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Toward Zero-Excess Alkali Metal Batteries: Bridging
Experimental and Computational Insights

Pan He, Neubi Francisco Xavier Jr, Matthias Johannes Golomb, Yupei Han, Yuheng Du,

Qiong Cai,* and Yang Xu*

This review introduces alkali metal (Li, Na, and K) anode-less and anode-free
batteries and conveys a synopsis of the current challenges regarding
anode-electrolyte interfaces. The review focuses on a critical analysis of the
fundamental understanding of the (eletro)chemical and (electro)physical
processes occurring at the anode, including metal nucleation and dendrite
growth, the properties of liquid and solid electrolytes, and their roles in the
metal stripping/deposition process and the formation of solid-electrolyte
interphase, and the properties of separators and their role in inhibiting
dendrite growth. Solutions to tackle the challenges for anode-less and
anode-free batteries are discussed extensively in the aspects of the
modifications of the anode substrate, novel electrolyte solutions and SEI
structures, interface design, and novel separators/solid-state electrolytes to
enable stable battery performances. To highlight the importance of bridging
experimental and computational insights, experimental progress derived from
a range of advanced characterization techniques is analyzed in combination
with the advancement in multi-scale theory and computational modeling.

efficiency of metal-based anodes while
minimizing the use of inactive materials.
ZEMBs are categorized into two main con-
figurations. The first is the metal-anode
configuration, where a metal anode in an
appropriate amount of metal pairs with
a high-capacity cathode, leveraging the
energy density improvements from both
components.l?] For instance, conventional
Li-ion batteries (LIBs) utilizing a graphite
anode (theoretical capacity: 372 mAh g)
and a LiFePO, cathode (theoretical capac-
ity: 170 mAh g') can achieve an energy
density of ~250 Wh kg~'. By replacing
the cathode and anode with S (theoreti-
cal capacity: 1675 mAh g!) and Li (the-
oretical capacity: 3860 mAh g~!), respec-
tively, the theoretical energy density can
reach ~2500 Wh kg~'—nearly ten times of
that of conventional LIBs.*l The second is

Finally, outlooks are provided from both experimental and computational
points of view for the exciting field of zero-excess alkali metal batteries.

1. Introduction

In pursuit of next-generation energy storage systems with high
energy density, zero-excess metal batteries (ZEMBs) have gained
significant attention.[!l These systems maximize the energy
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the anode-free configuration, where a cur-
rent collector on the anode side pairs with
a charge carrier-rich cathode, eliminating
the weight of the anode material to en-
hance the energy density of the cell. For
example, pairing a nickel-cobalt-aluminum (NCA) or nickel-
manganese-cobalt (NMC) cathode with a Cu current collector can
surpass the energy density ceiling of commercial LIBs (390 Wh
kg=1).*] Similar improvements can be achieved in ZEMB sys-
tems using other alkali metals, such as Na and K.’/ The inno-
vative designs of ZEMBs highlight their transformative potential
in achieving unprecedented energy densities for future energy
storage technologies.

However, the low potential of alkali metals (Li: 3.04 V, Na:
2.71 V, K: 2.93 V vs standard hydrogen electrode (SHE)) is a
double-edged sword.®) On the one hand, it increases the volt-
age and energy density of the full cell, but on the other hand,
it enhances the reactivity of the metal anode, leading to a se-
ries of undesired reactions. For example, the intrinsically high
chemical and electrochemical reactivity of alkali metals make
them thermodynamically unstable, causing spontaneous reac-
tions with the electrolyte upon contact.l”! This results in elec-
trolyte decomposition and the formation of solid-electrolyte in-
terphase (SEI) layers.[®] Compared with the SEI formed on the
graphite anode of LIBs and potassium-ion batteries (PIBs)®) and
the hard carbon anode of sodium-ion batteries (SIBs),!1% SEI lay-
ers on alkali metal surfaces are significantly more complex with
much different composition and spatial distribution. Increasing
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evidence indicates that the SEI on alkali metal surfaces is inho-
mogeneous, unstable, and dynamically evolving.®] These char-
acteristics lead to uneven ion transport and non-uniform metal
plating/stripping processes. Furthermore, the repetitive expan-
sion and contraction of the metal anode during cycling make the
SEI difficult to maintain, often resulting in fractures. The newly
exposed metal surfaces react with the electrolyte, leading to fur-
ther electrolyte consumption, reduced coulombic efficiency (CE),
and the formation of non-planar metal electrodeposition, all of
which produce dendritic structures and/or electronically isolated
regions (dead metals). The growth of dendrites can cause inter-
electrode short circuits, while the continuous consumption of
electrolytes and accumulation of dead metals further decrease
CE, ultimately leading to poor cycle life.

To address the challenges and advance the practical applica-
tions of ZEMBs, significant research efforts have been dedicated
to understanding the formation and functionalization mecha-
nisms of SEI, as well as exploring engineering strategies to sta-
bilize interfacial reactions.'!l Benefiting from the continuous
development of advanced characterization methods, researchers
have gained in-depth insights into SEI components and struc-
tures at the nanometer scale and can now dynamically visualize
the evolution of alkali metal plating/stripping at the nanometer-
to-micrometer scale.l?l Emerging imaging techniques such as
cryogenic focused ion beam (cryo-FIB) and cryogenic scanning
transmission electron microscopy (cryo-STEM) offer a unique
opportunity to uncover the local structural and morphological
details of SEL['3] However, experimental analytical techniques
still have limitations in resolution, both spatially and temporally,
especially when studying SEI formation, evolution, and alkali
metal nucleation processes.'] Furthermore, experimental meth-
ods often produce “scattered” results that are specific to condi-
tions. For instance, studies on Li metal batteries (LM Bs) typically
focus on a specific electrolyte or current density, providing in-
sights that might not be able to represent a broad range of elec-
trolytes/current density and other alkali metal batteries, e.g., Na
and K metal batteries (SMBs and PMBs).

In this regard, theoretical calculations and simulation tech-
niques provide a robust framework for understanding interfa-
cial reactions, particularly during the early stage of alkali metal
electrodeposition. Methods such as density functional theory
(DFT), molecular dynamics (MD), and Monte Carlo (MC)/MD
approaches are widely used to explore the atomistic-level forma-
tion and the evolution of SEL[*] However, these techniques also
face challenges, including the difficulty of defining appropriate
boundary conditions due to the complexity of interfacial reactions
and computational limitations in spatial and temporal scales. We
can only achieve a more comprehensive understanding of inter-
facial reactions by integrating experimental and theoretical ap-
proaches. This synergy will enable the development of reasonable
and effective solutions to mitigate side reactions at the interface,
ultimately promoting the practical application of ZEMBs.

In this review, we begin by exploring the mechanistic under-
standing of SEI formation and evolution in alkali metals, empha-
sizing the commonalities and differences among Li, Na, and K
metals. We then delve into ion diffusion across interfacial lay-
ers, focusing on key processes such as desolvation, ion trans-
port within SEI, and metal plating on substrates. Particular at-
tention is given to the critical roles of SEI and substrate in influ-
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encing metal nucleation. Subsequently, we summarize and com-
pare dendrite formation—one of the most common and unde-
sirable issues in alkali metal systems. Finally, we propose strate-
gies to address current challenges, including anode structuring,
electrolyte modification, artificial buffer coating layers, and new
designs of SEL

There exist excellent reviews on Li metal anodes and a few re-
cent ones covering Na and K metal anodes separately,®! but com-
parative discussions among alkali metal systems remain scarce.
This review fills this gap by systematically analyzing and at the
same time, comparing interfacial reactions among Li, Na, and
K systems. By integrating experimental observations with com-
putational approaches, the review provides a comprehensive and
mechanistic understanding of interfacial reactions and serves as
a valuable reference for the development and optimization of al-
kali metal batteries and ZEMBs.

2. The Anode Reactions

The deposition of alkali ions in anode involves a series of inter-
connected processes that collectively determine the performance
and stability of anodes (Figure 1). Initially, ions approaching the
anode surface must undergo desolvation, shedding their solvat-
ing molecules to interact with the solid surface, a step governed
by an energy barrier that influences deposition kinetics. Once de-
solvated, the ions diffuse through the SEI, a passivating layer that
regulates ion transport and prevents side reactions. The SEI’s
ionic conductivity and structural integrity are critical to ensur-
ing uniform ion diffusion and deposition. Upon traversing the
SEIL, the ions undergo nucleation, clustering together to form
stable nuclei on the current collector or pre-existing sites, a pro-
cess influenced by surface energy, substrate properties, and local
ion concentration. Finally, these nuclei grow during the growth
phase, where factors such as current density, ion flux, and elec-
trolyte composition determine whether the growth is smooth and
uniform or dendritic and uneven. Efficient and balanced progres-
sion through these steps is essential to achieving uniform depo-
sition, maintaining electrode integrity, and preventing issues like
dendrite formation that compromise battery performance and
safety. The discussion in Section 2 will progress along the pro-
cesses of the anode reactions.

2.1. SEI Formation and Evolution

Due to their strong reducing properties, the alkali metals Li, Na,
and K readily react with various chemical species.['”] Their ap-
plication to batteries is no exception, and consequently, the ap-
pearance of interesting chemical reactions at the interface of al-
kali metal anodes and electrolytes was identified almost 50 years
ago.l”l With time, the so-called “solid electrolyte interphase” has
been identified as one of the most important parts of any battery
cell, due to its importance for ion and electron transport across
the battery — one could argue that the famous quote of Herbert
Kroemer in his Nobel Lecture, “the interface is the device”, holds
in this case as well.'8] Despite this importance, the formation
and evolution of the SEI remain one of the most challenging as-
pects of battery engineering due to its complexity. It for example
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Figure 1. Schematic illustration of the anode reactions in alkali metal batteries. The deposition of alkali ions on the substrate contains three steps:
desolvation of alkali ions (the left part), ion transport through SEI (the middle part), and nucleation and growth of alkali metals (the right part). The

metal layer would be omitted for the anode-free configuration.

strongly depends on electrolyte properties, the anode substrate,
and the operation of the battery cell. Furthermore, the continu-
ous stripping and plating processes upon charge and discharge
mean that the SEI cannot be understood as a static component
of the cell, but has to be seen as a dynamically evolving chemical
interface.(*"!

When looking at the formation of the SEI, the first important
aspect to consider is the starting structure of the two reactants
responsible for its formation, namely the metal anode and the
electrolyte. Due to the reactivity of alkali metals, the surface of al-
kali metal anodes is already covered by a native passivation layer
even prior to contact with the electrolyte unless it has been ex-
plicitly removed (Figure 2A).12% This layer is understood to orig-
inate from the reaction with air and is thus composed of Li,O,
Li,CO,, and LiOH for Li batteries;['’ while to the best of our
knowledge, no works on the native passivation layer in Na/K
metal anodes can be found, their higher reactivity leads to the ex-
pectation of the existence of a native passivation layer, formed of
(Na/K),O, (Na/K),CO;, and (Na/K)OH by analogy. However, this
native layer does not stop the response of the surface with elec-
trolyte, as the layer lacks the necessary mechanical strength and
density to suppress the occurring reactions. Recent evidence on
Li metal anodes with solid-state electrolytes also points to the na-
tive passivation layer having a continued detrimental effect on ion
transfer upon cycling.?" In terms of starting structure, the ini-
tial state of the electrolyte also plays a crucial role, as its solvation
structure influences the composition and distribution of species
within the SEI. In general, species contained within the first ion
solvation shell are thought to make up the majority of the SEI,
which has sparked great research interest in high-concentration
electrolytes (HCE) and localized high-concentration electrolytes
(LHCE) as well as low-concentration electrolytes. This is strongly
connected to the desolvation process and will thus be explored
further in Section 2.2.

Bringing the metal anode foil into contact with the electrolyte
leads to the formation of another secondary layer on top of the
native one, the electrochemical SEI, which suppresses further
reactions of the two components after its formation. This in-
terplay of battery components can be understood by consider-
ing the electronic structure of the anode, electrolyte, and cath-
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ode (Figure 2B). Fundamentally, the electrolyte is reduced under
negative potentials by the anode and oxidized under positive po-
tentials by the cathode.?!] The electrochemical stability window
of the electrolyte can then be defined as the energy difference be-
tween the potentials for reduction and oxidation: when the chem-
ical potential of the anode p, is higher than the potential for the
reduction of the electrolyte, the electrolyte is reduced; conversely,
oxidation of the electrolyte will occur when the chemical poten-
tial of the cathode p is lower than the potential for oxidation of
the electrolyte. This means that for the SEI to suppress electrolyte
reduction in terms of electronic structure, the SEI raises the re-
duction potential of the electrolyte, which in turn results in an
increased electrochemical stability window of the electrolyte/SEI
system. This steady state is however broken during charge and
discharge when ions migrate from the electrolyte to the anode
through the SEI and vice versa, and an applied potential changes
the electrochemical potentials of the anode and cathode. From
this energetical picture alone, we can deduce desirable proper-
ties of the SEI: it should be electronically insulating to suppress
reduction, but ionically conductive to facilitate ion diffusion.
Throughout the years, many models have been proposed for
the formation mechanism of the electrochemical SEI as well as
the species composition and distribution within it. Recently, two
of these models have been reported as directly observed using
cryogenic electron microscopy: the multilayer as well as the mo-
saic model.[??] In the former, the electrochemical SEI is proposed
to consist of distinct layers of inorganic and organic decomposi-
tion products uniformly dispersed on top of an amorphous ma-
trix (Figure 2C). The inner layer is inorganic-rich, commonly con-
sisting of MF, M,CO;, and M,0 (M = Li, Na, K).[?}] The outer
layer is organic-rich, and its composition depends heavily on the
electrolyte used for the cell; as an example, the most common
electrolyte for LMBs, which is a mixture of 1,3-dioxolane (DOL)
and 1,2-dimethoxyethane (DME) solvent, the O—CH,—O linkage-
containing decomposition products of DOL seem to dominate
the organic SEL[?*l The mosaic model on the other hand sug-
gests that both inorganic and organic decomposition products
are present as heterogeneously distributed crystallites within the
amorphous matrix (Figure 2D). To investigate the conditions un-
der which model structure is formed, Li et al. investigated LiPF
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Figure 2. SElformation and evolution. A) Schematicillustration of the surface structure on an alkali metal anode. B) Energy diagram showing the negative
and positive potential requirements to ensure electrolyte stability. (Reproduced with permission.[?!] Copyright 2018, The Royal Society of Chemistry).
C,D) Schematic illustrations of typical SEI structure distributions, showing variations in composition and morphology across the interface. E) Snapshots
illustrating SEI formation processes in a highly concentrated LiFSA/AN electrolyte, showcasing temporal evolution. (Reproduced with permission.[2°]
Copyright 2018, American Chemical Society). F) Reaction pathway for LiTFSI and DOL, obtained from HAIR simulations, detailing the intermediates
and products. (Reproduced with permission.[?8] Copyright 2021, American Chemical Society). G,H) Comparison of Li stripping through different SEI
structure: G) non-uniform Li stripping facilitated by a mosaic SEI, and H) uniform Li stripping supported by a multilayer SEI, highlighting the impact of
SEI architecture on electrochemical performance. (Reproduced with permission.[222] Copyright 2018 Elsevier Inc.).

in ethylene carbonate (EC) and diethyl carbonate (DEC) with and
without fluoroethylene carbonate (FEC) additive, showing a mo-
saic SEI without FEC and a multilayer SEI with FEC.[223] Interest-
ingly, their results suggest both initial SEI formations show sim-
ilar dendrite morphology, but significant changes occur upon Li
dissolution, where the electrolyte with FEC additive shows much
thinner dendrites. This has been attributed to a more uniform
SEI formation in the latter, preventing the creation of notches
that lead to dead Li, ultimately explaining the improved cell per-
formance of the FEC additive variant.

