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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Electrochemical plating/stripping of Li 
is coupled electro-chemo-mechanics 
process.

• Uniform plating of Li is dependent on 
factors of substrate, electrolyte and 
condition.

• Integrating experiment with theory are 
essential for future lithium metal 
batteries.
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A B S T R A C T

Lithium metal batteries (LMBs) are candidates for next-generation energy storage due to their potential to in-
crease energy density. However, the nonuniform electrodeposition of Li during cycling, plus the growth of Li 
dendrites and the side reactions between Li metal and the electrolyte, hinder the practical deployment of LMBs. 
The plating/stripping behavior of Li is an electro-chemo-mechanical process, and gaining a thorough under-
standing of its mechanisms is a cornerstone of LMB development. In this review, the current understanding of 
electro-chemo-mechanical processes on Li metal anodes is systematically summarized from the perspectives of Li 
plating/stripping in liquid- and solid-state electrolytes, the important role of the solid–electrolyte interphase, and 
the methodologies for understanding the electro-chemo-mechanics of the Li metal anode. The aim is to promote 
the development of LMBs through the optimization of Li metal anodes, which is based on understanding the 
fundamental processes occurring during electrochemical plating and stripping.
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1. Introduction

Batteries with higher energy density are ongoing goals for both the 
academic community and industry, due to the ever-increasing demands 
for a longer driving range in electric vehicles, large-scale energy storage, 
and new applications such as electric aviation. Lithium metal batteries 
(LMBs) are a potential solution due to their high theoretical specific 
capacity (3860 mAh g − 1 ) and the low redox potential (− 3.04 V vs. SHE) 
of Li metal, which are key features for high energy density cells [1,2]. 
However, the practical deployment of LMBs is impeded by nonuniform 

Li plating/stripping, uncontrollable Li dendrite formation, inactive Li, 
and side reactions at the Li metal/electrolyte interface, which result in 
capacity fade, decreased Coulombic efficiency, increased overpotential, 
gas release, or short-circuiting [3].

An in-depth and comprehensive understanding of the Li metal an-
ode’s mechanisms is a prerequisite for addressing these issues and 
developing LMBs with high energy density, a long life span, and safety. 
The performance of Li metal anodes is highly determined by the elec-
trochemical plating and stripping processes, which are controlled by 
electrochemical parameters such as current density, overpotential, and 
ionic transport kinetics, among others. In parallel, the Li metal anode is 
affected by the internal mechanics of the Li substructure and by external 
mechanics such as the mechanical modulus of the substrate, the solid 
electrolyte interphase (SEI), and the solid-state electrolyte (SSE). 
Therefore, the mechanisms of the Li metal anode can be viewed and 
described as coupled electro-chemo-mechanical processes [4,5]. 

Comprehending these processes requires a detailed discussion of the 
Li plating reactions. The plating of Li can be divided into two main steps: 
Li nucleation and the growth of Li structures. Initially, Li ions in the 
electrolyte migrate towards the electrode surface, are reduced, and can 
form nuclei when the local overpotential exceeds the surface energy. 
The Li ions that subsequently reach the electrode surface will prefer-
entially plate on the nuclei, leading to the early growth of Li structures 
[6]. Thus, the plating behavior is largely affected by electrochemical 
parameters, the mechanical modulus of the substrate, and external 
factors like temperature and pressure. For example, current density in-
fluences the size of nuclei and the microstructural evolution during the 
growth phase [7]. SEIs with different Young’s modulus values have 
varying effects on nucleation due to the differences in sustained inner 
pressure [8]. Temperature and pressure, on the other hand, affect Li 
plating by changing the ion diffusion in the electrolyte, the desolvation 
kinetics, and the preferential plating of Li [9,10]. These electrochemical 
and mechanical parameters interact and jointly control the behaviors of 
the Li metal anode. Therefore, a holistic approach that considers all 
factors systematically is necessary and can be applied by taking an 
electro-chemo-mechanical approach.

As already noted, the electrochemical potential of Li is − 3.04 V vs. 
SHE, which is a double-edged sword. On the one hand, low potential is a 
prerequisite for obtaining a high cell voltage and energy density. On the 
other hand, a potential this low is outside the electrochemical stability 
window of most electrolyte formulations, leading to side reactions be-
tween Li and the electrolyte during plating. Ideally, this results in the 
formation of a passivation layer, the SEI, which can stabilize the elec-
trode/electrolyte interface [11]. During plating, Li ions need to be 
transported through the SEI and then plate beneath it [1]. Hence, the 
nature of the SEI has a substantial influence on the plating behavior. 
Most important are: 1) mechanical properties: the SEI needs to have 
sufficient Young’s and elastic moduli to accommodate volume expan-
sion and avoid the SEI cracking during Li plating; 2) chemical compo-
sition: an SEI composed of mainly inorganic compounds such as LiF has 
higher ionic conductivity and mechanical strength, mitigating stress 
concentration after Li plating; 3) electronic conductivity: a SEI with high 
electronic conductivity not only leads to poor passivation of the inter-
face due to consistent reduction of the electrolyte and the accumulation 
of side products but also induces hot spots for Li dendritic growth; 4) 
ionic conductivity: a SEI with high ionic conductivity facilitates fast

Li-ion transport, guaranteeing uniform Li plating; 5) uniformity: a 
nonuniform SEI leads to heterogeneous ionic and electronic conductiv-
ities, and increased ion/electron transport in domains with high con-
ductivity leads to the formation of hot spots and nonuniform Li plating; 
and 6) morphology: a thin, dense SEI mitigates side reactions between 
the electrolyte and the Li electrode [12]. The ideal SEI should therefore 
be thin, dense, mechanically robust, conductive to Li ions, and insulating 
to electrons, so it is important for these properties to be tunable to obtain 
uniform Li plating [13]. SEI properties are to a large extent determined 
by the electrolyte composition and physical properties. Hence, electro-
lyte engineering is an effective way to manipulate the nature of the SEI 
and battery performance.

In this review, we present a systematic summary of the electro-
chemo-mechanical coupled process of Li plating and discuss the inter-
play between the SEI and Li plating. We also introduce some key 
advanced characterization methods for studying Li plating and offer 
perspectives and directions for the future development of Li metal 
anodes.

2. Electro-chemo-mechanics of Li metal anodes in liquid-state 
electrolytes

Li plating is a complicated process but can be divided into early Li 
nucleation and Li growth. From the perspective of thermodynamics, at 
the beginning of nucleation, Li ions from the electrolyte are driven by 
the electric field to adsorb on the substrate surface and form adatoms 
when the overpotential exceeds the surface energy. Subsequently, Li 
ions are reduced to Li metal and form embryos with chemical bonds to 
the surface atoms; this process is controlled by the lithiophilicity of the 
substrate (Fig. 1a) [14], which is determined by the binding energy 
between Li and the atoms on the substrate surface, as well as by the 
substrate’s surface energy. The overpotential, current density, and 
external parameters such as temperature and pressure also influence the 
nucleation of Li and the growth of the substructure.

2.1. Substrate

Zhang et al. used first-principles calculations to investigate the lith-
iophilicity of different heteroatom-doped carbon surfaces and its influ-
ence on Li nucleation [15]. The results show that three factors affect 
lithiophilicity: the electronegativity of the dopants, the local dipole be-
tween the doping atom and adjacent carbon, and charge transfer. The 
electronegativity affects the binding energy according to Lewis acid–base 
theory [15]. The increased local dipole improves lithium’s anchoring 
effect due to the enhanced ion-dipole force. There is a critical charge 
transfer value of 0.9 e – , below which the binding energy is too small [15]. 
A higher binding energy and a lower surface energy lead to stronger 
substrate lithiophilicity, resulting in a lower nucleation overpotential, 
which contributes to a uniform and dense Li plating morphology [16]. 

After the adsorption of Li ions on the substrate and the formation of 
adatoms, the Li nuclei form by the aggregation of Li adatoms, followed 
by the growth of substructures. Jiao et al. used phase-field modeling to 
study the self-diffusion barrier of Li adatoms based on four different 
metal substrates (LiAg, LiMg, Cu/Ni, and Li) [14]. The results indicate 
that a lower self-diffusion barrier accompanied by a faster self-diffusion 
of Li adatoms leads to larger Li nuclei, as well as Li substructures with a 
lower aspect ratio and, consequently, more uniformly plated Li. As 
shown in Fig. 1b, the LiAg substrate has a low self-diffusion barrier and a 
high hopping rate, which promote uniform Li plating.

