using STEM ABF and HAADF images, confirming
the P2-02 phase transition.>

3.2 Superlattices and heterostructures

Superlattice structure is investigated by introducing external
ions into TM layers to form periodical orders. The doped ions
and original TM ions are arranged along the [100] direction to
build up a structured pattern. A good example is shown in
Fig. 3(a). Wang et al. introduced Sb into the typical NaNiO,
system to form a highly stabilized phase with a honeycomb
superlattice structure in the Na[Ni,;Sb;,3]O, cathode.?® In the
STEM-HAADF image, the Sb and Ni ions are marked by larger
and smaller bright spots along the [100] zone axis, with the
sequence of Sb-Ni-Ni-Sb. The O ions are visible in the STEM-
ABF image on both sides of the Ni/Sb layers, and some vanished
O columns suggest the stacking faults in lateral displacements.
Such Nigrings form a symmetric atomic configuration thus
degenerating the electronic orbitals. The rigid framework
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Fig. 3 (a) STEM-HAADF and ABF images of the Nig-ring ordered Na[Niy,3-
Sby/3]O, cathode. Reproduced with permission from ref. 30, copyright
2019 Wiley. (b) Ex situ SAED patterns of the Na(Ni,/sRuy/3)O, cathode in the
pristine state, charged to 3.8 V, and discharged to 2 V, respectively.
Reproduced with permission from ref. 31, copyright 2020 Wiley.
(c) Designed honeycomb superlattice of the Nag 7s[Lig 25Mng 7510, cathode
and (d) ribbon superlattice structure of the NagglLig2MngglO, cathode.
Reproduced with permission from ref. 36, copyright 2020 Springer Nature.
(e) STEM-HAADF images with corresponding SAED patterns of the Li/Mg
dual-site substituted Nag7Lig.03lMgo 15Lig.07MNg 75102 cathode along the
[010] and [001] axes, respectively. Reproduced with permission of ref. 38,
copyright 2023 American Chemical Society.
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ensures the transportation tunnels of Na' ions and enhances
both the cycling stability and air sensitivity. Zhou et al
proposed a Nig-Ru honeycomb superlattice Na(Ni,;;Ruy/3)0,
cathode, in which the interactive force generated by the regular
TM arrangement maintains the system structure and ensures
the high-stability of TM layers during desodiation and sodia-
tion. By applying ex situ SAED, the cathode particle is found to
hold the superlattice diffraction patterns, and the spacing
between TM layers indicates the breathing of the crystal lattice
during Na* release and uptake, as shown in Fig. 3(b).>! Such
SAED techniques are suitable to confirm the superlattice struc-
ture during charging/discharging states of single cathode
particles, especially for the designed ordering of TM ions.
Similar design strategies of the Ni, structure can also be found
in ref. 32-35.

In addition to the external TM ion substitution, Li* ions are
also well studied to periodically replace the TM sites in layer
oxides. Peter et al. reported that the local ordering of Li" and
TM ions determines the 1st-cycle voltage hysteresis.*® The
honeycomb and ribbon superlattice structures were studied
by advanced TEM, as shown in Fig. 3(b) and (c). Due to the
contrast, the Li* columns are hardly visible in the STEM-HAADF
images. Nevertheless, the ordering of Li':TM = 1:2 can be
clearly seen in Fig. 3(c), while the ribbon-structure shows an
ordering of Li':TM = 1:4 in Fig. 3(d). By comparing the
structural evolution during charge/discharge, the honeycomb
superlattice disappears in the charging state partially due to the
formation of molecular O,. In comparison, the ribbon structure
can be observed in the charging state, indicating the suppres-
sion of O, and inhibition of the voltage hysteresis. Based on
this, Gu et al. reported a topological structure in a P3-Nag ¢-
Lig»,Mng 50, cathode which has a high capacity of 240 mAh g™*
with outstanding cycling stability. Its structure on cycling
undergoes reversible evolutions due to the initial stackings.
In comparison, the stacking in the P2-Na, ¢Lip,Mng gO, cath-
ode totally changed after 10 cycles. Such changes are clearly
visible in atomic-resolution STEM-HAADF images. Different
from the reported single-site superlattice structure, Zhou
et al. constructed a dual-site honeycomb superlattice cathode
in which the Lis-Mn rings along with Mge-Mn rings are formed
in TM slabs.”” The dual-honeycomb strategy can simulta-
neously realize high activity and reversibility of lattice O redox.
A Li/Mg dual-site substituted Na, ;Lig 03[Mg0.15Lig.07Mng.75]0>
cathode was also reported by Chen et al., as shown in Fig. 3(e).*®
The STEM-HAADF images clearly show the Li/Mg-Mn-Mn-Li/
Mg ordering along the [010] axis and a direct view of the
honeycomb structure along the [001] zone axis, which is con-
firmed by the line profiles, respectively. The corresponding
SAED patterns indicate the phase purity and hexagonal lattice
symmetry.

