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ABSTRACT

High-voltage lithium-ion batteries (HVLIBs) are increasingly considered promising candidates for meeting the growing demand
for high energy density and extended cycle life in electric vehicles and grid-level energy storage. However, the performance
and stability of HVLIBs are critically influenced by fabrication techniques, including dry/wet processing, in situ polymerization,
and advanced electrode engineering. These methods shape the architecture of electrodes and directly affect the electrochemical
behavior under high-voltage conditions, where challenges such as electrolyte oxidation, gas evolution, and cathode degradation
become more accelerated. The fabrication processes are inherently coupled with multiscale phenomena, from atomic-level redox
reactions and interfacial reconstruction to microscale mechanical failure and system-scale safety issues. In this review, we focus
on recent advances in the processing and structural design strategies for HVLIBs, emphasizing how these approaches interact
with complex physicochemical mechanisms across multiple scales. We discuss state-of-the-art characterization tools, multiscale
modeling, and data-driven techniques that are employed to elucidate the intricate correlations between processing, structure, and
performance. Finally, we identify key challenges and propose future directions to integrate scalable fabrication techniques with
mechanistic insights, aiming to enable the rational design of next-generation high-voltage lithium-ion batteries.

of intermittent renewable energy sources such as solar and
wind.

1 | Introduction

The growing demand for high-performance energy storage solu-

tions, driven by advancements in electric vehicles, grid-scale stor-
age, and aerospace technologies, has accelerated the development
of high-voltage lithium-ion batteries (HVLIBs). By expanding the
operational voltage window, HVLIBs offer significantly higher
energy densities than conventional lithium-ion systems, making
them a key enabler for next-generation energy technologies
[1-3]. Moreover, they play an essential role in supporting the
global transition to sustainable and low-carbon energy infras-
tructures by facilitating the efficient storage and utilization

© 2026 Wiley-VCH GmbH

Despite their promise, the practical implementation of HVLIBs
faces considerable challenges, particularly in terms of material
stability and interfacial compatibility under high-voltage opera-
tion. Conventional electrode fabrication methods, such as slurry
casting and calendaring, often fall short when applied to high-
voltage chemistries due to issues such as electrode cracking, poor
electrolyte wettability, and enhanced interfacial side reactions. To
address these limitations, advanced manufacturing approaches,
including dry electrode processing, three-dimensional structured
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Multi-scale modelling and analysis
framework for HVLIB
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FIGURE 1 |

electrodes, and in situ polymerization, are actively being inves-
tigated to improve mechanical robustness and electrochemical
performance [4].

In addition to fabrication techniques, HVLIBs are governed by
complex multiscale coupling phenomena, ranging from atomic-
level electronic structure changes to mesoscale mechanical
deformation and macroscale thermal effects (Figure 1) [5].
Under repeated high-voltage cycling, stress accumulation, vol-
ume expansion, and parasitic reactions can result in electrode
degradation, electrolyte decomposition, and the formation of
unstable interphases such as the solid electrolyte interphase
(SEI) and cathode electrolyte interphase (CEI). These processes
collectively contribute to capacity fading, increased impedance,
and safety concerns. A comprehensive understanding and precise
control of these coupled degradation mechanisms are therefore
essential to enhancing the reliability, cycle life, and overall
performance of high-voltage lithium-ion batteries.

Several recent review articles have summarized significant
advances in high-voltage lithium-ion batteries (HVLIBs), par-
ticularly in areas such as electrolyte formulation, electrode
stabilization, and advanced material design. However, a system-
atic review that specifically highlights the interplay between
electrode/electrolyte forming technologies and the resulting mul-
tiscale physicochemical coupling mechanisms remains lacking.
To address this gap, the present review aims to elucidate how
various fabrication strategies influence the evolution of coupled
degradation and stabilization processes across multiple length
and time scales, “from initial electrode formation to long-term
electrochemical cycling”. To this end, the structure of this review
is organized as follows. Section 2 summarizes the key challenges
of HVLIBs, including cathode instability, electrolyte incom-
patibility, interfacial degradation, and limitations in solid-state
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Schematic illustration of the complex multiscale modeling and analysis framework for a high-voltage lithium-ion battery system [5].

systems. Section 3 presents advanced characterization and sim-
ulation techniques for probing high-voltage degradation mech-
anisms. Section 4 established process-structure-performance
relationships by linking fabrication routes of electrodes, solid-
state electrolytes, and battery manufacturing strategies to their
structural and interfacial outcomes. Section 5 further integrates
these insights into a multiscale coupling framework, correlating
preparation processes with interfacial evolution and device-level
performance. Finally, we conclude with perspectives on how
combining mechanistic understanding with scalable processing
can enable next-generation high-voltage lithium-ion batteries.

2 | The Key Issues Associated With High-Voltage
Lithium-Ion Batteries

In the following subsections, we briefly outline the key challenges
facing HVLIBs. These issues are inherently interconnected,
arising from the strong coupling between materials chemistry,
interfacial reactions, and electrochemical operating conditions.
Specifically, challenges related to the structural and chemical
stability of cathode materials, electrolyte compatibility, and elec-
trode/electrolyte interfacial stability are closely linked and often
mutually reinforcing. In addition, the development of solid-state
batteries introduces new interfacial and transport limitations,
highlighting the need for coordinated regulation across materials
and interfaces.

2.1 | Structural and Chemical Stability of
High-Voltage Cathode Materials

The dissolution of transition metal ions from cathode materials
is a major contributor to capacity fading in batteries [6-8].
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FIGURE 2 | (a)Crystalstructure of LiCoO,. (b) The formation process

of a lithium ion superlattice in LiCoO, near 4.1 V and 3.93 V [13]. Copyright,

Electrochemical Society, Inc. (c) The possible phase diagram of Lij;_4)CoO, (0 < x < 0.50) [14]. Copyright, American Chemical Society. (d) Crystal
structure of LiMn,Oy. (e) Charging-discharging process of LiMn,0, [1, 15]. Copyright, Elsevier. (f) Crystal structure of LiNiyCoyMn,O,. (g) Ni/Li

exchange (disordering) process in layered LiNi,Co,Mn, 0, materials [1, 16].

Copyright, American Chemical Society. (h) Illustrations of crystal structures

relevant to layered Ni-rich cathodes [2, 17]. Copyright, John Wiley & Sons, Ltd.

Lithium hexafluorophosphate (LiPF,), the most widely used salt
in commercial electrolytes, exhibits limited thermal and chemical
stability [9]. In the presence of trace amounts of water, LiPF,
decomposes to generate LiF and hydrofluoric acid (HF). The HF
formed further reacts with surface species such as Li,CO; and
LiOH on the electrode, producing CO, and H,O, which leads
to continuous consumption of lithium salt in the electrolyte.
Meanwhile, the generated LiF tends to deposit on electrode
interfaces and separator surfaces, impeding Li* transport and
increasing interfacial resistance [10]. Hu et al. reported that once
the concentration of LiF reaches a critical threshold, it begins
to corrode the cathode material, leading to the dissolution of
transition metal ions from the bulk phase [11]. These dissolved
ions migrate through the electrolyte toward the anode, where they
are incorporated into the SEI layer or reduced to metal.

211 | LiCoO,
In 1980, Goodenough and coworkers first discovered the

reversible electrochemical de/lithiation behavior of LiCoO,, lay-
ing the foundation for its use as a cathode material in LIBs

[12]. However, due to its relatively high operating voltage, the
electrolytes available at that time could not adequately meet
the requirements for stable cycling with LiCoO, cathodes. With
the continuous advancement of electrolyte formulations, a range
of high-voltage electrolytes has since been developed, enabling
LiCoO, to become one of the earliest high-voltage cathode materi-
als to achieve large-scale commercialization. LiCoO, crystallizes
in the R3m space group and adopts an O3-type layered structure
based on ccp oxygen anions arranged in an ABCABC. stacking
sequence along the (001) direction, occupying the 6¢ positions.
Li* and Co*" ions alternately occupy the octahedral interstices
of the ccp oxygen lattice at the 3a and 3b sites, respectively, as
illustrated in Figure 2a.

During the de/lithiation process, the structural evolution of
LiCoO, is highly dependent on the extent of lithium extraction.
‘When the delithiation level is between 7% and 25%, the c-
axis undergoes an expansion of approximately 2%, while Co-Co
bond lengths shorten, leading to band splitting and overlap
of the valence and conduction bands, thereby increasing the
electronic conductivity [13] (Figure 2b). Between 25% and 50%
delithiation, the layered structure remains largely unchanged.
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At approximately 50% delithiation, however, a transition from
disordered to ordered Li* arrangement occurs, accompanied
by a phase transition from hexagonal to monoclinic symmetry.
Using advanced ABF-STEM, Lu et al. were the first to con-
struct the transformation sequence among the O1, 02, and O3
phases during electrochemical cycling [14]. Specifically, when
the delithiation level is between 7% and 25%, the O3 phase
transforms into O2; between 25% and 45%, O2 transitions to O1;
and from 43% to 52% delithiation, O2 further converts to Ol
(Figure 2c). Theoretically, complete Li* extraction from LiCoO,
yields a specific capacity of 274 mAh g~1. In practical applications
within the voltage window of 2.5-4.2 V, approximately 50% of Li*
can be reversibly intercalated/deintercalated, corresponding to a
practical specific capacity of ~137 mAh g~!. However, excessive
delithiation often leads to irreversible structural collapse, severely
limiting the reversible capacity and consequently constraining
the achievable energy density of LiCoO,-based LIBs.

212 | LiMn,0,

Spinel-structured lithium manganese oxide (LMO) has attracted
increasing attention due to its environmental benignity and
inherent safety. In 1983, Thackeray et al. first proposed spinel-
structured LiMn,O, as a promising cathode material [18]. This
compound crystallizes in a cubic system with a space group of
Fd3m. Within its structure, oxygen atoms form a face-centered
cubic (FCC) array, occupying the 32e sites, while lithium and
manganese atoms occupy the 8a and 16d sites, respectively.
This configuration results in a robust three-dimensional tunnel
framework, as illustrated in Figure 2d, which provides Li*
ions with continuous pathways for insertion and extraction.
The theoretical capacity of LiMn,0, is approximately 148 mAh
g7!. Due to its interconnected three-dimensional lithium-ion
diffusion channels, Li* ions can reversibly intercalate into and
deintercalate from the spinel lattice without inducing struc-
tural collapse, endowing LiMn,O, with excellent rate capability
and cycling stability. During lithium insertion and extraction,
LiMn,0, undergoes distinct phase transitions characterized by
two major voltage plateaus centered at approximately 4.0 V
and 3.0 V (vs. Li*/Li). The higher-voltage plateau near 4.0 V
corresponds to the extraction and insertion of Li* ions from the
tetrahedral 8a sites, during which the spinel lattice retains its
cubic symmetry. When the cell is deeply discharged, an additional
plateau appears near 3.0 V, associated with Li* ions occupying
the vacant octahedral 16c sites. This additional insertion induces
structural distortions within the spinel lattice, transforming
the cubic phase toward a more tetragonal configuration. Such
distortions are driven by the Jahn-Teller effect, which arises from
the reduction of Mn ions from an average oxidation state of +3.5
to +3.0, leading to cooperative distortions of the MnO, octahedra
(Figure 2e).

