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Abstract

This article reviews the progress in the growth mechanisms, suppression
strate-gies, and monitoring techniques of lithium dendrites. The high - capacity
poten-tial of lithium - metal anodes is restricted by cycle decay, short - circuits,
and thermal runaway caused by dendrites. Their growth originates from elec-
tro-chemical imbalance and interfacial heterogeneity. Multi - physics models re-
veal the regulation rules of pore geometry and crystal orientation on morphology
evolution. Suppression strategies center on constructing high - conductivity LiF
interfaces, designing 3D porous anodes, and pressure control. In - situ
charac-terization technologies (such as X - ray tomography and fiber - optic sens-
ing) realize dynamic monitoring of the coupled mechanisms of dendrite growth
and SEI reconstruction. Current challenges involve cross - scale model verification
and real - time monitoring technology development. In the future, it's necessary to
combine machine learning with intelligent sensor networks to promote the prac-
tical application of high - safety lithium - metal batteries.
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1. Introduction

The vigorous progress of the new energy industry has propelled electrochemical
energy storage technology to new heights. Lithium - ion batteries, with their re-
markable specific energy, light weight, low self - discharge, and long cycle life, have
become the core power source for mobile electronics and electric vehicles. However,
the market's demand for battery energy density is growing much faster than the
current technological improvements, thus demanding more from anode materials[4;
13; 48]. Although lithium - metal anodes have a high theoretical capacity (3860
mAh/g) and the lowest redox potential (-3.04 V vs. standard hydrogen electrode),
their commercialization faces challenges like dendrite nucleation kinetics, lack of
solid - liquid interface equilibrium, continuous irreversible active lithium loss, and
electrode volume expansion, which hinder large - scale application[9; 30; 45; 56; 60;
66; 77].
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2. Formation Mechanism of Lithium Dendrites

Lithium dendrites exhibit three dimensional morphologies including mossy, shrub
and needle deposition patterns during cycling[36]. Barton et al. established a den-
drite growth model based on diffusion dynamics for the first time, and proposed a
theoretical hypothesis that spherical diffusion is better than linear diffusion to ac-
celerate metal deposition on electrode surface protrusions[3]. The model assumes
that the dendrite tip curvature radius has a negative correlation with the growth
rate, but it is limited by the static hemispherical dendrite hypothesis and the linear
simplification of electrochemical reaction kinetics, and does not include the effects
of inertia force and mechanical stress. Subsequent scholars improved the model by
gradually modifying the theoretical boundary conditions: Diggle et al. extended the
applicability of the model by introducing dynamic dendrite morphology and high
overpotential conditions[12]; Aogaki et al.(1981) revealed that topological instabil-
ity induced by ion concentration gradient on electrode surface can aggravate the
distortion of electrolyte concentration field[1]; Bruce et al.(1987) quantified the
coupling effect of initial potential and ion concentration on electrode overpoten-
tial[6]. By the 1990s, the theoretical system was further integrated into mul-
ti-physical field coupling analysis. Chazalviel et al proposed that dendrite nucleation
originated from electrochemical imbalance mechanism of space charge layer for-
mation on electrode surface, but hydrodynamic factors were not considered[8].
Fleury et al.(1992) modified this theory by introducing electroconvection effect and
established a dynamic growth model of equidistance linear dendrites and acicular
dendrites during electrodeposition[15]. Brissot et al.(1999) combined in situ ob-
servation and electrochemical measurement to reveal for the first time the regula-
tion law of current density on dendrite growth mode: ion depletion at anode inter-
face triggers dendrite nucleation at high current density, while local interface het-
erogeneity dominates dendrite preferential growth at low current density[5]. Mon-
roe et al. proved that dendrite tip growth rate is positively correlated with current
density by curvature dependent Kinetic model[46]. In recent years, focused mi-
cro-interface mechanism and defect engineering have been studied. The surface en-
ergy competition model proposed by Wang et al indicates that dendrite growth is
induced by electrodeposition when the surface energy of substrate is lower than
that of deposited film. Sun et al. demonstrated by in-situ microscopy that crystal de-
fects in solid electrolytes (such as P/S-based defects in Li3PS4) can induce direct
nucleation of lithium metal and initiate structural rupture of the electrolyte[55].
Further studies show that lithium ion flux distribution and active site density are
significantly regulated by defect type and concentration of solid electrolyte, and de-
fect regions become preferential nucleation sites due to faster deposition kinetics.