Compared to single-phase layered oxide, heterostructure
Na,TMO, has gained much interest. A heterostructure is
defined by the integration of two phases with a shared inter-
face. Major promising heterostructures include P2/03, O3/P3,
and P2/P3 combinations, with specific advantages for each.>*™*®
Local distortions at the interface can generate an electric field
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Fig. 4 (a) STEM-HAADF image of the O3/P2 hybrid composite of the O3/
p2 ao_g[NiosCOo_zMﬂ0_3]OZ/NaOv8[Ni0_33Mﬂ0_67]OZ cathode with corres-
ponding strain mapping. Reproduced with permission from ref. 50, copy-
right 2020 American Chemical Society. (b) STEM-HAADF image of a P2/P3
biaphase Nagg7MNng 64C0030Al0.0602 particle with corresponding FFT
patterns. Reproduced with permission of ref. 41, copyright 2021 Wiley.

that activates new Na' storage sites and accelerates the trans-
portation of ions and electrons.*® Moreover, the chemo-
mechanical coupling and micro-strain due to the interfacial
bonding greatly enhance the mechanical integrity of layered
oxides.*” Such hybrid structural composites of O- and P-phases
have been proven to effectively improve the electrochemical
performance of SIBs.*®*° The heterostructure composite cath-
odes can be distinguished by SAED with featured patterns.
More precise characterization can be carried out using the
atomic scale STEM-HAADF images. Chen et al. reported their
study of a core-shell structure layered oxide consisting of O3-
Nayg g[Nig 5C00,Mng 3]0, and P2-Nag g[Ni33Mng6,]0,.°° The
STEM-HAADF image shown in Fig. 4(a) demonstrates a coher-
ent P2/0O3 intergrowth structure, and the geometric phase
analysis (GPA) analysis is conducted to identify the phase
boundary and strain mapping. The coherent interface is shown
with uniform strain distribution, indicating sufficient channels
for Na' transportation during cycles. Jiang et al. introduced Co
into layered Na,MnO, to get a P2/P3 biphasic cathode material,
Nag 6,Mng 64C00.30Alg.0602.*" As shown in Fig. 4(b), the P3- and
P2-phases share a Na slab with small lattice distortions at the
near-interface area. The corresponding fast-Fourier transforma-
tion (FFT) patterns viewed along the [010] direction are highly
consistent with the intergrowth of P2/P3 biphases.

3.3 High-entropy cathodes

The high-entropy (HE) strategy is one of the most promising
approaches to obtain higher specific capacity and long cycle life
in layered oxides.’’® HE oxides are defined by the combi-
nation of five or more different cations in a single-phase layered
oxide with equal atomic ratios and finally reaching a high
configuration entropy.” In the SIB system, HE layered oxides
have the advantages of outstanding ionic conductivity and

This journal is © The Royal Society of Chemistry 2025
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strong structural stability.>>">” The introduction of appropriate
elements into the TMO, slabs has been demonstrated as an
effective solution for the distinct challenges in SIBs, such as
poor cycling stability derived from phase transitions, lattice
distortions induced by the Jahn-Teller effect, and structural
irreversibility due to oxygen redox.*®®* With more elements
substituted into HE layered oxides, the position or distribution
of each element has a sequential impact to hold a stable lattice
system. Inductively coupled plasma (ICP) spectroscopy can
determine the chemical compositions on a large scale but
the locations are still unknown. STEM-EDS and EFTEM can
map the elemental distribution on both micro- and nanometer
scales. Elemental mapping has become an indispensable
method for determining the stoichiometry in HE oxides.
Fig. 5(a) shows the EDS mapping of the Nay g5Lig.06Nig.25CU0.05-
Feo.15Mng 450, cathode for each TM ion (Ni, Cu, Fe, and Mn).%*
And the line profile confirms the uniform distribution at
atomic resolution in the designed HE oxides.

