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In Situ TEM Studies of Tunnel-Structured Materials for

Alkali Metal-lon Batteries

Shuge Dai,* Chenke Yang, Ye Wang,* Yunrui Jiang, and Longhui Zeng*

Tunnel-structured materials have garnered significant attention as promising
candidates for high-performance rechargeable batteries, owing to their unique
structural characteristics that facilitate efficient ionic transport. However,
understanding the dynamic processes of ionic transport within these tunnels
is crucial for their further development and performance optimization.
Analytical in situ transmission electron microscopy (TEM) has demonstrated
its effectiveness as a powerful tool for visualizing the complex ionic transport
processes in real time. In this review, we summarize the state-of-the-art in situ
tracking of ionic transport processes in tunnel-structured materials for alkali
metal-ion batteries (AMIBs) by TEM observation at the atomic scale,
elucidating the fundamental issues pertaining to phase transformations,
structural evolution, interfacial reactions and degradation mechanisms. This
review covers a wide range of electrode and electrolyte materials used in
AMIBs, highlighting the versatility and general applicability of in situ TEM as
a powerful tool for elucidating the fundamental mechanisms underlying the
performance of AMIBs. Furthermore, this work critically discusses current
challenges and future research directions, offering perspectives on the
development of next-generation battery materials through advanced in situ

characterization techniques.

1. Introduction

The increasing demand for portable electronics, electric grids
and electric vehicles has driven global efforts in large-scale
energy storage systems.'5] Alkali metal-ion batteries (AMIBs)
have emerged as promising energy storage devices due to their
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high energy density and potential ap-
plications in electric vehicles and grid-
scale energy storage.l*'%1 However, the
performance of AMIBs is primarily de-
pendent on the structural and chemical
dynamics of battery components (e.g.
reaction mechanisms, structural evolu-
tion, ionic diffusion/migration, electrolyte
degradation)."'"*l For Dbattery materials,
the electrode structures may inevitably
undergo severe expansion and contraction
during the charge/discharge reactions,
thus resulting in the collapse or even pul-
verization of electrodes and capacity fading
during repeated cycling.['>'®] Remarkably,
the tunnel-structured materials can provide
a sufficiently robust framework for the fast
insertion/deinsertion of charge carriers
(e.g., Li*, Na*, K*, Zn* and Mg?*).'7-1
In particular, metal oxides/ sulfides (a-
MnO,, g-FeOOH, TiO,, VO, and KCu,S,)
with an internal tunnel structure have
been widely studied for batteries.!20-2]
Such tunnel structures can accommodate
large charge carriers and enable fast ion
diffusion inside the host materials. For
instance, @-MnO,, characterized by its
octahedral molecular sieve structure, features well-ordered 1D 1
x 1 and 2 X 2 tunnels, which are large enough to facilitate rapid
ion diffusion.l'”] Similarly, g-FeOOH and TiO, exhibit tunnel
structures that enhance ionic conductivity and structural stability
during cycling.[2224] Although considerable efforts have been de-
voted to developing the tunnel-structured materials, the underly-
ing mechanism by which tunnels affect the insertion/extraction
of charge carriers remains poorly understood. For example, the
role of large cations (e.g., K*, Ag*, and NH_*) in stabilizing tun-
nel structures and influencing ionic transport is still debated.
Some studies suggest that these cations may impede ion diffu-
sion due to physical blocking and repulsive electrostatic forces,
while others argue that they help maintain tunnel integrity, pre-
venting collapse during cycling.['?] Understanding these dy-
namic processes is crucial for improving the Coulombic effi-
ciency, energy/power densities, stability and safety of AMIBs.
Specifically, the ability of ionic transport plays a critical role in de-
termining the charge/discharge rates and efficiency of AMIBs. By
studying and optimizing ionic transport dynamics, researchers
can design and optimize advanced electrode and electrolyte mate-
rials that facilitate faster ion transport, thus improving the rate ca-
pability, Coulombic efficiency, stability and longevity of recharge-
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able batteries. Notably, the dynamic evolution inside the work-
ing batteries had not been intensively studies until the advent of
various in situ/operando characterization techniques.[?2% Sub-
sequently, these techniques have revolutionized the investigation
of batteries, which provides direct observation and comprehen-
sive study of the structural and chemical evolution of electrodes
and interfaces during the dynamic charge/discharge processes,
paving the way for advancements in battery technology and en-
ergy storage systems.

Nowadays, in situ/operando characterization techniques, in-
cluding X-ray diffraction (XRD), nuclear magnetic resonance
(NMR), neutron diffraction (ND), atomic force microscopy
(AFM), Raman spectroscopy and TEM, have been widely utilized
to reveal the structural and chemical dynamics of electrode ma-
terials in battery systems.[2°8] These techniques provide invalu-
able information about the dynamic behavior of electrode mate-
rials and interfaces inside a working battery, which contributes to
monitoring changes in crystal structure, phase transformations,
surface reactions, and ion transport in real-time, thus leading to
more accurate predictions and a better understanding of battery
performance.?*] Among these techniques, in situ TEM obser-
vations are recognized as a powerful technique for characterizing
electrode materials at the atomic scale.[?”28]Recently, in situ TEM
techniques have been developed to directly track the dynamic pro-
cesses and underlying mechanisms of electrode materials during
electrochemical reactions in real time.[**] Generally, an in situ
TEM sample holder is a specialized device designed to hold and
manipulate samples within the TEM while observing dynamic
processes in real time. As shown in Figure 1a, it typically con-
sists of a holder stage that can be controlled to apply various stim-
uli, such as temperature, electrical bias, or mechanical deforma-
tion to the sample.3®] Although in situ TEM technologies have
been studied for several decades, they have been utilized in bat-
teries for only a little over 10 years. A brief timeline is shown in
Figure 1b—g. The first in situ nanocell battery was assembled with
a SnO, nanowire anode, a LiCoO, cathode and an ionic liquid
electrolyte (Figure 1b).%l Such an open-cell nanobattery can ef-
fectively demonstrate the phase mechanisms and structural evo-
lution of electrode materials during the charge/discharge pro-
cess. Unfortunately, this designed open cell couldn’t reveal the
solid-electrolyte interphase (SEI) layer due to its incompatibility
with liquid electrolytes. Subsequently, Wang et al. designed an
in situ TEM electrochemical liquid closed-cell where the liquid
electrolyte was filled in between the counter and working elec-
trodes to simulate a realistic battery (Figure 1c).’!l Unlike the
open cell configurations, the closed-cells can contribute to prob-
ing the dynamics of the electrolytes, SEI formation, and growth
kinetics.’!! Despite the great progress achieved, it cannot obtain
high-resolution images due to the inferior signal-to-noise ratio
induced by SiN bulging.l5%2 To address this issue, a graphene
liquid cell was first proposed by Lee’s team,[**] which can protect
the sample against the vacuum within the chamber (Figure 1d).
It exhibits the merit of easy-accessibility without any in situ hold-
ers by the electron beam induced chemical charge/discharge. To
understand the solid-gas interface of fuel cells and metal-air bat-
teries, a new environmental TEM was developed by Wang’s team
in 2017,4 as shown in Figure le. This technology provides a
powerful platform for revealing gas-solid reaction, and atomistic
imaging of the kinetic features in working batteries.?*>*] No-
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tably, there have been limitations in effectively capturing both
morphology visualization and mass information simultaneously
in previous in situ TEM technologies. Recently, Liu et al. pro-
posed a liquid-cell aberration-corrected scanning transmission
electron microscopy (AC-STEM), which can directly observe the
structural evolution and the dynamic processes in liquid phases
(Figure 1f).[] Owing to the limitation of low-resolution TEM, the
distribution of organic/inorganic components in the SEI layer
and their effect on dendrite growth cannot be understood at the
nanoscale.” To address these challenges, a cryo-transfer strat-
egy based on cryo-EM procedures was proposed by Cui’s team.>>]
This technology can effectively probe the structure and compo-
sition of the SEI, as well as the structural and chemical map-
ping of solid-liquid interfaces.>>>¢] To achieve structural order in
liquid electrolytes, Xie et al. proposed an integrated method of
liquid-phase TEM, cryo-TEM operated at —30 °C, and 4D scan-
ning TEM (Figure 1g).5”] This technique enables the liquid elec-
trolytes to remain in the liquid phase and mitigates electron beam
damage.l”] In short, in situ TEM techniques can offer not only
visualization of working batteries but also help develop advanced
battery systems beyond the limits of current techniques.

In this review, we aim to summarize the recent advance-
ments and insights obtained from in situ TEM studies of tunnel-
structured materials in alkali metal-ion batteries (AMIBs). Specif-
ically, we will highlight the crucial role of in situ TEM studies
in addressing the critical challenges faced by advanced AMIBs.
These challenges include understanding the dynamic processes
of ion transport, the structural evolution of electrode materials,
and the degradation mechanisms. Through employing real-time
imaging and spectroscopic analysis, this review seeks to elu-
cidate the intricate interplay between the electrochemical pro-
cesses, material structure, and performance evolution in tunnel-
structured materials. We will discuss how in situ TEM obser-
vations have provided valuable information on the fundamen-
tal processes involved in working batteries, shedding light on
the mechanisms governing ion transport, phase transitions, and
degradation phenomena. Furthermore, this review will conclude
by providing an overview of the potential perspectives and fu-
ture opportunities that in situ TEM observations hold for AMIBs.
By leveraging the capabilities of in situ TEM techniques, re-
searchers can gain deeper insights into the dynamic behavior of
multivalent-ion systems, enabling the design of more efficient
and stable electrode materials for next-generation high-energy-
density batteries.

2. In Situ TEM Studies of Tunnel-Structured
Materials for LIBs

In situ TEM studies have emerged as a pivotal tool for unrav-
eling the intricate processes occurring within LIBs.[*®-62] These
studies allow for real-time visualization and analysis of the dy-
namic structural and chemical transformations that occur dur-
ing the operation of lithium batteries.[%3-%] By capturing atomic-
scale details, in situ TEM provides invaluable insights into the
fundamental mechanisms governing the performance, degrada-
tion, and safety of lithium batteries.[ 71 Based on the tunnel-
structured materials, we will elucidate the fundamental issues
regarding the reaction mechanism, phase transformation, struc-
tural evolution, and performance degradation of LIBs.
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Figure 1. Timeline of the development of in situ TEM observations in batteries. a) In situ TEM sample holder and corresponding schematic illustra-
tion of in situ TEM experiment. Reproduced with permission.[3¢] Copyright 2024, American Chemical Society. b) In situ biasing open cell. Reproduced
with permission.[>°] Copyright 2010, American Chemical Society. c) Electrochemical liquid cell. Reproduced with permission.[>'] Copyright 2018, Amer-
ican Chemical Society. d) Graphene liquid cell. Reproduced with permission.[33] Copyright 2014, American Chemical Society. €) In situ environmental
TEM. Reproduced with permission.[>*] Copyright 2017, Springer Nature. f) In situ liquid-cell AC TEM. Reproduced with permission.[“3] Copyright 2020,
American Chemical Society. g) cry-TEM. Reproduced with permission.3”] Copyright 2023, American Chemical Society.
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In situ TEM studies of tunnel-structured materials for LIBs
provide valuable insights into the dynamic processes occurring
within these materials during the lithiation and delithiation pro-
cess. During lithiation/delithiation, in situ TEM can capture the
process of lithium-ion insertion/extraction from the tunnels of
the materials, shedding light on the volume expansion, phase
transitions, and formation of lithiated phases. This real-time vi-
sualization helps elucidate the kinetics of lithium-ion diffusion
and the evolution of the material's nanostructure as it under-
goes electrochemical reactions. Tunnel-structured nanomateri-
als such as Mn-based oxides,”>””7] Nb-based oxides,!”*8!1 V-based
oxides,#2%7] Ti-based oxides,#¥] etc. have garnered significant
attention and application as electrode materials for LIBs because
of their internal tunnels for free and fast ionic insertion and ex-
traction. In this section, we will classify and summarize tunnel-
structured nanomaterials based on their roles as cathode and an-
ode materials in LIBs. Table 1 comprehensively summarizes the
electrochemical performances of cathode materials in LIBs.