Under high-voltage operation, even trace amounts of dissolved
manganese can migrate from the cathode to the anode, resulting
in significant capacity loss and a shortened cycle life. Three pri-
mary mechanisms contribute to the capacity fading of LiMn,0,.
First, the presence of high-spin Mn*' ions with an asymmetric
electronic configuration (t,g%e_g [1-3]) makes them structurally
unstable. To stabilize these ions, the MnOg octahedra undergo

Jahn-Teller (J-T) distortions, where the two axial Mn-O bonds
elongate and the four equatorial Mn-O bonds contract [19]. Typi-
cally, this leads to a symmetry transition from cubic to orthorhom-
bic near room temperature. During electrochemical delithiation,
the J-T distortion accelerates structural degradation, resulting in
the formation of Li,Mn,0, and compromised lattice integrity.
Second, the high-spin Mn** ions make LiMn,O, susceptible to
manganese dissolution through a disproportionation reaction
(2Mn** ->Mn?*+Mn*") [20]. Experimental evidence suggests that
even at typical operating potentials, soluble Mn?" species are
present in the electrolyte, likely originating from Mn;0, species
that readily dissolve in organic electrolytes [21]. Third, oxygen
loss within the cathode structure reduces the mobility of Mn
ions and triggers irreversible phase transformations, such as the
formation of Li,MnO;, Mn;0,, or lattice rearrangements, all of
which contribute to capacity decay. Moreover, the accumulation
of dissolved Mn species can obstruct lithium-ion transport path-
ways, further deteriorating cycling performance and reducing the
overall energy density [22-24].

213 | LiNi,Co,Mn,0,

Due to the inherent Jahn-Teller distortion in spinel-structured
LiMn,0,, which leads to poor cycling performance, the devel-
opment of alternative cathode materials has become imperative.
Layered ternary cathode materials with the general formula
LiNi;Co,Mn,0, (NCM) have been rapidly developed and com-
mercialized because they combine the respective advantages of
LiCoO, (high structural stability), LiNiO, (high capacity), and
LiMnO, (low cost). These materials exhibit high theoretical
specific capacities and operating voltages along with superior
electrochemical stability, making them one of the most widely
studied and applied cathode families for lithium-ion batteries
[25]. The crystal structure of LiNi,Co,Mn,0, is isostructural with
LiCoO, and LiNiO,, belonging to the layered R3m space group, in
which the transition metal layer is randomly occupied by Ni, Co,
and Mn cations (Figure 2f). Compared with LiNiO,, the ternary
system offers higher structural and chemical stability while
providing greater energy and capacity densities than LiCoO,.
By carefully optimizing the Ni-Co-Mn ratio, these materials can
achieve a desirable balance of high capacity, excellent cycling sta-
bility, and good rate capability. For instance, LiNi, ;Co,;Mn,;0,
(NCM111) was one of the early compositions adopted in electric
vehicles.

However, as the demand for higher driving ranges in electric
vehicles has increased, enhancing the specific capacity and
energy density of lithium-ion batteries has become critical.
Consequently, Ni-rich layered cathode materials have attracted
widespread attention in both academia and industry due to their
high discharge capacities (200-250 mAh g=!) and elevated oper-
ating voltages (~4.3 V vs. Li*/Li). With advances in synthesis and
processing techniques, compositions such as LiNi, ;Co,Mn,,., O,
(x = 0.05, 0.10, 0.15, 0.2) and LiNi,4Coy,Mn,,0, (NCMS8I1)
have been successfully developed, exhibiting outstanding elec-
trochemical performance, including high specific capacity, which
makes them promising candidates for high-energy battery appli-
cations [26]. In these materials, the redox activity of Ni?*/Ni** is
primarily responsible for capacity delivery. Hence, a higher Ni
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content typically correlates with an increased specific capacity.
To maximize the energy density, research has focused on further
increasing the Ni content while reducing the proportion of
Co to lower the material cost and environmental impact. For
instance, in 2017, Sun et al. synthesized LiNij4CosMn, (5O,
(NCM90) [27], which demonstrated a high discharge capacity
of 227 mAh g™!. Subsequently, high-Ni layered cathodes such
as LiNi, ¢Mn, 450, (NM90) and LiNi, ,Co,;0, (NC90) were also
reported in 2019. Nevertheless, increasing the Ni content also
introduces several critical challenges that hinder the practical
application of Ni-rich ternary cathodes in high-energy systems.
On the one hand, a higher Ni content often leads to reduced
structural and surface stability, resulting in pronounced capacity
fading during cycling. On the other hand, these materials suf-
fer from diminished thermal stability and increased reactivity
with moisture, which can cause surface degradation and safety
risks. Together, these issues limit the widespread use of high-Ni
ternary cathodes and underscore the need for further research
into surface stabilization, structural optimization, and interface
engineering.

Increasing the Ni content in layered NCM cathodes or raising
the upper cutoff voltage is an effective strategy to achieve
higher reversible capacities and energy densities, as more
Li* ions can be extracted during charging. However, higher
Ni content inevitably brings critical drawbacks that severely
constrain their practical application in HVLIBs. These draw-
backs primarily include a significant decline in structural and
surface stability, leading to rapid capacity fading, as well as
degraded thermal stability and increased surface reactivity, which
make high-Ni materials prone to moisture uptake and parasitic
reactions.

214 | Cation Mixing

Cation mixing is a key structural issue for high-Ni cathodes in
Figure 2g. Due to the similar ionic radii of Ni** (0.69 A) and
Li* (0.76 A), a fraction of Ni** ions can migrate into the Li
layers during high-temperature synthesis, resulting in undesired
Ni/Li cation mixing [28]. Beyond the size effect, the driving force
for cation mixing also includes magnetic interactions within the
transition metal layer, where unpaired d-electrons of Ni** and
Ni** form a superexchange network via oxygen ions, which ther-
modynamically favors the migration of Ni** to Li sites. Notably,
the migration barrier of Ni** into Li vacancies decreases as
delithiation proceeds, so Ni/Li cation mixing can intensify during
cycling, especially with the generation of oxygen vacancies. This
cation disordering significantly impedes Li* diffusion by reduc-
ing the interlayer spacing and blocking Li diffusion pathways, as
Ni** occupying the Li layer becomes electrochemically inactive
or undergoes further oxidation to Ni**, further shrinking the
diffusion channels. Severe Ni/Li mixing can thus trigger irre-
versible phase transformations from the desired layered structure
to spinel or rock-salt phases, where Li* in octahedral sites loses
electrochemical activity, drastically reducing capacity [29]. On the
other hand, moderate cation mixing may partially stabilize the
structure by restricting transition metal migration and mitigating
structural collapse during repeated cycling. Recent studies have
shown that intentionally introducing a cation-mixed surface

layer can enhance cycling stability at elevated temperatures by
buffering lattice expansion and contraction [16].

2.1.5 | Structural Phase Transitions and Microcracking

Structural phase transitions and microcracking are additional
challenges for high-Ni layered cathodes. These materials typically
crystallize in the R3m space group with alternating TMO;, and
LiO4 layers stacked in an O3-type sequence (Figure 2h) [17].
During deep delithiation, Li vacancies and Jahn-Teller distortions
can drive the transformation of the ordered O3 structure to a
monoclinic phase (C2/m), often referred to as the O’3 phase. Fur-
ther delithiation can induce an O1 phase with an ABAB oxygen
stacking sequence (P-3ml space group). Mixed H1-3 phases are
also frequently observed during the de/lithiation process [30-32].
For example, the phase transition sequence for LiNiO, is typically
described as H1-M-H2-H3, where the transitions correspond to
structural changes that affect Li* mobility. As delithiation pro-
gresses, the c-axis expands due to increased Coulombic repulsion,
creating larger Li diffusion pathways; however, at higher states of
charge, this expansion reverses, and the c-axis contracts sharply,
hindering Li* transport [33]. This repeated phase transformation
not only degrades Li* diffusion kinetics but also leads to signifi-
cant volume fluctuations, generating substantial internal stresses
within primary particles.

In practical high-Ni NCM cathodes, the secondary particles
are spherical agglomerates of anisotropic primary particles. The
anisotropic lattice expansion and contraction during cycling
result in tensile and shear stress accumulation along grain bound-
aries, eventually forming microcracks. These cracks disrupt the
electronic conductivity and expose fresh surfaces to the elec-
trolyte, accelerating interfacial side reactions, increasing cathode-
electrolyte interphase growth, and promoting irreversible phase
transformations. This crack-induced degradation severely under-
mines cycling stability and is a major bottleneck for the practical
application of high-Ni layered cathodes in next-generation high-
energy-density LIBs [3, 34-37].

2.2 | Electrolyte Compatibility Under High
Voltage

With the push toward higher energy densities, raising the
operating voltage of cathode materials has become an effective
strategy for next-generation lithium-ion batteries. However, this
is often restricted by the oxidative decomposition of conventional
electrolytes and their undesirable chemical interactions with the
cathode surface at elevated voltages, which can accelerate cell
degradation and failure. As a result, the electrolyte remains one
of the critical bottlenecks for HVLIBs. Understanding the funda-
mental mechanisms and failure pathways of electrolyte behavior
under high-voltage conditions and developing electrolytes with
improved oxidative stability and safety are therefore essential for
the practical advancement of HVLIBs.

To evaluate the electrochemical stability of electrolytes, a com-
monly used quantitative parameter is the electrochemical stabil-
ity window (ESW), defined as the energy difference between the
lowest unoccupied molecular orbital (LUMO) and the highest
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FIGURE 3 | Schematic diagram of the electrochemical instability of electrolytes under high voltage.

occupied molecular orbital (HOMO) (Figure 3). In general, the
HOMO and LUMO levels of “Li*-solvent” clusters are lower
than those of isolated solvent molecules, while those of “anion-
solvent” clusters are typically higher. As a result, researchers
often consider the “anion-solvent” cluster with the highest
HOMO level and the “Li*-solvent” cluster with the lowest LUMO
level as the most redox-active components in the electrolyte.
These clusters are thus used to evaluate the electrochemical
stability of the electrolyte [38, 39]. Specifically, if the HOMO level
of the electrolyte exceeds the Fermi level of the cathode surface,
the electrolyte is prone to oxidative decomposition. Conversely, if
the LUMO level of the electrolyte is lower than the Fermi level
of the anode surface, reductive decomposition is likely to occur.
This framework provides a theoretical basis for predicting the
redox stability of complex electrolyte systems based on molecular
orbital energies.

However, in commercial electrolytes, the presence of salts, sol-
vent coordination structures, and interactions between electrode
materials and solvent molecules can significantly influence the
ESW, often resulting in substantial deviations from theoretical
predictions. Zhang et al. employed density functional theory
(DFT) to calculate the redox potentials of conventional electrolyte
solvents and determined their oxidation sequence to be diethyl
carbonate (DEC) > ethyl methyl carbonate (EMC) > dimethyl
carbonate (DMC) > ethylene carbonate (EC), indicating that EC
has the highest oxidative stability [40]. Nevertheless, the absolute
values of the calculated oxidation thermodynamic potentials
showed considerable uncertainty, even exceeding experimental
values by more than 1 V. This discrepancy arises because oxidation
potentials derived solely from HOMO energies represent the
behavior of isolated molecules in vacuum, whereas in practi-
cal electrolytes, solvent molecules are not isolated but instead
interact strongly with lithium salts. These interactions lead to
the formation of solvated complexes that participate directly in
electron transfer processes during battery operation.

Furthermore, the dielectric constant of the solvent also affects its
oxidative stability. For instance, EC, which has a high dielectric
constant, tends to form strong complexes with hexafluorophos-
phate anions (PF,”). Under an applied electric field, these
complexes migrate toward the cathode surface and undergo
preferential oxidation. This behavior further contributes to the
discrepancy between theoretical predictions and experimental
results, emphasizing the necessity of including lithium salt effects
in computational models. Xing et al. demonstrated that while the
oxidation voltage of pure EC can reach up to 6.96 V, it rapidly
drops below 5V when adding PF;~ or C1O,~ anions, highlighting
the critical impact of salt—solvent interactions on the overall
oxidative stability of electrolyte systems [41].