In addition to the manipulation of substrate composition to promote 
uniform Li plating, it is also important to control the substrate 
morphology, e.g., by building a 3D framework structure to accommo-
date the volume change and induce dense, even Li plating. Ding et al. 
proposed a 3D porous structure, with a lithiophilic CuSnAl layer on top 
of a Cu foam (Fig. 1c) [17]. This substrate supported reversible Li plating 
over 2000 h at 1 mAcm − 2 [17].
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2.2. Current density and overpotential

Current density and overpotential determine the kinetics and play a 
vital role in Li plating/stripping. The process of Li plating is a combi-
nation of mass transport in the liquid-state electrolyte (LSE) and 
interfacial charge transfer. When a current flows through a battery to 
recharge it, solvated Li ions are transported to the electrolyte/electrode 
interface and shed their solvation shells, then Li ions accept electrons, 
are reduced to metallic Li, and plate on the substrate. Consequently, 
cations are consumed at the interface and anions are expelled, driven

by the electric field [3]; this creates a concentration gradient in the 
electrolytic salt near the electrode surface, which is controlled and 
described by a diffusion equation [18]. For currents greater than the 
diffusion limit, the salt concentration at the electrode surface becomes 
zero after a given time, and the electrolytic fluid turns to dielectric 
fluid, causing unstable and inhomogeneous Li plating. Sand labeled this 
characteristic time “Sand’s time” (τ s ) in 1901 [19]; after this point, Li 
plating will preferentially occur on surface protrusions with higher salt 
concentrations to maintain the electroneutrality, culminating in den-
dritic development [18].

Fig. 1. (a) Schematic of nucleation during Li plating [14]; (b) Li substructures based on growth of Li nuclei on different substrate surfaces [14]; (c) schematic of the 
CuSnAl@Cu foam structure, and cross-sectional TEM image of its bottom zone [17] (Reproduced from Ref. 17 with permission from American Chemical Society).
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Bai et al. studied the different formation mechanisms of mossy and 
dendritic Li by observing the growth process in a glass capillary cell 
[18]. They found that mossy Li growth is a reaction-limited process, 
while dendritic Li growth is transport limited. As shown in Fig. 2a, when 
a constant current density is used, mossy Li plates tend to root-grow at 
the beginning of Li plating. With continued Li plating, the salt concen-
tration near the substrate surface decreases, and with the depletion of 
salt, dendritic Li suddenly shoots out, which is evidence of tip growth. 
The experimental Sand’s time was accurately measured via this visual-
ization of Li plating, whereby an apparent diffusion coefficient D app 
could be calculated from Sand’s formula. The limiting current density 
was derived as J lim = 2z c c 0 FD app (t a L) − 1 , where z c is the charge number 
of the cation, c 0 is the bulk salt concentration, F is Faraday’s constant, t a 
is the transference number of anions, and L is the distance between the 
electrodes. If current density J < J lim L in a finite L system, no tip-grown 
dendrites will occur; if J > J lim , tip-growth dendritic Li will shoot out 
within Sand’s time. Based on this formula, an electrolyte with a high salt 
concentration and a low anion transference number is desirable for a 
longer Sand’s time and to suppress Li plating instabilities. For instance, 
in an electrolyte of 1 M LiPF 6 ethylene carbonate (EC) and dimethyl 
carbonate (DMC) (volume ratio of 1:1), when the distance between the 
two electrodes is 5 mm, the J lim was calculated to be 1 mA cm − 2 , which 
was consistent with experimental observation. Bai et al. also defined 
Sand’s capacity (C s ) based on Sand’s time theory, C s = Jτ s , as shown in 
Fig. 2b, which provides a simple design constraint to avoid dendritic 
lithium [18].

Sadd et al. investigated the influence of current density on the 
morphology of plated Li by operando X-ray tomographic microscopy 
(XTM) [7]. The results show that at a low current density (0.5 mA cm − 2 ), 
needle-like Li microstructures predominate due to preferential plating at 
the kinks of the needle-like structures. This type of microstructure shows 
low reversibility during stripping, leading to electric disconnection and 
the formation of inactive Li (Fig. 2c left). When a high current density 
(1 mA cm − 2 ) is applied in the second cycle, moss-like Li microstructures 
are observed due to the relatively smaller nucleation overpotential, 
providing better reversibility than the needle-like Li (Fig. 2c right) [7]. 
In particular, needle-like and mossy Li form simultaneously at high 
current densities, and the increased current density leads to the rapid 
growth of Li structures, with current hot spots at the tip of these struc-
tures boosting the risk of short circuits.

Although high current densities were previously believed to induce 
dendrite formation, Li et al. found that dendrites self-heated at current 
densities exceeding 9 mA cm − 2 . They conducted both experimental and 
theoretical studies and concluded that Joule heating of dendrites might 
cause substantial Li diffusion, allowing the densely packed dendritic 
particles to combine and smooth the Li metal surface [20]. Yuan et al. 
discovered that ultrahigh current (50–1000 mA cm − 2 ) allows for the 
non-dendritic growth of Li rhombic dodecahedra when no SEI is present. 
They concluded that the morphology of non-dendritic Li deposits during 
ultrafast Li deposition is independent of the electrolyte chemistry and 
the current collector material. This was because they eliminated the 
mass transport limitation by utilizing an ultramicroelectrode 
(d = 25–255 μm), and ultrahigh currents lead to Li deposition that 
overcomes SEI development [21].

Pei et al. investigated the relationship between plated Li morphology 
and overpotential/current density. Overpotential is the driving force of 
nucleation; a smaller overpotential corresponds to faster self-diffusion of 
Li + ions, which promotes a tendency toward lateral growth that leads to 
larger-sized Li nuclei. The surface growth of Li is dominant in the Li 
plating reactions, rendering a more macroscopically compact Li plating 
morphology. In contrast, the larger overpotential, accompanied by a 
high current density, generates slow Li diffusion kinetics, in which tip 
growth takes the place of surface growth, and Li tends to plate vertically 
rather than laterally, leading to the growth of Li dendrites. Thus, 
increased current density and overpotential decrease the size but in-
crease the number of nuclei (Fig. 2d) [22]. Exchange current density is

related to the intrinsic kinetics of Li + . Lower exchange current density is 
correlated to lower overpotential, facilitating uniform and dense Li 
plating with larger Li nuclei, which suppresses the growth of Li dendrites 
and contributes to a high Coulombic efficiency (Fig. 2e) [16]. In 
contrast, a high exchange current density leads to needle-like Li plating 
and the growth of Li dendrites [16].

The formation of “dead” Li also influences the performance of Li-
metal anodes. During stripping, a part of a Li dendrite may lose its 
electric connection to the current collector and therefore become iso-
lated, forming “dead” Li. This occurs due to the fast stripping of Li from 

the dendrite at high current densities (Fig. 2f). In addition to fast 
stripping, rapid SEI formation can lead to the insulation of Li structures 
and the formation of “dead” Li (Fig. 2g) [23].

2.3. Temperature and pressure

Temperature plays an important role in Li plating by influencing the 
reaction kinetics as well as Li-ion transport through the electrolyte and 
SEI. McDowell et al. studied the influence of temperature on Li plating 
and showed that decreased temperature leads to slow Li transport ki-
netics, resulting in increased overpotential; this causes a greater density 
of smaller Li nuclei, which correlates to an increased overpotential [24]. 

Li plating is also substantially affected by the applied pressure. 
Increased pressure alleviates the formation and growth of Li dendrites 
and promotes the plating of Li in densely packed, larger grains with a 
smooth surface. As reported by Fang et al., the pressure changes the free 
energy of the substrate surface, inducing the lateral growth of Li along 
the surface in the early stages [10]. Only after Li has covered the surface 
does the plating begin to grow vertically, forming dense, columnar 
structures. Thus, the application of pressure promotes compact plating 
and decreases the porosity of plated Li, which might minimize volume 
expansion during cycling [10].