As discussed, the good arrangement of various TM ions
leads to better lattice stability and structural integrity of layered
oxides.®®® Huang et al. performed GPA analysis of Nag o5Lig.05-
Mg.05CUg 20F€0.22MNg 35Tip 130, (HE-CFMO) and bare Nagos-
Mg .05CUg 20F€0 35MNg 400, (CFMO) cathodes to estimate the
internal strains at atomic resolution.®” Fig. 5(b) shows the
STEM-HAADF images along with corresponding atomic strain
distribution mapping of HE-CFMO and CFMO samples. The
tensile strains (in red) are visible in both samples along the ¢,,
dimension. The in-homogeneous linear patterns in the CFMO
cathode demonstrate the uneven expanding stress and more
aggressive strain distributions appear in the ¢, and ¢, dimen-
sions, indicating an unstable lattice structure. In comparison,
the tensile and compression strains are more uniform among

Fig. 5 (a) STEM-EDS mapping of O and TM elements, Ni (cyan), Cu
(purple), Fe (red), and Mn (green) of the HE layered oxide Nag gsLio os-
Nio.25CUo.05F€0.15MNg 490, with corresponding line profiles across the
layers. Reproduced with permission from ref. 64, copyright 2023 Springer
Nature. (b) STEM-HAADF images and the corresponding GPA analysis
results of HE-CFMO and CFMO cathodes. Reproduced with permission
from ref. 64, copyright 2024 Wiley.
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all dimensions in HE-CFMO. The GPA analysis of HE and
normal layered oxides confirms the lattice stability of the
HE strategy. The GPA analysis was also applied by Yan et al
to compare the microstructure evolution of NaLig;Nigqs-
Cuo.1Mg, 1Tig ,Mn, 550, and NaLig;Nig 35Mng 550, cathodes.®®
The HE sample shows a uniform strain distribution after
discharge compared to the terrible mismatched strains for
the original NaLi, ;Nip 35Mn, 550, particle.

3.4 Surface modification

The layered oxide surface should be taken into consideration
during the design and manufacturing due to the failure
mechanisms induced by the cathode-electrolyte interface ero-
sion and dissolution of transition metals. Apart from construct-
ing composite phases or core-shell structures, the coating layer
can also effectively suppress the material failure during the
cycling.®*”7! Recently, gradient surfaces by various ion doping
have attracted much attention. Luo et al. reported a gradient
Mg2+ doping surface on the Nag;Mn, 6;Nig 330, cathode and
achieved high specific capacity and good cycling stability.”
A further study on the gradient Mg>* doping was proposed
by Jiang et al.”® The gradient surface strategy is applied on the
P2-Nay 75Ni 20C09 21 Mng 55Mg0 0360, cathode with Mg content
increasing from the interior to the shell’s outer surface.
As shown in Fig. 6(a), a lamella is prepared of a secondary
spherical particle, and the core and the shell structures are
revealed by the STEM-HAADF images. No bright spots are
visible in Na slabs, indicating the Mg>* ions are substituted
into the TMO, layers. The layer spacings of the core and shell
are 5.55 and 5.52 A, respectively, similar to the lattice distance
of the typical Nay 7,Nig ,C0¢25Mng 550, particle. Moreover, the
TM valence states are studied by EELS, as shown in Fig. 6(b).
It is obvious that the peaks of Ni-edges shift to lower energy,
indicating the decrease of the Ni valence from the shell to core
region, while there are no apparent shifts in the peaks of Mn-
edges and Co-edges. The valence change is consistent with the

Ni L-edge | Core

630 640 650 660 770 780 790 800 850 860 870 880
Energy loss (V) Energy loss (eV) Energy loss (eV)

Fig. 6 (a) STEM-HAADF image of a lamella including the shell and the
core of the secondary spherical particle prepared by focused ion beam.
The corresponding STEM-HAADF images of core and shell structures are
also presented with line profiles showing the layer spacing. (b) The
representative EELS spectra of Mn L-edge, Co L-edge, and Ni L-edge.
The line scan direction and acquisition position are marked by the orange
arrow and numbers in (a). Adapted with permission from ref. 73, copyright
2024 Wiley.
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substitution of low-valence Mg for charge neutrality. The results
confirm the gradient Mg”* surface and ensure such a strategy
can suppress the irreversible phase transition in the P2-type
cathode.