Dehydrogenation reactions in electrolytes primarily refer to
the hydrogen abstraction processes occurring at the electrode-
electrolyte interface, which become particularly pronounced
under extreme conditions such as high voltage or elevated
temperature. These reactions not only deteriorate the cycling
stability and battery safety but also result in gas generation and
interfacial instability. As illustrated in Figure 3c, at low voltages
(SOC < 80%), the EC component in conventional commercial
electrolytes undergoes dehydrogenation at the cathode surface
to form VC without generating gaseous byproducts. However, at
high voltages (SOC > 80%), singlet oxygen (*0,) is released from
LiCoO, electrodes and then chemically oxidizes EC molecules,
leading to the formation of H,0, CO,, and CO. This is primarily
due to the catalytic role of surface transition metal ions at low
voltages, which lowers the energy barrier for electrolyte side
reactions via direct interactions with solvent molecules. As a
result, a stable cathode-electrolyte interface (CEI) cannot form
under high-voltage conditions, and EC decomposition can initiate
even at relatively low potentials. Moreover, the generated H*
may bind with oxygen atoms in the cathode lattice to form
—OH groups or be inserted into interlayer spaces of the cathode
material [42].
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With elevated voltages, electrolyte decomposition will be acceler-
ated, producing gaseous byproducts such as CO, and CO, which
are typically released at a molar ratio of ~3:1 or 4:1. Gasteiger and
coworkers demonstrated that singlet oxygen (*O,) released from
the transition metal oxide cathode can directly electrophilically
attack the —CH,— groups in EC via an insertion mechanism,
forming hydroxy groups [43]. These unstable intermediates
subsequently decompose into carbonyl compounds and water.
Further reactions between these intermediates and 'O, generate
CO, and CO. Additionally, !0, can react with EC to produce VC
and hydrogen peroxide (H,0,), further exacerbating electrolyte
degradation and accelerating battery performance decay. Linear
carbonate solvents such as dimethyl carbonate (DMC) also
undergo hydrolysis under high-voltage conditions, generating
lithium methyl carbonate, methanol, and lithium carbonate [44].
These products may migrate to the anode and decompose further
(causing cross-talk effects) or undergo further oxidation at the
cathode to generate H,O [45]. However, recent studies indicate
that singlet oxygen may not be the primary driver of electrolyte
oxidation under practical high-voltage conditions [46]. Instead,
chemical oxidation reactions occurring directly at the surface of
Ni-rich layered oxide cathodes are more likely responsible. Highly
oxidized surface transition-metal sites and transient, strongly
oxidizing intermediates (e.g., peroxo- or oxygen-centered radical
species) can directly oxidize carbonate solvents at the solid-liquid
interface. This suggests that the dominant parasitic reactions are
interfacial in nature rather than gas-phase reactions involving
freely diffusing '0,, providing a more consistent explanation
for the strong dependence of electrolyte degradation on cathode
surface chemistry and reconstruction.

The lithium salt component PF,~ is also susceptible to hydrolysis,
producing HF and organophosphates. HF would corrode the
cathode surface, increase interfacial impedance, and contribute
to capacity fade. Furthermore, Musgrave et al. proposed that
when EC is adsorbed on the cathode surface, PF,~ can facilitate
ring-opening reactions of EC via coordination, leading to the
formation of HF and PFs. PFs can then catalyze further EC
decomposition, generating CO, and organic carbonate oligomers
[47]. Under high-voltage operation, carbonate-based solvents
such as EC and EMC are prone to dehydrogenation on the
surfaces of high-nickel cathode materials (e.g., NCM811) [43, 48].
This leads to the formation of dehydrogenated products, such as
VC and oligomers, which may deposit on the cathode surface,
forming inert interfacial layers. These layers can increase charge-
transfer resistance and negatively affect battery performance.

2.3 | Interfacial Issues at the
Electrode/Electrolyte Interface

For lithium-ion battery cathodes, the surface and interfacial
regions of active materials are directly exposed to the electrolyte
and conductive carbon, enabling ion transport and electron
conduction. However, these interfaces are also sites for surface
structural transitions and undesirable side reactions with liquid
electrolytes, leading to the accumulation of reaction byproducts
and inactive phases, which increase charge transfer resistance
and reduce discharge capacity. In the case of high-nickel layered
cathode materials, the high oxidative reactivity of Ni** ions and
the ease of Mn?* dissolution, combined with intrinsic structural

and surface instabilities under high voltage, inevitably trigger
surface reconstruction, transition metal dissolution, byproduct
accumulation, and oxygen evolution. This section classifies and
discusses these interfacial degradation mechanisms, emphasizing
that they often occur synergistically rather than independently.

2.3.1 | Surface Structural Transitions

During repeated cycling, the surface of layered cathode materials
tends to transform into spinel-like or rock-salt phases, which
severely impede Li* and electron transport, resulting in increased
interfacial resistance and rapid capacity fade. The structural
stability of layered cathodes strongly depends on the upper cutoff
voltage. When charged to higher voltages, Ni** ions in the lattice
can migrate due to their ionic radius being similar to that of Li*,
occupying Li sites and driving irreversible structural transitions
toward spinel (Fd3m) and rock-salt (NiO) phases [49, 50]. The
formation of this insulating rock-salt layer significantly hinders
electrode kinetics, accelerating capacity decay (Figure 4a). Sung
et al. demonstrated that the irreversible phase transition on
high-Ni cathode surfaces correlates with the charging voltage:
below 4.5V, surface structures can convert to spinel or rock-salt
phases, whereas above 4.7 V, increased oxidation states promote
lattice oxygen release, further driving structural degradation
toward rock-salt phases [51]. Moreover, lattice oxygen release
is a key contributor to surface structure instability, not only at
extreme voltages but also within the H?-H? phase transition
range (>4.2 V). In this regime, the Fermi level shifts from the
Ni_3d_e,, band to the top of the O_2p band, activating lattice O*~
ions. The surface-active oxygen readily escapes from the lattice,
undermining the reversibility and stability of the H* phase and
kinetically promoting phase transitions [52-54].

2.3.2 | Surface Side Reactions

During high-temperature synthesis, lithium volatilization often
leads to a lithium deficiency in the bulk, so excess lithium
is typically added to the precursors. This practice can leave
residual lithium compounds on the surface of high-Ni cathodes
[59]. These residuals react with electrolytes to form insulating
layers, while highly oxidative Ni** further exacerbates electrolyte
decomposition, consuming the electrolyte and producing a thick,
resistive CEI In fact, performance degradation often originates at
the surface: beyond irreversible phase transitions, the chemical
state and surface reactivity with the electrolyte are major limit-
ing factors. When exposed to air, lithium-containing impurities
can react with moisture and CO, to form Li,CO; and other
basic species, increasing the surface alkalinity [60-62]. Residual
Li,CO; and LiOH may induce gelation during slurry mixing with
binders, causing poor electrode coating uniformity and adhesion.
More critically, these surface impurities can be corroded by
acidic species in the electrolyte, causing local structural collapse.
Such reactions can also generate harmful and flammable gases
(CO, and alkanes) [63]. The fragile surface of high-Ni materi-
als further reacts with liquid electrolytes (Figure 4b), forming
diverse compounds depending on the type of lithium salt and
carbonate solvents used. For example, LiClO,-based electrolytes
mainly generate carbonate species, whereas LiPF-based systems
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produce LiF and Li,PF,0, compounds. These side-products,
including LiOH, Li,CO;, and P/O/F species such as LiF, Li,PF,,
and Li,PF,0,, not only block Li* transport but also continue
consuming the electrolyte over long-term cycling, further increas-
ing interfacial resistance and compromising electrochemical
performance.

2.3.3 | Lattice Oxygen Evolution

Raising the charging voltage activates lattice oxygen, which
participates in redox reactions, leading to oxygen loss. The
onset potential for oxygen evolution strongly depends on the
Ni content: for LiNi;;Co,;;Mn,;0,, oxygen release starts at
approximately 4.6 V, while for LiNi, ;Co,,;Mn,;0,, it begins near
4.2 V. At elevated potentials, the Fermi level shifts from the
Ni_3d_e2g band to the O 2p band, activating O*~ ions that can
escape as O, gas or react with carbonate solvents to form CO,,
intensifying cathode-electrolyte interfacial side reactions. The
loss of lattice oxygen destabilizes the H3 phase, promotes irre-
versible transitions to spinel or rock-salt phases, and reduces the
oxidation state of transition metals [48]. In Figure 4c, Lim et al.
confirmed this mechanism by correlating structural evolution
with gas evolution during thermal decomposition, detecting both
0, and CO, emissions [56].

Compared with the compact and well-formed SEI on the anode,
the CEI is typically incomplete and insufficient to prevent direct
contact between the cathode active material and the electrolyte.
This results in the continuous and gradual oxidative decom-
position of the electrolyte during subsequent charge/discharge
cycles, especially under high-voltage operation in batteries, a
phenomenon known as parasitic oxidation [64, 65]. Parasitic
oxidation persistently consumes active lithium, leading to rapid
capacity fading. Additionally, the accumulation of reaction
byproducts on the cathode surface increases the interfacial
resistance and triggers a variety of side reactions. Throughout

this process, a range of complex organic and inorganic deposits,
along with gaseous products, accumulate on the cathode sur-
face. As illustrated in Figure 4d, the interfacial species include
carbonates, polycarbonates, alcohols, oxides, ethers, LiF, Li,COj,
Li,PO,F,, and RCF, [66-68]. Although these components are
chemically similar to those found in SEI and exhibit comparable
thicknesses (~3 nm), the structural and chemical properties of
CEI differ significantly from those of SEI. Parasitic oxidation
is also accompanied by gas evolution, including CO,, CO, O,,
H,, and CH,. These gases can adsorb onto the cathode surface,
hindering lithium-ion transport and leading to increased internal
pressure. Researchers have found that the severity of parasitic
reactions and the volume of gas generation increase with rising
voltage [69]. The cumulative effect of all parasitic processes
within the battery, including electrolyte oxidation, SEI formation,
and repair, ultimately contributes to accelerated degradation and
shortened battery lifespan. Parasitic heat flow offers a valuable
diagnostic tool to quantify the extent and rate of parasitic
reactions occurring within the battery and serves as a predictive
indicator of battery life. Smith et al. reported that in full cells
with graphite anodes, the parasitic current is largely independent
of the applied current [70]. Therefore, under conditions where
heat flows associated with polarization and entropy change can
be neglected, controlled-current calorimetric measurements can
be used to isolate and quantify net heat generation. The observed
heat flow differences in such scenarios can be attributed to
parasitic heat.

Although the SEI formed on the anode side in HVLIB systems
is generally considered less critical than the CEI for maintaining
stability under high-voltage operation, its role remains indis-
pensable. To enable stable electrochemical performance above
4.3 V (vs. Li*/Li), significant efforts have been made to develop
EC-free electrolyte systems, such as high-concentrated elec-
trolytes [71], localized high-concentration electrolytes (LHCEs)
[72], and fluorinated electrolytes [73]. The improved perfor-
mance observed with these advanced electrolyte formulations is
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primarily attributed to the formation of robust CEI layers that
effectively suppress electrolyte decomposition at the cathode
interface. This strategy is conceptually similar to the use of film-
forming additives (e.g., VC and triallyl phosphate) in EC-free
systems. However, the molecular-scale interactions among Li*
ions, anions, and solvents at the electrode/electrolyte interface
remain poorly understood. These interactions critically influence
Li* transport kinetics, electrolyte electrochemical stability, and
overall electrode performance (Figure 4e). The lack of compre-
hensive insight into these mechanisms, especially when the focus
is solely on cathode-side stabilization, has inadvertently led to
new challenges on the anode side. For instance, it has been
reported that EC-free electrolytes can induce serious side effects,
including compromised cycling stability and safety risks in LIBs.
In particular, the absence of EC may result in uncontrolled
lithium plating on graphite anodes during fast charging or high-
rate cycling, raising significant safety concerns. Therefore, a
deeper molecular-level understanding of interfacial behaviors
and reaction mechanisms at both cathode and anode surfaces is
essential for the rational design of next-generation electrolytes
tailored for high-voltage lithium-ion batteries.