Meng et al. used a mechano-electrochemical phase field model to 
study the influence of pressure on Li plating, and designed a pressure 
control apparatus (Fig. 3a) to experimentally investigate pressure-
controlled Li plating [25]. With increasing external pressure, the local 
hydrostatic pressure in Li dendrites changes from negative to positive, 
which means there is a shift from expansion to contraction. When the 
external pressure reaches 14 MPa, the hydrostatic pressure at the Li 
dendrite tip reaches a peak value (20 MPa), so growth at the tip is 
inhibited and transfers to lateral growth (Figs. 3b and c) [26]. However, 
an upper limit on the external pressure should be considered, since if the 
applied pressure exceeds the yield strength, the electrode material and 
separator might crack; the Li dendrites might also crack and fracture, 
thereby losing their electric contact and forming inactive Li. Hence, 
applying a high external pressure that stops below the yield strength 
facilitates the formation of dense, smooth, and columnar plated Li, 
which promotes high Coulombic efficiency for LMBs.

Besides external pressure, the internal stress induced by plated Li 
also influences the plating process. Wang et al. reported that the appli-
cation of a soft substrate can relieve compression stress resulting from Li 
plating. During plating, compressive stress accumulates and is trans-
ferred to the current collector, leading to wrinkling when the stress 
reaches the membrane’s strain threshold. By using a soft substrate, the 
stress in plated Li can be relieved, rendering uniform Li plating. A soft 
PDMS-composed Cu current collector is applied to support surface 
wrinkling; the 2D structure of this wrinkling can reduce the stress in the 
plated Li structure. The relaxation of stress suppresses the stress-driven 
root growth of Li whiskers to promote dense, uniform Li plating (Figs. 3d 
and e) [27].

In summary, as shown in Fig. 4, the plating and stripping of Li are 
electro-chemo-mechanical processes, which are controlled by parame-
ters such as overpotential, current density, exchange current density, 
temperature, and internal/external pressure. Dense, mossy Li growth is 
preferential, since it is more reversible during plating/stripping, which 
facilitates long cycle life. The morphology of plated Li is highly
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Fig. 2. (a) In situ snapshots of the growth of Li during electroplating. Red arrow in (ii) points to the emergence of dendritic Li. Red dashed line in (iii) labels the 
morphological difference between the pre- and post-Sand’s time Li plating; (b) Sand’s capacity versus current density [18] (Reproduced from Ref. 18, with open 
access from the Royal Society of Chemistry); (c) Li plating morphologies by rendering of tomograms taken after plating and stripping at different current densities of 
0.5 and 1.0 mA cm − 2 [7]; (d) schematic illustrating the size and density of Li nuclei plated on Cu at varying overpotentials [22] (Reproduced from Ref. 22 with 
permission from American Chemical Society); (e) schematic of electroplating of Li under different exchange current densities [16]; (f) schematic of “dead” Li for-
mation during Li stripping [23]; (g) schematic of the formation of “dead” Li during fast SEI formation [23] (Reproduced from Ref. 23 with permission from Elsevier).

Q. Wu et al. eScience 6 (2026) 100429

5



dependent on the early nucleation behavior. In general, the following 
principles apply: 1) a lower nucleation overpotential and current density 
lead to larger nuclei and a lower density of nuclei, contributing to uni-
form, dense Li plating that suppresses Li dendrite growth; 2) a smaller 
overpotential, corresponding to a smaller exchange current density, 
guarantees a low aspect ratio in the plated Li structure; 3) the faster Li + 

ion transport kinetics resulting from high temperature decreases the 
nucleation overpotential, which facilitates homogenous Li plating. After 
the early nucleation stage, the internal stress of the Li structure accu-
mulates with the growth of Li, leading to tip growth. The application of 
external pressure can effectively suppress tip growth in favor of lateral 
growth. In addition, exploiting soft substrates can relieve internal stress 
and lead to uniform Li plating. The formation of “dead” Li results in 
irreversible Li consumption and low Coulombic efficiency. Moreover, 
the accumulation of inactive Li gives rise to safety risks and greater cell 
resistance.

3. Electro-chemo-mechanical function of SEI on Li metal anode

The SEI forms as soon as the electrolyte is in contact with Li metal, 
and it continues to form during the initial cycles until the Li metal anode 
is completely passivated by the SEI [12]. The desolvated Li + ions 
transport through the SEI and nucleate; therefore, the Li plating and 
stripping behavior is influenced by the SEI’s properties, including

ionic/electric conductivities, homogeneity, mechanical strength, and 
thickness. So a SEI with high ionic conductivity leads to fast ionic 
diffusion kinetics through the SEI, resulting in a uniform distribution of 
ionic flux and Li plating. However, high electric conductivity results in 
current hot spots and continuous side reactions between the Li metal 
anode and the electrolyte, which lower the cycling stability [8]. A SEI 
with reasonable mechanical strength can suppress Li tip growth and the 
formation of Li dendrites by homogenizing the internal stress of the Li 
structure. If the formed SEI is porous and inhomogeneous, the reaction 
between electrolyte and Li metal can proceed to continuously thicken 
the SEI, causing irreversible Li depletion, decreased Coulombic effi-
ciency, and increased cell resistance. Hence, a thin, dense, and homog-
enous SEI with sufficient ionic conductivity, mechanical strength, and 
low electric conductivity is favorable. Manipulating the properties of the 
SEI can effectively control the plating and stripping of Li and conse-
quently the LMB’s performance.

3.1. Ionic conductivity and chemical composition

The ionic conductivity of the SEI affects the plated Li morphology by 
controlling the ionic diffusion kinetics. During the process of Li plating, 
Li ions de-solvate in the vicinity of the SEI and are transported through 
it. Subsequently, Li ions adsorb on the substrate and are reduced to 
metallic Li, accompanied by electron transfer; this is followed by Li

Fig. 3. (a) Pressure control apparatus for LMB with liquid electrolyte or solid-state electrolyte [25] (Reproduced from Ref. 25 with open access from the Electro-
chemical Society); (b) schematic illustration of the morphology of Li dendrites without and (c) with external pressure [26] (Reproduced from Ref. 26 with permission 
from Wiley); (d) mitigation of Li dendrite formation by releasing compressive stress using a soft substrate; (e) formation of Li dendrites due to Li-plating-induced 
compressive stress using a hard substrate, e.g. Cu foil.
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nucleation and early growth beneath the SEI (Fig. 5a) [13]. Thus, a low 

ionic conductivity leads to localized Li plating and dendritic growth, 
causing stress concentration because dendritic plating is a 
diffusion-controlled process, as discussed previously. As shown in 
Fig. 5b, a mosaic-like SEI — composed of different compounds (for 
example, LiF, LiCO 3, etc.), with various ionic conductivities, thicknesses, 
chemical properties, or mechanical moduli — leads to inhomogeneous 
ion flux and nonuniform Li plating as well as dendrite growth [8,12]. 

Hao et al. used density functional theory calculations to study Li 
surface diffusion kinetics and Li plating behavior based on two primary 
components of the SEI: LiF and Li 2 O. As illustrated in Fig. 5c, the SEI 
suffers from bending and stretching during plating due to volume 
expansion. In regions of LiF that experience stretching, Li adatoms show 

higher diffusion rates, which inhibits the accumulation of Li ions in these 
regions and thus prevents Li dendrite growth. However, for Li 2 O, the 
diffusion rate of Li adatoms is lower in regions experiencing stretching, 
resulting in accelerated dendritic growth [28]. Therefore, a SEI with fast 
surface diffusion kinetics facilitates uniform plating and suppresses 
dendritic Li growth. This work clarifies the influence of different com-
ponents of the SEI on the ionic diffusion kinetics and Li plating, which 
also signifies the importance of SEI homogeneity.

3.2. Mechanical strength

Stress accumulation under the SEI affects the Li plating, which is a 
mechanics-dominated process. Kushima et al. proposed a stress-
controlled root growth mode for the relation between the SEI and the 
Li plating morphology [29]. As illustrated in Fig. 5d, during the early 
stages of nucleation on the substrate (stage 1), a thin SEI covers the 
spherical nuclei, hindering further surface growth. Stress builds up 
beneath the SEI during continuous growth, and when the stress reaches a 
threshold, the SEI breaks. A Li whisker shoots out from the root and 
pushes the formerly plated Li away from the substrate (stage 2). After 
relaxation of the stress, the Li whisker growth slows down (stage 3). The 
next whisker grows (stage 4) due to the repetition of stages 2 and 3, 
when the stress again accumulates. During stripping, the root-grown Li 
whisker is fragile and the newly formed SEI on this part is thin, so the Li 
close to the root dissolves first, leading to electric disconnection of the 
top of the Li whisker, forming “dead” Li as a result.