Due to the sensitivity of the SEI to characterization techniques
and the very fast reaction times upon first contact, experimental
validation of the initial formation process has proven challeng-
ing. This has motivated the use of theoretical techniques to de-
scribe the formation and evolution of SEI at an atomistic level.
The most common approaches include DFT, MD, and MC/MD
as well as ab initio MD (AIMD)/MD hybrid approaches. DFT
is commonly used to calculate base properties of the chemical
species participating in the formation of the SEI, e.g., the calcula-
tion of the highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) of the solvent species
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to aid the calculation of the potentials for oxidation and reduc-
tion, or adsorption energies of solvent and salt moieties on top
of the metal surface. MD on the other hand can be used to iden-
tify dynamic properties of the SEI but can reach computational
limits due to the system size, complexity, and timescales needed
for the description of the anode-SEI-electrolyte interface. Hybrid
approaches such as the “Red Moon” method utilize MC calcula-
tions to describe long-timescale processes and MD calculations
to predict motions on shorter timescales.

One of the earliest studies on the formation of the SEI was
carried out by Kim et al.? They investigated the SEI formation
for Li metal using EC as well as dimethyl carbonate (DMC) elec-
trolyte using MD simulations with reactive force field (ReaxFF)
potentials, showing Li, CO, and Li, O formation on the anode sur-
face for EC and LiOCH, for DMC. However, no salts were present
in the calculation, limiting the predictive power for real systems.
Takenaka et al. employed the “Red Moon” method to study the
SEI formation on carbon anodes (Figure 2E), considering both
lithium bis(fluorosulfonyl)amide (LiFSA) salt and acetonitrile
(AN) electrolyte at different concentrations.[?) In a later study,
they extended their approach to additionally take the electrode
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potential into account, leading to a high degree of representation
of important cell operation properties.[?’”! The HAIR (Hybrid ab
initio molecular dynamics combined with reactive force fields)
method proposed by Liu et al., in which classical force field MD
and AIMD were alternated, showed great promise in maintain-
ing AIMD accuracy while extending the simulation period to the
nanosecond regime (Figure 2F).I?8] Yu et al. used this to investi-
gate the formation of the SEI in lithium bis(fluorosulfonyl)imide
(LiFSI)/fluorinated 1,4-dimethoxybutane (FDMB) electrolytes
and were able to explain its good performance in terms of the
LiF-rich inorganic inner layer thought to be beneficial for cell
operation.[?’l Liu et al. applied the same method to Na batteries,
studying possible solvent decomposition pathways of solvents
and SEI formation products.*®) Pure AIMD studies applied to
metal anode/electrolyte interfaces are rare due to their compu-
tationally expensive nature; noteworthy examples are, e.g., the
study of Stottmeister and Grof3, in which the authors studied the
decomposition of common electrolyte molecules such as EC and
PC on Li, Na and K surfaces.?!l They found the initial decompo-
sition pathway to CO; to be favorable for all systems, while the
decomposition to CO was favorable only for K; comparing the de-
composition energies between both pathways however showed
that the carbonate product is the most favored in all cases.

While it might be more accessible for simulation to investi-
gate the fast timescales and small spatial resolution of the initial
SEI formation, the opposite is true for the evolution of the SEI
upon cycling. Comparatively long timescales and effects on bat-
tery cell level limit the use of techniques such as DFT or AIMD,
although they can still give insight into the energetics of possi-
ble reactions during the evolution, like in the work of Liu et al.
on ether solvents.” As such, experimental techniques such as
nuclear magnetic resonance (NMR) or time-of-flight secondary
ion mass spectrometry (TOF-SIMS) offer avenues to investigate
the state of the SEI after multiple cycles.’?! For example, the lat-
ter was employed by Ma et al. together with XPS species analysis
to study the SEI evolution of LiPF, EC/DMC electrolyte cells as
a function of different formation currents, indicating that inter-
mediate current densities lead to better performance results than
both low and high ones. This was attributed to an optimal bal-
ance between SEI and Li conduction channels through which cy-
cling can occur, emphasizing the importance of the initial struc-
ture of the SEI for the cycles thereafter. The state of the initial
SEI formation was also identified as critical in the cryo-EM stud-
ies of Li et al.?22] A uniform SEI led to a uniform dissolution
and re-deposition on the dendritic anode surface, suppressing
the creation of dead lithium during the evolution upon cycling
(Figure 2G-H).[?22] The results obtained for Li metal anodes can
be valuable for investigating the SEI of Na and K metal anodes,
given that studies have suggested their SEIs to be less stable upon
cycling or even self-dissolving after formation compared with the
Li counterpart.[**]

2.2. Desolvation of Alkali Metal lons

As mentioned before, the electrolyte itselfis a crucial battery com-
ponent determining both the SEI formation and evolution as well
as the overall performance of the cell due to the relation of the
electrolyte potentials for reduction and oxidation to the overall
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cell voltage. The former is closely connected to the process of de-
solvation at the electrolyte/SEI interface, in which the ion loses
its solvation sheath to be first adsorbed on top of the SEI surface
and consequently be absorbed into the SEI where it diffuses to
the anode. This has sparked great research interest in electrolyte
engineering for SEI optimization, utilizing electrolytes that in-
corporate beneficial components in their first solvation sheath.
Generally, the alkali metals differ in their Stokes radii in the or-
der of rg |; > 75 5, > 75, Which leads to the trend of higher ionic
mobilities of Na and K ions in electrolytes and different desolva-
tion energies.[**

Conventional electrolytes usually exhibit a first solvation
sheath where ions coordinate with solvent molecules only
(Figure 3A).351 HCEs however gathered attraction due to the ex-
change of solvent molecules in the first solvation sheath with salt
anions. This commonly results in an SEI that is dominated by
inorganic domains created from salt anion decomposition prod-
ucts. Localized high-concentration electrolytes seek to overcome
two major drawbacks of high-concentration electrolytes, namely
high viscosity and the increased cost of HCE fabrication. A weakly
solvating solvent, also called diluent, addresses these points due
to it not coordinating with the ions, keeping the same local ion
structure as its HCE counterpart (Figure 3B).1* This results in a
SEI that is still dominated by inorganic species, but shows much
faster desolvation kinetics.

In 2018, Chen et al. showed the beneficial properties of LHCEs
with the example of bis(2,2,2-trifluoroethyl) ether (BTFE) in
LiFSI/DMC electrolyte.[*”®! They reported improved SEI mor-
phology as well as reduced SEI thickness, leading to high
Coulomb efficiencies and cyclability. For Na metal batteries,
Zheng et al. showed that the addition of BTFE to NaFSI/DME
electrolyte improved performance greatly, leading to a remark-
able capacity retention of 90.8% after 40 000 cycles.’’”) Similar im-
proved battery cell properties with electrolyte engineering were
also demonstrated in a study by Zhao et al.[*¥] They employed
the weak-coordinated diluent bis(2,2,2-trifluoroethoxy) methane
(BTFM) in DME instead of a non-coordinating diluent, which
had been commonly used for LHCEs, which led to a Li,O-rich
SEIL. Using LiFSI as the salt, their experiments found excep-
tional cell performance in terms of electrochemical stability and
Coulomb efficiencies of up to 99.72%. In a recent study, Cheng
et al. even used a trisalt electrolyte comprised of FEC and DMC
solvent with high concentrations of LiTFSI, LiPF,, and LiNO,
additives.®) This led to a SEI with comparatively little organic
contribution, resulting in improved smooth Li deposition mor-
phology and enhanced cyclability for the cell. Similarly, the ad-
dition of perfluorobenzene (PFB) to NaPF,/EC/PC electrolytes
resulted in a NaF-rich SEI in the study of Zhu et al.l*¥l This was
explained by a change in solvation sheath, which without the ad-
ditive shows only little coordination of PF, to Na due to its higher
solvation energy. Analogously, even the simple addition of wa-
ter molecules, as demonstrated by Sun et al. for diethylene gly-
col dimethyl ether (DEGDME)/LiTFSI electrolyte, can change the
ion solvation sheath to contain more salt anions, leading to a low-
cost approach of improved SEI formation.[*!]

The successes of electrolyte engineering are obvious; due to
the extremely small time and length scales as well as the sensitiv-
ity of the dynamic process to characterization techniques, simu-
lations are crucial to the understanding of atomistic mechanisms
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Figure 3. The desolvation process without/with SEl involvement. A) Schematics of the solution structures of electrolytes: conventional dilute electrolyte,
concentrated electrolyte, and diluted concentrated electrolyte. The concentrated electrolyte retains its unique local coordination structure even after dilu-
tion with a low-polarity solvent (diluent). (Reproduced with permission.[**] Copyright 2019, Springer Nature Limited). B,C) Comparison of conventional
and newly proposed models of ion desolvation: B) conventional ion desolvation model, considering only the electrolyte and neglecting the role of the
SEl in the desolvation process, C) newly proposed ion desolvation model at the electrolyte/SEl interface, considering the influence of the anions and the
SEl whose active sites facilitate ion desolvation by “catching” or associating ions. (Reproduced with permission.[3¢] Copyright 2023, Wiley-VCH GmbH).

behind improved cell performances. The desolvation process can
be seen as a decomposition reaction with multiple energy barri-
ers corresponding to breaking the coordination of a single com-
ponent of the first solvation sheath. Interestingly, the binding en-
ergy of salt anions is usually much larger than that of the solvent —
this should result in a higher energy barrier to dissolve the ion in
(L)HCEs. This has been challenged by calculations of binding en-
ergies in solution instead of in vacuum, where the calculations
of Chen et al. indicated lower binding energies for PF, in both
DME and EC solvents.[*?] It has also been suggested that the SEI
itself acts as a catalyst for the salt anion desolvation, resulting in
a distinct order of steps for the process: Initially, the solvent co-
ordination is broken, and the ion coordinates to the SEI instead.
This then catalyzes the dissolution of the salt anion coordination
(Figure 3C). Wang et al. studied these effects using the example
of Li,CO; as the SEI component, which interacted favorably as
a catalyst for desolvation in both LiDOL,FSI and LiEC solvation
structures.3¢!

It has also been noted that ion transport through the SEI is not
independent of the direction of diffusion, meaning that a distinc-
tion must be made between desolvation and solvation of the ion
in order to compare energies obtained in the experiment to com-
putational results. Tanibata et al. showed that this is an experi-
mentally often overlooked feature due to the averaging of charg-
ing/discharging processes with alternating current impedance
spectroscopy. They used a Laplace transform impedance method
to separate the resistances of the two processes and identified
the solvation resistance to be higher than the desolvation resis-
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tance for three commonly used salts in a propylene carbonate
electrolyte.[*3]

2.3. lon Transport in the SEI

The ion transport behavior of SEI is a crucial property for ev-
ery battery since it governs the deposition of ions on the anode
during continued cycling. It has been suggested that a uniform,
evenly spread transport of ions leads to less dendrite formation
and good cycling behavior, whereas heterogeneous transport re-
sults in uneven plating and ultimately the loss of active material.

Loosely aligned with the two models of the SEI, the mosaic,
and the multilayer model, we can assign the following transport
regimes to the components of the interphase: I) Transport in the
organic material, which can be divided into ordered and amor-
phous domains as well as their grain boundaries, II) transport in
the inorganic material, which can be divided into ordered crys-
talline domains of extended layers or crystallites and their grain
boundaries, and I1I) transport in the grain boundaries of organic
and inorganic domains. While these regions generally show dif-
ferences, in terms of fundamental mechanisms of ionic transport
they can be broadly categorized into either ordered or disordered
systems. The former has been studied for many materials and
applications and multiple underlying principles have been iden-
tified, whereas much less effort has been afforded to study disor-
dered SEI systems which might be a possible explanation for the
difference in calculated ion conductivities and those measured in

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

35UB0 |7 SUOWILIOD dAIER1D 3|geat|dde ayy Ag pausenoh ale saie YO ‘@8N Jo SN Joj AreiqiauluQ A8|I UO (SUOTIPUOD-PUR-SLLLIBIL0D AB | IM"AReIq BU1UO//SANY) SUOIPUOD PUe SWB | 8L} 89S *[G202/TT/S0] Uo AkiqiauluQ A|IM ‘so1nles Akiql] TON uopuo afe)joD AiseAIUN AQ 250205202 BWPe/Z00T OT/I0p/Wod A3 IM A Reiq 1 U1 [UO"paoURAPe//SANY WoJ) papeoumod ‘0 ‘S60FTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

—e— Organic-rich SEI

Organic-inorganic balanced SElI @ Inorganic-rich SEI

1 0— 1
PA ] B C |
: 2 « non-blocking|
i 2 ]
: 1 Li,P B e blocking | !
. —4— < . “ |
i e Li,N (a-b plane) Ree Rer  Waarbug 5 ° JooHz mef/v. |
! : Ry S 10l 40 kHz - ,.~]‘x.. i
1 -6 " 5 N e . 1
: Bl £ ] N
1 0 . . 1
= g st s %o.
PE T Typical SEI CPEge, CPEqecuone AR et ¥ O
: 5 100 — J— 100 kHz 100 mHz :
5 10 - " ® 3 i
s 1 LiCl* Li,S Na,S £ W~ |
I Li.O Na,CO,* £ Rer - .
18 -12 — 2 2 O sof L AT * |
¢ = Reg | !
i LiOH* N \/ T . i
! -14 —| Na alkyl carbonates* ! & £ . !
: 1 T TNaOH* i % m T 200 250 9 30 A ]
1 e Li alkyl N [1okHz - ot 10mHz|[ 1
. 1o carbonates* Zreat (OPM) TE 20 g |
: -+ LiF* - 1kHz 100 Hz 100 mHz % '
! 18~ Uiicox Na o w0 [ \ s '
! 1 **100 kHy 1Hz > XSl !
: -20- {/m 20 30 a0 50 6 E
! Re(2) (Q cm?) )
T T T T T T T T T T T T T T T T T T T T i
D 5x107° E ;
! < charge discharge - _ N
; 4%107° 9 9 '\ = 51 - i
= £ . s :
- = a4 ]
: ‘w 3x10 94 1 = 6 \®\ 8 '
1 o ~ '\ i
: o Y ) 1
! [ i c -7 R N 1
I S 2x107° s -7 . |
1 s ~ @\ 1
! Q Diﬁ S K i
| 1%107+ L l = —81 78.6 kJ mol” NS |
i N N
i c Rel i
. ’ - = ol .
: 0] L‘» ; oo e o 91 63.4 kJ mol . |
: T T T T T T T T T T T !
; 3.0 35 4.0 45 40 35 30 25 20 30 31 32 33 34 35 |
1 . 1
i Potential (V) 1000/T (K’1) '
i i
' 1
! 1
:

Figure 4. The ion conductivity of typical components of the SEI. A) lonic conductivity of SEI components at 25 °C, measured from single-phase bulk
samples. (Reproduced with permission.[#4] Copyright 2021, Springer Nature Limited). B) Equivalent circuit model of a Li-ion battery half-cell. Key ele-
ments include: R, (bulk resistance of the cell, including the resistance from the electrolyte, separator, and electrodes), Rsz and CPEgy; (resistance and

capacitance of the interfacial layer), R, and CPE, 1,04,

(charge-transfer resistance and double-layer capacitance), and Wiy, ., (diffusional effects of Li*

on the host material). (Reproduced under the terms of the Creative Commons Attribution Non-Commercial License.[] Copyright 2020, Open access).
C) Typical area-specific Nyquist plots of blocking and non-blocking full coin cells measured at 20 °C, with labeled frequency decades. (Reproduced with
permission.[462] Copyright 2019, The Author(s), Published by ECS). D) K* diffusion coefficients at various voltages for full cells derived from GITT curves.
E) Activation energies of the R ,-anode at ~4.5 V for full cells. (Reproduced with permission.[4’] Copyright 2025, The Royal Society of Chemistry).

typical SEIs (Figure 4A).1**] Studies on Li metal anodes and their
SEI materials are much more common than those for Na metal
systems, while very few K metal anode SEI transport studies have
been reported. Due to similarities in the SEI structure, however,
results from studies on other anode systems can also be indica-
tive of metal anodes.