2.4 | Challenges in Solid-State Batteries

The pursuit of high-voltage operation in conventional liquid elec-
trolyte systems is fundamentally constrained by oxidative decom-
position, parasitic side reactions, and interfacial instability at
elevated potentials. These intrinsic limitations not only accelerate
electrolyte degradation but also induce gas evolution, impedance
growth, and rapid capacity fading. In this context, solid-state bat-
teries (SSBs) have emerged not merely as an alternative for higher
energy density but also as a fundamentally different strategy
to address the core instability of liquid electrolytes under high-
voltage conditions. By replacing flammable liquid electrolytes
with solid-state electrolytes (SSEs), SSBs effectively suppress
solvent oxidation and mitigate interfacial side reactions, thereby
enabling compatibility with high-voltage cathodes and lithium
metal anodes [74-76]. The latter offers an ultrahigh theoretical
capacity (3860 mAh g') and low redox potential (-3.04 V vs.
SHE), opening a pathway toward energy densities exceeding
500 Wh kg~!. More importantly, the nonflammable, nonvolatile
nature, together with the high thermal stability and mechanical
rigidity of SSEs, provides intrinsic resistance against thermal
runaway and dendrite penetration, directly addressing safety
concerns exacerbated under high-voltage operation (Figure 5a)
[77-79].

Depending on the electrolyte chemistry, SSBs can be broadly
categorized into polymer-, oxide-, and sulfide-based systems,
each exhibiting distinct trade-offs in ionic conductivity, electro-
chemical stability, processability, and environmental sensitivity
(Figure 5b) [80]. From a high-voltage perspective, the key require-
ment for SSEs lies in sustaining a wide electrochemical stability
window (typically 2-5.0 V vs. Li*/Li) while maintaining stable
electrode/electrolyte interfaces. Accordingly, significant efforts
have been devoted to developing SSEs capable of withstanding
high oxidative potentials, as summarized in Table 1.

Among these, inorganic SSEs have attracted particular attention
due to their superior oxidative stability compared to liquid

electrolytes. However, a critical discrepancy exists between theo-
retically predicted and experimentally observed electrochemical
stability windows. For instance, density functional theory (DFT)
calculations suggest relatively narrow stability windows for
representative materials such as LGPS (1.71-2.15 V), LLTO (1.75-
3.71 V), LLZO (0.05-2.91 V), LATP (2.16-4.31 V), and LAGP
(2.70-4.27 V) [95], whereas experimental measurements often
report apparently wider windows. This inconsistency is largely
attributed to the use of inert electrodes in half-cell configu-
rations, which underestimate realistic interfacial reactivity. In
practical full-cell systems, direct contact between SSEs and
high-voltage cathodes frequently induces interfacial decompo-
sition. For instance, at ~3.8 V, the LLZO/LNMO interface
undergoes continuous degradation, leading to a cathode surface
phase transition and the formation of Li,3sNijosNiO,, which
increases the interfacial resistance and ultimately causes battery
failure [96].

Sulfide-based SSEs, often considered promising due to their high
ionic conductivity and nominally wide stability window (0 to
5 V vs. Li*/Li) [97], still suffer from pronounced interfacial
instability under high-voltage operation. Oxidative decomposi-
tion above ~3.8 V generates sulfur species and other byproducts,
increasing interfacial resistance and reducing Coulombic effi-
ciency, particularly when paired with 4 V-class layered cathodes.
Notably, such instability is highly interface-dependent and can be
mitigated through interfacial engineering. For instance, surface
sulfuration of LNMO effectively stabilizes the interface, enabling
sulfide electrolytes to operate under 5 V conditions (Figure 5c).
Nevertheless, sulfide SSEs also face critical practical challenges,
including severe moisture sensitivity and toxic H,S gas release,
necessitating stringent processing conditions.

To overcome these limitations, emerging inorganic SSEs, particu-
larly halide-based systems, have demonstrated improved compat-
ibility with high-voltage cathodes. For example, Li,In,;Sc,;;Cl,
exhibits stable operation up to 4.8 V with excellent cycling
durability [82] (Figure 5d). Similarly, ytterbium-based halide
electrolytes show good compatibility with 4 V-class cathodes such
as LCO and Ni-rich NCM without requiring surface coatings
[98]. Interface engineering strategies, such as vacuum-assisted
deposition of Li;InCl; interlayers [99, 100], further enhance
interfacial stability and enable sustained high-voltage cycling.
These findings highlight that the practical electrochemical sta-
bility of SSEs is governed not only by bulk thermodynamics
but also by dynamic interfacial reactions under realistic oper-
ating conditions, emphasizing the necessity of full-cell-level
evaluation.

Despite their intrinsic advantages in suppressing high-voltage-
induced side reactions and improving safety, SSBs still face several
critical challenges that hinder their practical implementation
(Figure 5e) [83]. Lithium dendrite penetration through solid
electrolytes remains a major concern, particularly under high
current densities. In addition, interfacial instability at the Li
metal/SSE interface, including nonuniform SEI formation, leads
to increased resistance and reduced cycling stability. Mechanical
degradation induced by volume changes during cycling fur-
ther exacerbates interfacial failure. These challenges underscore
that although SSBs provide a promising pathway to fundamen-
tally overcome the limitations of liquid systems under high
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Conductivity Cell voltage Cycle
SSE (Scm™) ESW  constitution  window performance Refs
Li, 5 Y016 BT 16 YDo 1610 55 210 25Clg 117 %1073 46V Li-In|LCO 25-4.6V  9L6%@50 cycles [84]
Li, ,In,,S¢,,Zr,,Hf, , Ta,,Cl, 4.69 %1073 52V Li-InINCM 3.0-55V  71.9%@111 cycles [85]
P(PEGMEA)+BTO 416 %107 47V LiINCMS11 28-47V  64%@500 cycles [86]
PVDF-HFP+TMP 7.90 x 10~* 52V LiINCMS8I11 2.8-4.7V 91.5%@300 [87]
cycles
P(TFPO-PEE) 3.98 x 1073 51V LiIINCM622  28-4.7V 74.2%@100 (88]
cycles
PVDF-TrFE+LiDFP 1.91x 1073 51V LilLNMO 35-51V  60%@200 cycles [89]
Li, sZrCLF, 50,5 117 %1073 48V LiINCM955  2.5-43V 81.2%@500 [90]
cycles
LLZTO+TEGDME 2.70 X 107 52V LiINCMS811 2.8-45V  90%@200 cycles [91]
PLiMTFSI-b-PPFEMA 4.45%x107* 51V LilLCO 2.8-4.6 V. 70%@190 cycles [92]
PEO-Mg-Al-LiTFSI 2.30x 1074 48V LiINCM811 2.8-48V 63.5%@100 [93]
cycles
LPIFD 3.00 x 107* 45V LiINCM811 2.8-45V 76.2%@450 [94]
cycles
10 of 53 Advanced Energy Materials, 2026

85U017 SUOWILIOD AIT.D) 8|qed!(dde ay) Ag pausenob ae sooile O ‘@SN JO S8|nJ o} Akeid18uljuQ A8|IA UO (SUONIPUOD-PUB-SWLBI W00 A8 1M Afe.q 1 BulU0//:SANY) SUORIPUOD pue swis | 3y} &8s *[9202/TT/20] uo Arigiauliuo A8|im ‘AiseAIUN Uil AQ €£20T/ WUSe/Z00T OT/10p/LL0o" A3 1M AleIq Ul |uo peoueADe// Sty WOl pepeo|umod ‘9z ‘9202 ‘0r89rTIT



voltage, their reliable operation still requires deeper mechanistic
understanding and advanced interface engineering strategies
[101-105].

3 | Advanced Techniques for High-Voltage
Degradation Mechanisms

The severe interfacial instability at cathode/electrolyte interfaces
under high-voltage conditions (>4.5 V), as discussed above,
necessitates a comprehensive understanding of both the chem-
ical and structural evolution occurring during electrochemical
operation. In contrast to metal anode interfaces, where reduc-
tive decomposition dominates, high-voltage cathode interfaces
are primarily governed by oxidative degradation, space-charge
layer formation, and transition-metal-driven interfacial reactions
[106-108]. Elucidating these processes requires the integration of
multimodal characterization techniques across multiple length
and time scales, enabling the correlation of interfacial chemistry,
structural evolution, and electrochemical behavior.

3.1 | Characterization Techniques for
High-Voltage Degradation Mechanisms

For chemical and electrochemical degradation mechanisms,
identifying the composition and evolution of cathode/electrolyte
interphases is essential to clarify reaction pathways and their
impact on Li* transport and interfacial resistance. To this
end, a combination of advanced spectroscopic and diffraction
techniques, including X-ray diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS), X-ray absorption spectroscopy (XAS),
and Raman spectroscopy, has been widely employed. These
techniques provide complementary insights into bulk phase tran-
sitions, surface chemical states, and local bonding environments
under high-voltage operation (Figure 6). In summary, we have
provided a comprehensive table presenting the advantages of dif-
ferent characterization techniques for the analysis of high-voltage
cathode interface structure and composition in Table 2.

Electron microscopy techniques provide direct visualization of
interfacial morphology and microstructural evolution. Scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM) enable the observation of interfacial contact,
crack formation, and morphological degradation, while high-
resolution TEM and associated spectroscopic techniques (e.g.,
EDS, EELS) allow for atomic-scale analysis of interphase forma-
tion and elemental redistribution [109]. However, the interaction
between high-energy electron beams and sample surfaces can
induce damage, potentially altering the structure and composi-
tion of sensitive interphases such as the SEI and CEI, thereby
leading to misinterpretation of results. To address this limitation,
cryogenic electron microscopy (cryo-EM) has been developed
to preserve the native structure of samples by rapid freezing
at ultralow temperatures. By vitrifying the surrounding liquid
environment (e.g., using liquid nitrogen), cryo-EM minimizes
the effects of vacuum exposure and electron beam irradiation.
For example, cryo-EM analysis has revealed that no continuous
CEI layer can be detected on NMC cathode surfaces after 100
cycles, suggesting that CEI formation may be spatially hetero-
geneous and does not uniformly cover individual particles [110].

Moreover, the thickness of the CEI layers can be quantitatively
determined from cryo-EM images, although significant variations
are observed depending on the cathode material and electrolyte
system [111-113].

Atomic force microscopy (AFM) provides another powerful
approach for probing interfacial properties by measuring the
intermolecular forces between a probe and the sample surface.
In particular, AFM-based modulus mapping offers valuable
information on the composition and mechanical properties of
CEI layers. Recent studies have shown that the modulus of
the CEI is strongly influenced by the cathode chemistry, elec-
trolyte composition, and testing conditions [114-116]. Generally,
CEI layers with higher inorganic content and more uniform
distribution exhibit larger modulus values and improved inter-
facial stability. Notably, AFM can be readily integrated into
in situ electrochemical methods, enabling direct observation
of CEI formation and evolution during battery operation. For
instance, Chen et al. [117] investigated the behavior of LiCoO,
at high voltages and found that while the bulk crystal facets
remained largely unchanged during charging, a thin film with
a fibrous morphology formed at particle edges at 4.5 V and
disappeared upon discharging to 3 V. AFM analysis further
revealed the formation of surface microcracks and slip steps
under different states of charge, providing critical insights into
the dynamic structural evolution of cathode materials during
cycling.