Upon contact with the electrolyte, lithium metal reacts instantly to form a solid
electrolyte interphase (SEI) membrane composed of organic and inorganic sub-

stances. Ideally, a uniform SEI membrane can the electrode and prevent side reac-
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tions. However, the actual SEI membrane often exhibits spatial chemical and me-
chanical property heterogeneity. Defective areas, due to charge concentration, cre-
ate local high ion flux, causing lithium to deposit preferentially and form nanoscale
protrusions. As cycling continues, the protrusion tips, under the electric field -
strengthening effect, keep accumulating deposits until the original SEI membrane's
mechanical strength threshold is exceeded. The exposed lithium metal then reacts
with the electrolyte at the tips to generate a new SEI membrane, forming a dynamic
interface. Yet, lithium deposition - induced volume expansion causes repeated SEI
membrane rupture and regeneration, eventually allowing dendrites to penetrate the
separator or solid - state electrolyte layer, triggering internal short circuits and
thermal runaway in the battery[18; 28; 40; 53; 57; 64; 71].

3. Lithium Dendrite Simulation Model

3.1. Limitations of Traditional Two-Dimensional Models

Numerical simulation of lithium deposition in 3D porous electrode frameworks fac-
es major methodological challenges. Traditional 2D modeling, due to dimensional
reduction, struggles to accurately represent lithium - ion anisotropic transport in
porous media. Specifically:

1. 2D models can't capture the topological constraints of 3D pore structures on ion
diffusion paths, leading to significant prediction errors in local concentration and
potential distributions.

2. The spatial charge shielding effects caused by complex 3D frameworks are un-
derestimated in 2D approximations, reducing the reliability of studies on how
charged framework surfaces regulate uniform lithium deposition[50].

3.2. 3D Multiphysics Field Coupling Model

Although Mu et al. enhanced 3D dendrite simulation efficiency with a parallel algo-
rithm based on the AMReX framework, their model has two key flaws: the meso -
structure reconstruction method for 3D porous electrodes lacks physical interpret-
ability, and it fails to fully analyze the competitive growth kinetics between primary
and secondary dendrites[47]. Similarly, Arguello et al. used the MOOSE platform
with quadruple anisotropic solidification theory. While it successfully replicated 3D
dendrite fractal growth, the model's over - reliance on empirical parameters limits
its universality[2]. Moreover, it lacks a systematic explanation of the evolution

mechanisms of non - fractal deposition modes like mossy and needle - like ones.

3.3. Model - Experimental Data Corroboration

To overcome multi - scale modeling technical bottlenecks, Qi's team developed a 3D
electrochemical - thermodynamic - mechanical multiphysics - coupled phase - field
model[50]. It first achieved comprehensive simulation of dendrite morphologies in
porous electrode systems, including fractal dendrites, amorphous mossy bodies,
uniaxial preferred needle crystals, and multi - level branched structures.
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By introducing the synergistic mechanism of temperature gradient fields and crystal
anisotropic tensors, the model quantitatively revealed two key laws: 1) The syner-
gistic local supersaturation changes significantly affect ion migration barriers, shift-
ing dendrite growth from fractal to amorphous. 2) The orientation - geometry
matching error dominates the morphology selection.Despite successfully reproduc-
ing multi - modal dendrite growth, the model has theoretical gaps in the two - way
coupling of SEI film dynamic reconstruction and volume stress, indicating future re-
search directions for cross - scale modeling.