4. Structural evolution
4.1 Phase transition

Phase transition has been widely studied and reported in
layered oxides.”*””” Most O3-phase Na,TMO, cathodes experi-
ence O3-P3 phase transition during the charging process.
Such a phase transformation occurs in order to reduce the
system energy with the extraction of Na' ions. It should be
noted that more complex phase transitions would appear
beyond cutoff voltage, such as 03-O1-P3-P1 phase transition
in 03-NaNi,;sMn;,3C04,30,.”% In or ex situ XRD can distinguish
the different phases in the charging/discharging process.
However, the distribution of various phases in particles
requires a more precise study. Zhang et al. reported a good
example of the combination of XRD and TEM to show the
03-P3-OP2 phase transitions.” In the typical 03-Nag oNig 4
Fey 1Mn, 50, cathode, the (003) and (006) peaks in the XRD
pattern shift to lower angles when charging, while the OP2
phase appears when charged over 3.6 V. Such a P/O phase
transition is investigated through STEM-HAADF images, and
the spacing between TM slabs increased from 5.4 A (pristine)
to 5.7 A (charged to 3.6 V). Yao et al. reported another complex
03-P3 phase transition in the Na,,3Li; cFe;,6C01/6Niy;sMn4,30,
cathode, as shown in Fig. 7(a).®° From the XRD results, the
pristine O3 phase is transformed into the P3 phase (charged to
3.0 V), a new O3 phase, and the P3 phase (charged to 4.5 V),
and finally recovered to the O3 phase when discharged to
2.0 V. The co-existence of the P3 + O3 phase sequence is
defined but it is unknown from in situ XRD how the two
phases exist in particles at the nanoscale. By applying STEM-
HAADF, the interlayer structure of O3 + P3 is clearly shown
when charged to 4.5 V. The atomic structure indicates that
the high-entropy strategy greatly enhances the stabilization
among layers.

For P2-Na,TMO, cathodes, P2-O2 phase transition occurs
during the charging process, including the biphase-coexisting
structure (P2 + 02).5>% Recent studies show a so-called OP4
phase in various P2-phase layered oxides when charging to high
voltages.®*®® Based on these reports, Wang et al. studied the
content of O- and P-phases at different charging states.®!
As shown in Fig. 7(b), the P2-Nay ¢;Li 1Fep 37Mn, 530, cathode
is firstly charged to 4.3 V and 4.5 V, then characterized by the
STEM-HAADF, and the P/O phase ratio is determined. When
charging to 4.3 V, the P phases dominate the OP4 structure,
while more O-type layers and obvious neighbouring O-type
stacking appear when charged to 4.5 V. Such evolution
indicates the O/P interlayer structure evolves from a P-type
rich state to an O-type rich state with extraction of more Na*
ions. Similar findings of the P-to-O phase transition are also
reported.®’
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Fig. 7 (a) In situ XRD and corresponding STEM-HAADF images of the Nay/3-
Liy/eFe1/6Co1/6NizeMny 30, cathode when charging to 4.5 V and discharging to
2.0V, respectively. Reproduced with permission from ref. 80, copyright 2022
Wiley. (b) STEM-HAADF images of the NaggsLipiFep37Mngs3O, cathode at
4.3V and 4.5V charging states, respectively. Reproduced with permission from
ref. 81, copyright 2024 Springer Nature.

4.2 Surface evolution

The microstructure evolution of layered oxides preferentially
occurs on the surface area of a single particle due to the direct
contact between the cathode and electrolyte. Under long-term
Na' transportation and possible invasion of a liquid electrolyte,
the surface could be damaged with numerous dislocations,
cracks along layers, and a severe TM-Na mixing rock-salt
phase.®®®° Ding et al. studied the planar strain in a layered
oxide, and the STEM-HAADF results of the NaNi,;Cug -
Fe, ,Mn, 3Sn, 10, particle are shown in Fig. 8(a).”® One could
see the intragranular cracking in a single particle, and the
surface is also visible at the atomic scale, including plenty of
lattice dislocations and rock-salt phases. The Na' transporta-
tion tunnels are blocked due to the damaged surface, thus
leading to the degradation of electrochemical performance. TM
dissolution could simultaneously occur with the surface evolu-
tion, for example, Mn-based layered oxides which suffer from
the Jahn-Teller effect.”’”®® To suppress the voltage decay
and reduce surface damage, Sun et al. introduced AI** ions

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 (a) Cross-sectional STEM-HAADF image of the NaNig3Cug1-
Feo.2Mng 3Sno 1O, particle after 500 cycles, with enlarged HAADF images
showing the substantial dislocations, cracks, and rock-salt phases on the
surface. Adapted with permission from ref. 90, copyright 2024 Springer
Nature. (b) STEM-HAADF image of the Nagglip 24Alg 03MNg 730, particle
with intact surface. The EELS line profiles of O-edges and Mn L-edges are
scanned from the bulk to surface. (c) STEM-HAADF image of the
Nag glip 24Mng 760, particle with a damaged surface. The EELS line profiles
of O-edges and Mn L-edges are scanned from the bulk to surface.
Adapted with permission from ref. 94, copyright 2024 Royal Society of
Chemistry.