2.1. Cathode Materials

Tunnel-structured cathode materials are critical for LIBs due to
their ability to facilitate fast Li* ion insertion/extraction and pro-
vide structural stability during cycling. Below, we will discuss key
cathode materials studied using in situ TEM techniques.

2.1.1. Mn-based Oxides

Mn-based oxides, (e.g., a-MnO,, 7-MnO,, f-MnO,) are widely
used as cathodes due to their tunneled structures (Figure 2a),
which facilitate the reversible insertion and extraction of lithium
ions. Although remarkable achievements have been obtained,
revealing the precise electrochemical reaction mechanisms oc-
curring within these tunnel-structured materials remains a chal-
lenge. In 2017, Lee. et al. investigated the lithiation mecha-
nism of the tunnel-structured «-MnO, nanowire by in situ high-
resolution TEM,[”! as shown in Figure 2b. This research pro-
vides insight into the atomic position and diffusion pathway of
lithium ions. Subsequently, Cai. et al. explored the (de)lithiation
mechanisms of the todorokite-type manganese oxide (z-MnO,)
with p X 3 tunneled structure by in situ dynamic TEM, as illus-
trated in Figure 2c.l’l This observation revealed the formation
of Mn metal and Li,O phases through a Mn,0, intermediate
phase, demonstrating a stepwise intercalation-conversion lithi-
ation mechanism.”®! This research has the potential to motivate
endeavors aimed at achieving a comprehensive understanding
of the highly polytypic material with other tunnel-specific phases.
Recently, He. et al. tracked the structure evolution of f-MnO, dur-
ing the (de)lithiation process by in situ TEM (Figure 2d). The 1 x
1 tunnel framework of g-MnO, shows partially reversible expan-
sion/contraction characteristics during lithiation/delithiation,
during which an intermediate phase transition from f-MnO,
to O-LiMnO, results in partial irreversibility.””] This work pro-
vides atomic-level resolution of microscopic findings regarding
the storage mechanisms of Li* in f-MnO, for the first time.

To stabilize the tunnel framework structure and optimize the
Li* storage performance of MnO,, one of the effective strategies
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is introducing guest cation ions (Lit, K*, Ti*, Ag?*, etc.) into the
tunnel structure.[*"113-115] These cations play pivotal roles in im-
proving the properties of MnO, structures, which not only rein-
forces the structural integrity by reducing lattice strain but also
creates a more favorable environment for Li* diffusion. Addi-
tionally, the interaction between guest cations and MnO, can op-
timize the electronic structure, potentially enhancing the over-
all electrochemical performance. Delving deeper into the spe-
cificion size, charge, and electronegativity can further illuminate
their ultimate impact on performance metrics. For example, Xia.
et al. reported that the pre-insertion of Li* ions into the a-MnO,
could form an interesting Li MnO, tunnel structure with inter-
growth of 1 x 3 and 1 x 2 tunnels,[”® as illustrated in Figure
3a. This tunnel structure exhibits a large charge storage capa-
bility, which is beneficial for accommodating a large amount of
Li* and enabling fast diffusion. Controlling the local distribu-
tion of K* in the @-MnO, tunnels (Figure 3b) stabilized the a-
MnO, tunnel structure.l''3] However the loss of K* resulted in
the phase transformation of @-MnO, into spinel Mn,0,, leading
to the collapse of the tunnel structure.!’®) Yang. et al. utilized
vanadium substitution of Mn in the tunnel wall, which enhances
the structural uniformity of KMn,O,4.[2*] Moreover, they demon-
strated the V-doped K, ;,Mn; V3,0, can stabilize the tunnel
framework structure during lithiation using in situ TEM obser-
vation, as shown in Figure 3c.[?* Besides, Zhao. et al. revealed
that Ti-doping can also stabilize the tunnel framework struc-
ture of a-MnO, by in situ visualization of Ti-MnO, nanowires
(Figure 3d).°!! Overall, the incorporation of guest cations repre-
sents an effective strategy for optimizing the properties of MnO,
tunnel structures and improving their performance in various
applications, particularly in the realm of energy storage.

2.1.2. V-Based Oxides

Tunnel-structured vanadium oxides ({-V,Os, 1i,V,0s, Na,V, 0O,
K.V,0;. etc.) are promising electrode materials for LIBs due
to their high abundance of interstitial sites and low diffusion
barriers for Li* migration.[®?-%”] Compared with a-V,O (Figure
4a), tunnel-structured ¢-V,0s can provide ample locations for
accommodating the insertion and extraction of Li* during the
charge/discharge cycles, facilitating high capacity and excel-
lent cycle stability.®?) Additionally, the accessibility of multi-
electron redox reactions on the vanadium centers further en-
hances the electrochemical performance. This feature allows for
the transfer of multiple electrons per vanadium atom during
the charge/discharge process, thus leading to higher energy stor-
age capability and improved overall battery efficiency. Moreover,
it also shows high theoretical capacity (441 mAh g'), superior
thermal and chemical stability, low-stress accumulation upon
cation insertion, and outstanding cyclability.®>11%] Figure 4b ex-
hibits the accessible interstitial sites of Li* in the tunnels of ¢-
V, O crystal, which reveals multiple interstitial sites along the 1D
tunnel.®] Furthermore, the tunability of the V-based oxides by
varying the cation composition (e.g., Li, Na, K) provides a versa-
tile platform for tailoring the electrochemical properties to meet
specific performance requirements.[#*87] This adaptability opens
up opportunities for customizing the electrode materials based
on the desired characteristics, such as energy density, power den-
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Electrode material Electrolyte Rate performance Discharge capability Cycle capability Ref.
Li,MnO, /LiPON/Li TFB ™ 50% retention 220 mAh g™! (50 mA g™) 200 cycles, [73]
Liclo, (1.6Ag™) 58.3% retention
Ti-Doped MnO, Nanowires 1M LiPFg 31.9% retention 766 mAhg™! (200mA g™") 3000 cycles, [97]
(10Ag™) 96.86% retention
LiNigsMn; 5O, (LNMO) 1M LiPFg 75.3% retention 507 mAhg! 1000 cycles, [92]
8Ag™) (80mA g 95% retention
Li,MnO, 1M LiPFg 64.0% retention _ 6000 cycles, [93]
(0.9Ag™) 85% retention
BT-MnO, 1M LiPFg _ 236 mAh g 20 cycles, [94]
(10mA g™ 73% retention
GT-MnO, 1M LiPFg _ 198 mAh g~! 20 cycles, [95]
(10mA g™ 62% retention
Mn,P,0;—-carbon@RGO 1M LiPFg 45.4% retention 880 mAh g™ 150 cycles, [96]
(5Ag™) (100 mAg™") 76.8% retention
MnO, @Co;0, 1M LiPFg 41.5% retention 1734mAh g~ 400 cycles, [97]
(5Ag™) (50 mAg™") 92.4% retention
Mo 5% 6-MnO, 1M LiPFg 45.9% retention 802.9 mAh g~' (100 mA g) 100 cycles, [98]
(2Ag™) 112.7% retention
MnO@C-rGO 1M LiPFg 58% retention 1162 mAh g=' (200 mA g~7) 800 cycles, [85]
(5Ag™) 110.4% retention
N-V,0, 1.0M 56.2% retention 4404 mAh g™ (100 mA g) 1000 cycles, 199]
LiPFg (1Ag™) 100% retention
V4C3Tx-BM-HF 1M LiPFg 14.5% retention 185 mAhg™! 500 cycles, [100]
(3Ag™" (100 mA g7") 121.6% retention
N-S-VCT-600 1M LiPFg 31.5% retention 849 m Ah g! 100 cycles, [101]
(5Ag™) (100 mA g7") 69.49% retention
V,CT,@Sn0, 1M LiPFq _ 2449.4 mAh g~ 200 cycles, [102]
(50 mAg™") 99.58% retention
V,0; @N-C Nm 1M LiPFg 38.% retention 1200 mAh g=' (200 mA g~ ) 1000 cycles, [103]
(2Ag™) 81% retention
V,0,@C 1M LiPFg 73.9% retention 700 mAh g1 (100 mA g=T) 800 cycles, [104]
2Ag™) 100% retention
CV-600 1 M LiPFg 47.2% retention 652.4 mAh g1 (500 mA g~') _ [105]
GAgT
S@G/G-V,04 1M LITFSI 59.3% retention 1430 mAh g=1 (500 mA g~ ) 1000 cycles, [106]
(5Ag™) 53.6% retention
V,0, 1.1M 39% retention 200 mAh g~! 100 cycles, [107]
LiPFg (2Ag™) (100 mA g7") 85% retention
NC@V,0, 1M LiPFg 53.4% retention 772 mAh g! 200 cycles, [108]
(2Ag™) (100 mA g7") 60.3% retention
Pure V,05 1 M LiPFg _ 219 mAh g! 200 cycles, [108]
(100 mA g7") 78.5% retention
V,0; yolk-shell 1M LiPFg _ 472.5 mAh g™! 100 cycles, [109]
(100 mA g7") 92.6% retention
LiFeHCF 1M LiClO, 71.8% retention 109 mAh g=' (190 mA g7") 650 cycles, [110]
(1.9A g™ 90% retention
Li,Fe(CN)g 1M LiClO, _ 112 mAh g=' (100 mA g™") 20 cycles, [117]
94.4% retention
Fe,(Fe(CN)¢)s3 1M LiPFg 43.8% retention 450 mAhg™! 550 cycles, [112]
(0.24A g™ (8.76 mAg™) 101.3% retention
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Figure 2. a) Crystal and atomic structures of MnO,. Reproduced with permission.l”*] Copyright 2015, American Chemical Society. b) In situ TEM
experiment for the investigation of the lithiation mechanism of a-MnO, nanowires. Reproduced with permission.l”>! Copyright 2017, Wiley-VCH GmbH.
c) In situ visualization of lithium-ion transport pathways of todorokite MnO,.[76] Copyright 2019, Elsevier Ltd. d) Lithiation-delithiation behavior of one
MnO, nanorod. Reproduced with permission.[”’] Copyright 2021, Wiley-VCH GmbH.

sity, and cycling stability, thereby offering a wide range of poten-
tial applications in the field of energy storage. Recently, Handy.
et al. accurately identified Li-ion sites and diffusion pathways in
the tunnel of Li, ,V,0; by operando powder X-ray diffraction, 4]
as illustrated in Figure 4c. By examining topochemical inser-
tion/extraction of Li* in tunnel-structured ¢-V,0s polymorph,
they successfully captured the sequence of lattice interstitial sites
filled (and emptied) by Li* up to high depths of discharge.®* Fur-
thermore, Luo. et al. mapped the Li* site preferences and occu-
pancies in pre-intercalated #-Na, V,Os and f-K,V, 05 by operando
synchrotron X-ray diffraction, as shown in Figure 4d.[®”] They elu-
cidated the effect of pre-intercalation in modifying the host lattice
and altering the diffusion pathway.[®’! Although considerable ef-
forts have been achieved, the underlying mechanism by which
tunnel affects the insertion/extraction of Li* is poorly understood

Adv. Sci. 2025, 12, 2500513 2500513 (6 of 34)

by in situ TEM studies. Combined with in situ TEM, a more com-
prehensive understanding of the behavior of tunnel-structured
V-based oxides in LIBs can be obtained. It can also contribute
to a profound foundational understanding of the future develop-
ment of high-performance LIBs and inspire further exploration
and improvement in electrode materials.