The model's predictive power is systematically verified by multi - dimensional ex-
perimental data. Using NDP - provided lithium deposition depth distribution data,
Qi's model successfully calibrates the parameter of pore geometry matching in reg-
ulating dendrite growth[50]. Bruce's concentration - gradient model, via Aogaki's
team's in - situ optical microscopy, quantifies the coefficient of ion concentration
gradient at the electrode surface affecting electrolyte concentration field distortion.
These theoretical achievements offer key guidance for designing suppression strat-
egies. The pore - geometry matching rule from Qi's model inspired Luo's team to
create a 3D porous LiAl alloy anode. Its hierarchical pores reduce local current den-
sity, improving deposition uniformity. The curvature - dynamics parameter in Mon-
roe's model sets a theoretical framework for pressure - regulation strategies, curb-
ing dendrite - tip growth. These advances highlight multi - scale modeling's role in

bridging basic research and engineering.

4. Lithium Dendrite Suppression Strategies
4.1. Electrolyte Engineering

The core strategy for suppressing lithium dendrite growth is optimizing the lithi-
um/electrolyte interface stability and homogeneity. Electrolyte additives, being cost
- effective and process - compatible, are the preferred choice for interfacial chemis-
try regulation. Introducing functional additives via molecular design can induce the
formation of in - situ protective layers with high ionic conductivity and mechanical
robustness, enhancing the initial SEI film's tolerance to volume expansion(3% 35; 61;79],
Wang's team developed a methyl trifluoroacetate (MTFA) ether - based electrolyte
additive systeml¢2l. Its low - melting - point characteristic enables it to participate
preferentially in the interfacial reduction reaction, generating inorganic SEI compo-
nents rich in LiF. XPS depth profiling shows that this additive reduces H20/HF re-
siduals in the electrolyte and suppresses side reactions caused by over -
charge/discharge through a chemical passivation effect.

4.2. Interface Regulation

The naturally formed SEI membrane, being intrinsically brittle, cannot withstand
the drastic volume changes during lithium deposition/strippingl”; 24 2% 42 691, To ad-
dress this, Luo et al. introduced an interfacial engineering strategy for 3D porous
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LiAl alloy anodes!*4l. Through in - situ electrochemical dealloying and high - current
- density pretreatment, they created a composite SEI layer with nano - Al203. This
structure, with graded porosity and high specific surface area, reduces local current
density, promotes uniform Li+ nucleation, and restrains dendrite growth. Synchro-
tron radiation micro - CT confirmed that this artificial interlayer, via stress - dissipa-
tion, delays SEI rupture, enhancing cycle life. Liu et al. developed a 3D honeycomb -
like nitrogen - doped hierarchical framework. In - situ Raman spectroscopy revealed
that nitrogen - containing functional groups direct Li+ adsorption for uniform nu-
cleation, as evidenced by the decreasing defect - state density during cycling.

4.3. External Regulation

Monroe et al. proved via a curvature - dependent kinetic model that the growth rate
of dendrite tips is positively related to current density. Recent research has focused
on microscopic interfacial mechanisms and defect engineeringf4®l.

5. Real - time Monitoring Methods for Lithium Dendrites
Uncontrolled lithium dendrite growth is the main cause of lithium - metal - battery -
performance decline, leading to capacity decay, local heat accumulation, and inter-
nal hard short circuits. To understand the interrelations of these issues, real - time
monitoring is urgently needed to track the dynamic changes in electrode material
structure, SEI interface reconstruction, and dendrite morphology. For example, ca-
pacity decay is closely related to the dynamic changes in the SEI film's multi - phase
composite structure, such as fluctuations in the organic - to - inorganic - component
ratio, and the topological reconstruction of the electrode surface, like pore for-
mation from lithium stripping.