The accumulation of stress beneath the fragile SEI will also cause it to 
crack and expose fresh Li metal to the electrolyte, forming a new SEI. 
During this process, the active Li becomes isolated from the electrolyte 
again. This process is called “self-healing,” but it also results in fast ion-
diffusion channels (Li flooding), inducing localized Li dendrite growth at 
these hot spots. Repeated “self-healing” leads to the consumption of 
electrolyte and active Li, causing electrolyte depletion and low 

Coulombic efficiency [12]. A robust SEI with high mechanical strength 
can endure the stress induced by volume expansion, therefore inhibiting

SEI cracking. Based on finite element modeling, Shen et al. proposed 
that an elastic modulus of 3.0 GPa is enough for a mechanically stable 
SEI.

Constructing an artificial SEI is an effective route for manipulating 
the Li morphology by controlling the uniformity, components, and 
mechanical strength of the SEI. Liu et al. built an electro-chemo-
mechanical model to understand the relationship between the physical 
properties of an artificial SEI and plated Li morphology. The results 
show that the high ionic conductivity of the SEI is a prerequisite for 
uniform Li plating, as it provides homogenous ion flux and decreasing 
compressive stress. They also proposed a Young’s modulus of 4.0 GPa as 
a threshold for achieving even Li plating, with uniform distribution of 
the von Mises stress and the electrochemical field (Fig. 5e) [8].

Dong et al. proposed a part-substitution carboxymethylcellulose Li as 
an artificial SEI with a high Li-ion transference number, high Young’s 
modulus, and good lipophilicity, which showed good adaption to vol-
ume changes, enabling dense and uniform Li plating [11]. Zhao et al. 
proposed a new strategy for manipulating Li plating by constructing a 
dual-layer artificial SEI, where the outer layer is organic and the inner 
layer is Al 2 O 3 . The organic layer is porous and flexible and can accom-
modate volume expansions during Li plating, as well as facilitate elec-
trolyte infiltration. The inner inorganic layer is dense, which prevents 
side reactions between the electrolyte and the Li metal anode [30].

3.3. Electrolyte engineering

Manipulating SEI properties by electrolyte engineering is an effective 
strategy to electrochemically control Li plating, since the SEI is 
composed of the side reaction products between the Li metal anode and 
the electrolyte. The physicochemical properties of the SEI are highly 
dependent on the electrolyte composition (solvents, additives, and 
concentration of Li salts), which determines the solvation structure and 
the electrolyte stability.

For traditional commercial electrolytes with carbonate solvents (for 
example, propylene carbonate (PC)), Li ions coordinate primarily with 
organic molecules due to the high polarity of carbonates, inducing a 
fragile, organic-rich SEI with high ionic diffusion barriers, leading to 
nonuniform ion flux and dendritic growth [31].

Substitution of ester-based solvents with ether-based solvents that 
have weak polarity and more resistance to reduction decreases the 
proportion of organic molecules in the solvation shell and leads to a 
thinner, inorganic-rich SEI, which facilitates uniform Li plating and 
higher Coulombic efficiency. The formation of flexible oligomers in the 
SEI due to the application of ether-based electrolytes also improves the 
SEI’s stability and flexibility, overcoming the issues of electrolyte 
decomposition and Li dendrite growth [32].

Introducing additives is also a useful technique to improve the SEI. 
Fluoroethylene carbonates (FEC) are fluorinated additives that produce 
a LiF-rich SEI with a high surface energy and a low ionic diffusion 
barrier, resulting in uniform Li-ion flux and even Li plating [33]. 
Vinylene carbonate (VC) is easily polymerized on the Li surface, leading 
to the formation of long-chain hydrocarbon components, which is ad-
vantageous for creating a flexible and stable SEI [31]. Electrolytes with 
lithium bis(oxalato)borate (LiBOB) as an additive help promote even Li 
plating by forming fibrous Li surfaces instead of dendritic Li growth 
[34]. Lithium difluoro(oxalate)borate (LiDFOB) can also improve the 
thermal stability of the electrolyte and form a stable SEI [35]. Textured 
and uniform Li plating with spherical Li particles was obtained by 
adding LiNO 3 to an ether-based electrolyte [36]. The addition of LiNO 3 
also leads to the formation of Li 3 N in the SEI, which is favorable for 
improving ionic conductivity [37].

Highly concentrated electrolytes have been considered an effective 
route to obtain desirable Li plating. The high salt concentration leads to 
more anions participating in the solvation structure, forming inorganic-
rich SEIs; this not only increases the Li-ion transference number but

Fig. 4. Schematic of the electro-chemo-mechanics of Li metal anodes in LSEs.
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also suppresses diffusion-limited Li dendrite growth and yields a high 
Coulombic efficiency [38]. However, concentrated electrolytes have 
high viscosity and density, which decrease the LMB’s electrochemical 
performance. Introducing weakly polar solvents, such as bis(2,2,2-tri-
fluoroethyl) ether (BTFE), as diluents to form localized highly 
concentrated electrolytes reduces the viscosity but preserves the

anion-rich solvation structure [39,40]. Lee et al. observed the Li plating 
morphology by cryo-focused ion beam (cryo-FIB) in a conventional 
ester-based electrolyte (1.0 M LiPF6 EC/EMC 3:7 (Gen II)), a single salt 
highly concentrated electrolyte (4.6 M LiFSI-DME (SSEE)), and a bisalt 
highly concentrated electrolyte (4.6 M LiFSI + 2.3 M LiTFSI in DME 
(BSEE)) [41]. As shown in Fig. 6a, Li plated in Gen II is porous and

Fig. 5. (a) Schematic of Li electroplating on a Li metal anode surface [13] (Reproduced from Ref. 13 with permission from Royal Society of Chemistry); (b) a 
nonuniform SEI yields irregular Li plating and crack formation under low mechanical strength, and sustains deformations under high mechanical strength [12] 
(Reproduced from Ref. 12 with permission from Wiley); (c) surface diffusion on a stretched LiF and Li 2 O surface [28] (Reproduced from Ref. 28 with permission from 

American Chemical Society); (d) schematic illustration explaining the root growth mechanism of lithium whiskers [29] (Reproduced from Ref. 29 with permission 
from Elsevier); (e) distribution of physical fields on electrodeposited Li covered by SEI with a Young’s modulus of 0.1 and 0.5 GPa [8].
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exhibits branches and voids. The porosity of plated Li decreased in 
SSEE and BSEE but without the formation of dendritic Li.

Operating temperature also influences the properties of the SEI and 
the solvation structure. As reported by Hou et al., high temperatures 
promote coordination between Li ions and anions (FSI − ), thus increasing 
the number of anions in the solvation shell, which fosters a LiF-rich SEI 
with high ionic conductivity. The compact and stable SEI facilitates 
dense, smooth Li plating (Figs. 6b and c) [9].

The chemical composition and mechanical properties of the SEI 
largely determine the Li plating/stripping behavior. The electrochemical 
process also affects LMB performance by controlling the SEI’s properties. 
Given the various lowest unoccupied molecular orbital (LUMO) of Li salts 
and solvents, it is feasible to manipulate the SEI composition by con-
trolling electrolyte decomposition. A facile potential hold method was 
proposed by Manthiram et al. to guide more salt-derived SEIs [42]. The 
decomposition potential of ethyl methyl carbonate (EMC), 1,2-dime-
thoxyethane (DME), LiDFOB, lithium bis(fluorosulfonyl)imide (LiFSI), 
and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was elucidated 
by cathodic linear sweep voltammetry (LSV), yielding values of 0.3, 0.8, 
1.86, 1.12, and 1.33 V, respectively. Based on the specific decomposition 
potential of different components, holding the potential at 0.1 V ensures 
the decomposition of both solvents and salt, and holding it at 1.3 V re-
duces the solvent reduction. The XPS results for the decomposition 
products on Cu foil (1 M FSI in DME as electrolyte) after 18 h of holding 
the potential at 0.1 and 1.3 V validate the hypothesis that the SEI can be 
configured using the potential hold method. The higher intensity of LiF 
(LiFSI salt decomposition product) when a 1.3 V potential hold was 
applied and the reduced intensity of C–O/C–C originated from organic 
solvent decomposition, which was observed. As a result, the CE of the 
Li//Cu cell increases to 99.14% after 18 h of potential hold at 1.3 V, 
compared to the without potential hold (98.27%).