2.1.3. Prussian Blue Analogues

Prussian blue analogs (PBAs) have garnered significant attention
as electrode materials due to their ability to host a wide range of
ions, making them suitable for deployment in various recharge-
able Dbattery systems.[11%17-122] Ag shown in Figure 5a, the 3D
open framework of PBAs with large ionic channels enables

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. a) High-angle annular dark field (HAADF)-STEM images and simulated crystal structure model of the LiMnO,. Reproduced with
permission.[73] Copyright 2020, Wiley-VCH GmbH. b) The schematic illustration of the multi-step reaction mechanism of K,MnO,. Repro-
duced with permission.["3] Copyright 2022, Wiley-VCH GmbH. c) In situ TEM experiment for the investigation of the lithiation mechanism of
K1 02Mn7 63Vg 3704¢.124] Copyright 2020, Elsevier Ltd. d) In situ visualization of Ti-MnO, nanowires. Reproduced with permission.[*'] Copyright 2018

American Chemical Society.

highly reversible (de)intercalation of Li* ions in non-aqueous
electrolytes, making them versatile candidates for LIBs.!''”] Un-
fortunately, the activation of only one transition-metal species
during the charge/discharge process limits the full utilization of
the PBA’s redox capabilities, leading to underutilization of the
framework’s potential for energy storage. Interestingly, Park et al.
proposed a new LiNi,Co,Mn,O, (NCM) material by a chemical
lithiation process (Figure 5b), which displays a high discharge ca-
pacity of 222 mAh g=! at 0.1 C.["®®! As-prepared NCM exhibits a
LiO, slab space of 2.637 A close to the ideal value of 2.64 A, thus
leading to favorable structural stability and reversibility during
the long charging/discharging cycles.[''®] This finding highlights
the critical role of structural control and order within the material
in achieving enhanced energy density and overall performance
in LIB applications. Recently, Zhang et al. reported a lithium-
containing Prussian blue hexacyanoferrate material (LiFeHCF),
which shows a high discharge capacity of 142 mAh g~! at 19 mA
g~1.111% Ag displayed in Figure 5c, the LiFeHCF-1 exhibits a lat-
tice parameter increase from 10.2134 to 10.2296 A in comparison
to LiFeHCEF-3, which indicates that there is more space available
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for Li* ions to move within the crystal structure of LiFeHCEF-1,
facilitating enhanced mobility and diffusion of Li* ions."1% Such
findings underscore the potential for optimizing the structure
of lithium-containing Prussian blue hexacyanoferrate materials
to facilitate improved Li* ion transport, which is crucial for en-
hancing the performance of LIBs. It is generally thought that 3D
open framework of PBAs plays a significant role in the operation
of LIBs. However, the precise reaction mechanisms occurring
within this structure are not yet fully understood by some effec-
tive characterization techniques. Continued research efforts that
utilize advanced characterization methods such as in situ TEM,
XRD, and other analytical tools are essential for unraveling the
intricacies of the reaction mechanisms occurring within the 3D
open framework of PBA materials. By employing these sophisti-
cated techniques, researchers can gain real-time insights into the
structural and chemical changes that take place during the oper-
ation of LIBs, leading to a more comprehensive understanding
of the underlying processes. This, in turn, paves the way for the
development of improved energy storage materials and technolo-
gies.
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Figure 4. a) The simulated crystal structure model of the a-V, 05 and ¢-V,Os. Reproduced with permission.[32] Copyright 2017, American Chemical So-
ciety. b) Schematic of the 1D tunnels of {-V, 05 along different axes depicting the range of accessible interstitial sites. Reproduced with permission.[#3]
Copyright 2023, American Chemical Society. c) Schematic of the 3D diffusion pathway of Li* in Li;,V,0s. Reproduced with permission.[*] Copy-
right 2020, Wiley-VCH GmbH. d) Single-crystal XRD mapping of lithium-ion diffusion in pre-intercalated -Na,V,05 and $-K,V,0s. Reproduced with

permission.[37] Copyright 2024, Springer.

2.2. Anode Materials

Tunnel-structured anode materials are essential for accommodat-
inglarge volumes of Li* ions and maintaining structural integrity
during cycling. Below, we discuss key anode materials studied
using in situ TEM techniques. Table 2 comprehensively sum-
marizes the electrochemical performances of anode materials in
LIBs.

2.2.1. Nb-Based Oxides

Nb-based oxides, such as Nb,Os, have been extensively studied
as anode materials for LIBs because their unique tunnel struc-
tures facilitate the fast insertion and extraction of Li*.["125] Such
internal tunnels provide convenient pathways for Li* migration
and diffusion, thus allowing for efficient and reversible elec-
trochemical reactions.['26-12] Additionally, the tunnel-structured
Nb,Os offers a high degree of structural stability (Figure 6a),
which is essential for prolonged cycling performance and over-
all durability in LIBs. To reveal the precise electrochemical
reaction mechanisms occurring within these tunnels, in situ
TEM has been considered as a powerful technique for visual-
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izing their tunnels during the (de)lithiation processes. For ex-
ample, Yan. et al. confirmed the small volume expansion and
phase-boundary-free process of T-Nb,Os, during the lithiation
process by using in situ TEM, as illustrated in Figure 6b.1'?!
This structure shows a simultaneously low barrier for electron
and ion transfer. To improve the performance of T-Nb,Os, nu-
merous efforts have been focused on atomic doping or form-
ing a composite with carbon materials.[13%133] Zhu. et al. de-
signed the aluminum-doped T-Nb,O; embedded in the N-
doped carbon network (Al-Nb,O;@NC).[13%] By in situ TEM
(Figure 6c¢), they revealed the intercalation-type electrochemi-
cal reaction and good crystalline integrity of Al-Nb,O;@NC.
Song. et al. reported a high-performance N-C@MSC-Nb,O; (mi-
crometer single-crystal H-Nb,Oq) electrode by introducing an
amorphous N-doped carbon (N-C) shell. According to in situ
TEM observation (Figure 6d), they found that the open dif-
fusion tunnel of Li* is parallel with the orientation of struc-
tural expansion, which could retain straight rather than twists
during (de)lithiation processes.'*! Overall, tunnel-structured
Nb-based oxides show promising potential for applications in
LIBs, which also present a compelling avenue for further
research and development in the field of advanced energy
materials.
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Figure 5. a) Schematic illustrations of Prussian blue analogs, and the insertion ions diffuse vial®®! channels. Reproduced with permission.['17] Copyright
2021, Elsevier Ltd. b) Schemes of the lithiated Prussian blue analogs (left) and the LiNi,Co,Mn,O, (right) unit cells along [001] and[®! projections, re-
spectively. Reproduced with permission.['18] Copyright 2020, American Chemical Society. c) Comparison of the crystal cell and coordination environment
between zeolitic water and Fe(CN)g octahedra of LiFeHCF-1 and LiFeHCF-3 samples. Reproduced with permission.!"'%l Copyright 2022, Springer.

2.2.2. Ti-Based Oxides

Ti-based oxides (e.g., Li, Ti;O;, Na, Ti;Oy;, K, Ti;O,;) are promis-
ing anodes due to their low volume expansion and high struc-
tural stability,>*15% which facilitate the reversible insertion and
extraction of Li* ions. These tunneled structures can promote
a high degree of structural stability, which is crucial for en-
suring long-term cycling performance and overall durability in
LIBs. Additionally, the presence of these tunnels allows for the
accommodation and diffusion of lithium ions, which is essen-
tial for optimizing the charge storage capability of the mate-
rial. Figure 7a shows the crystal structure of Li,Ti O, in which
all Ti atoms are surrounded by six oxygen atoms forming dis-
torted TiO, octahedra.l'>’] Insertion of Li* into Li,TisO,; oc-
curs at an average voltage of 1.5 V, which delivers a high dis-
charge capacity of 250 mAh g~1.["] Compared with Li,Ti;O;,
Na,TizO,; exhibits a different crystal structure,’®! as shown
in Figure 7b. Notably, Na,Ti;O,; undergoes a real topotacti-
cal Li* insertion reaction with retention of the skeleton Ti-O
framework structure.®158 It can deliver a maximum theoret-
ical capacity of 297 mAh g 1.I%¢ For K,Ti;O,;, it shows al-
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most the same crystal structure as Na,Ti;O;, as illustrated in
Figure 7c.[*] When used as an anode for LIBs, it can display
superior rate capability and excellent cycling stability due to its
good electronic conductivity and large open framework.''>! To
improve the performance of Ti-based oxides, introducing guest
cation ions into the crystal structure is an effective strategy. For
example, Liu. et al. developed the proton exchange-insertion-
exfoliation method to prepare Na, Ti, ,Mo,0,; (NTMO).*?] Com-
pared with pristine Na,Ti O,;, the NTMO shows faster Li* dif-
fusion kinetics (Figure 7d). Moreover, the doped NTMO can
boost the facile Li* ion transport channels and expose facets with
more reversible active sites.®) Overall, the tunnel-structured Ti-
based oxides represent a significant area of interest in mate-
rials research, particularly in energy storage devices. Although
considerable efforts have been focused on developing the Ti-
based oxides, the underlying mechanism by which tunnel af-
fects the insertion/extraction of Li* is poorly understood by in
situ TEM. Continued studies and developments of these mate-
rials hold the potential to further advance the performance and
efficiency of LIBs by leveraging the capabilities of in situ TEM
techniques.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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3. In Situ TEM Studies of Tunnel-Structured
Materials for SIBs

Sodium-ion batteries (SIBs) have become a prominent trend in
the progression of secondary batteries due to the natural abun-
dance and cost-effectiveness of sodium. SIBs share many sim-
ilarities with LIBs, including the manufacturing process and
“rocking-chair” working principle.l'*1%*] Nevertheless, several
scientific challenges still require resolution before the perfor-
mance of SIBs can rival that of LIBs. In particular, the larger
ionic size of Na* relative to Li* results in slow ion diffusion in
active materials and low energy efficiencies in batteries.[165-1¢7]
Interestingly, tunnel-type materials can provide a wide diffu-
sion path and accommodate structural strain during the Na*
(de)insertion process, which has been extensively studied for
SIBs.[1%-170] Directly observing the evolution of tunnels dur-
ing sodiation/desodiation processes is crucial for revealing the
underlying mechanisms of electrochemical reactions. In this
section, we offer a summary of in situ TEM studies on reac-
tion mechanism, phase transformation, structural evolution, and
performance degradation of tunnel-type electrode materials for
SIBs.

Tunnel-type nanomaterials, such as Mn-based oxides,!
Ti-based oxides,['7>"17°IV-based oxides, '3>8 and Nb-based
oxides,!'87189] etc. have been extensively studied as electrode ma-
terials for SIBs because of their unique tunnels for free and
fast Na* insertion/extraction. In this section, we will classify and
summarize tunnel-structured nanomaterials based on their roles
as cathode and anode materials in SIBs. Table 3 comprehensively
summarizes the electrochemical performances of cathode mate-
rials in SIBs.

169-174]

3.1. Cathode Materials

Tunnel-structured cathode materials play a pivotal role in advanc-
ing SIBs by enabling rapid Na* insertion/extraction and ensur-
ing structural stability throughout cycling. In the following sec-
tions, we delve into the exploration of key tunnel-structured cath-
ode materials through in situ TEM techniques, shedding light on
their structural evolution, electrochemical behavior, and perfor-
mance characteristics.

3.1.1. Mn-Based Oxides

Mn-based oxides with tunnel structures have garnered signifi-
cant attention for their application as cathode materials in SIBs.
Among them, Na,MnO, nanomaterials are well known for the
different polymorphs possessing various open crystallographic
frameworks to facilitate the initial Na* insertion, whose initial
discharge capacity can reach up to 350 mAh g=1.[1%-71] Never-
theless, their Na storage mechanisms remain elusive because of
the complicated tunnel structures, and the transport kinetics of
Na* in such tunnels and concomitant tunnel structure evolu-
tion are still poorly understood. To reveal the tunnel structure
evolution and Na* storage mechanism of Na,MnO, nanoma-
terials, considerable studies have utilized in situ TEM to track
their dynamic morphological and structural evolution during
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the (de)sodiation processes. For example, Yuan. et al. revealed
the morphology and phase evolution of a-MnO, nanowire dur-
ing(de)sodiation by using in situ TEM, as shown in Figure 8a.[1¢]
The first sodiation process started with tunnel-based Na* inter-
calation and then experienced the intermediate phase formation
of Na,sMnO, as a result of tunnel degradation and ended with
the Mn,O; phase.['®) The inserted Na* could be partially ex-
tracted, and the subsequent cycles were dominated by the re-
versible conversion reaction between Na, ;sMnO, and Mn, O,.[1%]
Cai. et al. utilized in situ TEM to visualize anisotropic sodia-
tion degrees and Na‘* storage mechanisms of todorokite-type
MnO, (z-MnO,), as illustrated in Figure 8b.['®] These stud-
ies provide valuable insights into Na* storage mechanisms of
tunnel-type Na,MnO, and help to further improve the electro-
chemical performance of these materials by proper structure
engineering and chemical modification. Notably, cation substi-
tution is considered an efficient approach to adjust the crystal
structure and enhance the electrochemical properties of man-
ganese oxides. For instance, the Ti substitution for Mn sites
could induce a contraction of the TMO, octahedron, enlarge
the spacing of the Na layer in P2-Na,;MnO, and inhibit elec-
tron delocalization, which significantly enhances the sodium
storage capacity.!!®274] Chen. et al. reported that 5% Ni dop-
ing could improve the reversible capacity, rate performance, cy-
cling life, and reaction kinetics of Na,,Mn, Ni O,.'*] Over-
all, tunnel-structured Mn-based oxides exhibit promising po-
tential for applications in SIBs, which also present a com-
pelling avenue for further development in energy storage sys-
tems.