In situ experimental characterization of transport in the SEI
is once again challenging due to the reasons mentioned be-
fore, which is why most experimental reports focus on electro-
chemical impedance spectroscopy (EIS) to measure the ionic
conductivity across the SEI by means of an equivalent circuit
model (Figure 4B).[*] The challenge for interpretation lies then
in the separation of the impedance of the different components
of the model. For example, Keefe et al. performed temperature-
dependent EIS to separate the influence of charge transfer and
contact impedance in Li battery SEIs (Figure 4C), whereas Li et al.
attempted to distinguish between contributions of the desolva-
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tion and the actual transport step by comparison to lithium ti-
tanate systems, which do not favor SEI formation.l*!! They con-
cluded that no general remarks about the dominating step can
be made, but that the rate-determining one is highly dependent
on electrolyte and anode chemistry. In a rare study on K ion dif-
fusion through the SEI, Mo et al. focused on the contribution of
the organic layer to transport kinetics (Figure 4D,E).[*’ They em-
ployed in situ EIS and an analysis of the distribution of relaxation
time (DRT) to systematically probe the effect of SEI composition
on diffusion coefficients and activation energies, which indicated
optimal performance at a balance of organic and inorganic ma-
terials, contrary to the common conception of improved perfor-
mance of inorganic dominated SEIs.

Due to most experimental characterization only being avail-
able post-cycling, and the difficulty of separating various fun-
damental transport contributions, simulation offers an av-
enue to study the microscopic processes responsible for the
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Figure 5. lon transport mechanisms in typical SEI components. A) Schematic illustrations of the typical Li-ion transport mechanisms in the inorganic
components of SEI: (left) knock-off mechanism, (mid) vacancy mechanism, (right) direct exchange mechanism. (Reproduced with permission.[*8]
Copyright 2024, Elsevier Ltd.). B-D) Li* transport mechanisms in typical inorganic SEI components. B) Li,COj3 via the vacancy mechanism operating
under high voltage (gray, red, and green spheres represent C, O, and Li atoms, respectively); C) Li,O via the vacancy mechanism operating at high
temperatures (red and green spheres represent O and Li atoms, while white spheres indicate Li vacancy positions) (Reproduced with permission.[>]
Copyright 2011, American Chemical Society). D) LiF via the knock-off mechanism (gray, green, and yellow spheres represent F, Li, and interstitial Li,
respectively). (Reproduced with permission.[3] Copyright 2011, American Chemical Society). E) Li* transport in complex SEI compounds: transport
mechanism in Li,O/Li,CO;. (Reproduced with permission.l>*] Copyright 2020, American Chemical Society). F) MD simulation results show modulus
and ion conductivity calculations of organic SEI compounds under disordered and ordered conditions and highlight the structural influence on transport
properties. (Reproduced with permission.l>’! Copyright 2017, American Chemical Society).

macroscopic effects seen in the experiment. In the simulation,  with larger species would induce significant lattice strain. The

ion transport in ordered systems is usually categorized into in-
terstitial, knock-off, vacancy and direct-exchange mechanisms
(Figure 5A).[*8] In the interstitial mechanism, an absorbed ion
at an interstitial site directly occupies a neighboring, free intersti-
tial site. This type of transport is often associated with mobile ions
smaller than the lattice atoms since the occupation of interstitials

Adv. Mater. 2025, 2502052 2502052 (8 of 33)

knock-off mechanism describes an absorbed ion at an interstitial
site displacing a lattice atom at a lattice site, which then moves
on to become a “free” atom at an interstitial site itself. Vacancy
transport occurs due to the intrinsic existence of crystal vacan-
cies at finite temperatures, which a transporting ion can occupy.
In direct exchange, two neighboring lattice site atoms switch
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positions. This collective movement is considered defect-free
since it does not involve interstitial or vacant sites. Identifying the
dominant transport mechanism can provide valuable insights for
experimentally improving the SEIL. If the dominant transport type
is predicted to be defect-independent (such as direct exchange),
defect engineering may be less critical. Conversely, if transport
relies on defects, targeted defect engineering strategies can be
applied to enhance ion conductivity and stability.[*"]

Usually, these mechanisms are not found purely within one
material but compete, thus their relative frequency depends on
the activation barrier for each process (Figure 5B-D). Shi et al. de-
termined the diffusion in Li, COj, to be a knock-off mechanism of
Li* by rigorous application of defect formation theory, consider-
ing the change in chemical potential for the cell upon cycling, and
subsequent nudged elastic band (NEB) calculations.[*®! They at-
tributed the favorable energetics of knock-off vs interstitial trans-
port to the increased coordination of Li* to oxygen along the diffu-
sion pathway in the former. They also found the ion conductivity
in this material to be highly anisotropic, which emphasizes the
orientation of Li,CO, crystallites/layers within the SEI. NEB cal-
culations were also employed in the study of Chen et al.,’!l which
indicated the migration barrier in LiF to be much higher than
those in Li, O and Li, CO;, which were confirmed by MD calcula-
tions of Benitez et al. in their study of Li mobilities over wide tem-
perature ranges.[*?! Yildirim et al. however reported that similar
to Li,COj;, a knock-off diffusion in LiF shows a considerably lower
barrier of 0.27 eV in LiF, which is similar to the barrier heights of
other SEI components.[*® They also calculated diffusion barriers
for transport in NaF, which proved to be considerably higher than
LiF in agreement with experimentally reported ion conductivity
values. Interestingly, the study of Li transport at crystalline grain
boundaries of LiF and Li,O using DFT and NEB by Ramasub-
ramanian et al.>*l (Figure 5E) found activation barriers as low
as 0.48 eV, suggesting that grain boundaries could be another
preferred pathway for ion transport in the SEIL. These findings
have been confirmed by calculations of Ma et al., which reported
high conductivity values obtained through NEB calculations at
the grain boundaries of LiF/Li,O, Li,0/Li,CO; and LiF/Li;N.[5
Experimental verification of these computational diffusion pa-
rameters is challenging due to the multiphase and dynamic na-
ture of the SEI. However, a recent study by Guo & Gallant suc-
cessfully synthesized single-phase SEIs of Li,O and LiF grown
on Li foils.[>®! Their findings showed good agreement with com-
putationally predicted values and further confirmed the impact
of formation temperature on ion conductivity. This effect is at-
tributed to changes in defect concentration, grain size, and the
presence of grain boundaries.

Very few fundamental principles have been established for the
diffusion of ions in disordered SEI layers. MD simulations on
LEDC and LBDC indicate however that at low temperatures, ion
and anion mobilities are decoupled from each other with the an-
ion matrix being frozen, and the ion mobility is solely determined
by the existence of percolating channels of high ion concentration
through the material (Figure 5F).°’] Jorn et al. investigated the
diffusion of Li ions in disordered LEDC and crystalline Li,CO,
in EC/LiPF electrolytes with MD.[%®! By examining the coordina-
tion of Li ions to EC, they were able to monitor the desolvation at
the SEI interface as well as the diffusion within the SEI, showing
a clear two-barrier process consisting of the energy cost associ-
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ated with desolvation and then migration through the SEI. Inter-
estingly, they also found that the insertion and extraction of ions
behave differently: for insertion, their calculations suggested that
the coordination of the ion to SEI surface carbonate groups oc-
curs directly at the surface upon loss of EC coordination. During
extraction, however, the ion retains coordinated carbonate groups
deeper into the electrolyte, bending and rotating EDC until the
exchange of coordination to EC occurs and EDC retreats to the
SEI surface.

2.4. Metal Plating on Substrates

Similar electrochemical mechanistic principles govern alkali
metal deposition on Li/Na/K metal batteries after migration
through the SEI layer: reduction and clustering/nucleation. In
particular, the morphology of the initial nucleation of Li/Na/K
on the substrate has a decisive impact on determining their sub-
sequent growth morphology during cycling. However, its mech-
anism remains inconclusive due to the short duration of the nu-
cleation stage, the small size, and the varying shapes of the alkali
metal nuclei, which depend on the adopted substrate.[*] The cur-
rent understanding of alkali metal nucleation follows the hetero-
geneous nucleation theory, in which deposited atoms form ag-
gregates with a constant critical spherical radius, independent of
the substrate. However, from a thermodynamic perspective, the
formation of a new nucleus alters the surface energy, affecting
the overpotential barrier and potentially varying significantly de-
pending on the substrate. A high binding energy of the substrate
towards the alkali metal corresponds to a low wetting angle, re-
sulting in a small nucleation volume of the metal, benefitting
the uniform distribution of metal nuclei and promoting dendrite-
free deposition.[>®%l Therefore, substrates with high binding en-
ergy towards the alkali metal are directly related to lower nu-
cleation overpotential and are one of the most used descriptors
for evaluating the effectiveness and uniformity of metal nucle-
ation on a substrate. Cu and Al are the most used substrates for
Li/Na/K metal deposition. Yet, the direct deposition of metal ions
on their surfaces results in noticeable metal nucleation overpo-
tential losses, which are associated with higher nucleation barri-
ers and thereby affect the metal deposition morphology.l®!! This
highlights the importance of investigating different substrates
that promote a lower nucleation barrier for the initial alkali metal
nucleation to achieve uniform Li/Na/K deposition.

Atomistic modeling based on DFT can reproduce binding en-
ergies with high accuracy and serves as a cost-effective tool to
screen different substrates for metal plating. Nagy et al. con-
ducted a computational screening of overpotentials associated
with the plating and stripping processes on various substrates, %]
including Li, Na, K, Mg, Ca, Al, and Zn. The largest overpotentials
were observed for the deposition of Ca and Mg, while the most
efficient deposition occurred on the stepped surfaces of bcc met-
als (Figure 6A), leading to higher nucleation rates. The limiting
step for both deposition and stripping was identified as the first
step on terrace surfaces and step edges, which largely determines
the overpotential of these mechanisms. The metal/substrate in-
terface strength was used as a descriptor for low overpotentials
during Na nucleation in seawater batteries, as demonstrated by
Jung et al.l[!3] Work of adhesion and binding energy values were
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Figure 6. Metal plating on substrates. A) Thermodynamic overpotentials for electrodeposition and dissolution of seven metals, calculated as a func-
tion of surface facet and surface morphology (terraces vs steps). (Reproduced with permission.[®2] Copyright 2019, American Chemical Society).
B) Atomic structures of fully relaxed supercells for various metal/alkali metal interfaces, including Au(001)/Na(001), Al(001)/Na(001), Ag(001)/Na(001),
Cu(001)/Na(001), and Ni(001)/Na(001), shown in (left) top and (right) side views. (Reproduced with permission.[812] Copyright 2019, The Royal Society
of Chemistry). C) Schematic of the of possible binding sites for Li atoms in heteroatom-doped C single layer. (Reproduced with permission.[%4] Copyright
2019, The American Association for the Advancement of Science). D) lllustrations of the binding energy between K atoms and carbon materials doped
with nonmetallic elements (e.g., N, O, S, P, F). (Reproduced with permission.[¢%2] Copyright 2024, American Chemical Society). E) Voltage profiles of
galvanostatic Li deposition on Cu and Au substrates at 10 A cm~2, illustrating the influence of substrate material on deposition behavior. F) Voltage
profiles of materials with varying solubility in Li during deposition at 10 uA cm~2, with curves horizontally shifted for Li nucleation onset and vertically
shifted by 0.05 V for enhanced comparison. (Reproduced with permission.[”3] Copyright 2016, Springer Nature Limited).

estimated for Na/Au, Na/Ag, Na/Cu, Na/Al, and Na/Ni interfaces
using DFT simulations (Figure 6B). The strongest interface ad-
hesion was observed for Na/Au, while Na/Ni exhibited the high-
est binding energy. These findings were applied to promote pat-
terned growth of Na metal islands on Al substrates, improving
the cycling capability and electrochemical performance of the
seawater battery.

Advanced experimental techniques, such as high-resolution
TEM, have been used to capture the initial nucleation steps of
materials at the nanoscale, even enabling the identification of
metastable structures.[®*) However, due to the highly dynamic na-
ture and smaller radii of Li, Na, and K atoms, the mechanisms of

Adv. Mater. 2025, 2502052 2502052 (10 of 33)

formation and early growth of these metal clusters, which can
vary depending on modifications and functionalization of the
substrate, are difficult to characterize. In this context, DFT calcu-
lations are highly valued for providing mechanistic insights into
substrate modifications aimed at increasing the binding between
the substrate and alkali metals. Among these strategies, the intro-
duction of Li/Na/K-philic sites (i.e., sites with strong binding be-
tween the substrate and metal) is a key approach to promote the
uniform deposition of alkali metals on substrates. The genera-
tion of new Li-philic sites on heteroatom-doped carbon substrates
for Li deposition in lithium metal batteries was investigated by
Chen et al. using a combination of first-principles calculations
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and experimental measurements of overpotential.*l Based on
their findings, general insights into the creation of Li-philic sites
were proposed. These included the formation of electronegative
sites on doped atom-carbon pairs and the establishment of strong
local dipoles to enhance metal binding on doped atoms and fa-
cilitate efficient charge transfer. Following these principles, the
co-doping of O with B, S, or P resulted in stronger Li binding
and reduced nucleation overpotential compared to single dopants
(Figure 6C). In a subsequent work, Chen et al. investigated, using
the same methodologies, the effect of doped carbon materials for
Na and K metal batteries.|®! The authors reported similar trends
in binding energy estimations, suggesting that the principles es-
tablished earlier are effective for designing Na-philic and K-philic
sites.

Na-philic sites were introduced on porous nitrogen-doped car-
bon polyhedrons by embedding single Co atoms, as demon-
strated in the work of Li et al.l®®! The increase in binding strength
was confirmed by DFT calculations, and the strong affinity be-
tween Co and Na promoted spatial control of Na deposition, in-
hibiting dendrite growth. Tang and co-workers conducted DFT
and experimental investigations to design a DN-MXene sheet
that acted as potassium-philic seeds, facilitating the organized
nucleation of K atoms in K-metal batteries (KMBs).l®”! The mor-
phology of potassium-deposited scaffolds was observed through
SEM images, which revealed dendritic structures for direct K de-
position on Cu and Al current collectors. However, the applica-
tion of DN-MXene/CNT scaffolds on the substrate surface acted
as K-philic sites, enabling the formation of metallic K within
the porous structure, confining dendritic growth, and signifi-
cantly improving cycle life. A doping strategy based on DFT work-
flow was employed to promote the generation of K-philic sites
in potassium metal batteries, as described in the work of Chen
et al.l%] A gystematic screening of various nonmetallic atoms
doped in carbon skeletons revealed the highest binding strength
with P-doped carbon (Figure 6D). P-doped carbon nanofibers
were designed, and experimental observations indicated the for-
mation of spherical K nuclei, facilitating the uniform deposi-
tion of potassium. Overall, the combination of DFT techniques
and experimental studies has been effective in guiding substrate
modifications to enhance metal-philicity, reduce the nucleation
energy barrier, and provide insights into the mechanisms of ini-
tial metal nucleation.