For chemical characterization, synchrotron-based X-ray tech-
niques play a central role in probing high-voltage degradation.
Operando XRD enables real-time tracking of cathode structural
evolution, such as phase transitions from layered to rock-salt or
spinel-like structures induced by deep delithiation and oxygen
release. However, such bulk-sensitive techniques often lack
sufficient resolution to directly resolve interfacial reactions. In
contrast, X-ray photoelectron spectroscopy (XPS), with its high
surface sensitivity, is particularly effective in identifying inter-
facial decomposition products and electronic structure changes.
For example, XPS analysis has revealed the formation of oxidized
species such as Li,CO;, LiF, and transition-metal-containing
compounds at high-voltage interfaces, which originate from
electrolyte oxidation and cathode surface reconstruction [118-
120]. The sensitivity of XPS to subtle binding energy shifts
further enables the detection of changes in electronic structure,
providing insights into the alignment of energy levels that
govern interfacial stability. In addition, time-of-flight secondary
ion mass spectrometry (TOF-SIMS) has emerged as a pow-
erful technique for probing interfacial chemical compositions
with high sensitivity. By bombarding the sample surface with
primary ions, TOF-SIMS generates secondary ions that carry
detailed compositional information. This method is particularly
effective for tracking transition metal dissolution from cathodes
and their subsequent reactions with electrolyte components at
high-voltage interfaces. Characteristic ionic fragments such as
MnF;~, FeF,™, FeF,~, MnF,~, NiF;~, and NiO~ can be readily
detected, providing direct evidence of interfacial side reactions
and decomposition pathways [6, 7, 121]. Furthermore, TOF-SIMS
enables in-depth analysis of the reactivity of different components
and their associated reaction pathways, offering valuable insights
into the complex chemistry governing high-voltage interfacial
degradation [122-125].
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FIGURE 6 | Schematic diagrams illustrating advanced characterization techniques for the high-voltage CEI.

X-ray absorption spectroscopy (XAS), including XANES and
EXAFS, offers element-specific information on local coordina-
tion environments and oxidation states, making it particularly
valuable for tracking transition metal redox behavior and oxygen
participation in high-voltage reactions. Operando XAS studies
have demonstrated that transition metal migration and oxygen
redox activity are closely coupled to interfacial degradation,
leading to the formation of disordered surface layers that impede
Li* transport [126]. Importantly, XAS can distinguish between
bulk and interfacial regions, enabling the identification of
localized degradation processes that are often undetectable by
conventional diffraction techniques [127].

Beyond the monitoring of interfacial morphology and chemical
composition, operando techniques for probing dynamic interfa-
cial evolution are equally critical for understanding high-voltage
degradation mechanisms. In situ Raman spectroscopy provides
detailed insights into the evolution of molecular and crystal
structures in cathode materials during electrochemical cycling.
As electrochemical reactions proceed, changes in bonding envi-
ronments and lattice vibrations are reflected in Raman spectra
through peak shifts, intensity variations, and the emergence
or disappearance of characteristic vibrational modes [128-130].
Notably, Raman spectroscopy is also an effective tool for detecting
the formation of O—O bonds and peroxide species in lithium-rich

layered oxides, which are closely associated with oxygen redox
activity and structural instability at high voltages [131].

In situ Fourier transform infrared (FTIR) spectroscopy offers
complementary information on interfacial chemical evolution.
For instance, the Liu group employed operando FTIR to monitor
the dynamic evolution of the CEI during electrochemical cycling,
revealing that CEI instability originates from its reversible
transformation during charge/discharge processes. This behav-
ior leads to a continuous “formation-dissolution-reformation”
process, driven by ongoing electrolyte consumption, ultimately
contributing to interfacial degradation [132].

Differential electrochemical mass spectrometry (DEMS)
is another powerful real-time technique that couples
electrochemical cells with mass spectrometry to detect gaseous
products generated during battery operation. DEMS enables the
identification of gas evolution at cathode interfaces, including
species originating from electrolyte decomposition and cathode
degradation, thereby providing a more comprehensive picture
of interfacial reactions [133-135]. For example, Amine et al.
employed DEMS and coherent X-ray diffraction to establish a
voltage threshold (>4.47 V) for O, release in LiITMO, cathodes,
linking lattice expansion and transition metal migration to
surface oxygen loss [136].
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TABLE 2 | The advantages of various characterization techniques for high-voltage cathode interface structure and composition analysis.
Characterization
information Technique Advantages
Structure SEM Provides mesoscale morphology and surface features; useful for evaluating

electrode integrity and interface evolution after high-voltage cycling

TEM Atomic-/nanoscale resolution imaging; enables direct visualization of CEI
thickness, crystallinity, and cathode/electrolyte interface structure
Cryo-EM Preserves native CEI structure by minimizing beam damage and air exposure;
reveals fragile and metastable interphases formed at high voltage
AFM High-resolution surface topography and mechanical mapping; capable of
probing local stiffness, adhesion, and charge distribution at CEI
Chemistry XAS Element-specific probe of oxidation states and local coordination; particularly
powerful for tracking transition metal redox and oxygen activity at high voltage
XPS Surface-sensitive chemical analysis (~nm depth); provides elemental
composition and chemical states of CEI components with high resolution
TOF-SIMS Ultrahigh surface sensitivity with spatial mapping; detects light elements and
organic/inorganic fragments, enabling detailed CEI compositional profiling
Dynamic evolution In situ XRD Monitors real-time structural evolution of cathodes during cycling; correlates
phase transitions with CEI formation at high voltage
In situ FTIR Tracks molecular-level evolution of electrolyte decomposition products and
CEI species during operation
In situ Provides real-time insight into structural and chemical changes, including
Raman bond evolution and reaction pathways at the cathode interface
DEMS Enables real-time, operando detection of gas evolution

with high sensitivity; provides direct insight into electrolyte oxidation, cathode
oxygen release, and interfacial decomposition processes under high-voltage

operation

3.2 | Simulation Techniques for High-Voltage
Degradation Mechanisms

The complex degradation processes at high-voltage interfaces,
involving coupled electrochemical, chemical, and mechanical
phenomena, are often difficult to fully resolve by experiments
alone. In this context, computational simulations play a crucial
role in providing atomistic to mesoscale insights into interfacial
reactions, ion transport, and structural evolution. By bridg-
ing multiple length scales, simulation techniques complement
advanced characterization and enable a more fundamental
understanding of degradation mechanisms under high-voltage
conditions (Figure 7).

At the electronic and atomic scales, density functional theory
(DFT) has been extensively employed to evaluate the intrinsic sta-
bility of solid electrolytes and interfacial materials. In particular,
DEFT calculations enable the prediction of electrochemical stabil-
ity windows based on the alignment of electronic energy levels, as
well as the identification of likely decomposition pathways at high
potentials [137]. For cathode/SSE interfaces, DFT has revealed
that many oxide and sulfide electrolytes are thermodynamically
unstable above 4.0~4.5 V and undergo oxidative decomposition
to form resistive interphases [138]. Importantly, such calculations
also provide insights into interfacial reaction energies, charge
transfer behavior, and the formation of space-charge layers aris-
ing from differences in chemical potential across the interface [95,

139, 140]. However, it is now widely recognized that the practical
stability window often exceeds the thermodynamic limit, owing
to kinetic barriers that suppress interfacial reactions, highlighting
the necessity of coupling DFT with dynamic simulations and
experimental validation [141].

To capture the dynamic evolution of interfaces and ion transport
processes, molecular dynamics (MD) simulations, including both
classical and ab initio approaches, are widely used [142]. MD
simulations can provide detailed information on Li* diffusion
behavior, electrolyte reactions, and the formation of disordered
interphases under electrochemical driving forces. In high-voltage
systems, MD studies have demonstrated that interfacial insta-
bility is closely linked to local structural fluctuations and the
breakdown of coordination environments, which facilitate para-
sitic reactions and impede ion transport [143]. Furthermore, MD
simulations are particularly valuable for investigating the forma-
tion and evolution of space-charge layers, which play a critical
role in determining interfacial resistance and rate capability [144].

At larger length scales, phase-field modeling offers a powerful
framework for describing the mesoscale evolution of interfaces
during electrochemical cycling. By incorporating thermodynamic
and kinetic parameters derived from atomistic calculations,
phase-field models can simulate the growth of interfacial layers,
crack formation, and chemo-mechanical coupling effects that
lead to performance degradation [145-147]. For high-voltage

Advanced Energy Materials, 2026

13 of 53

85UBD17 SUOWILIOD 3AERID 3|qedlidde 8y} Aq pauienob a1e SSPILe YO 88N JO S3NJ o ARIGIT BUIUO /8|1 UO (SUORIPUOD-PUR-SWLIBY W00 A3 1M AReaq 1 jeut U/ SARY) SUOBIPUOD pUe SLLB | 34} 83S *[9202/TT/20] U0 ARIqIT3UUO AB|IM *ANSRAIIN Ul AQ €0T . WUSR/Z00T OT/I0P/WI0Y"A8| 1M AR 1 [ou U0 peoLADe//SANY WO papeolumod ‘9z ‘9202 ‘0v89rTIT



Density functional theory (DFT)

Elacirgyla maciion

LI* diffugian bahasics

Phasa-fiald medeling

FIGURE 7 |

cathodes, such models have been used to elucidate how interfa-
cial reactions and volume changes induce stress accumulation,
ultimately resulting in loss of contact and accelerated degradation
[148]. These approaches thus provide a direct link between
microscopic mechanisms and macroscopic failure behavior.

More recently, data-driven approaches and machine learning
(ML) techniques have emerged as promising tools for accelerating
the discovery and optimization of materials for HVLIBs [149-
151]. ML-assisted methods enable high-throughput screening
of electrolyte and coating materials with enhanced oxidative
stability, as well as the development of surrogate models that
can predict interfacial properties and degradation trends. In addi-
tion, machine learning potentials have been increasingly inte-
grated with molecular dynamics simulations to extend accessible
time and length scales while maintaining near first-principles
accuracy.

Overall, each simulation and modeling approach discussed
above provides distinct yet complementary insights into high-
voltage degradation mechanisms. A comprehensive understand-
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Schematic diagrams illustrating simulation techniques for high-voltage degradation mechanisms.

ing therefore requires the integration of multiscale computational
techniques, linking electronic structure calculations with atom-
istic dynamics and mesoscale evolution. This highlights the
importance of developing coupled simulation frameworks that
can bridge different length and time scales while maintaining
consistency with experimental observations. Furthermore, closer
synergy between simulations and advanced characterization
techniques is essential for validating predicted reaction pathways
and interfacial phenomena under realistic operating conditions.
Continued progress in high-throughput computation, machine
learning-assisted modeling, and physically informed data-driven
approaches will further enhance predictive capabilities, enabling
more accurate identification of degradation mechanisms and
rational design of stable HVLIBs.

4 | Process-Structure-Performance Relationships
in High-Voltage Lithium-Ion Batteries

In HVLIBs, performance is governed not only by material
composition but more critically by preparation technologies.
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Fabrication routes directly determine particle crystallinity, defect
distribution, surface chemistry, and interfacial structure, which
in turn control voltage stability, interfacial degradation, and safety
under high-field operation. Therefore, preparation technologies
should be viewed as key enablers that bridge material design
with battery performance rather than auxiliary steps. This chapter
focuses on how specific fabrication strategies regulate structural
and interfacial features and how these features ultimately dictate
high-voltage performance.