into P2-type layered oxide and designed a NaggLig4Alg o3-
Mn, 530, cathode to achieve effectively restrained oxygen rele-
ase and it outputs highly stable voltage within 200 cycles.’® The
surface area is highlighted with original NaggLij 24Mng 760,
cathodes. The STEM-HAADF image Fig. 8(b) shows an intact
surface of the Nay gLig 24Alp.03Mng 730, particle after 10 cycles.
The EELS profile of unchanged peak intensity in O K-edges and
Mn L-edges demonstrates the improved lattice oxygen stabi-
lity and structural integrity during electrochemical cycling.
In contrast, the surface of Na,gLig,4Mn, 760, particles gets
ruined with multi intragranular cracks (see Fig. 8(c)). The EELS
profile of O K-edges reveals the O vacancy formation in the
40-nm region from the surface, which is mainly caused by the
irreversible oxygen redox. The chemical shift in Mn L-edges
indicates the valence change on the surface, and more Mn>" are
located at around 40 nm from the surface, leading to severe
Mn*" dissolution after long-term cycling. By using STEM-
HAADF imaging and EELS analysis, the strong bonding from
AI*" substitution can be confirmed. More examples of surface
evolution monitored by such advanced TEM techniques can be
found in ref. 95-97.

5. Failure analysis

When focusing on battery failure, the most critical drawback of
Na,TMO, cathodes is the multi-phase transitions during the

This journal is © The Royal Society of Chemistry 2025
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charge/discharge process, which are mainly manifested in the
form of multi-voltage plateaus in voltage-capacity profiles.”>%%°
The poor Na“ ion transportation kinetics would lead to the
instability of the cathode structure, further plaguing the cycling
performance.'® Repeated Na ion insertion/extraction would
lead to interlayer inhomogeneous strain and finally cause degra-
dation. For SIBs, the failure mechanisms mainly relate to layer
gliding, cracking, and cation migration.

5.1 Layer gliding

The gliding of neighbouring layers mainly occurs due to the
electrostatic repulsion of lattice oxygen or vacancies of Na
depletion in the charge/discharging process.'®"*** Layer glid-
ing leads to the transitions of stacking types and sequences,
reaching a more energetically stable state.'® The process is
revisable in most cases, but the strain in the phase boundaries
could easily accumulate due to the sudden and drastic volume
changes, finally triggering deterioration. Apart from the planar
gliding in layer oxides, Li et al. reported a new type of degrada-
tion mechanism by kinking in a P-Na, ;Niy 3;Mng ¢Co, 10, cath-
ode using in situ TEM techniques.'®* As shown in Fig. 9(a), the
STEM-HAADF image shows a narrowly kinked region within
10 interconnected TMOg octahedra in each TMO, slab, while
the STEM-ABF image shows the Na* ions between the adjacent
TMO, slabs which are not altered by the bending formation.
Fig. 9(b) shows the two modes of bending by either planar
strain or interlayer slipping. By counting the number of TMOq
octahedra, the interlayer gliding has occurred in the kinked
area. Such large bending is further tested by the in situ mechan-
ical compression experiment using TEM. The similar kink

Tension

Fig. 9 (a) STEM-HAADF and ABF images viewed along the [110] direction,
showing the kinked MO, 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.
(b) Structural models of the bending by in-plane tensile/compressive strain
of TMO;, layers and interlayer slip. (c) HRTEM image shows kink informa-
tion after compression. (d) STEM-HAADF image shows lattice fringes
overlapping those of the non-kinked part, forming Moiré fringes in the
overlapped regions (marked by green dashed lines). Adapted with permis-
sion from ref. 104, copyright 2021 American Chemical Society.
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regions shown in Fig. 9(c) and (d) suggest that bending and
kinking are the primary mechanisms of plastic deformation.
A localized, nonuniform interlayer slip leads to kink formation,
whereas a delocalized, uniform interlayer slip results in phase
transformation in layered oxides.