In summary, as shown in Fig. 7, the properties of the SEI largely 
determine the Li plating performance. High ionic conductivity, elec-
tronic insulation, and sufficient mechanical strength are significant 
factors for achieving uniform Li plating beneath the SEI. The high 
ionic conductivity provides even ionic flux, avoiding localized hot 
spots for dendritic Li growth. The low electric conductivity elimi-
nates localized high currents and prevents continuous side reactions 
between the Li metal and electrolyte. A robust and dense SEI with a 
Young’s modulus of 4.0 GPa and an elastic modulus of 3.0 GPa 
suppresses Li dendrite eruption through the SEI and renders a

smooth, uniform Li plating by providing uniform stress distribution, 
which is the prerequisite for high Coulombic efficiency [40]. Artifi-
cial SEI and electrolyte engineering are effective strategies to 
improve the SEI’s properties by manipulating its composition, con-
ductivity, and mechanical strength. Furthermore, as SEI properties 
are largely dependent on the electrolyte’s configuration, (localized) 
high-concentration electrolytes and additives are widely used to 
manipulate the Li-ion solvation structure and SEI formation. For 
example, a salt-derived SEI that is rich in LiF and has high me-
chanical strength, ionic conductivity, and electrochemical stability 
facilitates uniform Li plating and stable cycling in LMBs. Using a 
specific potential hold during the LMB’s first cycle, a salt-dominated 
SEI can be derived due to the different decomposition potentials of 
the salt and solvents.

4. Electro-chemo-mechanical Li plating in solid-state 
electrolytes

Lithium metal solid-state batteries (LMSSBs) offer improved energy 
density and safety by replacing the flammable liquid electrolyte with a 
solid-state electrolyte (SSE) [41,42]. However, their performance is 
largely determined by the lithium/SSE interface and its dynamic evo-
lution during cycling. When the liquid electrolyte is replaced by a SSE, 
the mechanical characteristics of the solid–solid interface result in a 
complex set of electro-chemo-mechanically coupled interfacial degra-
dation phenomena (Fig. 8) [43–45].

Fig. 6. (a) Cryo-FIB cross-sectional SEM images of the Li morphology after the first cycle for Gen II, SSEE, and BSEE [41] (Reproduced from Ref. 41 with permission 
from American Chemical Society); (b) SEM images of Li plating in a Li/Li cell operating at high temperatures and at room temperature; (c) the relationship between 
temperature and the components of a SEI [9] (Reproduced from Ref. 9 with permission from American Chemical Society).

Fig. 7. A schematic of the electro-chemo-mechanical function of the SEI on a Li 
metal anode.
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4.1. General electro-chemo-mechanical considerations

For a SSB, maintaining intimate contact at the interface while ac-
commodating structural and morphological changes associated with 
lithium plating/stripping is difficult due to the lack of electrolyte 
wettability. Poor interfacial contact and (electro)chemical side reactions 
between the lithium metal and the SSE may result in interfacial het-
erogeneities, where different phases of the interface exhibit varying 
electrochemical and mechanical properties. These electro-chemo-
mechanical heterogeneities affect ion transport by altering the elec-
trical and stress fields at the interface, hence directly influencing the

lithium electrodeposition stability [46–49]. Monroe and Newman 
studied the role of electrochemical-mechanical coupling [50,51]. Their 
findings predicted that a SSE with roughly twice the shear modulus of 
lithium (G Li > 6 GPa) could mechanically suppress dendrite growth. 
However, despite the use of a SSE with a shear modulus higher than that 
of Li, dendrites have been observed to mechanically penetrate through 
the bulk of the solid electrolyte and short-circuit the cell [52–54], 
proving that a deeper understanding of the role of mechanics in 
dictating reaction kinetics is needed. In actuality, the mechanical 
stresses significantly affect the free energy landscape of the redox re-
actions at the interface, which can be correlated to changes in the

Fig. 8. Schematic representation of the relationship between electro-chemo-mechanical processes and failure modes in LMSSBs, such as dendrite formation and 
growth, mechanical degradation (SSE cracking and void formation), as well as (electro)chemical interphase formation. (a–d) Illustrate different types of interfaces 
resulting in chemo-electro-mechanical degradation. Image (a) zooms in on a Li filament where stress accumulates at the tip, causing SSE cracking and Li creep. Li 
dendrites in the SSE are attributed to: (b) insufficient interfacial contact causing current constrictions; (c) pre-existing defects, pores, or voids where Li can penetrate, 
forming a filament; (d) electronic conductivity of the SSE; and (e) grain boundaries [61]. (Reproduced from Ref. 61 with open access from the Electrochemical 
Society); (f–h) schematic of the three different types of interfaces between Li metal and a SSE; (f) a kinetically stable interface (KSI); (g) a mixed conducting 
interphase (MCI); and (h) a solid electrolyte interphase (SEI) [67].
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equilibrium potential and exchange current density [49]. Electrodepo-
sition stability is also affected by the partial molar volume ratio and 
stress-driven transport, where a combination of high (low) lithium 

molar volume and high (low) shear modulus is required [55]. Funda-
mentally, the mechanical characteristics and microstructural heteroge-
neity of the SSE/lithium metal interface lead to a distinct set of 
electro-chemo-mechanical processes, culminating in various degrada-
tion and failure mechanisms (Fig. 8).

4.2. Effect of interface morphology

It is important to investigate the effects of the interplay between 
intrinsic (interface morphology, molar volume ratio) and extrinsic (stack 
pressure, temperature, current density) factors on the electro-chemo-
mechanical instability of the lithium metal/SSE interface [49]. The 
rigid nature of the interface makes it difficult to retain contact during 
lithium metal stripping, so voids form at the interface [56]. In the 
absence of stack pressure, void formation is influenced by the interplay 
between lithium vacancy diffusion and lithium anodic dissolution. If the 
dissolution rate exceeds the vacancy diffusion rate, voids can form by an 
accumulation of vacancies at the interface. The introduction of new 

heterogeneities at the interface alters the electric and stress field dis-
tribution, further promoting unstable electrodeposition. The plastic 
deformation of lithium metal by applying stack pressure can help to 
replenish voids and retain contact at the interface [57]. Therefore, 
moderate stack pressure is often needed to maintain intimate interfacial 
contact during cycling. However, too high of a stack pressure could 
mechanically short-circuit the cell as the low yield strength of lithium 

allows it to creep through micropores in the SSE [58,59].

4.3. Lithium dendrite formation and growth

Unstable electrodeposition and lithium dendrite growth can be 
influenced by multiple factors, and the propagation can be described by 
different growth modes. Similar to voids, all interfacial defects, such as 
cracks and chemical inhomogeneities, alter lithium plating/stripping, 
causing mechanical and electrical hotspots. As Li metal preferentially 
accumulates in these interfacial flaws, stress builds up in the enclosed 
regions, causing the SSE to fracture [54,60,61]. Once cracks have 
formed, the application of stack pressure or continuous deposition can 
cause localized lithium metal creep, further propagating both the crack 
and dendritic growth within it. Dendrites thus propagate due to 
plating-induced fracturing of the SSE, and an increase in stack pressure 
increases the risk for dendrite-induced short-circuiting. However, me-
chanical stresses can also be used to deflect the dendrite trajectory [59]. 
A study by Hu et al. demonstrated how dendrite growth could be 
inhibited by deflecting SSE-induced fractures by using a multi-layered 
SSE with dissimilar elastic moduli [62]. Modification of the bulk SSE 
properties is therefore an additional mitigation strategy. One study 
showed that electrolyte densification from 83% to 99 % could increase 
the critical plating current density for dendrite formation from 1 to 
10 mA cm − 2 [58].