4.1 | Preparation Routes of High-Voltage
Electrode Materials and Performance Implications

This section focuses on how preparation strategies translate
into specific structural and interfacial features that control elec-
trochemical behavior. Bottom-up approaches primarily define
bulk properties such as phase purity, particle size, and defect
distribution, which influence Li* transport and structural sta-
bility under deep delithiation. In contrast, top-down strategies
regulate the surface chemistry and interfacial structure, playing
a critical role in suppressing electrolyte oxidation and stabiliz-
ing cathode/electrolyte interfaces. In practice, these approaches
are often combined, enabling the rational design of electrode
materials with optimized bulk structure and interfacial stability,
which are both essential for reliable operation under high-voltage
conditions.

4.1.1 | Synthesis Strategies of High-voltage Electrode
Materials: From Atomic to Voltage Stability

The synthesis pathway of high-voltage electrode materials estab-
lishes their initial cation ordering, particle morphology, and
defect distribution, which collectively dictate lithium-ion trans-
port, structural robustness, and interfacial reactivity under high
electric fields.

4.1.1.1 | High-Temperature Solid-State Synthesis: Cation
Disorder and High-Voltage Degradation. High-temperature
solid-state synthesis is widely used for layered cathode materials
due to its simplicity and scalability. However, diffusion-limited
kinetics and elevated sintering temperatures inherently induce
particle coarsening and Li/Ni cation mixing, both of which
are detrimental to structural stability and capacity retention at
high voltages. This method typically involves mixing lithium
sources (e.g., LiOH, Li,CO;) with transition metal precursors,
followed by high-temperature calcination (Figure 8a). While it
can preserve precursor morphology, the resulting materials often
exhibit inhomogeneous particle size distribution and uneven
crystallinity, depending on precursor design and processing
conditions. Qiu et al. modified solid-state routes with precursors
that can improve crystallinity and reduce the Li* diffusion
length, leading to enhanced capacity and rate performance [152].
Nevertheless, variability in particle morphology and structural
integrity remains common, even though capacities above 180
mAh g! at low rates and reasonable cycling stability have been
reported [153-155] (Figure 8b).

A key limitation of this method lies in excessive grain growth
during prolonged high-temperature sintering, which often leads

to broad or bimodal particle size distributions [159-161]. The
Zhang group systematically investigated the impact of sintering
temperature on the grain size distribution of cathode particles
[156]. As shown in Figure 8c, the particle sizes of NCM811 cathode
materials range from ~200 nm to over 100 pm. Such hetero-
geneity results in poor particle packing and increased porosity
in electrodes, disrupting Li* transport pathways and promoting
interfacial side reactions with the electrolyte. Consequently, both
internal transport limitations and external parasitic reactions
accelerate capacity fading under high-voltage operation.

In addition, Li/Ni cation disorder is a critical issue in Ni-rich
layered oxides (e.g., NCM8I11), arising from the similar ionic radii
of Ni** and Li*. During high-temperature synthesis, Ni** readily
occupies Li sites, leading to anti-site defects that significantly
degrade electrochemical performance. These defects reduce the
Li-layer spacing, hinder Li* diffusion via a pinning effect, and
introduce electrochemically inactive Li species (Figure 8d) [157].
Furthermore, oxidation of anti-site Ni** during initial charging
induces lattice contraction, contributing to irreversible capacity
loss (Figure 8e) [158, 162]. Overall, while solid-state synthesis
offers practical advantages, its intrinsic tendency to generate
structural heterogeneity and cation disorder limits high-voltage
performance, highlighting the need for improved precursor
engineering and process optimization.

4.1.1.2 | Coprecipitation: Precursor Engineering for
High-Voltage Interfacial Stability. By enabling atomic-
level mixing and precise control over precursor morphology,
coprecipitation directly influences secondary particle density
and surface chemistry, which in turn regulate electrolyte
penetration, CEI formation, and voltage-induced degradation
during prolonged cycling. Co-precipitation is widely adopted
for synthesizing high-voltage layered oxide precursors due
to its simplicity, scalability, low cost, and ability to achieve
atomic-level mixing of transition metals [163-165]. This method
enables precise control over precursor composition, particle
morphology, crystal ordering, and impurity levels, all of which
critically dictate the electrochemical performance of the final
cathode. By tuning co-precipitation conditions, dense and
uniform secondary particles can be produced in large batches
suitable for industrial applications.

Typically, precursor synthesis involves two stages: (1) continuous
feeding of metal salt solutions (e.g., Ni, Co, Mn acetates or
sulfates) into an ammoniacal reactor, where metal ions form
aqua complexes ([TM(NH,),]*"); (2) gradual addition of NaOH
to precipitate metal hydroxides, while a dynamic dissolution
and recrystallization equilibrium is maintained (Figure 9a).
Under controlled pH and ammonia concentrations, nucleation
occurs rapidly upon supersaturation, followed by crystallite
growth and aggregation into primary particles, which eventually
self-assemble into spherical secondary particles by Ostwald ripen-
ing (Figure 9b) [166]. Careful modulation of parameters such as
pH, ammonia concentration, feed rate, temperature, and stirring
conditions allows precise control over both the size and packing
morphology of precursor particles.

Even under vigorous stirring, primary particle growth tends to
remain anisotropic due to differences in surface energy across
crystallographic planes. Yang et al. used DFT to reveal that the
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FIGURE 8 | (a)Schematicdiagram of high-temperature solid-state synthesis. (b) XRD patterns of NCA cathode materials prepared by two solid-state
methods [152]. Copyright, Springer Berlin Heidelberg. (c) Summarized distribution curves of NCM811 cathode materials prepared by high-temperature
solid-state synthesis [156]. Copyright, Elsevier. (d) Schematic diagram of the Ni-Li exchange process [157]. Copyright, American Chemical Society. (e)
Tuning thermodynamic and kinetic parameters to control the Ni/Li ordering in high-Ni layered NMC materials [158]. Copyright, John Wiley & Sons,
Ltd.
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FIGURE 9 | (a) Schematic diagram of coprecipitation synthesis. (b) The formation of embryonic agglomerates, secondary particles, and
recrystallization [166]. Copyright, John Wiley & Sons, Ltd. (c) Schematic illustration of ordered and disordered agglomerates and corresponding HRTEM
patterns [167]. Copyright, Elsevier. (d) Photos of different types of impellers and corresponding battery performances [2, 168]. Copyright, Elsevier.
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(001) plane of Ni,5Co,,;Mn,;; (OH), exhibits the highest surface
energy, leading to preferential growth along this direction. More-
over, surface charge affects adsorption behavior, and ammonium
ions (NH*") preferentially adsorb on negatively charged facets,
influencing crystal orientation. As demonstrated in Figure 9c,
increasing the ammonia concentration above ~1.5 mol L! shifts
growth dominance to the (001) face, resulting in more ordered,
densely packed platelet particles that enhance cycling stability
but reduce rate capability. Conversely, lower ammonia levels and
higher pH promote less ordered primary particles with preferable
rate performance [167].

The formation of dense secondary aggregates requires slow
coprecipitation under moderate supersaturation in the presence
of ammonia, enabling a dissolution-recrystallization mecha-
nism. Because the solubility (K, ) of transition-metal hydroxides
is low, these dynamics only manifest within a narrow pH
range: lower pH fosters complexation, while higher pH favors
rapid precipitation and suppresses secondary particle maturity.
Accordingly, the ideal precipitation pH for producing spherical,
uniform secondary particles differs depending on Ni/Co/Mn
ratios, as complexation behavior varies for each metal ion and
thus influences nucleation/growth pathways. Stirring conditions
further impact particle morphology. In experiments by Noh
et al., Ni;sCo,,Mn,;(OH), precursors prepared at 1000 rpm
exhibited high tap densities (2.20 g cm~) with dense spherical
secondary particles, whereas 300 rpm produced irregular shapes
with significantly lower density (~1.08 g cm~3) [169]. Similarly, in
Figure 9d, Huang et al. compared different impeller types: pro-
peller, inclined turbine, flat blade, and Rushton [168]. They found
that only the propeller turbine (PT) generated uniformly dense
spherical precursors with tap densities exceeding 2.0 g cm=3.

4.1.1.3 | Hydrothermal Synthesis: Single-Crystal Archi-
tectures for High-Voltage Robustness. Hydrothermal synthe-
sis facilitates the formation of highly crystalline and mechanically
robust particles, whose reduced internal grain boundaries effec-
tively suppress microcrack formation and parasitic interfacial
reactions under high-voltage operation. Hydrothermal synthe-
sis represents a versatile solution-based strategy for producing
advanced lithium transition metal oxides, wherein transition
metal compounds (Ni, Co, Mn) and lithium salts are dissolved
in water and crystallized under high-temperature, high-pressure
conditions in a sealed autoclave (Figure 10a). This approach
facilitates the formation of well-crystallized, uniformly sized
particles with high phase purity and mechanical robustness.
Unlike conventional solid-state methods, hydrothermal processes
yield submicron-scale structures with reduced particle brittleness
and lower susceptibility to moisture uptake, attributes that
significantly benefit downstream electrode fabrication. However,
this technique relies on specialized high-pressure reactors and
imposes limitations on large-scale industrial implementation.

Ge et al.172 reported a CaO-assisted regeneration strategy in
which CaO scavenges fluorine impurities as CaF,, enabling the
recovery of structurally intact Ni—Co—Mn oxides with stabilized
oxygen vacancy-rich surfaces (Figure 10b). The regenerated cath-
odes exhibit robust cycling performance (~150 mAh g™' with
>95% retention at 1 C) and enhanced Li-ion transport with
reduced interfacial resistance. This work highlights an effective

route for restoring fluorine-contaminated NCM materials in
closed-loop recycling.

Guo and co-workers further advanced the approach by
synthesizing single-crystalline NCMS811 microrods using a
modified hydrothermal oxalate route [171]. In this process,
Ni(CH;CO0O0),-4H,0 and Co(CH;COO),-4H,0 were dissolved
in 100 mL ethanol solution, followed by the sequential addition
of urea and oxalic acid (H,C,0,-2H,0). The mixture was then
transferred to an autoclave and heated at 180 °C for 12 h to
yield a uniform oxalate precursor (Ni,g,C0q1;C,0,4-2H,0). This
was subsequently mixed with Mn(NO;), and a 50% excess of
LiOH-H,O0 in ethanol to form a suspension, which was dried
and subjected to thermal treatment at 500°C for 6 h, followed by
sintering at 750°C for 12 h (Figure 10c). The resulting NCM811
microrods displayed exceptional electrochemical characteristics.
As shown in Figure 10d, this cathode material delivered an
initial discharge capacity of 187.2 mAh g~! and retained 95.1%
of its capacity after 100 cycles. Even under aggressive high-rate
cycling (5 C, 2.8-4.4 V), the cathode maintained a high discharge
capacity of 140 mAh g=1. These results highlight the hydrothermal
method’s potential in enabling high-performance, structurally
stable single-crystal NCM cathodes through controlled precursor
chemistry and optimized sintering profiles.