5.2 Cation migration

During the Na® ion extraction process, the T™M ions could
migrate to Na slabs to occupy the vacancies. This phenomenon
is earlier found in LIBs, known as cation disorder or cation
migration, due to the similar ionic radius of alkali ions and TM
ions.'®>'*® The migration is normally considered irreversible
and causes large unexpected capacity fading and structural
deterioration upon cycling. Talaie et al. applied operando XRD
combined with atomic pair distribution function technique
to investigate the possible cation migration in the P2-type
Na,5[Mn,,Fe; 5]0, cathode.'®” Direct observation of reversible
cation migration is proposed by Zhang et al. in the Nay 3C0y 4-
Tig.60, cathode."® Fig. 10(a) shows the STEM-HAADF images at
different states, pristine, charging, and discharging, along with
the line profiles, respectively. It is clear to see the mixed bright
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Fig. 10 (a) STEM-HAADF images and their corresponding line profiles of
the Nap gCog 4Tip 6O electrode at different stages, pristine, charging, and
discharging, respectively. Reproduced with permission from ref. 108,
copyright 2019 Wiley. (b) STEM-HAADF images of the NaNip 3C00.12Mng 18-
Feo .40, cathode when charged to 4.0 V along the [100] zone axis, and the
corresponding line profiles. (c) Atomic resolution EDS mapping after 50
cycles along the [100] zone axis and correspond line profile of Ni and Fe
elements. Reproduced with permission from ref. 109, copyright 2020
American Chemical Society.
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spots popping up among TMO, slabs at the charging state,
and the line profile intensity confirms the strong cation/Na
mixing. It is noteworthy that at the discharging state, the line
profile shows a weak mixing at Na slabs, indicating the rever-
sible cation migration. A similar study was reported by Chen
et al. on the O3-type NaNig3C0g1,Mn, 15Fe, 40, cathode.'®®
STEM-HAADF and the corresponding line profiles shown in
Fig. 10(b) indicate the cation migration and cause cation/Na
mixing. Further work is carried out by EDS mapping at the
atomic level, shown in Fig. 10(c). The EDS results confirm the
spatial distribution of Mn and Co residing in TM slabs, while Ni
and Fe are found in Na slabs. The intensity profiles of Fe and Ni
reveal that the Fe element firstly migrates to Na slabs with the
extraction of Na' ions and then the Ni element predominantly
resides on the octahedral interstices of the Na layer after
cycling. Their study shows the stability priority of these four
TM ions in layered oxides, where Mn and Co ions are the most
stable TM species.

5.3 Cracking

Cracking is another key factor influencing the electrochemical
performance. It is commonly considered that the more complex
phase transition at high-voltage charge leads to irreversible
structural changes at bulk and huge volume changes.'***"!
These two conditions cause the mechanical stress accumula-
tion at boundaries due to the lattice mismatch and further form
intergranular or intragranular cracks in layered oxides.®>''* In
a typical NaNi, ;3Fe;,;3Mn, 30, cathode, Yang et al. observed the
cracks and heavy surface decomposition at the surface by
STEM-HAADF.'"® The structural degradation is attributed to
the cation migration and phase transition. Wang et al.®®
reported P2-Na,;3Nij;3Mn,;0, as an example to investigate
the crack formation during high-voltage cycling. Large cracks
are observed in single particles with atomic-resolution STEM-
HAADF images showing the primary grains breaking down, as
shown in Fig. 11(a). Corresponding EDS maps in Fig. 11(b)
show that the crack areas are Na-depleted layers. The concen-
tration of organic stuff, C and Cl elements, indicates the
decomposition of electrolytes in cracks. Hence, the authors
propose a stress corrosion cracking mechanism, as shown in
Fig. 11(c). The strain built at the P2/O2 boundaries during the
1st P2-0O2 transition could initialize crack nucleation. The
crack tip propagates along the grain boundary into the bulk.
In this area, Na' ions can be easily extracted and more TM ions
migrate and dissolute into electrolytes. With the accumulation
of surface corrosion and TM condensation, the small crack
grows and expands, finally generating intragranular cracks.
One more detailed study on the cracking formation was
carried out by Xu et al showing that native lattice strain
induces structural cracks." As shown in Fig. 11(d), the
HRTEM image of O3-NaNi,Mn, 4C0,,0, shows that the d
spacing along the (003) zone axis is 0.549 nm, around 3.58%
stretch compared to the standard O3 phase, and some severe
lattice distortions are visible. Geometric phase analysis (GPA)
shows a mismatch between the layer and strain directions.
Such native lattice strain tends to stretch the lattice along the

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Left half: (a) STEM-HAADF images of intragranular cracks in the Na,,3Niy;sMny,30, cathode after 50 cycles with an atomic model. (b) EDS maps
of Na, C, and Cl elements, demonstrating Na depletion on crack surfaces and electrolyte decomposition. (c) Schematic diagram showing crack’s
nucleation and growth. Adapted with permission from ref. 66, copyright 2018 Elsevier. Right half: (d) HRTEM image, GPA analysis and atomic structural
model of the strained NaNig4Mng 4C00 20, cathode. (e) HRTEM images after 100 cycles in 2.0-4.4 V. (f) Schematic illustration of the structural
fragmentation and cracking during cycling. Adapted with permission of ref. 114, copyright 2022 Springer Nature.