Alloying substrates can provide an additional migration path-
way for alkali metals towards the substrate, potentially avoiding
the standard surface plating observed in non-alloying current col-
lectors such as Cu.l®®) Electrochemical alloying reactions fall into
two classifications: solid solution alloy reactions or reconstitution
reactions that form intermetallic alloys. In the former, the reac-
tion can be modeled as A +xM = AM, , where no phase or struc-
tural change occurs in substrate M when the alkali metal (A) en-
ters its structure.[%] For a reconstitution reaction, the alkali metal
A reacts with the element M to form a new compound MN,, in
which N represents a new component displaced from the parent
phase. The ability of metals that form intermetallic alloys with
Li/Na/K to accommodate more than one alkali metal per atom
(MN, y > 1) can significantly increase the volumetric energy
densities of these substrates.[’”’! However, this property is also
the primary cause of high-volume expansion.”!) Additionally, the
significant phase change in reconstitution reactions results in
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increased discharge-charge voltage hysteresis and higher nucle-
ation barriers compared to solid solution reactions.l’?] Yan et al.
experimentally investigated the influence of 11 substrate materi-
als with varying solubility in Li on nucleation overpotential.”3] A
clear overpotential was observed in the voltage profiles for the Li
nucleation on materials that do not form alloys with Li (Cu and
Ni) (Figure 6E) On the other hand, the Li nucleation overpotential
was essentially zero for materials with definitive solubility in Li,
such as Au, Ag, Zn, and Mg (Figure 6F). The authors conclude
that the formation of a solid-solution alloy during Li deposition
acts as a buffer layer, being the main responsible for reducing the
nucleation energy, thus reducing the overpotential.

The lithiation/sodiation/potassiation rate on alloying sub-
strates can be influenced by the introduction of a diffusion path-
way towards the metal, forming the alloy during cycling. The
larger ionic sizes of Na and K can affect the migration barriers
within the substrate structure, as demonstrated by DFT calcula-
tions in the work of Chou et al.l”*] A higher migration barrier was
observed for a single Na atom, compared to Li, inside Si, Ge, and
Sn substrate lattices. The addition of a sodium atom to the lattice
reduced the Na migration barriers, suggesting that sodiation oc-
curs faster at higher Na concentrations. A computational screen-
ing of Li nucleation on different intermetallic alloy surfaces was
conducted in the work of Pande and Viswanathan.[”>) The authors
employed DFT calculations to estimate the nucleation overpo-
tential and Li diffusion barriers on alloy surfaces, using both a
single atom and a full monolayer of lithium on alloy substrate
surfaces as descriptors. Substrates where Li binds more strongly
(Ilower nucleation overpotential) exhibited higher Li diffusion bar-
riers. The authors identified a relationship between these prop-
erties and proposed substrates with optimized performance for
uniform two-dimensional growth of Li.

2.5. Dendrite Growth

Dendrite formations are one of the most common and plagued is-
sues, that hindered the practical and scalable application of AMBs
and ZEMBs.”®l The continually growing dendrites can pierce
through separators and cause internal short circuits, leading to
the failures of batteries, and even catastrophic safety hazards,
such as fires and explosions caused by overheating and thermal
runaway.(®®! A fundamental understanding of the mechanism of
dendrite formation/ growth will facilitate innovative and effective
solutions.

Over the past decade, significant progress has been made in
understanding the nucleation and growth mechanisms of metal
dendrite formation through experimental studies. For example,
Bai et al. investigated the fundamental mechanisms behind Li
dendrite growth in liquid electrolytes, utilizing a glass capillary
cell to observe Li dendrite growth in real-time (Figure 7A).U"]
Their study identified two distinct dendrite growth modes:
a mossy-type Li dendrite with a root-growing pattern under
reaction-limited conditions (low currents) and a dendritic-type Li
dendrite with a tip-growing pattern when electrolyte diffusion be-
came the limiting factor. Similarly, Rodriguez et al. reported that
Na metal batteries also suffered from dendrite formation.”8! Us-
ing a hermetically sealed optical cell, they observed Na deposition
and compared Na growth morphologies in different electrolyte
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Figure 7. Morphological characterizations of alkali metal dendrites. A) The observation of Li dendrite growth in real-time by a glass capillary cell. (Repro-
duced under the terms of the Creative Commons Attribution-Non Commercial 3.0 Unported Licence.l”’] Copyright 2016, The Royal Society of Chemistry).
B) Na electrodeposition in different electrolytes. (Reproduced with permission.l”8] Copyright 2017, American Chemical Society). C) K deposition behavior
and characterization. (Reproduced with permission.[”°l Copyright 2024, American Chemical Society). D) Li dendrite formation in the grain boundaries.
Reproduced with permission.[®%] Copyright 2021, The Author(s), under exclusive licence to Springer Nature Limited).

formulations (Figure 7B). Their key findings revealed that Na
dendrites exhibited either a thin, needle-like structure or a mossy-
like pattern. However, unlike Li dendrites, where clear factors
determine different growth types, no significant evidence was
found to distinguish Na dendrite formation mechanisms. For K
metal batteries, dendrite formation remains a major challenge
due to significant volume expansion and the pronounced “tip ef-
fect” during plating/stripping cycles, as shown in Figure 7C.I”°]
Additionally, all-solid-state batteries, despite receiving increas-
ing attention in recent years, continue to struggle with den-
drite formation, particularly in Li metal anodes.®) Liu et al.
summarized two primary dendrite formation mechanisms in
LLZO.[® The first mechanism involves non-uniform Li plating
due to poor interfacial contact between the electrode and elec-
trolyte (Figure 7D), which occurs rapidly and is commonly asso-
ciated with early-stage dendrite formation. The second mecha-
nism occurs within the solid electrolyte grain boundaries, where
Li ions are reduced, forming isolated filaments that gradually
propagate through the electrolyte bulk. To further investigate Li
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dendrite propagation, Swamy et al. conducted experiments us-
ing single-crystal LLZO, effectively eliminating the influence of
grain boundaries.[®!! Their findings revealed that Li metal initia-
tion led to cracks propagating through the electrolyte under high
current densities. They concluded that the electric field played
a dominant role in driving Li penetration. Similarly, Na den-
drite formation has also been observed in solid-state electrolytes.
Jolly et al. reported that non-uniform plating/stripping cycles re-
sulted in continuous void formation, eventually leading to den-
drite growth.[8?] The same group also observed similar dendrite
penetration and void formation in K metal batteries under high
current densities.!®*]

Despite significant experimental progress in understand-
ing dendrite formation, experimental techniques alone are in-
sufficient to fully characterize the dynamic evolution of al-
kali metal dendrite growth mechanisms under various work-
ing conditions, such as electric fields, defect structures, and
operating parameters. To further unravel these microscopic
mechanisms, theoretical simulation models are essential. The
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following section introduces five common models, including
the phase-field model,® the space-charge model,!®] the SEI-
induced model,”8¢ the heterogeneous nucleation model, %) and
the stress-driven model.’¥”] These models are constantly opti-
mized and, to some extent, describe the dendrite formation
and growth behavior under certain conditions. For instance, the
space-charge model is widely used to analyze the nucleation pro-
cess based on Li* diffusion behavior near the electrode. In this
model, Li* depletion creates a charge space, which contributes
to dendrite formation. However, the formation and influence of
the SEI are often underrepresented in the space-charge model.
In contrast, the SEI-induced model is considered more effec-
tive in describing Li* diffusion and deposition behavior at the
electrode/electrolyte interface. Nevertheless, the SEI's composi-
tion and structure are highly complex, varying significantly with
electrolyte type and undergoing dynamic changes during cycling.
These complexities make reaching a unified conclusion about the
SEI's functions challenging. Itis widely believed that the nonuni-
form and porous structure of the SEI can result in uneven Li
plating, while SEI fractures further exacerbate dendrite growth.
Though boundary conditions and the applicable scope of various
models for Li dendrite are well-organized and discussed in some
excellent reviews,®®! the feasibility of applying these theories to
Na/K alkali metal systems and comparative analysis is necessary.

The phase-field model is a robust theoretical approach to sim-
ulate the microstructure of Li dendrite in liquid electrolyte bat-
teries. The fundamental is to apply phase-field order parameters
to represent the transition between solid (Li dendrite) and lig-
uid (electrolyte) phases. Chen et al. were the first to combine the
standard phase field model (Gibbs free energy) and electrochem-
ical overpotential equations, which were driven by electrostatic
potential and ion concentrations.**4] This phase-field model can
predict the deposition/dendrite morphology in liquid electrolytes
depending on various functions, such as current density, diffu-
sion coefficients, nucleation radius, and interfacial energy. The
authors concluded three Li dendrite patterns, including a tip-
splitting pattern, a fully dendritic pattern, and a fiber-like pattern
based on different voltages (Figure 8A). Based on this standard
phase-field model platform, other researchers continued to de-
velop the model for more complex scenarios. For example, Mu
et al. considered the structure of the SEI layer, and they found
that the SEI layer was beneficial in suppressing dendrite growth
(Figure 8B).1%*! The phase field model can also be used to de-
scribe the Li stripping procedures and investigate the dead Li for-
mation (Figure 8C).34] Specifically, the phase field model can re-
veal the relationship between the polarization curve and capac-
ity loss peak. The phase field model was able to transfer from
2D to 3D. Arguello et al. used an open-source finite element
library to describe three-dimensional Li dendrite, as shown in
Figure 8D.1%%] In the three-dimensional simulations, the interac-
tions between Li dendrites created a show to inhibit the branch-
ing growth, which is not possible to observe in a 2D model. There
is also phase-field modelling that presents key findings and novel
contributions regarding the mechanism of Li dendrite in solid-
state electrolytes (SSEs). Tian et al. developed a multiscale model
combining phase-field simulations and DFT calculations.®! Two
cases were compared to identify the Li dendrite growth, which
was with (real SSEs) and no excess (ideal SSEs) surface electron
concentration, separately (Figure 8E). The results indicated that
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the dendrite growth was nonuniform and featured isolated Li-
metal nucleation in real SEs while it was continuous growth and
following predictable paths in ideal SEs. Yuan et al. integrated
electrochemical and defect mechanical forces in the phase-field
model to investigate dendrite and crack behaviors in SE.’"l The
novel point was to explore the effect of defects on Li dendrite and
crack behaviors, as shown in Figure 8F. They claimed that the Li
dendrites prefer to grow in grain boundaries and crack regions
because of the reduced mechanical stiffness and increased elec-
tronic conductivity in those areas. The model also identified that
crack-related dendrite growth can be mitigated mechanically, but
grain boundary dendrite growth is mostly driven by electrome-
chanical forces.

The second model is the space-charge model, which provides
a theoretical framework to describe deposition behaviors. Ding
et al. introduce a novel self-healing electrostatic shield (SHES)
mechanism to suppress lithium dendrite formation during metal
deposition.’> This shield was able to prevent Li+ deposition on
high-field regions, especially for the dendrite tips. As a result,
the Li deposition was redistributed to adjacent areas and created
a smooth surface.

The next two are the SEI-induced model and the heteroge-
neous nucleation model. The SEI-induced model can describe
the influence of SEI on the growth of Li dendrites. In 1979,
Peled first introduced the SEI model to strengthen the under-
standing of alkali metal electrochemistry in nonaqueous battery
systems.l”] The importance of his work is to shift the perspec-
tive from treating alkali metal systems as simple charge transfer
reactions to a complex SEI layered process, which is extremely
important to high-energy battery systems. Differently, the hetero-
geneous nucleation model focuses on understanding the ther-
modynamic and kinetic properties of Li electrodeposits.!*] The
study integrated the principles of electrochemistry with nucle-
ation theory to present strategies for dendrite mitigation. It also
emphasized the importance of several factors, such as the surface
tension, overpotential, and substrate properties for critical stable
electrodeposition conditions.

The final model is the stress-driven model to investigate the
Li dendrite. It should be noted that the stress-driven model nor-
mally applies to organic electrolytes rather than inorganic types.
In 1998, Yamaki et al. provided a new understanding of the effects
of mechanical stress on Li dendrite structure.?’ It claimed that
stress was the key driving force to generate the whisker-type den-
drite formation. Wang et al. used a stress-driven dendrite growth
model to address the mechanism when they deposited Li on soft
substrates.?! They found that hard substrates led to sharp and
uneven dendritic growth due to stress concentration, while the
soft substrates enabled more uniform deposition without sharp
dendritic growth. Therefore, the stress-relief approach might be
another direction to suppress Li dendrite compared to normal
techniques (e.g., electrolyte additives and SEI engineering).

It is important to confirm the feasibility of applying Li dendrite
growth fundamentals to Na/K metals as previous research has
made great progress for Li dendrite. For the phase field model,
the input parameters are only associated with the physical prop-
erties of individual metals. Therefore, the equilibrium and kinet-
ics equations still work without specific metals and the phase-
field model for alkali metals also confirms the feasibility."!]
Space-charge model is widely used in different metals without
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Figure 8. Dendrite morphology via phase-field modeling. A) Morphological evolution of Li dendrites when varying applied voltages, illustrating tip-
splitting, fully dendritic, and fiber-like patterns. (Reproduced with permission.[842] Copyright 2015, Elsevier B.V). B) Structural differences in the SE| layer,
showcasing opened and closed configurations that influence Li growth behavior. (Reproduced with permission.[84] Copyright 2019, Elsevier B.V). C)
Formation of dead Li during cycling, highlighting its impact on capacity loss and performance degradation. (Reproduced with permission.[#4] Copyright
2022, Elsevier B.V). D) 3D representation of Li dendrite growth, emphasizing the complexity of dendritic structures in real-world scenarios. (Reproduced
with permission.[34d] Copyright 2022, Elsevier B.V). E) The effects of surface-trapped electrons by phase-field simulation (Reproduced with permission. 8]
Copyright 2019, American Chemical Society). F) Phase-field simulation results with pre-defect: Li dendrite and crack area propagation. (Reproduced with
permission.!?®] Copyright 2021, Elsevier B.V). G) The evolution of Na dendrite growth with different dendrite nuclei and varying current densities. (Re-
produced with permission.[*12] Copyright 2024, Elsevier B.V). H) In situ observation of Na dendrite growth. (Reproduced with permission.[>}] Copyright

2023, Elsevier Inc.).

specific considerations.®2! The SEI model is also valid for all al-
kali metals.[®] The nucleation and growth of three alkali metals
should follow the same fundamental thermodynamic principles,
so the heterogeneous nucleation model for Li can be adaptive to
Na/K metals with thermodynamic and electrochemical param-
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eters adjustment. At the same time, there is no significant dif-
ference when applying the mechanical stress to the three alkali
metals. For example, Gao et al. investigated the impact of current
density on the evolution of Na dendrite morphology (Figure 8G).
Their simulation results demonstrated that increasing the
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current density not only accelerates dendrite growth but also pro-
motes the development of lateral branches. This behavior is qual-
itatively consistent with experimental observations reported by Ji
et al. (Figure 8H).[**]

In conclusion, the technical route to apply Li dendrite models
to Na and K metals is feasible. However, the dendrite challenges
still exist in three alkali metal anodes. It is widely known that sev-
eral factors influence the morphology of electrodeposited metal
and cause the dendrite, such as current density, SEI layer, ion
transport and mechanical properties of electrolyte, temperature,
pressure, and tip radius of the protrusion.®*l The common strate-
gies to suppress the dendrite are novel anode design, new SEI
design, artificial SEI layers, and solid-state electrolytes. To date,
most research focuses on the Li metal anode while Na/K is still at
an early stage. It is urgently needed to bridge the gap between Li
and Na/K metal anodes and compare the differences with their
chemical properties, physical properties, electrochemical proper-
ties, and more unstable SEI layers.