4.1.1.4 | Sol-Gel Method: Chemical Homogeneity vs.
Cation Disorder at High Voltage. Although sol-gel synthesis
enables excellent compositional homogeneity, the coordination
environment during gelation strongly affects Li/Ni site occu-
pancy, which has a pronounced impact on lithium-ion mobility
and irreversible capacity loss at elevated voltages. The sol-
gel method is a quintessential soft-chemistry approach that
enables atomic-level homogeneity in precursor mixing, effec-
tively addressing the dispersion and compositional uniformity
challenges inherent to high-temperature solid-state reactions. In
a typical sol-gel synthesis, metal precursors are first dissolved
in a solvent to form a homogeneous solution, followed by
the addition of complexing agents to yield a stable sol. Upon
gelation, the resultant gel is subjected to drying and subsequent
calcination in the presence of lithium sources to produce the
cathode materials (as shown in Figure 1la). The entire pro-
cess progresses through a continuous phase evolution, from
molecular to polymeric states, transitioning through sol and gel
intermediates, and ultimately crystallizing into the desired oxide
phase [173].

Despite its advantages in chemical uniformity and structural
control, the sol-gel method remains constrained by prolonged
processing times, poor batch-to-batch reproducibility, and the
high cost of reagents, factors that hinder its scalability for
industrial applications. Moreover, NCM materials synthesized via
this method often exhibit pronounced cation disorder, particu-
larly Li/Ni site mixing, which detrimentally affects lithium-ion
mobility and overall electrochemical performance. To mitigate
these issues, researchers have explored the influence of various
solvents and chelating systems on the sol-gel process. Organic
agents such as polyvinyl alcohol, glycolic acid, adipic acid,
sucrose, and citric acid have been employed to modulate the
coordination environment and gelation behavior. Notably, Julien
et al. demonstrated that using sucrose as a chelating agent
effectively reduced Li/Ni cation mixing in LiNi,;Co,;;Mn,;;0,,
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FIGURE 10 | (a)Schematic diagram of hydrothermal synthesis. (b) Schematic of a simple regeneration mechanism and corresponding SEM images
[170]. Copyright, Royal Society of Chemistry. (c) Prepared single-crystalline NCM811 cathode materials via hydrothermal synthesis and (d) corresponding

electrochemical performance [171]. Copyright, Tsinghua University Press.
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FIGURE 11 | (a) Schematic diagram of the sol-gel method [173]. (b) SEM and TEM images of as-prepared LiNij;3Co;/3Mn;;30, powder [174].
Copyright, Elsevier. (c) Synthesis process of G@MOFs. (d) HRTEM image of synthesized MOF powder. (e) Young’s modulus mapping of G@MOFs

[175]. Copyright, Royal Society of Chemistry.

resulting in improved capacity retention over extended cycling
[174]. These findings underscore the importance of molecular
design in tailoring precursor chemistry to optimize cathode
functionality (Figure 11b). Beyond cathode synthesis, the sol-gel

route also offers a promising platform for fabricating gel polymer
electrolytes (Figure 11c-e), which have been shown to enhance
the electrochemical interface stability and rate performance of
high-energy NCM materials [175]. This dual application potential
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FIGURE 12 | Advantages and disadvantages of coating approaches in wet coating technologies [177].

highlights the versatility of sol-gel chemistry in next-generation
lithium battery systems.

4.1.2 | Electrode Manufacturing Technologies and Their
Influence on High-voltage Transport and Stability

Beyond material synthesis, electrode manufacturing processes
determine mesoscale features such as porosity gradients, binder
distribution, and mechanical integrity, which critically control
charge transport, interfacial resistance, and degradation path-
ways in high-voltage electrodes.

4.1.21 | Wet Coating Electrode Fabrication: Binder
Migration and High-Voltage Polarization. Wet coating
remains the dominant fabrication strategy for lithium-ion
battery electrodes, involving slurry preparation, film casting, and
thermal drying (as shown in Figure 12). It enables precise control
over electrode thickness and composition and is widely adopted
in industrial production due to its maturity and scalability.
Typically, slurries composed of active materials, conductive
additives, and polymer binders (e.g., PVDF dissolved in NMP)

are cast onto current collectors, followed by solvent evaporation
to form dense electrode films [176].

Despite these advantages, wet coating introduces intrinsic lim-
itations that are particularly detrimental under high-voltage
conditions. The reliance on volatile solvents such as NMP
results in high energy consumption and environmental burden,
with solvent evaporation accounting for a major fraction of
processing energy. More critically, solvent evaporation induces
binder migration, leading to the accumulation of PVDF near the
electrode surface. This forms an insulating layer that increases
the interfacial resistance and exacerbates polarization, especially
under high electric fields.

At the microstructural level, drying-induced gradients also result
in nonuniform particle packing, pore distribution, and mechani-
cal stress, particularly in thick electrodes. These effects can cause
crack formation and delamination, disrupt electron/ion transport
pathways, and accelerate capacity decay. For instance, electrodes
with high mass loading often exhibit significantly increased crack
density and impedance, posing a major challenge for high-energy
(>400 Wh kg™) systems.
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FIGURE 13 | (a)Schematicdiagram of the powder coating process [179]. Copyright, Elsevier. (b) Schematic diagram of the binder fibrillation method
[180]. Copyright, John Wiley & Sons, Ltd. (c) Schematic diagram of the dry pressing method [181]. Copyright, Springer Nature.

To mitigate these issues, strategies such as surface reconstruction
and interfacial engineering have been explored. For example,
controlled surface modification of LiCoO, can generate stable
rock-salt-like layers that enhance structural integrity and cycling
stability at high voltages. Overall, while wet coating underpins
current battery manufacturing, its binder redistribution, energy-
intensive processing, and structural heterogeneity represent key
bottlenecks for high-voltage applications, motivating the develop-
ment of alternative fabrication routes and process optimization
strategies.

4.1.2.2 | Dry Electrode Fabrication: Thick-Electrode
Enablement for High-Voltage Applications. Dry electrode
fabrication eliminates solvent-driven binder redistribution,
fundamentally altering porosity, tortuosity, and mechanical
integrity, thereby enabling stable thick electrodes with reduced
polarization and improved voltage utilization. Compared with
slurry casting, this approach minimizes solvent use, lowers
environmental impact, and avoids impurity incorporation. Dry
processing can be broadly classified into powder coating, binder
fibrillation, and dry pressing (Figure 13) [178].

In the powder coating process, charged particles are electrostat-
ically deposited onto current collectors and thermally bonded,
forming flexible and uniform films (Figure 13a) [182, 183]. Binder
fibrillation relies on shear-induced transformation of PTFE into
a fibrous network that entangles active materials and conductive
additives, creating a self-supporting structure (Figure 13b) [184].
Dry pressing, in contrast, compacts premixed powders onto
current collectors by calendaring, producing dense electrodes
with high mechanical strength and scalable manufacturability
(Figure 13c). Across these methods, shear forces and com-
paction conditions critically determine particle distribution, film
uniformity, and defect formation.

A key advantage of dry processing lies in its ability to precisely
control electrode porosity and ion transport pathways [185].

Unlike slurry-cast electrodes, which often suffer from high
porosity and binder gradients, dry electrodes exhibit reduced
porosity and more uniform microstructures, leading to lower
tortuosity and improved Li* transport [179, 186, 187]. This is
particularly beneficial for high-loading electrodes, where wet
processes typically induce cracking and delamination. As a
result, dry electrodes can achieve high areal capacities (10 mAh
cm~?) while maintaining structural integrity and strong adhesion
[188-190].

In addition, the absence of polar solvents makes dry fabri-
cation highly compatible with moisture- and solvent-sensitive
systems, such as sulfide-based solid-state batteries [191-193].
The uniform binder distribution and lack of migration also
prevent the formation of insulating surface layers, enhancing
the interfacial conductivity and high-voltage stability. These
features make dry processing especially promising for high-
energy-density applications. Furthermore, dry electrodes enable
the production of thick electrodes (>5 mA h cm™2) without
binder-carbon domain migration, which is critical for achieving
high energy density [181, 194, 195]. Notably, the fibrillated PTFE
binder would not obstruct electrolyte infiltration pathways and
offer better compatibility with high-nickel cathode materials
that are difficult to disperse uniformly [196], making it a
promising strategy for high-energy and high-power applications.
Additionally, dry electrodes exhibit fewer edge defects than
their slurry-cast counterparts, rendering them more suitable
for large cylindrical cell formats and enhancing production
yield.

Despite these advantages, several challenges remain. Achiev-
ing uniform particle deposition in powder coatings, controlling
fibrillation sensitivity, and mitigating mechanical wear during
calendaring all require further optimization. Therefore, contin-
ued development of processing control and equipment design is
essential to fully realize the potential of dry electrode fabrication
for next-generation high-voltage batteries.

20 of 53

Advanced Energy Materials, 2026

85UBD17 SUOWILIOD 3AERID 3|qedlidde 8y} Aq pauienob a1e SSPILe YO 88N JO S3NJ o ARIGIT BUIUO /8|1 UO (SUORIPUOD-PUR-SWLIBY W00 A3 1M AReaq 1 jeut U/ SARY) SUOBIPUOD pUe SLLB | 34} 83S *[9202/TT/20] U0 ARIqIT3UUO AB|IM *ANSRAIIN Ul AQ €0T . WUSR/Z00T OT/I0P/WI0Y"A8| 1M AR 1 [ou U0 peoLADe//SANY WO papeolumod ‘9z ‘9202 ‘0v89rTIT



Sol-gul I-"'x
mathod

.' -
[ [ TR
J I Jr L

=0

FIGURE 14 | Different synthesis approaches to SSEs for HVLIBs.

4.2 | Preparation of High-Voltage Solid-State
Electrolyte: Processing-Dependent Ionic Transport
and Stability

For high-voltage solid-state electrolytes, fabrication routes crit-
ically determine not only ionic conductivity but also oxidative
stability and interfacial compatibility. Under elevated potentials,
microstructural heterogeneities, such as defects, impurity phases,
and grain boundary chemistry, are significantly amplified, often
acting as initiation sites for parasitic reactions and electrolyte
decomposition [197].

Consequently, even for identical compositions, variations in
synthesis pathways can lead to substantial differences in elec-
trochemical performance. For example, Li,P;S,, prepared via
mechanochemical methods exhibits ~50 times higher ionic con-
ductivity than its wet-chemistry counterpart [198], accompanied
by distinct interfacial stability. More importantly, processing-
induced differences in phase purity and defect distribution
directly affect electronic leakage and grain boundary reactivity,
thereby governing the effective electrochemical stability window
under high-voltage operation. Therefore, this section reviews key
fabrication strategies (Figure 14), including solid-state reaction,
sol-gel, coprecipitation, hydrothermal methods, tape casting,
sputtering, and in situ polymerization, with emphasis on how

Pulsad laser
deposition (FLD]

processing governs ionic transport and stability under high-
voltage conditions.

4.2.1 | Conventional Fabrication Routes: Phase Control
and Grain Boundary Effects

The traditional methods for preparing solid-state electrolytes are
primarily classified into four categories: high-temperature solid-
state synthesis, sol-gel synthesis, coprecipitation, and hydrother-
mal methods. Conventional synthesis methods primarily affect
the crystallographic phase and grain boundary structure of solid-
state electrolytes, which dominate the lithium-ion transport
resistance and high-voltage interfacial compatibility.

4.2.1.1 | Hydrothermal Method. Hydrothermal processing
enables fine particle size and controlled doping, effectively
reducing grain-boundary resistance and improving electrochem-
ical stability at high voltages. This approach is particularly
advantageous when element doping is employed to enhance the
performance of solid-state electrolytes. For example, Peng et al.
synthesized Ga-doped LiTi,(PO,); (LTP), which exhibited supe-
rior conductivity compared to undoped LTP [199]. In comparison
to sol-gel and coprecipitation methods, the key advantage of the
hydrothermal process is that crystallized powders can typically be
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obtained without requiring high-temperature sintering, avoiding
potential issues such as the formation of micron-sized agglomer-
ates and eliminating the need for grinding, which could introduce
impurities. However, the hydrothermal method is highly depen-
dent on specialized equipment, often requiring high-pressure
reactors, which in turn increases the cost of production.