3.1.2. V-Based Oxides

Vanadium oxides have emerged as attractive cathode materi-
als for SIBs due to their favorable electrochemical properties,
including their high capacity, good cycling stability, and rela-
tively low cost.[200-205] Additionally, the ability to accommodate
the (de)intercalation of Na* within their structure further en-
hances their appeal as electrode materials for SIBs. For exam-
ple, layer-structural V,0Os exhibits various polymorphs, includ-
ing a-V,0s, #-V,0s, y-V,0s, €-V, O, as depicted in Figure 9a.12]
Owing to the high oxidation state of vanadium and a theoret-
ical capacity of 443 mAh g~!, these materials are highly at-
tractive as electrode materials for SIBs.['#+228] Nevertheless, the
low electronic conduction and slow diffusion of Na* ions lead
to inadequate rate performance and cycling stability.[2002%] In-
corporating hydrogen provides an alternative method to mod-
ify the atomic and electronic structures of vanadium oxides.
Shi et al. demonstrated an H*-incorporated a-V,05 (H,V,0s),
which shows enlarged diffusion channels along the [001] and
[010] directions (Figure 9b).[2%] Moreover, the atomic structure
of H,V,0; presents the most favorable conditions for rapid
Na* transport.[?] To further improve the performance, pre-
intercalation of cations (e.g., Na*, K*, etc.) is the most effective
and facile strategy to stabilize the 2D layer structure, and the
intercalation of cations between the layers creates a 3D tunnel
structure that acts as “pillars” to stabilize the crystal structure
during the charging/discharging process.'81841 Osman et al.
proposed a 3D pillaring tunnel structure of NaV 0,5 (NVO)
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Table 2. Summary of the electrochemical performances of anode materials in LIBs.

Electrode material Electrolyte Rate performance Discharge capability Cycle capability Refs.
Ti;NbyyO,9 cages 1M LiPFg 44.4% retention 302.5mAhg™! - [78]
(30Ag™ (100 mA g™1)
H,TiNbg O 1M LiPFg 27% retention 18 mAh g~! _ [79]
(1Ag™) (20mA g™
RS-Nb,O5 12M 70% retention 269 mAh g 400 cycles, [127]
LiPFg (1Ag™) (20mA g 100% retention
Nb,O; @C 1 M LiPFg 22% retention 240 mAh g~ (100 mAg™") 800 cycles, [122]
(20A g™ 109% retention
MSC-Nb, O 1 M LiPFg _ 270 mAh g~! (50 mA g) 10 cycles, [123]
48% retention
Nb,, W30 1M LiPF 38.1% retention 2492 mAhg~' (89 mAg! 200 cycles, 124
14W304 6 g g Y
(89Ag™ 98% retention
Co-Nb, 05 1 M LiPFg 58.6% retention 256.1mAh g=' (100 mAg™") 500 cycles, [125]
GAg™ 90% retention
T-Nb,Os 1 M LiPFg 105% retention 435.1mAh g~' (100 mAg™") 200 cycles, [126]
(0.1Ag™ 101% retention
a-Nb, Oy 12M 43% retention 243 mAh g7 (200 mA g™) 400 cycles, [127]
LiPFg (1Ag™) 85% retention
TiO,/MXene 1M LiPFg 32.5% retention 169mAh g~ (50 mA g™1) — [128]
(1Ag™
SC- Ti; C, (OH), 1M LiPF4 _ 242 mA g™ 250 cycles, [129]
(100 mA g7") 36.7% retention
Al-Nb,O; @NC 1 M LiPFq 25.1% retention 240 mAh g~ (100 mA ") 9900 cycles, [130]
(20Ag™) 78% retention
N-C@MSC-Nb,O5 1M LiPFg 48% retention 270 mAh g=' (50 mA g) 1000 cycles, [137]
(16A g™ 83% retention
Ing.sNb,4 5Og,-F90-6 1M LiPFg 37.9% retention 199.2mAh g71 (12.1mA 200 cycles, [132]
(242A¢g7) g 114% retention
Ru-doped Nb,Og 1M LiPFg 58.9% retention 257.9 mAh g=' (200 mA 3000 cycles, [133]
(16Ag™ g 58% retention
Nb,Os-AIB30 1M LiPFg 16.7% retention 211 mAhg™' (40mAg") 300 cycles, [134]
(10Ag™ 80% retention
Nb,O;@TiO,c-13 1M LiPFg 68% retention 232.1 mAh g~' (100 mA 1000 cycles, [135]
(5Ag™ g ") 88% retention
Nb,Os @NC 1 M LiPFg 61.% retention 224 mAh g~ (100 mA g71) 2000 cycles, [136]
(6Ag™) 67% retention
TiO,— x-C-Sn 1M LiPFg 35.6% retention 1562 mAh g~! (100 mA g7) 200 cycles, [137]
GAg™ 61% retention
SnS/Ti,C, T, 1 M LiPFg 76.8% retention 1254 mAh g=1 (100 mA g~T) 180 cycles, [138]
(5Ag™ 96% retention
LTP- TiO,/MXene 1M LiPFg 46% retention 466mAh g~! 500 cycles, [139]
(1Ag™ (50mA g™ 95% retention
RDS/d-Ti;C,T, 1M LiPFg _ 457 mAh g=' (50 mA g) 500 cycles, [140]
107% retention
P-Ti,C, 1 M LiPFg 41.1% retention 310 mAh g~ (100 mA g 1) 3000 cycles, [147]
(0.8Ag™ 100% retention
Ti;C,T,-T nanosheets 1M LiPFg 75.6% retention 440 mAh g=' (100 mA g™") 200 cycles, [142]
(1Ag™) 110% retention
VO0.,-Ti; G, T, 1M LiPFg 47.1% retention 251.3 mAh g=' (100 mA 180 cycles, [143]
(5Ag™) g 69.% retention
N-Ti,C,T, /P 1 M LiPFg 50% retention 1160 mAh g=1 (100 mA g~') 200 cycles, [144]
2Ag™) 75% retention
Co;04/Ti;C, Ty 1M LiPFg 105% retention 611.9 mA h g~ (500 mA 900 cycles, [145]
(0.05A g™ g 242% retention
(Continued)
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Electrode material Electrolyte Rate performance Discharge capability Cycle capability Refs.
Ti;C,T,/CNTs@P 1 M LiPFg 27.3% retention 2598 mAh g™ (130mA g™") 500 cycles, [146]
(52A¢™") 83% retention
Li-Nb,CT,-400 1M LiPF4 _ 985mAh g~ 2000 cycles, [147]
(50mA g™ 75% retention
Ni(OH)/4-TisC, 1M LiPFg 55.6% retention 615.2mAh g~! 1000 cycles, [148]
(2Ag™) (100 mA g™1) 106% retention
Sn@Ti, G, 1M LiPFg 29.6% retention 1039mAh g~! 250 cycles, [149]
BAg) (500 mA g~1) 64% retention
Ti;C,(OH), NRs 1M LiPFg 27.3% retention 292.4mAh g~! 250 cycles, [150]
(1Ag™ (100mA g™") 49% retention
in-Ti, C, 1M LiPFg _ 123.6mAh~" 75 cycles, 51
(260 mA g™") 96% retention
p-TisC, T, /CNT 1M LiPFg 26.4% retention 1250mAh g~! - [152]
(32Ag™ (160 mA g™")
PVP-Sn(IV)@Ti;C, 1M LiPFg 30.4% retention 1487 mAh g~ 500 cycles, [153]
BAg (100mA g™") 94% retention

nanorods (Figure 9c), which demonstrates rapid ion and elec-
tron transport, resulting in exceptional rate performance and
excellent cycling stability.'8 KO et al. reported a tunnel-type
V15Cry 5O, sH with a tetragonal crystal system and I 4/m space
group.'8!l Tt consists of infinite chains of VO, and CrO; octa-
hedra sharing their edge or point with each other (Figure 9d),
resulting in large vacant sites in the crystal structure, such as
[2 X 2] and [1 X 1] tunnels.'8!] They revealed that 3 mol of
Na* ions per 2 mol of transition metal ions, such as V and Cr,
can be intercalated into the crystal structure of V,;Cr,;0,sH
nanorods, demonstrating the outstanding Na* storage capacity.
Moreover, the hollandite-type VO, ,5(OH), with large tunnels
enables accommodation of the large Na* ions, exhibiting fast
Na* ion diffusion capability. Interestingly, Na* pre-intercalated
VO, ;5(OH), 5 can lead to the formation of a stable intermediate
phase during the Na* (de)intercalation process, and the formed
Na, VO, ,5(OH),s can undergo a single-phase reaction with a
sloppy charging/discharging curve.?!l As shown in Figure 9e,
the Na, VO, ,5(OH), s exhibits large tunnels for Na* accommo-
dation and diffusion, which can effectively stabilize the tunnel
structure of VO, ,5(OH),5.[*! The open structure of hollandite-
type Na, VO, ,5(OH), s contributes to its excellent rate capabil-
ity and cycling stability. Overall, tunnel-type vanadium oxides
have garnered significant interest as potential electrode materi-
als for SIBs. These materials possess a unique tunnel structure
that allows for the reversible intercalation and deintercalation of
Na*, enabling high capacity and excellent cycling stability. How-
ever, understanding and addressing challenges related to com-
plex phase transitions of the tunnel structure is crucial. Further
optimization efforts should focus on elucidating these complex-
ities for enhanced performance.

3.1.3. Prussian Blue Analogues
PBAs have been extensively studied as promising cathode ma-

terials for SIBs due to their 3D open frameworks and large in-
terstitial sites, which allow reversible Na* storage and fast ion
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transportation.[2%214] For example, Qin et al. proposed a highly
crystallized Prussian blue (Na,Fe,[Fe(CN),];), which exhibits ef-
ficient electron transfer and smooth ion diffusion, resulting in
excellent rate performance and long-term cycling stability in
Na* ion storage.[?'*] Wang et al. reported a highly crystallized
Na, ,Fe[Fe(CN);],, which displays a highly reversible Na* ion stor-
age, as illustrated in Figure 10a.12%! By suppressing the struc-
ture defects, the material demonstrates sufficient Na* storage
sites and fast cation migration channels.?®! This underscores
the importance of structural integrity in facilitating efficient Na*
ion transport and storage, thus showcasing the material’s po-
tential for high-performance energy storage applications. Nev-
ertheless, PBAs usually suffer from low capacity utilization due
to the high ratio of vacancy defects in Fe(CN),.[272%] These va-
cancy defects can significantly impact the material’s ability to ef-
fectively store and release ions, thereby limiting its overall ca-
pacity utilization. To overcome this limitation, Ran et al. pro-
posed a high-entropy strategy to enhance both the specific ca-
pacity and capacity retention by introducing equimolar Co, Fe,
Cu, and Mn at the Ni sites in PBA frameworks.?®! The in-
troduced four transition metals significantly increase the elec-
trochemically active sites, and more stable hosts for Na* ion
(de)intercalation?®! Li et al. reported a beneficial and appli-
cable strategy to introduce Fe into PBA materials for SIBs,
which displays low vacancies and good cycling stability after
300 cycles.2%®] Moreover, they demonstrated that high-quality
Prussian blue allows fast Na*™ ion mobility and a high degree
of reversibility during the charging/discharging process by in
situ TEM (Figure 10b). This finding underscores the impor-
tance of material quality in facilitating efficient ion transport
and reversible electrochemical reactions, thereby highlighting
the potential of high-quality PBAs for advanced SIB applica-
tions. Recently, Peng et al. presented Na-rich Mn-based PBAs
that exhibit exceptional rate capability and remarkably long-term
cycling stability (90.1% of its capacity after 10,000 cycles).[28]
In situ TEM revealed that the exceptional performance of this
electrode stems from its highly reversible three-phase trans-
formations and the synergistic effects of the tri-metal (Mn-Ni-
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Figure 6. a) The simulated crystal structure model of the R-Nb,Os. Reproduced with permission.l'?8] Copyright 2023, The Royal Society of Chemistry. b)
In situ TEM experiment for the investigation of the lithiation mechanism of T-Nb,Os_,. Reproduced with permission.['2°] Copyright 2021, Elsevier Ltd.
c) Evolution of morphology and microstructure of Al-Nb,Os@NC during lithiation by in situ TEM. Reproduced with permission.['*%] Copyright 2023,
Elsevier Ltd. d) The in situ TEM images and corresponding SAED patterns of N-C@MSC-Nb,Os particles. Reproduced with permission.['311 Copyright

2020, Wiley-VCH GmbH.