3. Strategies for Stabilizing Anode

Although there is no universal solution for avoiding dendrite,
some strategies based on theoretical model analysis and ex-
perimental observations show inhibitory or mitigated effects,
including 1) designing uniform lipophilic sites/surfaces (e.g.,
seed) to guide the nucleation and deposition;”3! 2) lowering the
local current density by structural design (e.g., 3D structured
scaffolds);[® 3) optimizing the SEI structure (e.g., electrolyte
additives) to adjust Li* desolvation, diffusion, and nucleation
processes;|®l 4) achieving beneficial surface’s properties (e.g.,
crystal orientation, low roughness).”’] In this section, we will dis-
cuss the basic model and theoretical understanding of the vari-
ous strategies and highlight the advantages and disadvantages of
each strategy, as well as the applicability to AMBs.

3.1. 3D Structured Scaffolds

3D-structured scaffolds address dendrite-related challenges by
providing a conductive and porous framework that stabilizes the
metal anode. The conductive nature of these scaffolds ensures
efficient electron transport, reducing localized current density
and mitigating the adverse effects of high local currents.l®] The
Sand’s time model explains the relationship between current
density distribution and dendrite formation. In dilute electrolyte
solutions, cations are consumed at the electrode surface, creat-
ing a concentration gradient as ions fail to replenish the sur-
face rapidly. Eventually, the cation concentration at the electrode
surface drops to zero, defined as Sand’s time (z,). This deple-
tion causes a breakdown in electrical neutrality, forming a space
charge region that induces dendritic metal deposition. Sand’s
time is inversely proportional to the effective current density, J,
as shown in the equation:[*°!

C,e

r=—"° 1
© D (u,+ ) M

here, D is the diffusion coefficient, e is the electronic charge, C,
is the initial electrolyte concentration, p, and p_ are the transfer-
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ence numbers of anions and cations, respectively. Reducing cur-
rent density extends Sand’s time, delaying dendrite formation.
Experimental measurements using in-situ snapshots have vali-
dated this relationship, as shown in Figure 9A, with current den-
sity versus time plotted on a logarithmic scale.l””] The onset of
dendrite formation depends on both current density and time,
collectively termed “Sand’s capacity”, which determines whether
the morphology is mossy or dendritic.

Constructing a 3D scaffolded structure effectively enhances
the specific surface area of the electrode while significantly re-
ducing the local current density. This, in turn, decreases the ion
consumption rate per unit area, mitigating concentration polar-
ization and delaying the growth of dendrites. Moreover, metal
deposition can be preferentially directed into the pores by tai-
loring the pore structure, buffering volume expansion and al-
leviating mechanical stress during cycling. Various types of 3D-
structured scaffolds have been developed for Li,!'%! Na,[**!l and K
metal batteries, 12! demonstrating significant improvements in
cycling stability. Among these, metal alloys/foams, carbon hosts,
and composite structures are the most extensively studied and
hold great promise (Figure 9B). A comparative analysis of their
key parameters and design principles provides valuable insights
into their potential for practical applications.

3D alloy and metal foam scaffolds are highly valued for their
mechanical robustness and low (Li/Na/K)-phobic properties,
which are crucial for uniform nucleation, maintaining anode in-
tegrity, and preventing issues such as cracking, collapse, or loss
of structural support. Various Li-M (M = Al, Mg, Zn, Sn, Ag,
and Au) alloys have been extensively explored as 3D-structured
scaffold anodes, demonstrating significant reductions in Li nu-
cleation polarization and improved cycling stability.[*>%3] For ex-
ample, a cross-linked Li,, Sng network host was fabricated using
a calendaring and folding approach (Figure 9C).[1%] This struc-
ture exhibited a low overpotential of 20 mV at an extremely high
current density and capacity of 30 mA cm~2 for 5 mAh cm=2.
Notably, this simple calendaring method is compatible with ex-
isting electrode manufacturing processes and demonstrates ex-
cellent scalability. Unlike lithium, sodium and potassium metals
have lower mechanical strength and a higher adhesive nature,
leading to poor processability and structural stability. These defi-
ciencies can be addressed using alloys. Similar to lithium, Na-M
(M = Au, Sn, Bi, Mg, and Sb) alloys have been investigated as
sodiophilic hosts to achieve stable sodium metal anodes.['!] In
comparison to Li and Na, K alloys remain less studied, with only a
few cases reported, such as K;Bi@K anodes.[1®] Further theoreti-
cal simulations and experimental studies are required to evaluate
the feasibility of potassium alloys as anodes.

Metal foams offer similar benefits to alloys, such as mechani-
cal robustness, but porosity is a critical factor that must be care-
fully optimized. Adequate porosity provides sufficient space for
metal deposition while maintaining mechanical stability. How-
ever, excessive porosity can reduce the electrode’s volumetric en-
ergy density, whereas insufficient porosity can lead to uneven
metal plating. For instance, Yun et al. observed that the CE of
commercial Cu foam, with pore diameters ranging from 100 to
400 pm, dropped below 90% after just 29 cycles.['%! In contrast,
3D small porous Cu foam, with pore diameters of 0.2 to 2 pm,
maintained a CE of 97% even after 250 cycles. Another criti-
cal challenge is the large nucleation overpotential caused by the
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Figure 9. Metal plating on 3D structure scaffolds. A) Theoretical analysis of Li electrodeposition growth mechanisms under concentration polarization
(left) and a log-log plot showing experimental Sand’s times for different current densities (right). (Reproduced under the terms of the Creative Com-
mons Attribution-Non Commercial 3.0 Unported Licence.[””] Copyright 2016, The Royal Society of Chemistry). B) Overview of typical materials used
in 3D scaffold structures. C—E) Schematic illustrations of representative 3D scaffolded structures. C) Li/Li,,Sns nanocomposite foil showcasing en-
hanced nucleation and plating performance. (Reproduced with permission.['%4] Copyright 2020, Springer Nature Limited). D) Crumpled paper ball-like
graphene particles enable stable Li plating/stripping. (Reproduced with permission.l1%] Copyright 2020, Elsevier Inc.). E) Simulation of Li-concentration
distribution in VGA and HGA electrode configurations. (Reproduced with permission.!™® Copyright 2020, Elsevier Inc.). F) The yolk—shell structure of
SiOx/C@C featuring lithiophilicity gradients. (Reproduced with permission.l''1l Copyright 2021, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).
G) Conductivity and lithophilic gradient structures designed to optimize Li deposition and improve cycle stability. (Reproduced under the terms of
the Creative Commons CC BY license.l"?] Copyright 2019, Springer Nature Limited). H) The calculated binding energies of K atoms with different

scaffolds/collectors. (Reproduced with permission.[6™?] Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

low (Li/Na/K)-phobic nature of Cu, which results in nonuniform
metal deposition. While various strategies have been developed
to enhance infiltrability and address these issues, the improve-
ments are often confined to the small-scale performance of in-
dividual cells. Factors such as scalability, large-scale manufactur-
ing, and cost-effectiveness must also be addressed for broader
applicability.

Compared with metal scaffolds, carbon-based materials, in-
cluding carbon paper, carbon cloth, carbon fiber film, graphene
aerogels, carbon nanotubes (CNTs), and carbon foams, are widely
utilized for their excellent chemical stability and low density.[1%]
However, many commercial carbon materials (e.g., carbon cloth)
suffer from poor metal wettability, which not only complicates the
preparation of composite electrodes but also leads to various op-
erational issues, such as uneven nucleation and high nucleation
overpotentials. To address these challenges, surface chemistry

Adv. Mater. 2025, 2502052 2502052 (16 of 33)

plays a critical role in enhancing the functionality of 3D scaffolds.
For example, commercial carbon cloth suffers from poor Li wetta-
bility, but functionalizing the carbon cloth with polar groups can
improve its wettability and affinity for metal ions, thus promot-
ing more uniform metal deposition.['®®! In addition to the modi-
fication of commercial carbon products, numerous carbon-based
3D structures have been reported as scaffolds to stabilize metal
anodes.!*””] For example, crumpled paper ball-like graphene par-
ticles have been assembled into a scaffold that enables stable
Li plating/stripping without dendrite formation, even at high Li
loadings of up to 12 mA h cm~? (Figure 9D).['%] This excellent
performance is attributed to the lithiophilic nature of the scaf-
fold, which facilitates fast Li-ion diffusion while accommodating
volume fluctuations. Furthermore, the impact of tortuosity on Li
plating behavior was systematically investigated by comparing
reduced graphene oxide (rGO) hosts with different structural
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alignments, including vertically aligned (VGA), horizontally
aligned (HGA), and randomly oriented configurations.['') The
VGA structure, with low tortuosity (1.25), provides direct and
continuous ion transport pathways, enabling uniform Li-ion dis-
tribution and homogeneous Li deposition throughout the host.
In contrast, the HGA structure, with significantly higher tor-
tuosity (4.46), restricts ion diffusion, resulting in pronounced
Li-ion concentration gradients and elevated local current den-
sities on the electrode surface. This uneven ion transport pro-
motes preferential Li plating at the surface, increasing the
risk of dendrite growth and capacity degradation. Finite ele-
ment simulations using COMSOL Multiphysics further con-
firmed these trends (Figure 9E), showing only a 2.7% Li-ion
concentration drop and a minimal 3.6% current density dif-
ference across the VGA structure, while the HGA exhibited
a 43.2% ion concentration drop and a 283% increase in sur-
face current density. These findings demonstrate that mini-
mizing tortuosity through structural alignment effectively mit-
igates ion transport limitations and current inhomogeneities,
which are critical for achieving stable, dendrite-free Li plat-
ing/stripping. This work provides valuable insights into the ra-
tional design of advanced scaffolds for high-performance metal
anodes.

Composite scaffolds, including core-shell structures,
polymer—ceramic composites, and gradient architectures,
are emerging as promising hosts for metal anodes. By inte-
grating multiple components with complementary properties,
these scaffolds can fulfill specific functions to enhance elec-
trochemical performance.l''!] For instance, the introduction
of (Li/Na/K)-phobic sites within the scaffold can effectively
regulate nucleation behavior and promote uniform metal plat-
ing. He et al. designed an electroactive yolk—shell structure of
SiOx/C@C featuring deliberately engineered lithiophilicity gra-
dients (Figure 9F).['1] In this design, the SiOx/C core exhibits
higher lithiophilicity than the doped carbon shell, guiding Li
nucleation and growth to initiate from the SiOx/C core and
subsequently extend into the surrounding interparticle spaces.
This controlled plating sequence effectively accommodates
volume expansion and ensures uniform Li deposition and
stripping, thereby improving the structural stability and cycling
performance of the anode. The other is to build gradient skele-
tons. For example, a highly porous nickel scaffold with a top
Al,O; coating and a bottom Au coating forms a lithiophilicity
gradient (Figure 9G), showing a high CE of ~#98.1% after 500 cy-
cles at 3.5 Ma hcm™2/2mA cm~2.1112] Although these ingenious
designs show excellent performance improvements, achieving
large-scale preparation is still a challenge. Similarly, the strategy
of constructing gradient-distributed structures is frequently
employed to optimize Na or K plating. For example, Wang et al.
designed a freestanding scaffold composed of CNTs and defect-
rich nitrogen-containing MXene (DN-MXene) (Figure 9H).[°'"]
In comparison to Cu foil (—0.13 eV), Au foil (-0.51 eV), and
CNT (—0.84 eV) scaffolds, which exhibit relatively lower binding
energies with K atoms, the DN-MXene with different terminal
functional groups showed binding energies of 2.27, 2.10, and
2.04 eV for Cu, Al, and CNT, respectively. Thanks to its high
potassium-philicity, the DN-MXene sheets act as nucleation
sites, lowering the nucleation barrier and promoting uniform
potassium nucleation and plating.
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Despite these advancements, several challenges remain in the
development and implementation of 3D scaffolds. A key concern
is the trade-off between energy density and scaffold mass, as the
inclusion of a scaffold increases the electrode’s weight and vol-
ume, potentially reducing its overall energy density. Therefore, it
is a priority to develop lightweight, highly porous scaffolds that
maintain their functionality. Additionally, scalability and cost are
significant obstacles. Although advanced fabrication techniques,
such as freeze-drying,['3] chemical vapor deposition,[''* and 3D
printing,['*®! can produce high-performance scaffolds, they are
often expensive and difficult to scale. Furthermore, the scaffold’s
chemical compatibility with reactive metals and electrolytes is
crucial for ensuring long-term stability.

3.2. SEI Design Through Electrolyte Optimization

In the pursuit of enhancing AMB’s performance, the devel-
opment of a protective barrier at the anode/electrolyte inter-
face is paramount. This barrier, known as the solid electrolyte
interphase (SEI), must inhibit electron flow while facilitating
ion movement, thereby safeguarding the battery against adverse
(electro)chemical reactions and the proliferation of dendrites.
The SEI is a composite of organic and inorganic compounds,
formed through the (electro)chemical degradation of the elec-
trolyte on the metal anode, underscores a straightforward re-
lationship between the electrolyte’s composition and the SEI’s
properties.

In the realm of electrolyte engineering for SEI design, the
focus is on carefully screening and combining solvents, salts,
and additives to meet the diverse needs of ion transport and
SEI formation. Achieving high ionic conductivity is essential
for the efficient movement of ions and is a key target in elec-
trolyte formulation.['!®] The electrolyte must also facilitate a high
transference number for the target cation, such as Li*, Na*, and
K*, to reduce concentration polarization and ensure smooth ion
flow.l'"”] The solvation shell that surrounds the ions significantly
impacts ion transport properties.l'®! The electrolyte must pro-
vide a favorable solvation environment that boosts ionic mobil-
ity and lowers the energy barrier for ion movement.''?! Further-
more, the physical properties of the electrolyte, including viscos-
ity and flow characteristics, not only play a role in determining
ionic conductivity and wetting behavior, but also affect practi-
cal aspects of battery production, such as the ease of filling and
assembly.['2] Maintaining thermal stability throughout the op-
erational temperature range is critical to avoiding thermal de-
composition, maintaining ion transport, and keeping the SEI in-
tact, thus ensuring both the longevity and safety of the battery
system.[121]

Besides the considerations in ion transport, the optimization
of SEI formation necessitates a harmonious balance of chemical,
physical, and electrochemical attributes. The stability of the elec-
trolyte during electrode redox reactions and its compatibility with
the metal anode are of utmost importance, necessitating a broad
electrochemical stability window to mitigate decomposition and
the formation of an unstable SEI, which could compromise bat-
tery performance.['??] Tailoring the SEI's compositions are piv-
otal to achieving a uniform layer with the desired attributes, such
as high ionic conductivity and robust mechanical properties.['?3]
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The durability and flexibility of the SEI are critical to enduring
the mechanical stresses from massive volume changes of alkali
metal anodes during cycling without cracking or peeling.!12¥]

To refine the electrolyte formulation for optimal ion transport
and SEI formation, the selection of the solvent plays a pivotal
role in dissolving salts, determining the electrochemical stabil-
ity window, enhancing ionic conductivity, and promoting the for-
mation of the SEI. The ideal solvent should feature high boiling
points, minimal volatility, and high dielectric constants. A solvent
with a high dielectric constant can retain anions close to elec-
trode surface, facilitating anion reduction for SEI formation./'?!
Salt choice should focus on those that serve as precursors to a
robust SEI. The anion of salt can greatly influence SEI forma-
tion, as anions with low LUMO contribute to a more protec-
tive and resilient SEI due to the preferential decomposition of
anions compared to the solvent.['?] Additives are also influen-
tial in enhancing SEI stability and ion transport properties, thus
improving battery performance. Fluorinated solvents, salts, or
additives are particularly effective.'?”] Electron-withdrawing in-
ductive effect of fluorine atoms helps to stabilize the chemical
structure of the solvents, salts, or additives, enhancing chemical
stability.[1?8] Fluorination also leads to higher reduction potential
and promotes the decomposition of fluorinated solvents, salts, or
additives on alkali metal anodes, thereby forming fluorine-rich
SEI, which can boost its thermal, mechanical, and electrochem-
ical stability.['?] Furthermore, the utilization of fluorinated sol-
vents can significantly enhance ion transport by establishing a
more conductive medium for alkali metal ions, a key factor for
optimal battery performance. The precise locations and propor-
tions of fluorination play a pivotal role in this process. Research
conducted by Bao’s group (Figure 10A) has demonstrated that a
partially fluorinated, locally polar -CHF, group incorporated into
1,2-diethoxyethane (DEE) yields superior ionic conductivity com-
pared to a fully fluorinated —CF; group. This leads to a reduc-
tion in overpotential and an acceleration in activation, thereby
improving the overall efficiency and stability.3% In liquid elec-
trolytes, the fluorine sources are typically limited to either neg-
atively charged anions or fluorinated solvent molecules. How-
ever, Zhang and Xu et al. expanded this scope by synthesizing an
ionicliquid (PMpyrFSI) featuring a fluorinated cation, 1-methyl-
1-propyl-3-fluoropyrrolidinium, paired with a fluorinated anion,
FSI-.[131]