Current research uses various characterization techniques to analyze the morphol-
ogy and growth kinetics of lithium dendrites. However, traditional ex - situ methods,
like SEM analysis after disassembling cycled batteries, have two main drawbacks.
One is that they can only provide static structural information of the reaction - ter-
minated state, failing to capture the staged growth of dendrites during
charge/discharge. The other is that electrode exposure to air causes sur-
face/interface passivation (e.g., oxidation of Li metal and hydrolysis of SEI compo-
nents), leading to deviations from the true electrochemical state. To overcome these
issues, researchers are shifting to in - situ characterization. Techniques like syn-
chrotron - based X - ray tomography and in - situ AFM enable real - time analysis of
dendrite growth pathways under actual battery conditions. They integrate time -
resolution (millisecond - level) and space - resolution (nanometer - level) to dynam-
ically track the distribution of local current density during Li deposition, the me-
chanical property evolution of the SEI film, and the 3D morphology evolution of
dendrites, revealing their multi - scale correlation[14; 38].

5.1. X-ray characterization techniques

X - ray characterization techniques, with atomic - scale structural analysis and high
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penetration, are crucial for probing lithium - metal - battery electrode reactions. In -
situ X - ray diffraction (XRD), based on Bragg's law, enables non - invasive, real -
time monitoring of electrode - material lattice - parameter changes and phase tran-
sitions during battery charge/discharge. Its combined millisecond - level temporal
and nanometer - level spatial resolution advantages are widely used in studying
solid - electrolyte crystal - structure evolution[73; 74]. For example, Cremasco et al.
performed the first in - situ XRD study on a high - carbon - loading lithium - oxygen
battery with a multi - walled carbon nanotube (MWCNT) - based electrode during
full discharge/charge cycles[10]. The XRD results revealed the reaction kinetics of
Br™/Br3” in the high - carbon - loading electrode and confirmed that LiBr, acting as a
redox mediator, helped solve catalytic issues, lower the charge - voltage plateau, and
improve cyclability. Similarly, Lu et al. used in - situ XRD in 3D hierarchical lithium
-philic matrices research to confirm that silver - nanoparticle - decorated nitrogen -
doped carbon hollow structures can induce uniform lithium deposition, with dif-
fraction - peak width changes indicating improved crystallinity of the deposited lay-
er[43].

Unlike the bulk - structure sensitivity of XRD, X - ray photoelectron spectroscopy
(XPS) can precisely analyze the chemical - state evolution and element depth distri-
bution at the electrode/electrolyte interface by measuring photoelectron binding -
energy shifts. This surface/interface - chemistry analysis capability makes XPS the
preferred method for studying SEI - film dynamic reconstruction. Gao et al. used in -
situ  XPS to examine the interface between lithium metal and the
Li1.5A10.5Ge1.5(P04)3 (LAGP) solid - state electrolyte, proving that a LiF - modified
layer can prevent side reactions and suppress lithium - dendrite growth, while an
Au - modified layer can reduce interfacial impedance and improve contact[16]. Huo
et al. further confirmed via in - situ XPS that a thin polymer/thiophosphate compo-
site interlayer can optimize Li+ flux distribution, with the continuous evolution of
the interfacial phosphorus chemical state (P 2p spectrum) directly linked to en-
hanced dendrite - suppression efficiency[27]. However, XPS testing must be done in
a high - vacuum environment, which imposes special requirements on battery
packaging design and operating - condition simulation, restricting its universal ap-

plication in fully liquid systems.
5.2. In Situ Raman Spectroscopy

Raman spectroscopy, with its fingerprint - like molecular vibration analysis, non -
destructively reveals material crystallinity evolution, chemical bond changes, and
phase - interface interactions, especially useful for amorphous and weakly crystal-
line materials compared to XRD. It provides in - situ diagnosis of lithium - metal -
battery charge/discharge processes by tracking electrode/electrolyte - interface
stress, structural relaxation, and dynamic chemical changes. However, its low sensi-
tivity to non - polar bonds limits direct metallic - lithium observation, as signal
strength depends on molecular vibration and rotation energy levels. Researchers
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have expanded its application in dendrite - suppression - strategy evaluation by in-
directly monitoring electrolyte and host - material structural responses[34; 76]. For
example, Wu's team added LiAsF6 and fluorinated ethylene carbonate to commer-
cial carbonate electrolytes[65]. LiAsF6 and FEC reduction forms LixAs and LiF, cre-
ating LiF - rich solid interfacial layers. In - situ Raman confirmed the synergetic ef-
fect of these additives in controlling lithium nucleation and growth. Similarly, Hu et
al. used graphene - quantum - dot - modified electrolytes, with Raman peak shifts
revealing dynamic double - layer structure modulation, offering spectroscopic evi-
dence for dendrite suppression[25].