Fe) composition (Figure 10c). These findings highlight the im-
portance of understanding the intricate structural and com-
positional dynamics of the PBA materials during the charg-
ing/discharging processes. By leveraging reversible phase trans-
formations and the synergistic effects of multiple metals, these
sodium-rich, Mn-based Prussian blue analogues demonstrate
significant promise for robust and efficient energy storage appli-
cations, offering insights for the development of advanced SIB
technologies.

Adv. Sci. 2025, 12, 2500513 2500513 (13 of 34)

3.2. Anode Materials

Tunnel-structured anode materials play a crucial role in SIBs by
providing a framework to accommodate the large volumes of Na*
ions during charge and discharge cycles while preserving struc-
tural stability. Below, we will discuss key anode materials studied
in SIBs by using in situ TEM techniques. Table 4 comprehen-
sively summarizes the electrochemical performances of anode
materials in SIBs.
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Along the [010] of NTO

AE = 1.009 eV

Figure 7. a) The simulated crystal structure model of the Li, TigO3. Reproduced with permission.I'>”] Copyright 2018, AIP Publishing. b) Schematic of
the crystal structure of Na, TigO13 (octahedral:Ti-Og, spheres:Na). Reproduced with permission.['*8] Copyright 2015, Elsevier Ltd. c) Structure schematic
and transport path of Li* and electron in K,TigO3. Reproduced with permission.['3°] Copyright 2020, Elsevier Ltd. d) The structural models and energy
diffusion paths of Li* in Na,TigO1; and Mo5%-Na, Ti¢O13. Reproduced with permission.[ Copyright 2023, Elsevier Ltd.

3.2.1. Ti-Based Oxides

Ti-based oxides, particularly those with a tunnel structure, have
shown exceptional sodium ion storage capacity. Hollandite-type
TiO, nanomaterials are one of the most attractive anodes for
SIBs due to their larger tunnels for fast insertion and diffusion
of Nat*.[200-207.214.215.225-228] The c-axis of TiO, is recognized as a
potential pathway for Na* diffusion and insertion.[??’”] Notably,
a monoclinic Na,,:TiO, (I2/m) can be formed upon the initial
insertion of Na*, and then a layered O3-NaTiO, phase is gen-
erated after a high concentration of Na* insertion, as illustrated
in Figure 11a.2?”] Such continuous phase transitions can easily
cause the disappearance of the TiO, tunnels, resulting in a rapid
decline in sodium storage capacity. To optimize its sodium stor-
age performance, pre-insertion of Na*/K* into the TiO, crystal is
considered an effective strategy. For example, Tao. et al. demon-
strated Na,Ti,O,; (Figure 11b) can be sodiated to Na,Ti,O;;
with minimal lattice expansion upon Na* intercalation.22¢] Ad-
ditionally, the insertion of Na* can enhance its conductivity,
thus improving its sodium storage properties.[?2%! Wu. et al. re-
vealed that tunnel Na,Ti,O,; crystal structure exhibits no sig-
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nificant structural variation during Na* insertion/extraction.!*””]

During Na' insertion, Na* initially occupies 2d sites, then pro-
gresses to occupy 4i sites and eventually reaches 2c positions,
as illustrated in Figure 11c.l'’”) Besides, they demonstrated the
high ionic conductivity and superior cycling stability of the tun-
nel Na,Ti;O,; anodes. Zhang. et al. reported that the hollan-
dite K, TiO, with large (2 X 2) tunnels could accommodate
more Na* and facilitate the Na* diffusion in the crystal struc-
ture, as illustrated in Figure 11d.1?%’] Owing to the open tunnel,
the K, TiO, hollandite can deliver a stable reversible capacity of
131 mAh g! and superior rate capability.?’] Recently, Chen.
et al. demonstrated a novel 2 x 2 tunnel-structured K; ,4TigO;
(Figure 11e), which could contain more Na*, promote the Na*
diffusion in the tunnels, and maintain structural stability.[}”>]
Another typical method is recombination with multivalent ions,
which could effectively enhance electronic conductivity and re-
duce structural damage during Na* insertion/extraction. For in-
stance, tunnel-structured Na,Mn, Ti,O, materials are considered
promising cathodes for SIBs due to their favorable tunnels and
robust structural framework.['727¢) Mandal. et al. found that Z-
shaped tunnel and polyhedral pentagonal void of Na,Mn,Ti; O,
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Table 3. Summary of the electrochemical performances of cathode materials in SIBs.

Electrode material Electrolyte Rate performance Discharge capability Cycle capability Ref.
NMO-2 76.6% retention 116.3mAh g~ (10mA g™") 800 cycles, [164]
1M NaClo, BAg™) 82.3% retention
Tunnel-type Nag 44MnO, ™ 97.2% retention 115mAh =" (7.2mAg™) 300 cycles, [165]
NacClo, (0.12A¢g™) 80% retention
Nag 4,Mng g6 Tig.04 O, ™ 70.9% retention 116.4mAhg™" (20 mA g7") 5000 cycles, [167]
NaClO, (2Ag™) 67.0% retention
NMO-3M ™ 67.% retention 178.9 mAh g™ (12mA g™") 100 cycles, [168]
NaClo, (12A¢g™) 77.8% retention
Nag 44MnO, ™ 41.2% retention 52 mAh ~! 300 cycles, [177]
Na,SO, (0.605Ag™") (121 mAg™) 65.4% retention
NMO-T™M ™ 91.3% retention 110 mAh g=! (121 mAg™") 200 cycles, [172]
NacClo, (0.242Ag7") 93. 6% retention
NMOLO.06 ™ 77.3% retention 110.7mAh g1 (240 mA g™") 400 cycles, [173]
NaClO, (0.6Ag™) 90.2% retention
L/T-NaMT-1 ™ 67.2% retention 152.0mAh g1 (240 mA g™") 300 cycles, [174]
NaClO, (024 Ag™) 71.0% retention
Nag,3,V,05 1M NaPFg 56.9% retention 240 mAh g~! 400 cycles. [180]
(TAg™) (50 mA g) 83% retention
V15Crps0,sH/CNT 1M NaPFg 70.2% retention 306 mAh g~! 100 cycles. [181]
(0.9Ag™) (15mA g™) 77.1% retention
V,05/Cag1;V,05 film ™ 79.9% retention 153.5 mAh g™! 100 cycles. [183]
NacClo,/PC (0.7Ag™) (99 mA g 104% retention
NaVgO;5 ™ 56.9% retention 217.2mAh g=' (100 mA 500 cycles. [184]
NaClO, (10Ag™) g 96% retention
V,05-Vo-A 1M NaPFg 64% retention 325 mAh g! 360 cycles. [190]
(1Ag™) (50 mA g 94.5% retention
$-NavOPO, ™ _ 316 mAh g1 50 cycles. [191]
NacClo, (17mAg™) 19% retention
H-PB ™ 70.3% retention 60 mAh g~! 2000 cycles. [192]
NacClo, (12Ag™ (240 mA g™") 62% retention
MNHCF-3 ™ 78.4% retention 136.5mAhg™! 1700 cycles. [193]
NacClO, (3AgT) (15mA g™ 82.6% retention
HE-PBA 1.7M 39.0% retention 118.6 mAhg™! 1800 cycles. [194]
NacClo, (5Ag™) (100 mA g™") 81.2% retention
FeMnCu ™ 66.48% retention 127 mAh g! 500 cycles. [195]
NacClo, (0.5A g™ (30mAg) 60.6% retention
PB-130 ™ 75.7% retention 113.6 mAh g~! 1200 cycles. [196]
NacClO, (2Ag™) (30mAg™) 85.5% retention
HEPBA-Etched-10 ™ 60.4% retention 126.5mAh g~! 1000 cycles. [197]
NacClo, (4Ag™) (100 mA g™") 75.6% retention
FeFe(CN)g 1M NaPFg 84% retention 109mAh g=! (60 mA g~) 150 cycles. [198]
(24Ag™) 95.8% retention
LQ-NaFe 1M NaPFg _ 140 mA h g™! 70 cycles. [199]
(25mAg™) 36.5% retention

could act as guest sites for reversible Na* migration, as shown
in Figure 11£[77¢1 Such compounds present two redox centers
of Mn**/Mn*" and Ti**/Ti**, which can greatly enhance the
sodium storage capacity. Despite significant efforts that have
been dedicated to the studies on tunnel-structured Ti-based ox-
ides, the complex phase transitions of tunnel structure and
sodium/vacancy ordering are still not clearly elucidated. By com-
bining in situ TEM, a more comprehensive understanding of the
behaviors of tunnel-structured Ti-based oxides in SIBs is urgent
and necessary.
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3.2.2. Nb-Based Oxides

Nb-based oxides typically demonstrate a conventional sodium in-
tercalation storage mechanism, making them well-suited as an-
ode materials for SIBs. As a prototypical pseudo-capacitive ma-
terial, Nb,Os has demonstrated a remarkable high-rate charge
storage capability in Na* ion storage.['>'%7] Li et al. developed
an amorphous hydrogenated Nb,O; nanomateria, which ex-
hibits rapid and sustainable Na* ion storage.'®5] Notably, ex-
panding lattice spacing, enhancing conductivity, and reinforc-
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Table 4. Summary of the electrochemical performances of anode materials in SIBs.