The solvation of cations by solvent molecules plays a pivotal
role in determining the characteristics of the SEI. As the so-
lute concentration rises within an electrolyte, the types of ion
pairs, with the anion serving as the reference point for count-
ing the number of coordinating cations, undergoes a transfor-
mation from solvent-separated ion pairs (SSIPs) to contact ion
pairs (CIPs) and ultimately to aggregates (AGGs). HCEs are ca-
pable of forming more densely packed ion clusters, such as
CIPs and AGGs, which in turn reduce the availability of free
solvents.[®! This can broaden the electrochemical stability win-
dow and lead to the formation of a less soluble, more stable SEI.
However, HCEs may also present challenges, including reduced
cost-effectiveness, increased viscosity, and decreased tolerance to
low temperatures.[32 To address these issues, LHCEs have been
developed. LHCEs are produced by diluting HCEs with a non-
solvating solvent that preserves the solvation structure of HCEs,
effectively mitigating the drawbacks associated with HCEs.!1**]
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This strategy allows for the development of a robust SEI while
maintaining a lower overall electrolyte concentration and min-
imizing viscosity, thus optimizing both performance and prac-
ticality. Interestingly, the role of a diluent in promoting LHCE
formation is not limited to liquid solvents; salts can also serve
this purpose. Manthiram’s group has demonstrated that in a
1.1 M NaFSI-trimethyl phosphate (TMP) electrolyte, the addition
of 0.3 M NaNO; can nudge the TMP out of the primary solva-
tion structure due to the strong interactions between NaNO; and
TMP. This disruption results in the formation of AGGs incor-
porating NO,~, thereby reducing the amount of salt needed to
create an LHCE.[134]

Recently Xu et al. have demonstrated that larger solvation clus-
tering structures can support the operation of a 500 Wh kg~!
Li-metal pouch cell for up to 130 cycles.!'*] They achieved this
by creating a more compact ion-pair electrolyte, composed of
2 M lithium bis(fluorosulfonyl)imide (LiFSI) in a 1:1 volume
mixture of ethylene glycol di-n-butyl ether (EGBE) and 1,1,2,2-
tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (I'TE). This elec-
trolyte forms large aggregates (3—4 nm in size) with tightly
packed ion pairs, leading to shorter Li*—Li* distances of ~6 A.
In contrast, conventional LHCEs that use regular ethers like
diglyme (G2) or dimethoxyethane (DME) typically feature smaller
aggregates (~1 nm) and larger Li*-Li* distances (=8 A). As
shown in Figure 10B, the dense ion pair packing and large ag-
gregates give rise to a collective electron transfer mechanism that
facilitates the rapid reduction kinetics of the FSI~ anions. This
unique interfacial reaction mechanism results in the formation
of a stable SEI with a high inorganic content and an average thick-
ness of ~6.2 nm, which is crucial for the overall stability. Mean-
while, Cui et al. have shown that high-entropy electrolytes (HEEs)
with smaller ion clusters can enhance ionic conductivity and de-
crease concentration gradients, leading to more uniform Li de-
position at high-rate charging (Figure 10C).['*®] From these find-
ings, we infer that there may be an optimal size for ion clusters
in LHCEs that balances ion transport and SEI-forming ability for
ideal battery performance.

Notably, the solvation structure of Li* ions also has a pro-
found impact on the redox potential of the Li*/Li redox cou-
ple. As shown in Figure 10D, Yamada et al. have shown that
the Li metal electrode’s potential can increase by over 0.6 V
when using an electrolyte composed of 1.5 m LiFSI dissolved in
dimethoxymethane (DMM).!'¥”] This enhancement is attributed
to the formation of ion clusters, such as CIPs and AGGs, as op-
posed to the predominant SSIPs found in electrolytes with con-
ventional ethers like G2 or DME. The elevated electrode potential
diminishes the reductive capacity of Li, which in turn results in
less electrolyte decomposition and manifests as higher CE.[1%

Except for considerations in ion transport and SEI formation,
the electrolyte must possess non-flammable and non-toxic prop-
erties to enhance the safety of batteries, particularly in applica-
tions where the battery is in close contact with consumers or in
environments where safety is paramount.['*¥! The components
of the electrolyte should be affordable and readily obtainable to
support the scalability and economic feasibility of battery tech-
nology. Additionally, the electrolyte should be environmentally
benign, minimizing its impact throughout the production, us-
age, and disposal phases. Compliance with relevant regulations
and standards is essential, especially for batteries employed in
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Figure 10. SEI design through electrolyte optimization. A) Development directions for high-performance electrolytes, focusing on fast ion conduction,
low overpotential, high Li metal deposition efficiency, rapid CE activation, and enhanced oxidative stability. (Reproduced with permission.['3% Copyright
2022, Springer Nature Limited). B) Schematics illustrating the solvation structures and interfacial reaction mechanisms of the CIPA electrolyte compared
to conventional LHCEs, highlighting the differences in stability and performance. (Reproduced with permission.l'3>] Copyright 2022, Springer Nature
Limited). C) High-entropy electrolytes (HEEs) with smaller ion clusters demonstrating higher diffusivity and conductivity, resulting in reduced Li* concen-
tration gradients and denser Li deposition morphologies during high-rate cycling. The schematic compares the performance of LEE (left) and HEE (right)
configurations. (Reproduced with permission.['36] Copyright 2023, Springer Nature Limited). D) Evolution of electrolyte concepts aiming to broaden the
stable potential window for LMBs, showing milestones in electrolyte innovation. (Reproduced with permission.l’3”l Copyright 2022, Springer Nature
Limited). E,F) The differentiable, predictive model architecture and robotic experiment for electrolytes. (Reproduced with permission.['1] Copyright

2024, Springer Nature Limited).

vehicles and consumer electronics. Safety, cycle life longevity,
environmental friendliness, and cost-effectiveness are all critical
considerations, emphasizing the necessity for sustainable elec-
trolyte materials. Addressing these complex challenges necessi-
tates a comprehensive strategy that harmoniously balances stabil-
ity, conductivity, compatibility, safety, and environmental factors.
Further details of electrolyte design for metal anodes are available
from previous review articles.9¢132139]

While the central requirements for electrolytes and SEI are
consistent for AMBs, the distinct characteristics of Li, Na, and
K necessitate tailored designs. The larger size and lower charge
density of Na* and K* ions compared to Li* ions significantly
influence the solvation structure, ionic transport properties, and
interactions with electrode materials and electrolytes.!7®>14%] The
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diverse electrochemical stability windows of Li, Na, and K elec-
trolytes underscore the inappropriateness of a one-size-fits-all ap-
proach to electrolyte composition."*!] The distinct mobility and
transport properties of these cations, due to varying solvation ca-
pabilities and stokes radius, may necessitate the use of differ-
ent solvents or additives to optimize battery performance.[®:14]
The mechanisms underlying the formation of the SEI can differ
considerably. Materials that effectively stabilize interfaces with Li
may not necessarily provide the same benefits for Na or K sys-
tems. As a result, the principles established for LMBs may not be
directly applicable to Na or K-based batteries. For instance, incor-
porating 5% (by volume) fluoroethylene carbonate (FEC) as an
electrolyte additive can lead to the development of an inorganic-
rich SEI that improves performance in LMBs.3] In contrast,
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the same concentration of FEC in PMBs can result in increased
impedance and premature battery failure, stemming from the
formation of a less conductive SEI layer.!14]

Furthermore, LMBs necessitate SEIs with a fine structure to
manage the small size and high mobility of Li* ions, facilitating
their efficient passage through the SEI while preventing short cir-
cuits. In contrast, SMBs and PMBs may require SEIs with larger
nanopores or alternative structural configurations to accommo-
date their larger ions without obstructing ion transport. The reac-
tivity of each metal with the electrolyte also differs, necessitating
SEI layers tailored to their individual electrolyte systems. For Li,
the SEI must be highly stable, while for the more reactive Na and
K, SEIs need to be more durable to withstand their aggressive in-
teractions. Given that Na and K are more prone to dendrite forma-
tion, SEI designs for these metals must actively inhibit dendrite
growth. This can be accomplished by increasing the SEI's me-
chanical strength or incorporating chemicals that impede the ini-
tiation and spread of dendrites. All in all, the disparities in ionic
size, solvation ability, reactivity, electrolyte compatibility, and den-
drite formation among Li, Na, and K metal batteries contribute
to their unique attributes. These distinctions require tailored de-
sign approaches for each case to maximize both performance and
safety.

The design and optimization of electrolytes remain a signif-
icant challenge due to their complex chemistry and the high
cost of experimental screening.['*! For future electrolyte devel-
opment, various simulation methods can be combined with ex-
perimental approaches to guide electrolyte design. For exam-
ple, physics-based modeling techniques, such as MD, can pro-
vide insights into the underlying interactions and dynamic evo-
lution within complex mixture systems.['*®) Additionally, mix-
ture physics can be described using empirical functional rela-
tionships. Dynamic behavior and thermodynamics, for instance,
are often modeled using the Arrhenius equation and Redlich—
Kister (R-K) polynomials, respectively, offering intrinsic physi-
cal insights.['¥”] Moreover, emerging data-driven methods, such
as deep learning, can further enhance the predictive modeling
of electrolyte mixtures. For example, Zhu et al. integrated geo-
metric deep learning (GDL) with a robotic experimentation setup
(Clio), demonstrating a differentiable optimization approach for
battery electrolyte mixtures. Their work improved model accu-
racy and efficiency in electrolyte modeling and optimization, en-
abling the differentiable optimization of battery electrolyte prop-
erties (Figure 10E,F).[116]

3.3. Artificial SEI Design

The SEI is a thin layer that forms on the surface of metal an-
odes in batteries, acting as a barrier between the anode and elec-
trolyte. While crucial for preventing direct contact and undesir-
able reactions, the instability of the native SEI can lead to poor
battery performance.[®*] Additionally, its inherent inhomogene-
ity causes uneven ionic flux and the native SEI dissolution gives
rise to continuous Li corrosion, aggravating dendritic deposition
and compromising battery longevity.[1*8] To address these issues,
researchers have focused on developing artificial SEIs for anode-
free and anode-less battery structures (Figure 11A), which are en-
gineered coatings designed to improve battery operation.
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Key attributes of an effective artificial SEI include balancing
high ionic conductivity, allowing ions to pass without hindrance,
and electronic insulation to prevent unwanted reactions.['*! Its
composition must be carefully designed to achieve both without
compromising performance. Since the artificial SEI layer inter-
acts with both the anode and the electrolyte, it must be sufficiently
stable to maintain its structural integrity over time, preventing
detrimental reactions that could degrade the layer. For exam-
ple, incorporating lithiophilic, nitrogen-rich polyethyleneimine
(PEI) not only enhances Li* solvation and regulates ion flux but
also minimizes undesirable electrolyte swelling and solvent de-
composition. This is achieved through its solvent-phobic hexyl
groups, which reduce electrolyte solvent affinity.!'>"! Additionally,
constructing a single-ion conducting polymer is highly desirable,
as it facilitates fast ion transport while preventing unwanted ion
migration and side reactions.['>!] However, caution is needed, as
exposure to electrolytes may compromise the polymer’s single-
ion conductivity.'>?] This stability, combined with ionic conduc-
tivity, allows the artificial SEI to act as an exogenously introduced
physical barrier while enabling ion transport, ensuring durabil-
ity and enhanced battery performance. The artificial SEI must
also withstand the expansion and contraction of the metal an-
ode during charging and discharging cycles.[*>*] High mechan-
ical strength and flexibility ensure it remains intact, avoiding
cracks that could impair battery functionality.'>*] Its thickness
must be optimized to provide adequate protection while main-
taining efficient ion transport, a cornerstone of battery efficiency.
Additionally, favorable wettability with the electrolyte and strong
adhesion to the electrode are critical.['**! A well-bonded artificial
SEI with intimate electrolyte coverage ensures consistent per-
formance and uniform deposition over the battery’s operational
life.l'] The requirements of an effective artificial SEI are sum-
marized in Figure 11B.

Fabricating artificial SEIs involves a range of advanced tech-
niques, extensively documented in previous review articles.!'’]
In essence, fundamental methods include physical or chemi-
cal vapor deposition!"*®! and solution-based processes like dip-
coating and spin-coating,'>*! which create uniform, precise lay-
ers. For example, a dense Li, Ti;O,, (LTO) coating on copper foil
induces a localized increase in Li* concentration near the copper
surface due to the formation of lithium-rich LTO through Li* in-
tercalation. This Li* concentration gradient opposes the ion con-
centration gradient in the electrolyte near the Li anode, thereby
alleviating concentration polarization. As a result, it facilitates
uniform lithium plating and stripping, particularly at high cur-
rent densities.'®"! Besides, layer-by-layer assembly involves se-
quential deposition of materials to optimize properties at varying
depths.['61] For example, recent work by Lu et al. has introduced
the concept of a skin-like biomimetic protection layer to tackle
the challenges associated with K metal anodes (Figure 11C).[162]
They achieved this by constructing a fluorine-doped graphene ox-
ide (F-GO) protection layer on K metal foil using the Langmuir—
Blodgett method. This strategy significantly enhances the flat-
ness of the electrode surface, resulting in a uniform interfacial
electric field that mitigates the “tip effect”. The “tip effect” arises
when the flux of K* ions is more concentrated at the tips of
rough K metal, leading to uneven deposition and dendrite forma-
tion. The substantial surface area of the F-GO layer facilitates the
deposition of K metal into its interior spaces, which effectively
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Figure 11. Artificial SEI construction and separator modifications. A) Schematic illustrations of artificial SEI construction in anode-less and anode-free
configurations, demonstrating the effect of stabilizing the interface and mitigating side reactions. B) Summary of the functions provided by artificial
SEl, including enhancing ion transport, reducing dendrite growth, and improving cycling stability. C) Schematic illustrations of the metal electrode
skin structure and surface. (Reproduced under the terms of the Creative Commons CC BY license.['%2] Copyright 2023, The Author(s), under exclusive
licence to Springer Nature Limited.) D) Schematic illustrations of separator modifications in anode-less and anode-free configurations, showcasing the
effect of improving ionic conductivity, mechanical strength, and wettability. E) Summary of key parameters to modify separators, focusing on properties
such as porosity, thermal stability, and electrolyte compatibility. F) Model diagram of Na ions through mPG layer (Inset: the color represents different
concentrations of Na ions). (Reproduced under the terms of the Creative Commons CC BY license.l"3%] Copyright 2021, The Author(s), under exclusive

licence to Springer Nature Limited).

mitigates the volume expansion of the interface, preserving its
structural integrity. Moreover, the F-GO layer not only improves
the wettability of the electrolyte but also provides fluorine re-
sources through carbon-fluorine bond cleavage on the K metal
surface. This process creates a fluoride-rich SEI, which strength-
ens the mechanical properties of the SEI. SEM images and in-situ
optical microscopy observations of the K metal surface after cy-
cling reveal a marked decrease in dendrite formation when the
F-GO-modified surfaces are utilized.