Further research focuses on the regulation of lithium - deposition behavior by elec-
trode host - material design. Wu et al. introduced a dual additive of LiAsF6 and
fluorinated ethylene carbonate, and in - situ Raman spectroscopy confirmed that it
can suppress dendrite - preferred growth by regulating the solvation - sheath struc-
ture, offering a chemical - modification strategy for high - safety electrolyte de-
sign[65]. Liu et al. constructed a 3D honeycomb - like nitrogen - doped hierarchical
framework. In - situ Raman spectroscopy tracked the defect - state - density decay
during cycling, confirming that nitrogen - containing functional groups can direct
uniform Li+ nucleation. Huang et al. designed a lithiophilic Ag - Cu mesh as a current
collector to enhance rapid Li - ion flux and Li - metal nucleation[26]. They used di-
methoxyethane (DME) and 1,3 - dioxolane (DOL) as co - solvents to lower interfacial
resistance. In - situ Raman spectroscopy showed that bis (trifluoromethanesulfonyl)
imide (TFSI") and DME molecules coordinate with Li+ more strongly than DOL mol-
ecules. These studies show that even though Raman spectroscopy cannot directly
observe bulk metallic lithium, it can still indirectly reveal dendrite - growth - sup-
pression mechanisms by correlating the structural responses of electrolyte compo-

nents, interfacial chemistry, and host materials.

5.3. in Situ Resonance Spectroscopy

In - situ nuclear magnetic resonance (NMR) technology, with its high sensitivity to
local nuclear chemical environments, enables non - destructive analysis of material
electronic structure evolution and molecular dynamics. Its principle relies on nucle-
ar spin energy level splitting in external magnetic fields. By detecting chemical shift
changes caused by the electron cloud around the nucleus, it can qualitatively and
quantitatively analyze the chemistry of electrode interfacial micro - areas. In lithium
- metal - battery research, in - situ NMR is used to monitor the dynamic formation of
lithium - deposition microstructures[49]. For example, Gunnarsdoéttir et al. used in -
situ 7Li NMR to compare inactive lithium amounts in LiFePO4||Cu full cells, showing
that SEI formation significantly contributes to capacity loss in ether and ester elec-
trolytes[20]. Gotoh et al. applied in - situ 7Li NMR to study over - lithiation of graph-
ite and hard - carbon anodes in half - cells[19].

In - situ electron paramagnetic resonance (EPR) technology, which captures micro-
wave absorption signals from unpaired electron transitions, offers higher spatial
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resolution and sensitivity for radical detection and lithium microstructure analysis
than NMR[52; 59]. Wandt's team pioneered an operational EPR method, using ani-
sotropic g - factor changes to semi - quantitatively distinguish mossy and dendritic
lithium deposits[58]. In Li's team's gradient SEI - modified porous copper current -
collector system, the decay rate of characteristic peaks in in - situ EPR spectra cor-
relates positively with cycle stability, confirming the kinetic advantage of dendrite -
free deposition[37]. The introduction of EPR imaging (EPRI) enables 3D visualiza-
tion of lithium - deposition morphology and local current density distribution, of-
fering crucial experimental evidence for optimizing multi - scale dendrite - suppres-
sion strategies.