Electrode material Electrolyte Rate performance Discharge capability Cycle capability Refs.
KTO@NCNFs 1M NaPFg 37.6% retention 167.0mAh g~! 5000 cycles. [175]
(1Ag™) (20mA g™ 302% retention
NNTO ™ 9.2% retention 212.5mAh g! 4000 cycles. [177]
NacClo, (2Ag™ (20mAg™) 71.8% retention
K,TigOq3 nanowire 1M NaPFg 33% retention 186 mAh g~ 100 cycles. [178]
(1Ag™) (20mA g™ 83% retention
Na,TigO43 nanorods 1M NaPFg 74% retention 172 mAh g 800 cycles. [179]
(1Ag™) (100 mA g™1) 97% retention
Ko, TiO, ™ 52% retention 105 mAh g=! (42 mA g) 600 cycles. [215]
NaClO, (0.671Ag™) 94.5% retention
Moy 1 TiO,x@C 1M NaPFg 56.2% retention 50TmAh g~' (500 mA g~ ) 3000 cycles. [216]
(2Ag™) 122% retention
CoSe, @Ti;C,Tx ™ 34.4% retention 820.1mAhg=" (100 mA g~ 1300 cycles. 217
L @Ti3 G, g ( g7) Y [217]
NaSO;CF, (20Ag™) 100% retention
TiO,@CNT@Cel 1™ 50.2% retention 277mAh g7 (50 mA g 1000 cycles. 218
;@CNT@ g ( g) Y [218]
NaClO, (4Ag™ 93% retention
S-TiO,/C ™ 42.2% retention 149mAh g=1 (5000 mA g=1) 500 cycles. [219]
NacClo, (15Ag™ 100% retention
Nb,O5/rGO-H 1M NaPFg 32.5% retention 422mAh g=! (50 mA g™") 2000 cycles. [190]
(10Ag™ 91% retention
NTO/CT ™ 41.8% retention 350mAh g=! (100 mA g7) 1000 cycles. [220]
NaClO, (BAg™ 30.5% retention
Nb,Os@C/rGO-50 d 1M NaPFgq 38.6% retention 285mAh g™ (25 mAg™") _ [227]
BAgT)
NF@C-650 1M NaPFg 49.8% retention 245mAh g7 (50 mA g™") 1000 cycles. [192]
(“Ag™ 100% retention
Nb,O;@3D PRS ™ 35.8% retention 716mAh g~ 7500 cycles. [222]
NacClo, (2.5Ag™ (50mA g™ 100% retention
G-Nb,O5 nanosheets 1M NaPFg _ 230mAh g~ (50 mAg™") 1000 cycles. [223]
77.6% retention
G@mNb, 05 1M NaPFg 62.5% retention 293mAh g~ (50 mAg™") 2000 cycles. [193]
(0.5Ag™ 100% retention
Nb, O5-x@MEC 1M NaPFg 28.9% retention 450mAh g 1000 cycles. [194]
(20Ag™) (200mA g™") 96.8% retention
Nb-O/N@C ™ 42.7% retention 959.1mAh g~ 8000 cycles. [195]
NacClo, (10Ag™ (100 mA g™") 124% retention
Big 6;NbS, 1M NaPFg 75.7% retention 325mAh g~! 5000 cycles. [196]
(36.1A g™ (361 mAg™) 103% retention
T-Nb,05-C-rGO 1M NaPFg 82% retention 240mAh g! 1000 cycles. [224]
(10Ag™) (100mA g™") 68% retention
Ti2C/NTO 1M NaPFg 74.% retention 409mAh g=! (100 mA g7") 4500 cycles. [197]
(5Ag™ 74% retention
m-Nb,O; /CNF 1M NaPFg 62.7% retention 1053mAh g~! 500 cycles. [197]
(20Ag™) (100 mA g™") 92% retention
Nb,O;@WS, CNFs ™ 17.3% retention 305mAh g~! 200 cycles. [198]
NaClo, (10Ag™ (200 mA g™1) 62% retention
a-Nb,Os @C@Ti;C, ™ 28.9% retention 689.2mAh g~' (20 mA g7") 3000 cycles. [199]
NacClo, (20Ag™) 99.1% retention
Ti,Nb, O 1M NaPF _ 244mAh g 2000 cycles. [205]
(100 mA g™") 75% retention
hollandite K, TiO, 1M NaPFg 51% retention 131 mAhg™! (20 mA g7) 1000 cycles. [225]
(1Ag™) 100% retention
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Figure 8. a) TEM images of one a-MnO, nanowire with the atomic model, and the corresponding SAED patterns of the a-MnO, nanowire at various
(de)sodiation states. Reproduced with permission.['%] Copyright 2016, Elsevier Ltd. b) Microstructure evolutions of z-MnO, nanowires during the
(de)sodiation processes. Reproduced with permission.[1%°] Copyright 2021, Elsevier Ltd.

ing capacitive reactions at the interface are crucial for achiev-
ing superior Na' ion storage performance. For example, Liu
et al. employed a template-directing method to uniformly en-
capsulate S-doped T-Nb,O; hollow nanospheres within an S-
doped graphene network, forming S-Nb, ;.18 This 3D porous
structure not only facilitated efficient electron transmission path-

Adv. Sci. 2025, 12, 2500513 2500513 (17 of 34)

ways but also provided an excellent ionic conductive channel,
thereby enhancing Na* ion storage performance. The S-Nb,Os
anode demonstrated a reversible capacity of 215 mAh g~! at
0.5 C over more than 100 cycles, while maintaining a stable
capacity of 100 mAh g=! at 20 C after 3000 cycles.'8¢] Han
et al. proposed a novel bronze phase of KNb,OF with a tunnel-
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[V,Crlo;, @ VorCr © O o H

b Possible Na* ion position and diffusion path

Figure 9. a) The simulated crystal structures of different V,O5 forms. VO5 square-based pyramids and VOg4 octahedra (green), and oxygen atoms (red
spheres). Reproduced with permission.[20] Copyright 2024, Elsevier Ltd. b) Na-ion diffusion pathway | along the [010] and pathway Il along the [001]
directions of H,V,Os. Reproduced with permission.[?%°] Copyright 2017, American Chemical Society. c) Crystal structure of f-NaV¢O;s along the b-
axis. Reproduced with permission.!'34] Copyright 2021, American Chemical Society. d) Crystal structure of V; sCry 5O, 5H, and possible Na* positions
and diffusion paths by 3D bond-valence-energy landscape (BVEL) analysis. Reproduced with permission.!'8'] Copyright 2020, Elsevier Ltd. e) Structural
change of Na,VO, ;5 (OH) s (0 < x < 1) predicted using first-principles calculations. Reproduced with permission.I?'l Copyright 2019, Wiley-VCH GmbH.
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Figure 10. a) The crystal structural changes of Na, ,Fe[Fe(CN)¢], during Na* (de)insertion. Reproduced with permission.[2%6] Copyright 2022, American
Chemical Society. b) In situ TEM observations of high-quality Prussian blue during (de)sodiation processes. Reproduced with permission.[207] Copyright
2022, American Chemical Society. c) Schematic illustration of in situ TEM setup, and in situ TEM measurements of Mn-based Prussian blue analogues
during (de)sodiation processes. Reproduced with permission.!2%8] Copyright 2024, American Chemical Society.
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Figure 11. a) The simulated crystal structure models of hollanditeTiO, and Na,TiO,. Reproduced with permission.[22”] Copyright 2017, American
Chemical Society. b) Schematic crystal structure of Na,Ti;O45. Reproduced with permission.I?26] Copyright 2016, Elsevier Ltd. c) Schematic diagram
of structure evolution of Na,TigO4; during the Na* insertion/extraction process. Reproduced with permission.['””] Copyright 2018, Wiley-VCH GmbH.
d) Schematic structure illustration of K, TigO45 precursor (left) and the hollandite K, TiO, product. Reproduced with permission.[?25] Copyright 2017,
American Chemical Society. e) The crystal structure of hollandite-type K, ,5TigO16. Reproduced with permission.[73] Copyright 2022, Elsevier Ltd. f) The
simulated crystal structure models of (de)intercalated Na,Mn,TisO+5. Reproduced with permission.['7¢] Copyright 2024, Elsevier Ltd.

type open framework by doping equimolar KF into T-Nb,Os,
where K and F serve as channel supporters and ligand sub-
stitutes. TEM observations (Figure 12a) revealed its minimal
cell volume change and high reversibility, which can be at-
tributed to its robust open framework.[*¥”) Moreover, the low con-
ductivity of Nb-based materials can be improved by construct-
ing the niobium oxide/carbon composites, leading to improved
electrochemical performance. Wang et al. developed ultrafine
niobium oxide nanocrystalline/reduced graphene oxide (Nb,O;
NCs/rGO) composite via a hydrolysis route, which not only en-
hances charge transfer but also mitigates the volume changes
during cycles, leading to superior rate and cycle performance. 188!
Wu et al. proposed an approach to enhance the electrochem-
ical properties of T-Nb,Os through fluorine substitution and
carbon modification strategies.['®¥] The sodium-driven compo-

Adv. Sci. 2025, 12, 2500513 2500513 (20 of 34)

sitional and structural changes of the electrodes during sodi-
ation/desodiation were studied by XPS and HRTEM analysis
(Figure 12b). These characterization results confirmed that the
obtained orthorhombic niobium oxyfluoride/carbon nanobelt
composite (T-Nb,Os . F, /C-NBs) possesses a hierarchical nanoar-
chitecture with T-Nb,O; ,F, nanoslabs uniformly embedded in a
carbon nanobelt matrix to form arrays. This configuration facil-
itates excellent electron conductivity, electron/ion transport, and
structural stability over cycling. Despite considerable research ef-
forts dedicated to tunnel-structured Nb-based oxides, the intricate
phase transitions of the tunnel structure and sodium/vacancy or-
dering remain inadequately understood. By combining in situ
TEM, a more comprehensive understanding of the behaviors of
tunnel-structured Nb-based oxides in SIBs is urgent and neces-

sary.
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Figure 12. a) TEM, HRTEM images and SAED pattern of KNb,OsF sample after sodiation and desodiation process, respectively. Reproduced with
permission.['87] Copyright 2016, American Chemical Society. b) The XPS and HRTEM images of the T-Nb,Os ,F, /C-NBs electrode after sodiation (0.01V)
and desodiation (3.0 V). Reproduced with permission.['8] Copyright 2019, The Royal Society of Chemistry.
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4. In Situ TEM Studies of Tunnel-Structured
Materials for PIBs

Potassium ion batteries (PIBs) have garnered significant inter-
est within the scientific community because of their distinctive
properties and potential as future battery systems. Compared to
LIBs and SIBs, PIBs present an attractive alternative due to the
abundance of potassium resources and the lower redox potential
of K* /K compared to that of Na* /Na (—2.93 V vs —2.71 V).[229-232]
However, a significant challenge in PIBs lies in identifying suit-
able electrode materials, especially anode materials, capable of
accommodating the huge volume expansion caused by K* ions
insertion. So far, several electrode materials for PIBs have been
proposed, including layered 2D materials and tunnel-structured
transition metal compounds.[233235] Notably, tunnel-type nano-
materials have been identified as highly promising candidates
for PIBs owing to their capacity to offer a broad diffusion path
and accommodate structural strain during the K* (de)insertion
process.[236-2421 Optimizing the design and synthesis of such ma-
terials could lead to significant advancements in PIB technology,
potentially enhancing the overall performance and longevity of
PIBs. It’s true that while some aspects of the PIB technology have
been partially addressed, such as the battery discharge, the charge
storage mechanisms of the electrode are still relatively unknown.
Given that PIB research is in its early stages, understanding the
fundamental charge storage mechanisms is crucial for the devel-
opment of effective electrode materials and overall battery opti-
mization. Further characterization (e.g., in situ TEM, XRD, and
Raman, etc.) of the charge storage mechanisms will be essential
for advancing PIB technology and unlocking its full potential. In
this section, we provide a summary of in situ TEM studies focus-
ing on tunnel-type nanomaterials based on their roles as cath-
ode and anode materials for PIBs, including the reaction mech-
anism, phase transformations, structural evolution, and perfor-
mance degradation. Table 5 comprehensively summarizes the
electrochemical performances of cathode materials in PIBs.

4.1. Cathode Materials

Tunnel-structured cathode materials are instrumental in driving
the progress of PIBs by facilitating fast K* insertion/extraction
processes and maintaining structural integrity over extended cy-
cling periods. These materials offer a unique framework for ef-
ficient ion transport, addressing the challenges posed by the
larger size of K* ions compared to Li* ions. In the subsequent
sections, we embark on a comprehensive exploration of piv-
otal tunnel-structured cathode materials using in situ TEM tech-
niques. Through these investigations, we will illuminate the intri-
cate processes governing their structural evolution, electrochem-
ical behavior, and performance characteristics.