In situ techniques create artificial SEIs through electrolyte
reactions tailored to battery needs.['®*] Other innovative meth-
ods include sol-gel processes,'**l hydrothermal synthesis,[!]
and nanotechnology.'®! Nanoscale materials like graphene or
nanocomposites provide enhanced properties due to their high
surface area and unique functionalities. Incorporating inorganic
fillers in polymer matrices improves stability,!'®’] while advanced
techniques such as atomic layer deposition (ALD),['®®! molec-
ular layer deposition (MLD),['*) and plasma treatments allow
precise control over artificial SEI attributes.l'’"l For example,
Al,O,—alucone alloy interfaces were fabricated on Li- and Na-
metal anodes using the ALD/MLD process, both demonstrat-
ing significant improvements in electrochemical performance
in carbonate-based electrolytes. However, the optimized alloy
structures and interface thicknesses differ significantly between
Li-metal anodes (2ALD-2MLD-25) and Na-metal anodes (1ALD-
1MLD-10), with Na requiring a much thinner interface layer. This
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difference was attributed to the distinct chemical, electrochemi-
cal, and mechanical properties of Li and Na.['71]

3.4. Separator Modification

The separator is a critical battery component, serving as a phys-
ical barrier between the anode and cathode to prevent short cir-
cuits while regulating ion flux.['”?! The role of the separator is
depicted in Figure 11D. Key considerations for designing sepa-
rators include pore structure (size, arrangement, porosity, and
tortuosity), which controls ion flux and uniform deposition, di-
rectly influencing ion transport rates. Material properties like
chemical stability, erosion resistance, and mechanical strength
ensure long-term functionality and prevent decomposition under
repeated cycling stresses. Wettability and electrolyte compatibil-
ity are essential for consistent ion flow and to prevent adverse
reactions. Thickness affects strength and ion diffusion, while
thermal conductivity aids in heat dissipation, critical for thermal
management. Separators must also remain stable under operat-
ing conditions and block ion transport at extreme temperatures
to prevent thermal runaway. Figure 11E summarizes the key con-
siderations for separators in AMBs.

The separator interacts with key battery components such
as the electrolyte and the SEI, influencing performance and
safety. Separator pore structure and chemical composition play
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important roles in electrolyte behavior, affecting ion transport
and battery impedance.'”?] The homogeneity of ion flux posi-
tively affects the long-term cycle life of batteries. Aligned pores
and low tortuosity enable rapid and even ion flux that uni-
formizes metal deposition.l'’*] The optimally designed chemical
composition of the separator enhances cation mobility by influ-
encing the solvation shell of metal ions.['”®] Incorporating anion-
adsorbing sites immobilizes anions, improving cation efficiency,
transference numbers, and the exchange current density while
promoting wettability for fast-charging capabilities./'7°]

Computational methods, including DFT calculations, ab initio
molecular dynamics simulations, and phase-field simulations,
provide deeper insights into separator-electrolyte interactions.
For instance, incorporating a separator with an antistatic agent,
metal-organic frameworks (MOFs), or covalent organic frame-
works (COFs) facilitates PF,~ absorption from the electrolyte,
promoting uniform Li deposition.'””] DFT calculations support
this mechanism by demonstrating strong binding energies be-
tween these materials and PF,~. However, conflicting reports
suggest that strong binding to cations in the electrolyte also plays
a crucial role. DFT calculations reveal that Li* preferentially ad-
sorbs onto lithiophilic sites, such as SrF, (110) planes.['’8] Ab
initio molecular dynamics simulations further indicate that Li*
migrates into defective regions in graphene oxide (GO), where
these defects act as lithiophilic sites and exhibit a strong affin-
ity for Li*.['”°] Phase-field simulations confirm that these defect
sites play a critical role in suppressing anisotropic Li growth. Ex-
perimentally, a combination of polar functional groups in poly-
dopamine and GO, along with defects in the GO layers, enhances
Na* binding, improving electrolyte wettability and substrate ad-
hesion. This, in turn, effectively mitigates Na dendrite growth
(Figure 11F).[*® Strong binding between the separator and an-
ions in the electrolyte is often considered essential for achieving
uniform deposition. However, successful cases have also been re-
ported where strong binding to cations plays a significant role.
Therefore, we encourage further combined computational and
experimental studies to clarify this mechanism.

The separator also influences SEI formation and stability. By
interacting with the SEI, it ensures uniform ion deposition, re-
duces dendrite growth, and extends cycle life.['8!] Separators with
strong dipole moments attract electrons, suppressing solvent
reduction and promoting the formation of a stable, inorganic
SEL['82] To enhance this effect, carboxyl groups with high elec-
tronegativity are incorporated into the plant cellulose-based sepa-
rator framework, generating a strong dipole moment. This inten-
sified dipole interaction facilitates the cleavage of P—F bonds in
NaPF;, resulting in a NaF-rich SEI. Moreover, by drawing in elec-
trons, the separator prevents organic solvent reduction, thereby
inhibiting the formation of organic oligomers in the SEI. Preload-
ing separators with SEI-forming species, such as F~ and NO;~,
allows for a gradual and sustained release of these components,
ensuring the continuous formation of a robust SEI with desirable
characteristics, thereby enhancing long-term protection.!'8%]

For safety, separators prevent direct anode-cathode contact,
reducing risks of short circuits and thermal runaway. Using
flame-retardant polymers, such as polyimide and polymerized
1,3-dioxolane, as separators is a straightforward strategy to en-
hance overall safety.'8 Flame-retardant additives in the poly-
mer matrix can help suppress combustion by reacting with
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electrolyte radicals.['®! For instance, decabromodiphenyl ethane
(DBDPE) additive acts as a gas-phase flame retardant by gen-
erating HBr at high temperatures, while the incorporation of
CaO additive promotes the formation of CaBr,, which provides
liquid-phase flame-retardant properties.!'8518¢] Composite mate-
rials integrating polymers and inorganic enhance thermal re-
sistance and stability. Incorporating thermally conductive ma-
terials, such as AIN and BN,!'8¢187] into separators facilitates
heat management by absorbing and dissipating thermal energy,
thereby preventing hotspots and improving thermal safety.['8]
The mechanical strength of the separator is as crucial as its flame
retardancy.['®] High mechanical strength is believed to prevent
dendrite penetration.['¥] However, this claim is debated, as den-
drites can still propagate through the pores of the separator.
Nonetheless, enhancing mechanical strength remains beneficial.
Adequate mechanical strength ensures that the separator can
withstand the stresses caused by the significant volume expan-
sion of alkali metal anodes, maintaining its structural integrity
without breaking.1%!

There is a significant distinction in the application of sep-
arators for LMBs when compared to their Na and K counter-
parts. Polyolefin separators, including polypropylene (PP) and
polyethylene (PE), are extensively utilized in LMBs, offering the
advantages of cost-effectiveness and ease of processing. Poly-
olefin is an affordable material that can be readily processed
to the desired thickness and shape, and it is compatible with
existing industrially scalable battery manufacturing processes.
However, the direct use of polyolefin separators in SMBs and
PMBs can result in rapid short-circuiting. This discrepancy is
due to the different mechanisms of dendrite growth. Li dendrites,
which originate from the root of the nuclei, can be effectively
impeded by the nanopores of polyolefin separators. In contrast,
Na and K dendrites grow on the surface of the nuclei, often be-
cause of SEI breakdown. These dendrites form nanostructures
that can propagate through the nanopores of polyolefin sepa-
rators, leading to short circuits.['!] To mitigate rapid short cir-
cuits, significantly thicker glass fiber separators are commonly
employed in SMBs and PMBs. Nevertheless, separator func-
tionalization that addresses dendrite-related issues can render
polyolefin separators viable for SMBs and PMBs. For example,
polyolefin separators modified with polydopamine-graphene het-
erostructures and MOFs have proven effectiveness for SMBs and
PMBSs, respectively.[??]

3.5. Solid-State Electrolytes

Recent advances in the development of ionic conductor materials
with conductivity comparable to that of organic liquid electrolytes
make SSEs highly promising for enabling next-generation metal
anodes.['*] SSEs are generally classified into inorganic solid-state
electrolytes and solid-state polymer electrolytes.!19331%4] The for-
mer exhibits high ionic conductivity at room temperature, a high
shear modulus, and excellent mechanical strength.'®! In con-
trast, solid polymer electrolytes excel in providing low interfacial
resistance and good flexibility, making it less challenging to sta-
bilize the interface between the SSE and electrode materials.[1%
There are two existing bottlenecks to enable high-energy solid-
state batteries: the limited ionic conductivity of SSE, compared to
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Figure 12. Key parameters in solid-state electrolyte design. A) Overview of critical properties influencing Li penetration in fully dense SSEs, such as
LLZO. B) Schematic representation of the morphological evolution during Li stripping and plating cycles in a Li|SSE half-cell, with and without alloy
interlayer modifications. (Reproduced with permission.[2°1] Copyright 2020, American Chemical Society). C) Illustration of the electrochemical window of
solid electrolytes, highlighting typical SEI components and their stability ranges. (Reproduced with permission.[212] Copyright 2015, American Chemical
Society). D) Average diffusion coefficients for Kt in Cl~doped K;SbS, SSE, according to the molecular dynamics simulation length. (Reproduced with

permission.[28] Copyright 2024, American Chemical Society).

liquid electrolytes, and the stabilization of the interface between
the SSE and the anode.'””] The latter challenge is exacerbated
in alkali metal solid-state batteries due to the low adhesion and
high reactivity between the alkali metal and the SSE.[194196.198]
Therefore, this section focuses on the existing challenges, as
well as fundamental properties and strategies relevant to the de-
sign of Li/SSE and Na/SSE. Results relevant to the K/SSE in-
terface are currently scarce, especially derived from computa-
tional studies.9®1%9] Therefore, we discuss relevant strategies
that can be transferable to this system from other alkali met-
als interfaces and recent advances in the development of K*
conductors.

Adv. Mater. 2025, 2502052 2502052 (23 of 33)

Short circuits caused by metal penetration, ultimately lead-
ing to dendritic growth, are still possible in alkali metal solid-
state batteries.[192%] Krauskopf et al. summarized the key pa-
rameters that govern inhomogeneous Li growth through SSEs
(Figure 12A).12°Y From the perspective of the SSE/anode inter-
face, defects, and microstructural features have a significant neg-
ative impact on short-circuit susceptibility. The imperfect inter-
face contact observed at the alkali metal/SSE interface, yields a
heightened interface impedance and hinders the efficient trans-
port of ions and electrochemical reactions involving alkali metal
atoms at the interface.?%?] This issue is further exacerbated in in-
organic solid-state electrolytes due to the challenging interfacial
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compatibility and stability between the metal and the SSE.[1%°] A
comprehensive understanding of the alkali metal/SSE interface
chemistry and its effect on the alkali metal deposition behavior
is crucial to develop strategies for suppressing dendrite growth.
Recent studies have highlighted the possibility of electron con-
duction through ceramic SSEs, leading to the formation of den-
dritic protrusions in grain boundary regions.?%3] Barai et al. em-
ployed a multiscale model combining DFT, AIMD, Monte Carlo
simulations, and force-field molecular dynamics to predict den-
drite growth through LLZ0.2%%] The failure of LLZO at higher
current densities was attributed to its inability to undergo plas-
tic deformation, which is critical for delaying the initiation of
Li dendrites in grain boundaries. Their findings show that the
growth pattern of Li is closely related to the presence of pores
and grain boundaries in the SSE. Recently, the grain boundary
regions are pointed as a focal point for dislocation, directly pre-
ceding a dendrite in inorganic SSE, resulted from mechanical
stress induced by dendrite expansion.l?!] The preferential den-
dritic growth along grain boundaries and voids on the SSE is no
exclusive of Li solid-state batteries, being also a problem in Na
and K solid-state batteries.[199:205]

The critical current density on Na and K, which is the cur-
rent in which dendrites form in a solid-state cell is expected
to be higher compared to Li cells due to the higher Na/K self-
diffusion on Na/K metal.[®2) However, the critical current den-
sity for the formation of voids can be lower, leading to a de-
crease in contact between the SSE and the metal anode and, sub-
sequent dendrite formation.>®®! The interface between sodium
and Na,,Zr,Si, P, 0, (NZP) was investigated in the work of
Ortmann et al. revealing that current constrictions were caused
by non-ideal physical contact between Na and the SSE.[2%] This
phenomenon was later confirmed in a zero-excess Na configura-
tion using the same SSE.[2”] One practical strategy to mitigate
the morphological instabilities and sluggish diffusion kinetics of
metal deposition at the metal/SSE interface, potentially avoiding
the formation of dendrites, is the use of interlayers that promote
chemical modifications at the interface. Fuchs et al. developed
an analytical protocol to further investigate the microstructures
of Li and Na at Cu/SSE, steel/SSE, and Al/SSE interfaces.[2%8!
By combining focused ion beam and electron backscatter diffrac-
tion techniques, the authors observed large grain sizes with grain
boundaries predominantly oriented perpendicular to the inter-
layer/SSE interface, negatively impacting electrochemical perfor-
mance. Pore formation was observed during discharge at the in-
terface between the grain bulk and the SSE. Interestingly, no pore
formation was detected at the intersection of grain boundaries
and the interface, which was attributed to faster metal diffusion
along grain boundaries.