Dendritic growth is not attributable solely to the microstructure of 
the SSE and interface. Another observed dendrite growth mode is 
through the SSE grain boundaries, due to their inherently different ionic 
conductivity and mechanical properties compared to the bulk [52–54]. 
An additional characteristic of LMSSBs is that Li can be observed to 
nucleate within the bulk SSE, due to electronic conductivity [63–65]. 
Seemingly, the conductivity and the lithium-ion transport mechanism 

have a significant effect on the lithium plating/stripping process and 
hence the lithium dendritic growth mode [66]. At a microscopic scale, 
lithium-ion transport is influenced by atomic-level interactions (lattice 
dynamics, diffusion pathways, etc.). At a mesoscopic level, it shifts to-
wards factors influencing the transport at interfaces (grain boundaries, 
contact points). On the bulk level, the transportation properties are 
influenced by factors such as electrolyte thickness, porosity, and

mechanical stability. Various strategies are needed to optimize SSE 
design, which can be achieved by bringing a multiscale perspective to its 
ion transport mechanisms.

4.4. Interphase formation

Most SSEs are not (electro)chemically stable against Li metal. Elec-
trolyte reduction typically occurs at the Li metal/SSE interface to form 

an interphase due to the accumulation of decomposition products. In 
general, the Li metal/SSE interface can be classified into one of three 
types, schematically presented in Figs. 8a–c [67], which can be distin-
guished based on their electronic and ionic properties [68]: (a) a 
non-reactive and thermodynamically stable interface, where no inter-
phase is formed; (b) a reactive and mixed conducting interphase (MCI), 
where simultaneous electronic and ionic conductivity leads to contin-
uous degradation of the interface; and (c) a reactive but meta-stable 
interphase, ionically conductive but electrically insulating, hence pre-
venting further parasitic reactions and limiting the growth of the 
interphase to form a “stable SEI.” Although a relatively stable interphase 
might form, the cycling performance might still be affected by the ionic 
conductivity of the interphase, as it influences the redox reaction ki-
netics of the interface. These interphase formation behaviors — i.e., 
elemental and structural interfacial evolution — can impact the 
electro-chemo-mechanical behavior of the SSB. Interphase formation 
results in volume changes, which can induce local expansions or con-
tracts. By investigating the evolution of stack pressure for different 
electrolytes, a pressure relaxation attributed to a volume reduction in 
the SSB was observed for a cell chemistry exhibiting continuous inter-
phase growth, in contrast to one that formed a passivating interphase 
[69]. In another study, expansion of the SSE itself was observed for a 
third cell chemistry, which caused in-plane stress evolution and frac-
turing of the SSE [73]. Such added mechanical stress can further alter 
the thermodynamics and energy landscape of the interface, affecting 
both (electro)chemical reactions and diffusion kinetics [52], which 
highlights the strong correlation between the electro-chemo-mechanical 
instability of the interface and various degradation phenomena.

4.5. Strategies to bypass interfacial instability

Fig. 8 highlights the intimately linked and coupled electro-chemo-
mechanical properties, processes, and failure modes in LMSSBs. 
Various efforts have been made to counteract the elemental and 
morphological problems associated with lithium metal anodes and SSEs 
using clever structural designs or chemical modifications of the interface 
and bulk materials [44]. Metal and metalloid interlayers that form a 
lithium metal alloy are widely used to improve the plating/stripping 
performance of the lithium/SSE interface [61]. Other types of in-
terlayers, including a sacrificial interlayer aimed at forming an artificial 
“SEI” line ionically conducting interphase, have been used to mitigate 
further reductive decomposition of the SSE and, in certain cases, 
improve the morphological stability of the interface [2,70–73]. How-
ever, the addition of an interlayer generates two new interfaces: towards 
(i) the current collector or lithium metal/interlayer and (ii) the inter-
layer/SSE. These additional interfaces will have their own 
electro-chemo-mechanical properties, adding further complexity and 
requiring additional research. Further work is needed to ensure the safe 
and long-term operation of LMSSBs, but understanding and probing the 
electro-chemo-mechanical phenomena in LMSSBs will require advanced 
multiscale, in situ, and operando characterization techniques.

5. Methodology for understanding electro-chemo-mechanics

5.1. Imaging characterization methods

Recently, research on the mechanisms of the Li plating/stripping 
processes has been promoted by the implementation of electron

Q. Wu et al. eScience 6 (2026) 100429

11



microscopy and X-ray imaging methods, which can visualize the evo-
lution of the morphology, structure, and physicochemical properties of 
Li and the SEI [74,75] from the atomic to the macroscopic scale 
(Fig. 9a). One important microscopic instrument that provides infor-
mation about the structural and chemical composition in bulk at the 
atomic level is transmission electron microscopy (TEM) [76,77]. In situ 
TEM can provide direct visualization of Li plating and SEI formation 
with atomic-scale resolution, and elemental distributions as well as 
binding energies can be obtained by combining TEM with selected area 
electron diffraction (SAED) and electron energy-loss spectroscopy 
(EELS) [78,79]. At the nanoscale, scanning electron microscopy (SEM) 
has been used to determine the morphology of plated Li. Notten et al. 
observed moss-like Li and dendrite-like Li using in situ SEM [80,81]. 
Rong et al. developed in situ electrochemical SEM (EC-SEM) to study Li 
plating/stripping in an ether-based electrolyte with two different addi-
tives. Their work revealed that the additives affected the lithium 

dendrite growth speed and mechanism [82]. Recently, Cui et al. 
demonstrated an in situ SEM technique, externally coupled with elec-
trochemical testing, to monitor the dynamics of Li plating on 10 metallic 
substrates for all-solid-state batteries with LAGP as the SSE. They found 
various Li morphologies, a dendrite-like morphology, and an in-plane 
particulate-like pattern, as well as different modes of alloying between 
Li and certain substrates before Li growth [83]. However, the Li surface 
inevitably is damaged by high-energy electron-beam irradiation, which 
leads to the decomposition of organic electrolytes during in situ SEM and 
TEM experiments [84,85]. Cryo-scanning transmission electron micro-
scopy (cryo-STEM) and cryo-FIB are thus being utilized to preserve the 
original states of materials and interfaces, facilitating high-resolution 
imaging [86,87].

In addition to 2D imaging techniques, XTM is an effective strategy to 
investigate the 3D morphological evolution of Li at the microstructural 
level [88]. During XTM measurements, projections are taken of a 
rotating sample at various angles, and the resulting 2D images are 
reconstructed into a 3D volume, as shown in Fig. 10a [89]. This method 
facilitates qualitative assessments, such as defect visualization and the 
monitoring of changes in electrode morphology. Through segmentation, 
it also yields quantitative data, including volume fraction, surface area, 
and tortuosity [90]. As a result, XTM gives both macroscopic and 
microscopic information about the morphology of plated Li during 
battery operation.

Both laboratory-based and synchrotron-based XTM have been uti-
lized to investigate processes occurring at the Li metal anode [91]. 
Compared to other techniques, XTM coupled with high-flux synchrotron 
X-rays enables in situ and operando measurements. This capability is 
attributed to high temporal and spatial resolutions that enable the 
capture of dynamic processes within a battery cell [91]. For instance, 
Eastwood et al. utilized synchrotron-based X-ray phase-contrast to-
mography in a separator-less symmetrical Li cell to differentiate mossy 
Li from high surface area Li salt formations. This distinction relied on the 
structures’ different X-ray attenuation [92]. Sadd et al. confirmed the 
presence of mossy Li in a Li/Cu cell. Their 3D visualization of plated Li 
allowed differentiation between needle-like and mossy structures 
(Fig. 10b). Additionally, the study identified Li metal microstructures 
distributed as islands post-plating [7].

To replicate real battery cell conditions, Sun et al. employed in-line 
phase-contrast X-ray tomography to investigate the evolution of Li mi-
crostructures within symmetrical Li cells with a Celgard 2325 separator. 
Their findings revealed continuous dissolution of the bulk Li anode

Fig. 9. Illustration of various imaging techniques and their image resolution and function, from atomic to macroscopic levels.
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Fig. 10. (a) Illustration of X-ray tomography experimental setup [89] (Reproduced from Ref. 89 with permission from American Chemical Society); (b) 3D rendering 
of Li microstructures at different plating times [7]; (c) 3D volumes of void phase in LLZO electrolyte prepared at different temperatures [95] (Reproduced from 

Ref. 95 with permission from American Chemical Society).