4.1.1. Mn-Based Oxides

Mn-based oxides with unique tunnel structures possess the capa-
bility to accommodate K* ions without undergoing fundamental
structural breakdown, which exhibits great potential for advanc-
ing the development of high-performance PIBs. Among them,
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the cryptomelane-type compounds show molecular sieve struc-
tures constructed from double chains of edge-shared MnO,, oc-
tahedral, forming unique (2 X 2) and (1 X 1) tunnels, as de-
picted in Figure 13a.[22] This characteristic makes them promis-
ing candidates for PIBs, offering the potential for high-capability
K* ion storage with long-term stability. Notably, 2 X 2 tunnels
are often stabilized by adding cations (e.g., Na*, K, NH*, Ag*,
etc.) during the synthesis process.[?*%2*1] This step plays a cru-
cial role in optimizing the structure and properties of the elec-
trode materials for PIBs. For example, Vanam et al. demonstrated
a tunnel-type Na* insertion material (Na,,,MnO,) by a solution
combustion method, which exhibits a high capacity of 141 mAh
g! (Figure 13b).12*] Obviously, this deliberate design can effec-
tively control the size and stability of the tunnels, leading to im-
proved K* ion diffusion kinetics and enhanced overall electro-
chemical performance of the material. By carefully tailoring the
Na* addition process, it is possible to optimize the cryptomelane-
type compounds for enhanced performance as electrode materi-
als for PIBs, ultimately leading to improved energy storage ca-
pabilities and long-term stability. Moreover, the in-depth under-
standing revealed by in situ TEM provides invaluable insights
that can serve as an instructive guide in the rational design
of tunnel structures for high-performance PIBs. For instance,
Wang et al. demonstrated the irreversible volume expansion of
a-MnO, nanowire during (de)potassiation processes by in situ
TEM (Figure 13c), which provides a new approach to understand-
ing the capacity loss mechanism during the (de)potassiation of
a-MnO, cathodes.[*] This analysis offers a direct visualization
of the structural changes occurring at the nanoscale level, shed-
ding light on the impact of volume expansion on the electrode
material’s long-term performance. This new approach provides
valuable insights that can guide the development of strategies to
mitigate capacity loss and enhance the stability of a-MnO, cath-
odes in PIBs.

4.1.2. V-Based Oxides

Vanadium oxides (V,0s, V,0;, K,V,0Os, etc.) are representative
intercalation hosts and have been utilized in PIBs owing to their
low cost and ability to exist in various oxidation states from V2*
to Vot [244.247-249.267-271] Begides, they present a notable distinc-
tion from conventional conversion-type anodes due to their rel-
atively small volume change when used as anodes, since the va-
lence of vanadium rarely reaches zero at low voltage owing to the
strong V-O bond strength.[?”] For example, Liu et al. reported
an isomeric vanadium oxide consisting of corundum-type V,0,
and rutile r-VO,, core/shell structure, as illustrated in Figure
14a.[27% The r-VO, displays a tunnel structure that both K* ions
and electrons prefer to transport along the z-axis tunnels, thus re-
alizing high levels of energy storage at fast charging/discharging
rates.[?’?] In addition, V,0; is also considered to be an attractive
electrode material for PIBs due to its open tunnel structure con-
sisting of a 3D V-V framework (Figure 14b).2* This framework
is well-suited for efficiently facilitating the insertion of K* ions,
making V, 0, a promising candidate for use in high-performance
PIBs. Nevertheless, their practical applicability in PIBs is con-
strained by challenges such as low conductivity and drastic vol-
ume changes during extended cycling. Impressively, Oh et al.
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Table 5. Summary of the electrochemical performances of cathode materials in PIBs.
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Electrode material Electrolyte Rate performance Discharge capability Cycle capability Ref.
KMO/CNT-30 1M KPFg 32% retention 309.4mAhg™! 100 cycles, [229]
(0.5Ag™ (20mAg™) 108% retention
Ko.3Mng 95Cog 050, 1M KPFg 45% retention 99mAh g~! 500 cycles, [243]
(0.44A g™ (22mAg™) 75% retention
V,0; @PNCNFs 0.8 M KPFgq 55.8% retention 356.8mAh g~ 500 cycles, [244]
(1Ag™) (50 mAg™) 95.8% retention
0d-V,0,@C 1 M KFSI 59.7% retention 721.4mAh g=' (100 mA g~") 1000 cycles, [245]
2Ag) 81.% retention
V,0;/CNF 3 M KFSI 42.% retention 410mAh g 2500 cycles, [246]
(10Ag™) (100 mA g7") 98% retention
V,0,@C ™ 53.6% retention 816.6 mAh g~' (100 mA g~ ) 1800 cycles, [240]
KFSI/DME (5Ag™) 105% retention
0d-V,0;@C 1M KFSI 59.7% retention 721.4 mAh g~! 1000 cycles, [247]
(5Ag™) (100 mA g71) 81.2% retention
VO, (a) 2.5M KFSI 65% retention 50 mAh g~! 8500 cycles, [248]
(0.5A g™ (100 mA g71) 80% retention
Ko.486V205 1M Kcl 24% retention 94 mAh g~! 50 000 cycles, [249]
(2Ag™) (100 mA g7") 53% retention
KFMHCF-1/2 1M KPFg 37.7% retention 155.3 mAh g~! 450 cycles, [242]
(02Ag™ (10mA g™ 66% retention
Ni,ZnHCF 0.6 M K,SO, 66.4% retention 58.7mAhg™! (10Ag™) 5000 cycles, [250]
(60A g™ 73.2% retention
KMFON 1M KPFg 36.7% retention 104.2 mAh g~! 300 cycles, [257]
(0.5Ag™") (20 mAg™) 74.4% retention
KNFHCF-1/2 1M KPFg 65.5% retention 81.6 mAh g! 200 cycles, [252]
(0.5Ag™ (10mA g™ 78.6% retention
K FeFe(CN)g 0.5 M KPFgq _ 140 mAh g~! 300 cycles, [254]
(10mAg™) 60% retention
KMF-40 0.8 M KPF¢ 61% retention 120.5mAh g~! 100 cycles, [255]
(0.5A g™ (100 mA g71) 74.3% retention
KFe[Fe(CN)¢] 1M KBF, _ 79mAh g~! 500 cycles, [256]
8mAg™) 88% retention
Ko.220Fe[Fe(CN)g]o go5-4.01H20 0.8 M KPF¢ 55.4% retention 73.2mAh g~! 150 cycles, [257]
(0.4A g™ (50 mAg™") 86.5% retention
K, 63 FeqgoFe(CN)g-2.1TH20 0.8 M KPFgq _ 110mAh g! 100 cycles, [258]
(20mA g™ 81% retention
Fe[Fe(CN)¢] 1M KPFg 73.5% retention 124mAh g~! 500 cycles, [259]
(0.5Ag™ (71mAg™) 93% retention
RGO@PB@SSM 0.8 M KPF¢ 42% retention 96.8mAh g 305 cycles, [260]
. . mA g~ 6 retention
(0.4A g™ (10mAg™) 75% i
e[Fe -0. . .2% retention m . cycles,
K4 92 Fe[Fe(CN)gJo.04:0.5H20 0.05 M KCIO, 35.2% i 133mAh g! 200 cycl 261
.5 . 1B3mAg 2.8% retention
(0.5A g™ (13mAg™) 92.8%
KFell[Felll(CN)¢] 1M KPFg _ 118.7mAh g~! 100 cycles, [262]
(10mA g™ 80.5% retention
K4Fe(CN)g/C 1M KPFg 38.2% retention 66.5mAh g~! 400 cycles, [263]
. . mA g~ .8% retention
(02Ag™ (20mA g™ 74.8% i
Ko.61Fe[Fe(CN)glo.91-0.32H20 0.8 M KPF¢ 77% retention 124mAh g 500 cycles, [264]
.5 - 10mAg~ 6 retention
(0.5A g™ (10mA¢g™) 69%
0.8 M KPFg4 95% retention 88.9mAh g 500 cycles, [265]
K, 37Fe[Fe(CN)glo.07:0.84H,0@PPy (0.05A g™ (50 mA g™ 86.8% retention
K, 4Fes[Fe(CN)gls 0.5 M KPFg 35% retention 71mAh g~! 100 cycles, [266]
(0.6Ag™ (50 mA g™ 72.5% retention
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Figure 13. a) The corresponding crystal structural illustration of K; ocMngO4¢ along [001] direction. Reproduced with permission.[?2°] Copyright 2018,
Elsevier Ltd. b) The charge/discharge curves of Nag 44MnO,//K half-cell, and the inset exhibits Kt interactions in the S-tunnel after discharging. Repro-
duced with permission.[23%] Copyright 2022, American Chemical Society. c) In situ TEM studies of K-(a-MnO,) nanobattery at different charge/discharge

states. Reproduced with permission.[23%] Copyright 2024, Elsevier Ltd.

demonstrated that the potassium insertion K,,V,0s can effec-
tively enhance both the electrical conductivity and potassium ion
diffusion kinetics.[?”) Moreover, the introduction of Sr2* ions in
the K,,V,0s crystal could further reduce K* ion diffusion en-
ergy barriers (Figure 14c), which significantly suppresses irre-
versible phase transition during the K* ion storage process be-
cause of the robust interaction between Sr?* and 0?.127] This
advancement holds promise for addressing the limitations as-
sociated with vanadium oxide electrodes, potentially paving the
way for improved performance and extended cycling stability in
PIB applications. Recently, Wu et al. reported that porous CaV,O,
nanobelts can deliver a stable discharge capacity of 142 mAh g™
at 0.1 A g~! and excellent cycling life in the voltage range of 0.01—
3V (vs K*/K).*/ Its fundamental reaction mechanisms associ-
ated with structural evolution and reaction kinetics were system-
atically investigated by in situ TEM, as illustrated in Figure 14d.e.
The CaV, 0, nanobelts can buffer drastic stress accumulation and
volume change during the (de)potassiation cycles, indicating its
excellent structural stability.?*”] This characteristic suggests that

Adv. Sci. 2025, 12, 2500513 2500513 (24 of 34)

CaV,0, nanobelts possess an inherent ability to withstand the
mechanical strains and volume fluctuations that occur during the
insertion and extraction of K* ions. Such structural robustness is
a highly desirable trait in electrode materials for potassium-ion
batteries, as it can contribute to prolonged cycling stability and
enhanced overall performance of the battery system. This new
approach not only provides valuable insights into the intricate
processes taking place within the anode materials but also offers
guidance for the development of strategies aimed at enhancing
the stability of vanadium oxides in PIBs.

4.1.3. Prussian Blue Analogues

Prussian blue analogues (PBAs) have been widely studied as
electrode materials for PIBs due to their open 3D framework
and easily adjustable composition, which facilitates rapid K* ion
insertion/extraction.[20.251.272-275] Unfortunately, the rapid nucle-
ation and growth rate can lead to the formation of [Fe(CN)(]*

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 14. The a) atomic structure of the r-VO,x. Reproduced with permission.[270] Copyright 2018, Springer. b) Crystal structure model of V,0s.
Reproduced with permission.[?44] Copyright 2018, Elsevier Ltd. c) The energy barrier and dedicated path of K* migration of Ky 4V, 05 and Kg 34Srq 93V, Os.
Reproduced with permission.[267] Copyright 2024, Wiley-VCH GmbH. d) Schematic illustration of in situ experimental setup and snapshots of CaV,O,
during different (de)potassiation processes, and e) statistics of the cross sectional diameter changes versus the number of (de)potassiation cycles.