¢ axis and shear stress along a and b axes to compress the
lattice. After 100 cycles in 2.0-4.4 V, the stacking faults and
dislocations appear in the NaNi,4Mn, 4C0,,0, cathode as a
consequence of strain relaxation. The bending lattice parallel to
the layers and the tensile lattice along the ¢ axis can be clearly
seen. Simultaneously, the intrinsic high lattice strain in the
quenched cathode significantly exceeds the tensile and com-
pressive limits of the rock-salt phase, resulting in the formation
of rock-salt fragments with varied orientations. Such high-
strained structural evolution is illustrated in Fig. 11(f). The
degradation in layered oxides originates from the spontaneous
relaxation of internal strain that exceeds the threshold limit.

5.4 Instability in air

A critical challenge for layered oxide Na,TMO, is the rapid
degradation once exposed to air for several hours, which could
lead to capacity loss and reduced cycle life.""* Several degrada-
tion models have been proposed to explain the possible reac-
tions after air exposure.’*®'* Zuo et al. studied structural
transformation of P2-type Na, ¢;MnO, and Nay ¢7Nip 33Mng 6,02
in humid air and expanded their findings to the Mn-based
layered oxides."'® To figure out the formation on the surface
after air exposure, the Na,sMnO, and Nag ;Nip 33Mng 6,0,
particles are characterized by STEM-EDS mapping as shown in
Fig. 12(a) and (b), respectively. The cracks on the surface of
the exposed Na,6,MnO, particle can be clearly seen, and the
concentrations of O, C, and Na elements are visible at the
surface extension part without Mn. The NaHCO; formation is
also observed in the Nay 6;Nig 33Mng 670, particles after being
exposed to humid air (93% relative humidity + CO,

This journal is © The Royal Society of Chemistry 2025

atmosphere). It is concluded that the resistance to air of P2-
type layered oxides highly depends on the redox potential
properties in the 1st charge process. A further exploration
was proposed in recent days by Yang and co-workers.'
The O3-NaNi,;;Fe;;3Mn,,30, cathode is selected as the model
system to study the structural evolution in different atmo-
spheres. The lattice dislocations, expansion, and intragranular
cracks can be clearly seen after 12 h-exposure to CO, with water
vapor, with several atomic layer reconstructions on the surface,
as shown in Fig. 12(c). When exposed to O, with water vapor
even for 48 hours, the surface reconstructions occur without
any lattice distortions or cracks. Once exposed to air for
48 hours, the lattice gets curvatures with a fraction of amor-
phized areas on the surface. To corroborate the damaging effect
of combined water vapor and CO,, in situ EFTEM was per-
formed to track the real-time structural changes. Fig. 12(d)
shows the amorphous layer formation after 1 h exposure, and
the lattice spacing expands from 5.33 A to 5.40 A. By using
SAED, the structure of amorphous formation is defined to be
NaHCO;. The results coupled with other analysis results illus-
trate the air sensitivity mechanisms in layered oxides.

6. Outlook and perspectives

Owing to the development of advanced TEM techniques, signi-
ficant breakthroughs have been made in unravelling the scien-
tific mechanisms underlying electrochemical rechargeable
batteries, especially SIBs. We summarize applications of TEM
techniques, including high-resolution imaging, spectroscopy,
and current in situ technologies, for studying layered TM oxides
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formation. (d) In situ TEM images of the NaNiyzFe,;3sMny,30, particle exposed to water vapor and CO, to track the surface evolution. Adapted with

permission from ref. 119, copyright 2024 AAAS.