Q. Wu et al. eScience 6 (2026) 100429

13



during each stripping step, leading to the formation of cavities. Subse-
quent plating resulted in the accumulation of significant quantities of Li 
microstructures, forming a porous lithium interface (PLI) that occupied 
voids generated from the previous dissolution [93]. Taiwo et al. 
confirmed the presence of voids on the Li metal electrode surfaces within 
a graphite/glass fiber separator/Li half-cell employing synchrotron and 
laboratory-based X-ray micro-tomography. They observed pits forming 
on the electrode surface, which gradually increased in diameter and 
depth during discharge, due to Li dissolution. This study highlights the 
critical role of separator morphology in managing or preventing 
dendrite growth, especially in high tortuosity separators, emphasizing 
the urgent need for separator design [94].

The application of tomography techniques can be particularly help-
ful for investigating SSEs. For instance, Shen et al. utilized ex situ syn-
chrotron XTM to study structural changes of a garnet-type 
(Li 7 La 3 Zr 2 O 12 , LLZO) SSE after cell failure, as shown in Fig. 10c. They 
found that Li plating increases with pore size distribution, suggesting 
that metallic Li can be plated in isolated forms or accumulate within 
pores. They concluded that porosity decreases with temperature, and 
SSEs with connected pore regions promote dendrite formation at a lower 
critical current density [95]. Dixit et al. used in situ synchrotron to-
mography to track morphological transformations in Li metal electrodes 
in Li|LLZO|Li cells. They developed advanced image processing and 
machine learning methods to process low-contrast images for quanti-
tative analysis. They suggested that factors such as high mass flux at the 
interface, inadequate metal diffusion, and creep flow contribute to void 
generation, concluding that high porosity at the interface indicated void 
formation and interfacial delamination [96]. Voids have also been 
observed in other SSEs. Lewis et al. found both voids and interphases 
between Li 10 SnP 2 S 12 (LSPS) and the Li electrode, which grew substan-
tially after stripping. These voids formed when Li ions were removed 
faster than the Li metal could be replaced. They suggested that cell 
failure arises from loss of contact at the stripping interface [97].

While X-ray techniques provide crucial insights into electrode al-
terations involving heavier elements, their low sensitivity renders them 

inadequate for analyzing lithium and light-element electrolytes [98]. 
Increasingly, neutron imaging (NI) is being used for battery character-
ization. Neutrons are electrically neutral and interact with atomic nuclei 
via short-range strong nuclear forces while remaining unaffected by 
electrons, enabling structural characteristics to be probed from the 
surface to the interior, even under extreme conditions [99]. For 
instance, Bradbury et al. used in situ neutron tomography to visualize 
Li-ion transport through a SE separator [100].

The unique nuclear scattering properties of neutrons also make them 

highly sensitive to light elements. The isotope-dependent nature of 
neutron scattering results in distinct scattering lengths for different 
isotopes, allowing for their differentiation. Moreover, with a magnetic 
moment of − 1.913, neutrons can interact with unpaired electrons in 
magnetic materials through dipole–dipole interactions, making them a 
valuable tool for studying magnetic structures and fluctuations. The 
characteristics of neutrons point toward their potential application to 
characterize lithium batteries. Neutron diffraction (ND) [101] fills the 
gaps in crystallographic information that X-ray diffraction cannot pro-
vide and thus has been utilized to investigate the evolution of lattice 
parameters, the atomic occupancy of Li/O, and chemical bonding in 
inorganic SSEs. Through this analysis, along with structural studies of 
doped electrolytes, the Li-ion transport mechanism in these materials 
has been elucidated. Small-angle neutron scattering (SANS) [102] is a 
useful method for analyzing the shape, structure, and distribution of 
particles or aggregates dispersed in a continuous medium over time. The 
inhomogeneity of inorganic SSEs at specific spatial scales can be 
investigated by SANS, including the occurrence of abnormal grains and 
Li dendrites. In addition, neutron imaging techniques enable the direct 
observation of Li metal plating/stripping, electrolyte consumption, and 
gas evolution due to the high visibility of light-Z elements, especially for 
hydrogen and lithium.

In situ nuclear magnetic resonance (NMR) spectroscopy is used to 
quantitatively analyze Li plating owing to the high sensitivity of 7 Li 
NMR. In situ magnetic resonance imaging (MRI) is a noninvasive tool to 
both probe Li microstructure and provide quantitative data.

5.2. Computational techniques

Battery system design and comprehension require the use of 
modeling and simulation. These are particularly valuable when experi-
mental data are insufficient to explain underlying mechanisms or are 
difficult or costly to obtain, or when the parameter space is too vast for 
efficient optimization through experiments alone [103]. In addition, the 
use of computations and experiments together can hasten advancements 
in battery science and technology [104].

Multi-physics field modeling is an effective tool for understanding 
the process of Li plating and the influences of various factors. The 
approach uses a number of basic laws and equations, solved simulta-
neously, to reveal the interplay between the physical and chemical at-
tributes of the system being investigated [105,106], providing direction 
for focused battery optimization [107]. Phase-field modeling (PFM) is 
used to simulate the interface evolution between two different materials 
and to model the microstructural evolution of dendrites in lithium metal 
batteries [108]. Finite element modeling (FEM) uses numerical models 
in which the partial differential equations describing the model are 
solved by discretizing a continuous system into a finite number of ele-
ments [106].

Some work on modeling based on the finite element technique to 
understand the electro-chemo-mechanics of Li plating has been reported 
[109,110]. This technique has been extensively used in structural me-
chanics and stress computation [110]. In brief, this approach provides 
an approximation of the physical system under study [109] while 
solving differential equations based on a number of various concepts 
[110]. For instance, Zhang’s group presented a quantitative electro-
chemical–mechanical model based on the finite element method by 
coupling multi-physics, including current distribution, mass transport, 
electrochemical reactions, and stress distribution [12]. Their findings 
revealed that structural uniformity can lead to SEI stability. They also 
recommended that having a SEI with a 3.0 GPa elastic modulus is 
preferable to having one with high mechanical strength [12]. This 
method broadens the understanding of Li plating from the experimental 
perspective. In addition, Xiong et al. carried out a series of studies using 
electro-chemo-mechanical modeling and the visualization of stress fields 
to examine SSE failure mechanisms rooted in defects and Li filament 
growth [111–113]. They created an electro-chemo-mechanical model to 
study the characteristics of an artificial SEI in order to achieve uniform 

Li electrodeposition, concluding that stress concentration and prefer-
ential deposition of Li can be mitigated by increasing the SEI’s ionic 
conductivity over a critical level. Elsewhere, Matic’s group investigated 
Li plating by building a phase-field model based on the effects of an 
artificial SEI [8], various metal substrates [14], and exchange current 
density [16].

In summary, multiscale characterization enables the gathering of 
diverse information to better understand the electro-chemo-mechanics 
of the Li metal anode. Experimentation takes time, but it is the foun-
dation for multiscale modeling. Recent advancements in computational 
approaches can aid in experimental characterization and explain phe-
nomena that occur at the atomic level.

6. Conclusion and outlook

LMB performance is highly dependent on the Li plating/stripping 
behavior, which is an electro-chemo-mechanically coupled process. This 
review has summarized the Li plating process in liquid-state electrolyte 
systems and solid-state electrolyte systems, and the function of the SEI 
from this perspective. We have also systematically discussed the meth-
odology for investigating Li plating/stripping and SEI properties.
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During Li plating, Li ions de-solvate at the interface and adsorb on 
the surface of the substrate, and early nucleation takes place, accom-
panied by charge transfer and the reduction of Li ions to metallic Li. 
Thus, the morphology of plated Li is related to the substrate’s properties, 
including its lithiophilicity and mechanical strength. A higher binding 
energy and a lower surface energy give the substrate stronger lith-
iophilicity, resulting in a lower nucleation overpotential, which con-
tributes to a uniform and dense Li plating morphology. The Li growth 
process is also affected by the current density, overpotential, tempera-
ture, and pressure. The factors for achieving uniform, dense Li plating 
are summarized as follows. In a liquid-state electrolyte: 1) high lith-
iophilicity of the substrate leads to low nucleation overpotential; 2) a 
low self-diffusion barrier renders larger Li nuclei and Li substructures 
with a lower aspect ratio, resulting in more uniform Li plating; 3) low 

current densities inhibit dendritic Li formation by reducing current hot 
spots at the tip of the plated Li and mitigating the formation of branched 
Li substructures; 4) low overpotential leads to Li nuclei with a larger 
radius, rendering uniform, dense Li plating; 5) low exchange current 
densities facilitate uniform, dense Li plating with larger-radius Li nuclei, 
which suppresses the growth of Li dendrites and contributes to high 
Coulombic efficiency; 6) a sufficient external pressure of about 14 MPa 
prevents tip growth in favor of lateral growth. The current density limit 
(J lim ) for uniform Li plating is calculated based on Sand’s time theory. 
When the current density J < J lim L in a finite-L system, no tip-grown 
dendrites occur. An electrolyte with a high salt concentration and a 
low anion transference number is desirable for achieving a longer Sand’s 
time and suppressing Li plating instabilities.