Reproduced with permission.[?4’] Copyright 2024, Wiley-VCH GmbH.

vacancies, ultimately reducing the active sites and causing struc-
tural deterioration during cycling.[51#73-275] Additionally, com-
plex phase transitions occurring during the K* (de)insertion
process indeed result in low specific capacity and poor cy-
cling stability.2#2252275] These challenges underscore the need
for further research and development to address these issues
and optimize the performance of PBAs in PIB applications.
To address these challenges, researchers have explored various
optimization methods, including the incorporation of specific
agents during synthesis and the design of multielement compo-
nents. For example, Huang et al. reported Ni,Zn HCF bimetal-
lic PBAs that demonstrated a synergistic effect between stable
Ni2* and high-voltage Zn?* in Ni,Zn, HCF, which shows ultra-
fast near-pseudocapacitance intercalation and super-stable potas-
sium storage.[?° Chong et al. designed Ni-substituted PBAs by
a one-step hydrothermal approach (Figure 15a), which displays
abundant electrochemically active Fe-ions, exceptional electro-
chemical kinetics, and admirable structural stability attributed to
inert Ni-ions.[??] Li et al. proposed a template-engaged reduction
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method by using KI as the reducing agent to prepare K-rich Prus-
sian white with low defects and water content.[?’*] It’s fascinating
that the research suggests that low-defect Prussian white exhibits
a more stable structure (as depicted in Figure 15b), and lower en-
ergy barriers (as illustrated in Figure 15¢).[’>) This finding under-
scores the importance of defect reduction in enhancing the stabil-
ity and overall performance of Prussian white, further highlight-
ing the significance of defect engineering in the development of
advanced materials for PIB applications. Despite their effective-
ness, the high cost associated with chelating agents poses signif-
icant challenges for large-scale industrialization. Recently, Zhou
et al. proposed a defect-free potassium iron manganese hex-
acyanoferrate (K, ,,Fe, sMn, s[Fe(CN);]-1.26H,0, KFMHCF-1/2)
as the electrode material for P1Bs.[?*? As-prepared KFMHCF-1/2
exhibits a 3D open framework comprising N-coordinated Mn or
Fe,sMn, s and C-coordinated Fe via connecting alternately with
cyano-groups, as illustrated in Figure 15d.12*?] The Fe-Mn binary
synergistic and defect-free effects play a crucial role in inhibit-
ing cell volume change and octahedral slip during the K* ion

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 15. a) Crystal structure models of K,Fe[Fe(CN)¢] and K, Nij s Fey s[Fe(CN)¢]o.go-0-42H,0O samples. Reproduced with permission.[252] Copyright
2020, American Chemical Society. b) Calculated formation energy and c) possible K* ion migration paths of the defective and low-defect Prussian
white structures. Reproduced with permission.[27>] Copyright 2023, American Chemical Society. d) The crystal structure models of K,Mn[Fe(CN)4] and
Ky 47Feq.sMng s[Fe(CN)¢]-1.26H,0. Reproduced with permission.[242] Copyright 2024, American Chemical Society.

(de)insertion process. This inhibition effectively prevents phase
transformation behavior (monoclinic « cubic), leading to a zero-
strain solid solution mechanism.?*2! By employing Fe and Mn
as dual active sites, this approach offers a promising strategy to
achieve enhanced stability and structural integrity. Although PBA
materials play a pivotal role in the operation of PIBs, the precise
reaction mechanisms occurring within this structure are not yet
fully understood. Continued research efforts utilizing advanced
methods such as in situ TEM, XRD, and other analytical tools are
crucial for unraveling the intricacies of the reaction mechanisms
within the 3D open framework of PBA materials. This deeper in-
sight into the reaction mechanisms and structural changes dur-
ing the operation of PIBs will enable the design and optimiza-
tion of next-generation energy storage materials with improved
performance, stability, and efficiency.

4.2. Anode Materials

Tunnel-structured anode materials are essential components in
PIBs, offering a vital framework to house the substantial influx of
K* ions during charge and discharge cycles, all while maintain-
ing structural integrity. In the following section, we will delve into
the examination of critical anode materials studied in PIBs using
in situ TEM techniques. Table 6 comprehensively summarizes
the electrochemical performances of anode materials in PIBs.
Ti-based oxides (TiO,, K, Ti O3, K, Ti,O,, K, TigO;,, etc.) have
garnered significant attention as anode materials for PIBs due to
their intrinsic structural advantages, including low cost, fantas-
tic chemical and thermal stability.?71286-294] Generally, hollandite-
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type TiO, features large tunnels composed of single or mul-
tiple chains of edge-sharing TiO, octahedra, as illustrated in
Figure 16a.1%8] The unique structural framework allows it to
store a larger quantity of K* ions, while also offering shorter
diffusion path lengths. Nevertheless, pure TiO, usually exhibits
poor conductivity and sluggish K* reaction kinetics, which sig-
nificantly limits its performance as an electrode material for
PIBs. Incorporating cations (Na*, K*, etc.) and carbon coat-
ing modification are considered effective strategies for improv-
ing performance.?’128¢2%4] For example, Dubal et al. reported
the ultrafine TiO, nanoparticle supported nitrogen-rich graphitic
porous carbon as an anode material for PIBs, which not only
shows a high reversible specific capacity (228 mAh g™ at 0.05 A
g™1) with excellent cyclic stability but also displays significantly
enhanced rate capability.l?’’! Cai et al. proposed the graphene-
armored TiO, nanotubes (G-TiO, NTs), which display a high
reversible capacity of 332 mAh g~! at 0.05 A g1.12%] Besides,
they also studied the structural evolutions of G-TiO, NTs dur-
ing the (de)potassiation processes by in situ TEM, as displayed
in Figure 16b.12 No visible crack or fracture could be observed
in the whole process, revealing the favorable structural stability.
Lietal. designed the fluff-like hydrogenated Na,Ti; O, nanowires
grown on N-doped carbon sponge (HNOT/CS), which exhibits a
highly reversible specific capacity (107.8 mAh g=! at 0.1 A g71)
and superior cycle stability.?®] Interestingly, Jo et al. designed
the hollandite-type K, ;,TiO, with exceptional cycling stability as
a cathode material for PIBs.[23¢] As shown in Figure 16c, the K*
can be accommodated within the (2 X 2) tunnels along the c-
axis in K;,,TiO,, which underwent a single-phase reaction ac-
companied by the Ti**/3* redox pair during K* insertion.[2*] As-
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Figure 16. a) Schematic representation of 1D tunnel structures of hollandite-type TiO,. Reproduced with permission.[2%8] Copynght 2013, Elsevier
Ltd. (b) In situ TEM study of G-TiO, NTs during (de)potassiation process. Reproduced with permission.[28¢] Copyright 2020, Springer. c) Schematic
illustration of cycling stability of Ky 17TiO,. Reproduced with permission.[23¢] Copyright 2023, Elsevier Ltd.

designed K, ;,TiO, cathode can deliver a specific capacity of 79
mAh g1 at 0.05 C with excellent capacity retention of 98% for
1000 cycles.[2®] By focusing on these optimization strategies, re-
searchers can gain a comprehensive understanding of how car-
bon coating modification and cation incorporation processes in-
fluence the structural stability of Ti-based materials. More im-
portantly, utilizing advanced characterization techniques such
as in situ (s)TEM and XRD can significantly advance under-
standing of the structural integrity and electrochemical behavior
of Ti-based materials, thereby facilitating targeted optimization
strategies to enhance their performance as anode materials for
PIBs.

5. Integration of In Situ TEM with Other
Electrochemical Techniques

In situ TEM techniques, while powerful, have inherent lim-
itations such as restricted sampling areas and potential elec-
tron beam artifacts. To overcome these challenges and gain a
holistic understanding of electrochemical processes, it is essen-
tial to combine in situ TEM with complementary electrochem-
ical and characterization techniques, such as XRD, Raman, X-
ray photoelectron spectroscopy (XPS), nuclear magnetic reso-
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nance (NMR), Neutron diffraction (ND), X-ray absorption near-
edge structures (XANES), cyclic voltammetry (CV), Galvanostatic
charge-discharge (GCD) and electrochemical impedance spec-
troscopy (EIS).[2-38] For example, the integration of in situ TEM
with XRD enables the tracking of crystallographic changes and
phase transformations throughout electrochemical cycling, pro-
viding a comprehensive understanding of structural evolution.
By incorporating NMR spectroscopy, researchers can investigate
ion dynamics and local environments, complementing the struc-
tural insights offered by in situ TEM. Additionally, combining
Raman spectroscopy with in situ TEM allows for the real-time
monitoring of chemical bonding and molecular changes dur-
ing cycling, offering a holistic view of the electrochemical pro-
cesses at the molecular level. These multi-technique approaches
not only enhance the depth of analysis but also provide syner-
gistic insights into the dynamic behavior of electrode materials
in energy storage applications. By integrating these advanced an-
alytical tools, researchers can overcome the limitations of indi-
vidual methods and gain a more comprehensive understanding
of the structural, chemical, and electrochemical processes in bat-
tery materials. This multi-technique approach will accelerate the
development of advanced energy storage systems with improved
performance and stability.
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Figure 17. In Situ TEM techniques used for studying the tunnel-structured materials for alkali metal-ion batteries.

Table 6. Summary of the electrochemical performances of anode materials in PIBs.

Electrode material Electrolyte Rate performance Discharge capability Cycle capability Ref.

Ko.17TiO, 0.5 M KFSI 87% retention 79 mAh g~! 1000 cycles, [236]
(1.55A¢g™) (15.5mAg™) 98% retention

K;TigOq3 1M KFSI 93% retention 190.7 mAh g™! 200 cycles, [239]
(0.05Ag™") (10mA g™ 77.3% retention

G-TiO, NTs 0.8 M KPFg 47.57% retention 831 mAh g~! 400 cycles, [276]
(5Ag™) (50mA g 84.1% retention

TiO,@NGC 1M KPFg 50% retention 518 mAh g~! 2000 cycles, [277]
(1Ag™) (50 mA g 98% retention

Ko.sMng g, Tig 03O, 0.8 M KPF¢ _ 126.9mAh g~ 100 cycles, [278]
(20mA g™ 53.7% retention

M-KTO 1M KPFg 54% retention 584 mAh g™! 900 cycles, [279]
(03Ag™) (50 mA g 51% retention

K;TigOqy 0.8 M KPF¢ 24.35% retention 181.5mAh g~! 50 cycles, [280]
(0.5A g™ (20mA g™ 60.9% retention

KTO 0.8 M KPF¢ 67.36% retention 267mAh g~! 1000 cycles, [281]
(0.5A g™ (50mA g 84% retention

TiO, @rGO-1 0.8 M KPFgq 37% retention 1829.9mAh g~! 800 cycles, [282]
(5Ag™) (50 mA gT) 79% retention

G-TiO, NTs 0.8 M KPF¢ 47.56% retention 831mAh g~! 400 cycles, [283]
(5Ag™) (50 mA g 85.8% retention

TiO,.C 0.8 M KPF¢ 19.68% retention 186.4mAh g~ 900 cycles, [284]
(2Ag™) (200 mA g7") 28.6% retention

TiO, @NGC 1M KPFgq 50% retention 518mAh g~! 2000 cycles, [285]
(TAg™) (50 mA g 98% retention

KTP@C 0.8 M KPF, _ 131mAh g’ 1000 cycles, [242]

(1000 mA g~ 1) 53.2% retention
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6. Summary and Outlook

This review highlights the recent advancements of in situ TEM
techniques for studying electrode materials in advanced AMIBs
(Figure 17), focusing on morphological and structural evolution,
phase transformations, ionic diffusion, reaction kinetics, and in-
terfacial dynamics. These studies provide fundamental insights
into electrochemical mechanisms, degradation, and failure dur-
ing cycling. However, challenges remain in translating nanoscale
observations to practical battery performance. Key areas for fu-
ture research include:

1) Bridging the gap between nanoscale and macroscale: En-
hance in situ TEM setups to incorporate practical liquid elec-
trolytes and electrode configurations used in macroscopic
AMIBs, ensuring more representative insights into real-world
battery behavior.

2) Long-term cycling studies: Develop advanced in situ TEM
techniques and accelerated testing methodologies to enable
real-time observation of material evolution and degradation
over extended cycling periods.

3) Minimizing electron beam artifacts: Design specialized TEM
holders and miniaturized electrochemical cells to simulate re-
alistic battery conditions while minimizing electron beam in-
terference.

4) Improving voltage control: Address challenges in measuring
and controlling voltage by combining open-cell and liquid-cell
setups for correlative observations, enabling a more compre-
hensive understanding of electrochemical processes.

5) Probing interfacial properties: Utilize advanced techniques
like TEM-based electron holography and 4D-STEM to study
electrode/electrolyte interfaces with atomic resolution, pro-
viding insights into ionic conduction and charge transport.

6) Multi-technique characterization: Combine in situ TEM with
complementary techniques (XRD, ND, XANES, NMR, Ra-
man spectroscopy) to overcome sampling limitations and
gain a holistic understanding of material transformations and
electrochemical processes.

Overall, in situ TEM has significantly advanced the under-
standing of tunnel-structured electrode materials in AMIBs. Con-
tinued innovation in this field promises to unlock new bat-
tery chemistries and materials, driving the development of next-
generation energy storage technologies.
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