Alloy-forming interlayers, in particular, can enhance Li diffu-
sivity towards the interface, reducing pore formation.[%®] As a re-
sult, homogeneous plating can be achieved by preventing contact
loss between the SSE and the electrode (Figure 12B). However, if
metal diffusivity within the alloy layer is insufficient, metal atoms
plate between the alloy layer and the SSE, leading to pore forma-
tion in subsequent cycles. Consequently, morphological stability
is only improved during the initial cycles. Sandoval et al. inves-
tigated Li plating and stripping on 100-nm silver and gold in-
terfacial layers using electron microscopy, X-ray microcomputed
tomography, and mesoscale modeling.12*! The alloy layers miti-
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gated contact loss between the SSE and the interlayer metal, en-
abling uniform Li nucleation and growth, with alloy nanoparti-
cles dispersed throughout the Li layer during deposition. In the
study by Lowack et al., Zn, Ag, In, and Sn were tested as inter-
layers for zero-excess Na cells with NASICON SSE. Among the
strategies to improve physical contact between the current collec-
tor and the SSE, the use of seed layers, in particularly Sn, signifi-
cantly reduced the electrochemical overpotential of Na deposition
and improved the interface between the current collector and the
SSE.[210]

The interphase formation can enhance the stability of the
SSE, however, the decomposition products may exhibit undesir-
able conductivity, leading to the continuous degradation of the
SSE. Computational simulations can be used to estimate proper-
ties relevant for defining the interfacial stability, such as electro-
chemical stability window and phase equilibrium, providing fun-
damental insights about the interphase formation mechanism.
The electrochemical stability window of the Li superionic con-
ductor Li;,GeP,S,;, was estimated using a combination of DFT
and AIMD simulations in the work of Mo et al.l?!!] The results
suggested that the high electrochemical stability window (>5 V)
reported in earlier experimental studies is attributed to passi-
vation reactions that form Li,S and P,S,."**?!!] Further com-
putational studies have explored the impact of interfacial de-
composition on the electrochemical stability window of SSEs.
Zhu et al. screened the electrochemical stability and decompo-
sition reaction energies of various SSEs using first-principles
computational methods (Figure 12C).112] It was concluded that
SSE decomposition is thermodynamically favorable at the ap-
plied potential, leading to the formation of interphases that ex-
tend the electrochemical stability window of the SSE. The sta-
bility of the SSE/Na interface was predicted across a range of
SSEs by combining first-principles methods and data-mining
approaches in the work of Lacivita et al.?!3] The Na conduc-
tors screened included aluminates, NASICONS, anti-perovskites,
sulfides/selenides, borohydrides, and halo-aluminates. The au-
thors suggested that the anodic stability of Na compounds can
be enhanced compared to their lithium equivalent due to struc-
tural stabilization factors, such as the higher compatibility of
Nat with large anions. High voltage stability (>4 V) was pre-
dicted for phosphate-based NaSICONs and the borohydride su-
perionic conductor Na,B;,H;,, owing to covalent stabilization.
A comparison with Li-containing materials revealed that Na
compounds generally exhibit lower reduction and oxidation po-
tentials than their Li counterparts.?!3] A comprehensive first-
principles assessment of the voltage windows and thermody-
namic stability window, similar to the existing for Li/SSE and
Na/SSE, is currently required for K ionic conductors to fully elu-
cidate the specific interfacial stability of K/SSE systems. How-
ever, insights into the interfacial stability of K/SSE systems can
be derived from studies on other alkali metal interfaces. For
instance, f-alumina solid electrolyte (BASE) has demonstrated
improved cycling stability in K-S cells and enhanced interfa-
cial stability against Na metal. Therefore, a comparable perfor-
mance of K-BASE should be expected against K-metal.[198:214.215]
The formation of Na, S and Na,P-based interphases has been re-
ported in the work of Wenzel et al. for the Na;PS, conductor,
which can be translated for K-SSE containing sulfides, such as
K3SbS4.[198'215J
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Recently, efforts have been made to overcome the limited avail-
ability of K-SSEs with high ionic conductivity, which is currently
in its early stages compared to Li and Na batteries.['*®?1¢] The
atomic layer deposition process for the K phosphorous oxyni-
tride (KPON) films ion-conductors was reported in the work of
Nuwayhid et al. and compared with other alkali metals-based (Li,
Na) phosphorous oxynitride (APON).!*'®’] The growth kinetics of
KPON was similar to the NaPON, however, the strong reactiv-
ity of the precursor K-tert-butoxide led to a thin film with low
N content, similar to K;PO,/K,CO, film, and ionic conductivity
higher than NaPON at room temperature. A new phase of K car-
bazolide (KC,,HyN) was synthesized as a novel K-SSE in the work
of Guo et al., revealing high ionic conductivity and promising
electrochemical stability window in comparison with other K*
conductors at the higher temperature of 373 K.27] The authors
reported that the conductivity can be further optimized by adjust-
ing the concentrations of tetrahydrofuran and K, also promoting
enhanced interfacial stability with the K,S electrode during cy-
cle. The current implementation of machine learning potentials
plays a key role in increasing the scale of simulations, allowing
researchers to overcome computational barriers and providing a
viable route to guide the synthesis of new SSEs for K batteries.
Zhang et al. investigated modifications to cubic K;SbS, by con-
ducting molecular dynamics simulations with neural network-
based potentials.?'®] Through simulations lasting 0.5 ns, the au-
thors predicted that Cl doping induced the formation of K va-
cancies, thereby increasing the ionic conductivity of the SSE
(Figure 12D).

4. Summary and Outlooks

Alkali metal batteries with the zero-excess configuration demon-
strate superior energy density compared to conventional ion bat-
teries where there is an excessive amount of Li/Na/K. Despite
significant progress in understanding fundamental mechanisms
and electrochemical behaviors such as the anode reactions high-
lighted in this review, the practical application of ZEMBs still
faces substantial challenges and requires further advancements.
In general, anode-excess and anode-less batteries share a simi-
lar configuration, with the primary distinction being the amount
of metal anode present. On the one hand, this similarity allows
insights and findings from traditional metal batteries to serve as
valuable references for studying anode-less batteries, particularly
regarding the formation and structural evolution of SEI and ion
transport mechanisms. On the other hand, the reduced metal
content in anode-less batteries introduces significant differences
that can make some of the conclusions less reliable or even ir-
relevant, especially regarding metrics like CE and cycle stability.
In contrast, anode-free batteries exhibit significant differences in
configuration compared to anode-excess batteries, as the active
metal is replaced by a specially designed current collector serv-
ing as the “anode”. This design is expected to enhance the sys-
tem’s energy density further, but the absence of active metal on
the anode side results in a lower tolerance for cation consumption
caused by undesired reactions such as SEI fractures, dendrite for-
mation, and dead metal accumulation. It significantly increases
the complexity of anode design and emphasizes the need for op-
timization strategies to achieve high CE.
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A comparison between typical anode-excess and zero-excess
configurations is summarized in Figure 13. In a coin cell setup,
a metal battery typically consists of a low-mass-loading cathode
(e.g., <5 mg cm™?), a thick separator (e.g., >200 pm), a thick
metal anode (e.g., >200 um) and an excess amount of electrolyte.
This setup results in a limited areal capacity (e.g., < 3 mAh cm™2),
alow electrolyte-to-cathode (E/C) ratio, and excessive use of metal
(Figure 13A). While cells shown in the literatures exhibit im-
pressive cycle life of over 1000 or even 10 000 cycles, the capac-
ity degradation trends observed in these cells differ significantly
from those under real-world conditions, prompting the issue of
the lack of practical references. Furthermore, the scalability and
stability of optimization strategies for alkali metal anodes are of-
ten proposed based on the anode-excess cell configuration and
thus require rigorous evaluation to ensure viability in realistic
scenarios.

For the practical application of ZEMBs, performance require-
ments can be stringent. Energy density, cycling life, safety, and
cost-effectiveness demand the most attention and innovative so-
lutions. Ideally, the energy density target is ~350 Whkg™' and
750 Wh L1, and cycling life should exceed 1000 cycles with a ca-
pacity retention of over 80%.1*19 Achieving these targets necessi-
tates the optimization of key parameters such as N/P ratio, E/C
ratio, and CE (Figure 13B). For anode-less configurations, a low
N/P ratio in metal batteries is essential for achieving high en-
ergy density but also poses significant performance challenges,
such as reduced cycling life. Using ultrathin alkali metal foils
(e.g., 20 um) can enhance energy density; however, manufactur-
ing and handling high-quality, ultrathin metal foils remain chal-
lenging. As aresult, the recommended N/P ratio in LMBs is 2.5,
which corresponds to a 50 um thick foil for an areal capacity of
4mAh cm~2, achieving an energy density above 300 Wh kg~!.[220]
Given that Na and K have lower capacities and are more chem-
ically reactive and mechanically softer than Li, the thickness of
Na and K should be greater than that of Li. The application of
SMBs and PMBs can be explored progressively, starting with a
thickness below 100 um. For the anode-free configuration, the
cathode mass loading is expected to be 20-30 mg cm™2, provid-
ing an areal capacity of 4-6 mAh cm~2.1221] Simultaneously, the
E/C ratio should approach the level of commercial LIBs, ~1.0-
1.5 g Ah~1.[221] While some relaxation may be necessary to ac-
count for electrolyte consumption during SEI formation, the E/C
ratio should not exceed 3 g Ah=1.221222] Second, a high CE, partic-
ularly initial CE, is crucial for achieving cycle stability. Assuming
a zero-excess metal configuration, a CE of 99.98% is required to
maintain a capacity retention of over 80% after 1000 cycles. This
is calculated using the formula:

cE =R )
n

where R is the retention ratio and » is the cycle number. In the
case of excessive metal, the CE formula is adjusted to account
for the additional capacity provided by the excess. The revised
capacity retention R’ is calculated as:

1
R=1--(1-R 3
f( ) 3)
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Figure 13. Comparison of anode-excess and zero-excess configurations. A) Configuration, key parameters, and performance evaluations of typical anode-
excess cells, emphasizing their high metal anode thickness, excess electrolyte usage, and cycling performance. B) Configuration, key parameters, target
performances, and optimization strategies for zero-excess configuration cells, highlighting their design considerations for energy density, cycling stability,

and manufacturing scalability.

where fis the excess factor (e.g., f = 3 for 200% excess metal).
Finally, safety and cost-effectiveness are pivotal for the practical
deployment of ZEMBs. Considering the high reactivity of alkali
metals, minimizing safety risks is paramount, as extensively dis-
cussed in several reviews.|®*?23] Cost-effectiveness must also be
ensured through scalable and efficient manufacturing processes
for all cell components.

Accordingly, to achieve the set parameters and performance,
we highlight a few promising strategies including materials in-
novation, interfacial reactions, scalable manufacturing, and de-
vice optimizations. While general approaches such as electrolyte
design, artificial SEIs, and 3D scaffolds are applicable to all Li,
Na, and K metal batteries, their specific implementations must
be carefully tailored to the unique physicochemical properties of
each metal to realize zero-excess conditions.

1) Materials innovation: Developing novel materials is critical
to achieving high energy density and stable cycling perfor-
mance. This should include discovering advanced cathode
materials and exploring emerging systems such as metal-S
batteries and solid-state batteries. Advances in simulations
such as generative modeling or inverse design are promis-
ing avenues to aid future experiments, identifying the best
candidates in silico that can then be experimentally verified
and compared to existing solutions. The last step is currently
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crucial, as model hallucinations and the difficulty of identify-
ing the true novelty of generated structures need to be over-
come. An example of this is the application of deep learning to
predict the viscosity of ionic liquids at room temperature.[22*]
By utilizing a cleaned dataset, the authors not only achieved
accurate viscosity predictions but also identified key molec-
ular descriptors associated with high-performing candidates.
These insights can guide experimental studies that focus on
the identified descriptors to validate model predictions. The
need for experimental validation extends to other areas pre-
dominantly explored through computational studies, such
as the calculation of diffusion parameters for various trans-
port mechanisms. Strengthening collaboration between the-
ory and experiment would be particularly valuable for artificial
SEIs, where defect engineering can be strategically applied,
and optimal transport behavior can be predicted through sim-
ulations of single-component systems.

Interfacial reactions: SEI, in the case of cathode, i.e., cathode-
electrolyte interphase (CEI), is the key factor in determin-
ing performance. Strategies must address undesired reac-
tions such as dendrite formation, SEI fractures, and side re-
actions, which can compromise efficiency and safety. From
the experimental perspective, techniques suitable for in situ
investigation of properties are emerging and will gener-
ate in-depth and representative insights into the cycling
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mechanisms at a battery cell’s operational condition. From
the computational perspective, increasing computing power
can enhance the capability of simulating a high number of
parameters of the models. Especially the use of universal ma-
chine learning force fields has the potential to remove the
need for resource-intensive training data generation for MD
calculations. New approaches need to be thoroughly tested,
and results need to be counterchecked by experiments to en-
sure the applicability for specific domains such as ZEMBs.

3) Computational-driven design: The current state-of-the-art for
modeling work related to energy materials, in terms of accu-
racy, is the application of plane-wave DFT and AIMD. How-
ever, these methodologies generally lack the capability to scale
computational models into sizes larger than a few nanome-
ters and simulate length times longer than the picoseconds
scale. Larger scale simulations are needed to obtain fun-
damental properties and observe the dynamics at the elec-
trolyte/anode interface, in which modeling works are close to
nonexistent for alkali metals other than Li. While properties
of liquid electrolytes can often be obtained through classical
MD, there are no established classical force fields that can be
universally applied to metals and solid-state electrolytes. Re-
cent advancements in the development of machine learning
interatomic potentials (MLIPs) are overcoming this limita-
tion, enabling simulations using computational models span-
ning several nanometers and molecular dynamics simula-
tions reaching the nanosecond scale, while retaining near
DFT accuracy. There are three primary approaches to imple-
menting MLIPs in simulations: generating the potential dur-
ing the simulation by coupling on-the-fly machine learning
with MD; training an MLIP from scratch using a specific
dataset; or employing an existing universal MLIP. These com-
putational techniques have already been used to support the
design of novel solid-state electrolytes, which have previously
been unfeasible using purely DFT and AIMD. However, ob-
taining fundamental insights into phenomena such as SEI
formation reactivity and alkali metal nucleation dynamics at
the interface remains challenging for these methodologies.
This is primarily due to the numerous interactions occurring
at the electrolyte/anode interface, which still require signifi-
cant computational effort for on-the-fly MLIPs and a substan-
tial dataset to train an MLIP from scratch. Universal MLIPs
offer an out-of-the-box solution for modelling these reactions;
however, since they are typically trained on datasets contain-
ing stable equilibrium materials structures across the peri-
odic table, their performance in high-reactivity scenarios, i.e.,
involving non-equilibrium transformations, has yet to be thor-
oughly evaluated.

4) Scalable manufacturing of electrodes: For cathodes, increas-
ing mass loading can enhance energy density but also intro-
duce challenges, such as maintaining structural consistency
in thick electrodes, uneven mixing of components, fractures,
and delamination during slurry preparation, drying, and cal-
endaring processes. Additionally, mass transport in thick elec-
trodes is more complex, requiring optimization of porosity,
tortuosity, wettability, and ion diffusion. For anodes, manu-
facturing high-quality metal anodes remains challenging. In-
novations should address the problems of precise thickness
control, reducing surface roughness, resistance to oxidation
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in an ambient environment, and continuous processing to
avoid safety risks during storage and transport.®’*! Develop-
ing robust artificial SEI layers during anode progression is
also essential.

Anode-free configuration eliminates the need of alkali metal,
which can simplify the manufacturing process and enable pro-
duction under less restrictive environmental conditions. How-
ever, it requires scalable and low-cost substrate production. Cur-
rently, Cu foil is the preferred substrate for alkali metal deposition
due to its excellent mechanical properties (e.g., tensile strength,
ductility), mature processing methods, and stable chemical and
electrochemical properties. Note that Na and K will not form an
alloy with Al, offering the possibility to use cheap Al to replace
expensive Cu in Na and K metal batteries. Challenges in produc-
ing high-quality Cu/Al foil include achieving low thickness (e.g.,
6 um), optimizing surface properties (e.g., specific crystal orien-
tation, low surface roughness, and suitable modification layers),
and addressing defect-related issues.??°]

Efforts should focus on examining and mitigating the influ-
ence of defects on metal plating/stripping, implementing ef-
fective defect detection methods during pressing and maintain-
ing surface quality throughout the anode production stages. Un-
derstanding the interplay between materials innovation, interfa-
cial optimization, and scalable manufacturing techniques is of
paramount importance for advancing alkali metal batteries.

5) Device optimization: It is a crucial aspect, as it directly im-
pacts the energy density and safety of ZEMBs. Enhancing
energy density involves improving the ratio of active compo-
nents to inactive components within the cell device. For exam-
ple, increasing the electrode-to-current collector ratio by opti-
mizing material usage can significantly reduce the weight and
volume of inactive materials, thereby boosting overall energy
density. Utilizing low-mass separators and innovative struc-
tural designs, such as blade batteries, can further contribute
to improving the active-to-inactive component ratio. These ap-
proaches not only enhance the specific energy of the battery
but also point to creating lightweight and compact energy
storage systems.

Ensuring the safety and reliability of the device is another cru-
cial aspect. It can be achieved through the integration of fire-
resistant packaging materials that reduce the risk of thermal run-
away and improve the battery’s resilience under extreme con-
ditions. Advanced heat-management systems are essential for
maintaining a stable operating temperature, particularly in high-
power applications where heat generation is significant. Incor-
porating a battery auto-close protection system can further en-
hance safety by automatically isolating the battery in the event
of overheating, short circuiting, or mechanical damage. Combin-
ing strategies to improve energy density with robust safety mech-
anisms, device optimization paves the way for the practical de-
ployment of high-performance, safe, and reliable ZEMBs across
a range of applications.
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