5.4. in Situ Microscopy

In - situ microscopy, offering dynamic visualization of lithium - dendrite morphology
evolution and interfacial reactions, has become crucial for lithium - metal - battery
research. Optical microscopy (OM), with its micrometer - level spatial resolution
from light transmission and magnification, enables real - time imaging and has been
adapted for lithium - metal - battery studies, tracking 3D dendrite evolution and in-
terfacial reactions. For example, Hogrefe's team used cross - sectional in - situ OM to
observe lithium - deposition topological reconstruction[23], and Liu's team de-
signed a transparent cell with a Li6PS5CI - PTFE composite electrolyte for the first in
- situ optical tracking of dendrite growth in solid electrolytes. However, OM's utility
is limited by the optical diffraction limit and sample transparency requirements,
making it difficult to analyze nanoscale dendrite nucleation and internal structural
changes in opaque electrodes[41].

Unlike OM’s macro - observation, SEM, via secondary - electron imaging in a vacuum,
enables sub - micrometer - level surface - morphology analysis. Yadav et al. found
varying surface roughness affects lithium deposition and crack - growth rates[70].
Dachraoui et al. used in - situ electrochemical liquid - cell scanning transmission
electron microscopy to monitor in - real - time the cathode - electrolyte - interface
nano - processes during Li - battery charge/discharge[11]. Note that SEM’s high -
vacuum environment may introduce artifacts and miss electrolyte liquid - phase ef-
fects on deposition kinetics. TEM, leveraging elastic/inelastic scattering of high -
energy electron beams with samples, enables atomic - scale analysis of lithium -
deposition lattice reconstruction. Chi et al. first proved via in - situ TEM that LLZO
electrolytes are where lithium dendrites originate[17]. Lee et al. used TEM imaging
to study lithium - dendrite growth in batteries with sealed volatile liquid electro-
lytes[33].

In nanoscale interface analysis, atomic force microscopy (AFM), based on probe -
surface interaction force detection, can non - destructively characterize the me-
chanical property evolution of electrode/electrolyte interfaces. Stepien et al. used
AFM to study lithium nucleation in ionic liquid electrolytes, finding higher lithium -

ion concentrations yield more uniform lithium deposits, and FEC addition signifi-
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cantly alters lithium - metal nucleation morphology[54]. Yao et al. employed elec-
trochemical AFM (EC - AFM) for in - depth study of SEI formation in LiFSI - 1,4 - di-
oxane electrolytes[72]. Zhang et al. used AFM to visualize Li - ion behavior at inter-
faces between different solid - state electrolytes, revealing Li - ion distribution at
LGPS||LPS interfaces at various potentials[78]. Despite its sub - nanometer spatial
resolution, AFM's slow scanning rate challenges the complete capture of rapid dy-

namic processes.

5.5. multi - modality characterization combined strategy

To comprehensively understand the multi - scale coupling in lithium - dendrite
growth, researchers combine multiple in - situ characterization techniques, lever-
aging their spatial - temporal resolution strengths to overcome single - method lim-
itations. For instance, Liu's team used in - situ AFM to track nanoscale lithium - an-
ode morphology changes under additive control, supported by in - situ OM for cross
- scale dendrite - morphology analysis[39]. Combined with in - situ Raman spec-
troscopy, they revealed the dynamic evolution of the Li20||LiF ratio in the SEI
membrane and the chemical - heterogeneity - induced dendrite nucleation. Similarly,
Lu's team designed nitrogen - doped carbon hollow spheres with silver nanoparti-
cles for a hetero -philic sulfur interface[43]. Using in - situ OM and XRD, they ob-
served lithium - deposition morphology and crystal - orientation changes, confirm-
ing the dual control of interfacial chemistry modification on deposition uniformity.
The Zhang team integrated in - situ AFM and XPS to analyze the coupled mecha-
nisms of SSE interfacial morphology evolution, chemical dynamics, and Li - ion dep-
osition/stripping kinetics in Li - metal batteries[78]. They found that the
Li||Li;0GeP,S12 (LGPS) system, a mixed ion - electron conductor, has a 40% faster Li
- deposition rate than the pure ion - conductor Li||LizPS, (LPS) system, but similar
SSE decomposition kinetics, with about 85% of the interfacial SSE components irre-
versibly converting to the SEI phase during cycling. Based on this, they designed an
LPS - LGPS - LPS trilayer composite electrolyte, reducing the SSE decomposition rate
to 25%. In - situ KPFM revealed that Li - ion distribution at the trilayer interface is
potential - gradient - controlled, forming localized Li - ion - rich zones during
charge/discharge, which effectively alleviates the space - charge - layer effect and
offers crucial experimental support for high - stability interface design.