for SIB cathodes. HRTEM and SAED modes are commonly
employed for microstructure and spacing analysis of layered
oxides. STEM-HAADF and -ABF imaging modes reveal atomic
structures in pristine particles, capturing phase evolution and
crack formation. Combined with spectroscopy instruments,
EDS and EELS enable atomic-resolution tracking of elemental
distributions, TM valence changes, and O status simultaneously.
In situ TEM holders provide the SIB nature within the TEM
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column, allowing real-time observations of structure changes
and the formation of CEIs. These techniques provide valuable
insights into sodium ion intercalation and deintercalation,
elucidating the principles of phase change and structural
evolution in cathode materials. Additionally, they underscore
the significance of ion doping and surface modification.
Through the combined application of multiple TEM technologies,
it has become evident that composite structure design, specific
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(a) Schematic figures of major 4D STEM optics, iDPC and ptychography. (b) An example of 4D STEM applied in the LiNiO, cathode to track the

phase transition and atomic distance. Reproduced with permission from ref. 123, copyright 2020 Wiley. (c) An example of 4D STEM used for studying
layered oxides for SIBs, and the NazNi,SbOg cathode to visualize the Na vacancy formation under low ion doses. Reproduced with permission from ref.
126, copyright 2024 Elsevier.
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phase change, cation doping and implantation, and surface
modification play essential roles in energy storage perfor-
mance. Engineering the Na' ion transport pathways of current
cathode materials at the atomic scale by combining materials
with different properties and implementing appropriate atomic
doping to tune the electronic structure, along with other more
direct methods, may present a feasible approach to overcome
traditional cathode charge storage limitations.

The four-dimensional STEM (4D STEM) technique has been
well studied and gradually applied to battery cathode materials.
In this mode, the electron beam is focused and scanned over
the sample, and the transmitted electrons with interaction
information are collected by a pixelated detector at each probe
position, as shown in Fig. 13(a). 4D consists of two data sets:
two real-space dimensions of the scanning plane and two
dimensions recording the diffraction information of scattered
electrons at each probing position. The initial scattering infor-
mation of electron-sample interactions is preserved in detail in
the dataset. A key application of 4D-STEM is called ptychogra-
phy, which reconstructs a specimen’s structure by deriving its
transmission function from convergent-beam electron diffrac-
tion patterns.'**™'** The imaging of 4D STEM allows a large
beam scanning over the sample, which is beneficial for the
beam-sensitive samples in layered oxides. The light-elements,
such as O, and Na vacancies can be revealed by 4D STEM
imaging, leading to a more precise identification of single atom
columns in the microstructure. A good example applied in LIBs
is shown in Fig. 13(b), where the layered to rock-salt phase
transition is visualized by the enhanced ABF (eABF) images."**
The increased distances between Ni-Ni* atoms are presented
with a layered structure (right) transitioned to a rock-salt
structure (left). The distances of O-O* atoms measured in eABF
images agree well with the Ni-Ni* distances. Due to the high
sensitivity to the light elements, the 4D STEM techniques are
often applied to visualize the O vacancies or the cathode/
electrolyte interface in LIBs."**'** However, very limited studies
based on the 4D STEM on SIB layered oxides are reported,
mainly due to the challenges of long acquisition time, high ion
doses, and reconstruction algorithms. Fig. 13(c) shows a good
example of the 4D STEM technique applied in the Na;Ni,SbOg
cathode to track the ion migration under low ion doses.'*® One
could see the Na vacancies formed on the surface gradually
migrated into the bulk area. This work highlights the migration
of Na vacancies rather than TM ions, providing a clear view of
Na extraction from the bulk. It also demonstrates the influence
of ion doses during 4D STEM acquisition.

It is worth noting that few studies are reported on layered
oxides based on i situ TEM. Very limited in situ TEM studies have
been reported based on the dynamic sodiation process and
thermal stability of SIBs.">’** Plenty of reports focus on the
charge storage mechanism in the anode materials.”*°™*** The
major problem lies in the selection of appropriate electrolytes
which should be both applicable to the high-vacuum TEM column
and stable under the high-energy electron beam irradiation."**
At present, high-resolution STEM observations are hardly applied
to most electrolytes at the atomic scale, even for the LIB study.
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In summary, the integration of diverse TEM-based techni-
ques is emerging as a key approach to overcoming challenges
in structural characterization. Equipped with various spectro-
scopy and imaging techniques, researchers can gain a compre-
hensive and atomic-level insight into layered oxides for SIB
systems. This approach aids in understanding the entire crystal
structure, including elemental information such as TM valence
evolution and concentration distributions in battery materials.
Future endeavours in employing TEM techniques for battery
studies should emphasize exploring innovative in situ config-
urations for the cathode/electrolyte interface study and enhan-
cing both energy and spatial resolutions. Ultimately, this
promising research direction offers new insights and broadens
the potential for future advancements.
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