Researchers now have a systematic understanding of the electro-
chemo-mechanics of a Li metal anode in LSEs, but limitations remain:
1) the Li plating and stripping processes are influenced by multiple 
factors in what is a highly coupled system, and it is difficult to clarify the 
mechanism of a specific isolated parameter. For example, changing the 
current density alters the reaction dynamics of Li-ion diffusion and 
charge transfer simultaneously, further affecting the electric field dis-
tribution and interphase formation. Hence, it is hard to analyze the in-
fluence of current density alone on Li plating/stripping behaviors; 2) 
experimental research should be combined with theoretical studies to 
build a solid and in-depth understanding of the mechanisms of Li metal 
anodes; 3) the transition from lab-scale research to practical applications 
has not been studied, and the feasibility of up-scaling remains uncertain. 
Studies should be carried out in multiple directions, including experi-
ence, theory, aspect, and up-scaling, to achieve LMBs for practical 
applications.

The SEI plays an important role in the Li plating/stripping processes. 
Li ions de-solvate at the interface and are transported through the SEI, 
then are reduced to metallic Li beneath the SEI, accompanied by Li 
nucleation and early growth. Therefore, the ionic/electric conductiv-
ities, mechanical properties, physicochemical properties, and morpho-
logical structure of the SEI largely determine the nature of Li plating. 
The character of a SEI can be tuned by electrolyte engineering, since the 
SEI is a passivation layer induced by the reactions between the elec-
trolyte and the Li metal anode. SEI composition can also be regulated by 
specific electrochemical potential hold, which facilitates a salt-derived 
SEI by holding the potential at a level lower than that of anion reduc-
tion and higher than that of solvent decomposition. The factors for an 
ideal SEI are as follows: 1) a SEI with a Young’s modulus of 4.0 GPa and 
an elastic modulus of 3.0 GPa can accommodate volume expansion and 
avoid cracking during plating, thus suppressing Li dendrite eruption 
through the SEI and yielding smooth, uniform Li plating by ensuring 
uniform stress distribution; 2) a high inorganic content in the SEI (for 
example, a LiF-rich SEI) gives it robustness as well as higher ionic con-
ductivity and mechanical strength, mitigating stress concentration after 
Li plating; 3) a low electronic conductivity inhibits current hot spots that 
would otherwise lead to dendritic Li growth; 4) a high ionic conductivity 
facilitates fast ion transport, resulting in uniform Li plating; 5) a uniform 

SEI yields homogenous ionic/electronic conductivities, avoiding the

concentration of ions/current in hot spots; and 6) a thin, compact 
morphology helps eliminate continuous side reactions between the 
electrolyte and the Li electrode.

Although an in-depth understanding of the electro-chemo-mechanics 
of SEIs has been established, the field remains attractive but largely 
unexplored, for various reasons: 1) Despite decades of research, a uni-
versally accepted model describing SEI formation, evolution, and 
degradation under real battery conditions is still lacking. Existing 
models often oversimplify SEI chemistry and fail to account for dynamic 
changes that occur during long-term cycling. A multi-scale under-
standing of the SEI formation mechanism and properties is essential. 2) 
Most SEI studies rely on ex situ characterization, which does not capture 
the real-time evolution of a SEI. In situ and operando techniques, such as 
in situ TEM and in situ XPS, are essential for observing SEI formation and 
evolution to understand SEI dynamics. However, these methods are still 
in their infancy and require further refinement for widespread applica-
tion. 3) SEI modification strategies, such as electrolyte additives, arti-
ficial SEI coatings, and advanced electrolyte formulations, have shown 
promise in laboratory settings. However, scaling up these approaches for 
commercial battery systems while maintaining cost-effectiveness and 
long-term stability remains a challenge. 4) The commonly accepted 
understanding of SEI structure is oversimplified and far different from 

the actual situation. For example, the SEI is considered an “inner inor-
ganic, outer organic” structure, whereas in practice, it is an inorga-
nic–organic braided structure because the reductions of solvent and salt 
occur almost simultaneously. In addition, unstable components in the 
SEI are oxidized during charging, causing it to evolve, which makes the 
breathable and transformational structure of a SEI difficult to charac-
terize and track.

Understanding and controlling the solid-state electrolyte/lithium 

metal anode interface is one of the major hurdles for solid-state batte-
ries. Both the chemical and morphological evolution as well as the 
mechanical characteristics contribute to the interface stability. Defects 
at the interface and in the SSE, such as voids, impurities, phase distri-
butions, cracks, grain boundaries, and porosity, can alter the stress field 
and cause a non-uniform distribution of the electric field, promoting 
dendritic growth and plating-induced fracture of the SSE. Furthermore, 
certain SSEs are (electro)chemically unstable against Li metal and form a 
resistive interphase. Advanced SSEs with mechanical robustness, high 
(electro)chemical stability, and low electronic but high ionic conduc-
tivity are needed to ensure stable, high-performing SSBs not only at 
room temperature but also at low stack pressure. Using high stack 
pressures and temperatures to enhance performance is a rather simple 
strategy, but as these variables change, new mechanisms may influence 
the interfacial electro-chemo-mechanics. In the interest of practical 
applications, a focus on the effects of low stack pressures (< 1 MPa) and 
other practically relevant testing conditions on interfacial evolution is 
urgently required. An alternative attractive SSB architecture is the 
“anode-free” configuration. Manufacturing SSBs with lithium metal 
anodes requires highly controlled atmospheres, making large-scale 
implementation expensive and challenging. Opting for a SSB with zero 
excess lithium offers a potential solution, with simulations enabling 
even higher energy density. As in lithium-excess SSBs, the stable oper-
ation of anode-free SSBs is largely determined by the interfacial and 
material evolution. However, the lack of a lithium reservoir makes them 

sensitive and susceptible to new complex electro-chemo-mechanically 
coupled processes. Further research is needed to fully understand how 

the behavior of anode-free SSBs differs from that of conventional excess-
lithium SSBs.

As the SSB field continues to grow, there is a need for systematic 
reporting of testing conditions. The conditions vary widely across 
literature, often with little information being provided about the fabri-
cation of the SSB cell. Yet, the assembly methodology directly influences 
interface quality and thus cell performance. All assembly steps must be 
considered, making it advisable to report all procedural details, from 

material processing to cleaning. Future strategies may focus on
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engineering interfaces by designing SSE properties and implementing 
interlayers. Further attention is needed on the characterization of 
interphase growth in SSBs and its long-term influence on cell perfor-
mance. Advanced in situ/operando characterization techniques are 
needed to improve our understanding of SSB operation and degradation 
and thereby further the development of this technology.

Last but not least, diverse characterization approaches from the 
atomic to the particle level complement one another and provide better 
insights into future battery advancements. For example, XTM can 
analyze electrode morphological changes during Li plating/stripping at 
better spatial and temporal resolutions. Li-ion migration during the 
plating/stripping process is easily detectable when used in conjunction 
with neutron imaging. Although the NI method is limited by the number 
of facilities accessible around the world, its sensitivity for analyzing Li-
ion mobility makes it an appealing approach that will increasingly be 
part of the battery characterization toolbox. Furthermore, combining NI 
and XTM imaging, as well as computational modeling, helps to 
strengthen our grasp of the relationship between materials from the 
macroscopic to the atomic level.
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