5.6. Embedded Sensor Technology

The demand for real - time and precise in - situ monitoring of lithium dendrites is
driving the development of non - invasive battery sensors. Embedded sensor tech-
nology, with its in - situ non - destructive testing, high spatiotemporal resolution,
and operational compatibility, offers a revolutionary solution for dynamically ana-
lyzing lithium - deposition behavior. Optical fiber sensors, resistant to electromag-
netic interference and with multi - parameter sensing capabilities, show great po-
tential in monitoring internal battery parameters[32]. Xi's team implanted short -
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period fiber Bragg grating (FBG) into solid - state batteries to track lithium - den-
drite - induced strain and temperature changes in real - time[67]. By correlating FBG
reflection - wavelength shifts with dendrite - growth stress, they quantitatively de-
termined the growth rate of lithium deposits, providing reliable data for battery -
health assessment. This sensor network, preserving battery structural integrity, also
lays the technical foundation for safety - early - warning systems in power batteries
and energy - storage systems.

6. Challenges and Future Directions

6.1. Current Challenges

Understanding the dynamic mechanism of dendrite growth in lithium - metal bat-
teries is crucial for designing high - safety, high - energy - density storage systems.
During operation, the spatiotemporal heterogeneity of electrode - interfacial charge
distribution causes non - uniform lithium - ion deposition, leading to uncontrolled
lithium - metal - dendrite growth. This results in active - material loss, capacity de-
cay, and safety hazards like internal short circuits and thermal runaway. Elucidating
the multi - scale coupling of dendrite nucleation - growth - failure is vital for devel-
oping high - performance lithium - ion batteries[21; 22; 51; 63; 68; 75].

However, current research faces two main challenges. First, there's a big gap be-
tween the computational resources for cross - scale modeling and real - battery sys-
tems. Second, the chemical heterogeneity of the solid - electrolyte interphase (SEI)
and continuous electrolyte decomposition complicate interfacial behavior, making
traditional ex - situ characterization inadequate for capturing dendrite evolution.
Thus, developing in - situ monitoring techniques to track dendrite growth in real -
time under battery operating conditions is a key direction that needs urgent atten-
tion.

6.2. Future Directions

In the future, there is a need to develop multi - physics - coupled models with ma-
chine - learning - aided parameter optimization, combine EPRI imaging with sensor
networks for dynamic condition monitoring, and design more self - healing materi-
als and smart responsive interfaces to detect lithium - dendrite growth.

7. Conclusion

This review comprehensively examines recent advancements in lithium - dendrite -
growth monitoring, focusing on in - situ characterization and sensor technologies. It
compares the spatiotemporal resolution strengths and applicability boundaries of
techniques like synchrotron - based X - ray tomography, in - situ AFM, and distrib-
uted fiber - optic sensing, highlighting their roles in understanding dendrite -
growth kinetics. While significant progress has been made in nano - scale interface
engineering and multi - modality in - situ observation, precise 3D - morphology
analysis of dendrites throughout their life cycle remains technically challenging.

Developing a real - time monitoring system with high spatiotemporal resolution and
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operational compatibility is crucial for advancing our understanding of battery -

failure mechanisms and guiding the design of safer batteries. This review offers

methodological insights for accurately analyzing dendrite dynamics in metal - bat-

tery systems and combines multi - scale characterization with computational mod-

eling to establish dendrite - suppression strategies.
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