A polyanionic coordination strategy has been introduced to
develop a new class of amorphous fluoride solid electrolytes
for high-voltage all-solid-state batteries. One-step ball milling
of Li;PO, and TiF, yields Li,Ti(PO,),;F, electrolytes, in which
the optimized composition exhibits enhanced room-temperature
ionic conductivity, exceptional oxidative stability, and favorable
mechanical properties, enabled by weak Li* interactions within
a flexible dual-coordination network. When applied in 5 V-class
LiNi, sMn, s0, all-solid-state batteries, this electrolyte markedly
improves capacity retention and cycling stability, highlighting a
promising electrolyte design paradigm for high-energy solid-state
systems [200].

4.2.1.2 | Coprecipitation Method. Coprecipitation-
derived fine powders lower sintering barriers, facilitating
dense microstructures that suppress intergranular degradation
under high-voltage stress. This method, similar to the sol-gel
process, involves the preparation of a solution followed by the
addition of a precipitating agent to generate solid precipitates,
which are subsequently washed and heat-treated to yield
precursor powders. As a wet-chemical synthesis technique,
this method ensures uniform mixing of the raw materials
and offers advantages such as small particle size, excellent
chemical homogeneity, and precise control over dopant levels.
Powders produced via coprecipitation typically have smaller
grain sizes than those produced by the high-temperature solid-
state method. For instance, Hamao et al. synthesized LLZO
using coprecipitation, obtaining an average particle size of
9.66 um, which is significantly smaller than that produced via
high-temperature solid-state synthesis (~23 um) [201]. This
smaller grain size can reduce the sintering temperature and time,
thereby lowering production costs. The Ci group successfully
synthesized LAGP at 750°C using coprecipitation, which is
400°C lower than the high-temperature solid-state method [202].
Thus, the coprecipitation method offers significant advantages,
particularly in producing powders with fine particle sizes, which
can drastically reduce sintering temperature and time, lower
costs, and facilitate doping to improve the performance of
solid-state electrolytes.

4.2.1.3 | Sol-Gel Method. Sol-gel synthesis  offers
molecular-level dopant control, allowing deliberate tuning
of bulk and grain-boundary conduction pathways critical for
high-voltage operation. This method allows for atomic-level
mixing of elements, solving issues related to the dispersion
and uniformity of reactants in high-temperature solid-state
reactions. During the process, the precursors are dissolved in a
solvent to form a uniform solution, which is then transformed
into a gel by adding a suitable chelating agent. This gel is
subsequently heated, dried, and sintered to yield the final
product. Compared to high-temperature solid-state synthesis, the
sol-gel method produces precursor materials with fine particle
sizes, excellent chemical homogeneity, and lower sintering
temperatures. The Stenina group [203] synthesized Al and Zr

codoped Lil+xAlLZr,Ti,,(PO,);, demonstrating that the ratio
of Al and Zr could be fine-tuned to achieve optimal performance,
with the best performing materials being Li, ,Aly,Zr,,Ti; ;,(PO,);
and Li;;Aly,Zr,,Ti; ;(PO,);. Kim et al. investigated the effect of
element doping on LLZO performance and found that doping
with 0.1 mol Rb, 0.2 mol Ga, and 0.6 mol Nb resulted in a high
ionic conductivity of 2.22 x 10™* S cm™ at room temperature
and a low activation energy of 0.23 eV [204]. In summary,
the sol-gel method plays an important role in the design and
development of solid-state electrolytes, offering advantages
such as the multifunctionality of precursors and the ability to
form inorganic, organic, or hybrid networks in solution. These
advantages make it especially suitable for producing solid-state
electrolytes with enhanced properties.

4.2.1.4 | High-Temperature Solid-State Method.
Although scalable, high-temperature solid-state routes require
careful optimization to avoid secondary phase formation that
compromises high-voltage ionic transport. This method, a
traditional technique for preparing solid-state electrolytes,
offers several advantages, such as simplicity, scalability, and
suitability for large-scale production. During this process, solid-
state electrolytes are typically synthesized by doping elements
to enhance their performance. However, when improving
the performance, it is essential to consider the production
cost. Additionally, the influence of the synthesis process on
performance is often due to its impact on the phase structure.
Thus, understanding the relationship between the processing
parameters and phase structure is critical for optimizing solid-
state electrolytes. For instance, Aleksandrov et al. found that
heat treatment temperature had a significant effect on the phase
structure of LLZO [205], while the heat treatment time did not
significantly affect the phase structure. Overall, optimizing the
process parameters to obtain high-performance phase structures
is a crucial strategy.

4.2.2 | Thin-Film Electrolyte Fabrication for
High-Voltage Interfacial Engineering

Thin-film fabrication strategies, including vapor deposition and
atomic layer deposition (ALD), have evolved beyond conven-
tional electrolyte synthesis routes and are now increasingly
employed as interfacial engineering tools to address the critical
challenges in high-voltage solid-state batteries. Unlike bulk solid
electrolytes, whose intrinsic electrochemical stability is often
thermodynamically limited, thin-film approaches enable the
construction of artificial interphases that kinetically suppress
interfacial degradation. At high voltages (>4.5 V vs. Li*/Li),
the cathode/solid-state electrolyte interface typically suffers from
severe parasitic reactions, including oxidative decomposition of
the electrolyte, transition metal dissolution, and the formation
of space-charge layers that impede Li* transport [86, 206, 207].
In this context, thin-film deposition techniques provide unique
opportunities to decouple bulk electrolyte properties from inter-
facial stability by introducing ultrathin, conformal coatings that
function as ionically conductive yet electronically insulating
barriers.

4.2.2.1 | Vapor Deposition. Vapor deposition techniques,
including physical vapor deposition (PVD) and chemical vapor
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FIGURE 15 | (a)Schematic diagram of pulsed laser deposition. (b) Load-displacement curve of the LLZO film prepared by PLD. (c) Arrhenius plot
of the temperature-dependent ionic conductivities of the LLZO film [209]. Copyright, John Wiley & Sons, Ltd. Schematic diagram of (d) chemical vapor

deposition and (e) atomic layer deposition.

deposition (CVD), enable the fabrication of dense and compo-
sitionally controlled thin films that can act either as standalone
electrolytes or, more importantly, as interfacial buffer layers
(Figure 15a). PVD methods such as sputtering and pulsed laser
deposition (PLD) allow precise tuning of film stoichiometry and
defect chemistry, which is critical for stabilizing high-voltage
interfaces. For instance, radio-frequency magnetron sputtering
has been used to deposit amorphous Li; ;PO; 4N, ;; films, which
exhibit improved stability against lithium metal and moderate
ionic conductivity of 2 X 107 S cm™ at 25°C. More importantly,
such LiPON-type films are known to possess enhanced oxidative
stability (up to 5.5 V) compared to conventional oxide electrolytes,
primarily due to nitrogen incorporation that lowers the HOMO
energy level [208].

From an interfacial perspective, PLD is particularly advantageous
for constructing nanoscale artificial interlayers with controlled
thickness and composition. These ultrathin coatings can effec-
tively suppress direct contact between high-voltage cathodes (e.g.,
layered oxides) and unstable SSEs, thereby mitigating interfacial
side reactions. However, despite their high theoretical stability,
the practical effectiveness of PLD-derived films is often limited
by defects, pinholes, and incomplete coverage, which can lead
to localized degradation under prolonged cycling at high volt-
ages. Nevertheless, Hui et al. developed an atmospheric plasma
spraying (APS) method for fabricating Li,La,Zr,0,, (LLZO) films
with thicknesses of approximately 300 pm [209]. The LLZO thin
films displayed a flexural strength of 157 MPa, offering notable
mechanical flexibility, and achieved an ionic conductivity of 3.82
x 107 S cm™! at room temperature (Figure 15b,c). Symmetric
LiILLZO (PEO-coated) | Li cells exhibited low overpotentials of

55 mV at 0.05 mAh cm™ and stable cycling, while full cells
with LiFePO, cathodes delivered initial discharge capacities of 110
mAh g with minimal polarization at 0.05 C. During annealing,
Al from the crucible diffused into the LLZO films, forming an
Al-O eutectic phase at grain boundaries that promoted densifica-
tion. Increasing the annealing temperature reduced the porosity,
with the relative density improving from 90.97% to 97.22% after
annealing at 1100°C for 11 h. This tunability highlights the
scalability of APS for large-area electrolyte film production.

CVD offers superior conformality over complex and porous
electrode architectures, making it particularly suitable for
coating high-surface-area cathodes (Figure 15d). For example,
aerosol-assisted CVD has been successfully applied to
NASICON-type thin films (Li;sAlysGe;s(PO,); (LAGP) and
Li, Al 5Ti, ,(PO,); (LATP)), which could serve as protective
interfaces and suppress interfacial reactions [210]. Notably,
polymer-based interlayers prepared via CVD have also
demonstrated the ability to accommodate interfacial strain and
reduce space-charge layer resistance, owing to their mechanical
compliance.

Nevertheless, a key limitation of CVD-derived coatings lies in the
balance between film crystallinity and interfacial compatibility.
High-temperature processing improves ionic conductivity but
may induce undesirable interdiffusion or phase transformation
at the interface. Furthermore, even when phase-pure films are
achieved under optimized conditions, their ability to withstand
high voltages is often governed by kinetic stability rather than
thermodynamic immunity, meaning that long-term operation
above 4.5 V remains challenging.
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4.2.2.2 | Atomic Layer Deposition. ALD represents one of
the most powerful techniques for interfacial engineering in
solid-state batteries, owing to its self-limiting surface reactions,
which enable nanometer thickness control and exceptional
conformality (Figure 15d). In high-voltage systems, ALD is pri-
marily used to deposit ultrathin protective layers (typically <10
nm) that function as artificial cathode/electrolyte interphases.
For example, ALD-grown LiPON films exhibit relatively wide
electrochemical stability windows and can effectively suppress
oxidative decomposition at the interface [211]. The incorporation
of nitrogen has been shown to systematically influence film
structure and ionic conductivity, highlighting the importance of
compositional tuning in optimizing interfacial performance [212].
More importantly, ALD enables the fabrication of multilayer
or doped interphases, such as Al-doped LLZO or oxide-nitride
hybrid coatings, which combine high ionic conductivity with
improved chemical stability. These coatings can reduce interfacial
impedance, suppress space-charge layer formation, and inhibit
transition metal migration from the cathode [213-215].

However, despite the theoretical promise of ALD-derived inter-
phases, their practical performance at high voltages is often
constrained by several factors. First, the electrochemical stability
window of most oxide-based coatings is still fundamentally
limited by their electronic structure, making them susceptible
to slow oxidative decomposition above 4.5-5.0 V. Second, the
extremely small thickness required to maintain low resistance
can compromise their ability to act as complete barriers, partic-
ularly in the presence of mechanical defects or volume changes
during cycling. As a result, ALD coatings are better understood
as kinetically stabilizing layers rather than absolute protective
barriers.

4.2.3 | In Situ Polymerization Electrolyte Fabrication
for High-Voltage Interfacial Engineering

To address the issues of poor interfacial contact between solid
polymer electrolytes (SPEs) and electrodes, as well as the exces-
sive thickness of electrolyte layers, in situ polymerization has
emerged as an effective interfacial engineering strategy [216, 217].
By constructing the electrolyte directly within the battery, this
fabrication approach enables intimate electrode/electrolyte inte-
gration, thereby enhancing interfacial compatibility and improv-
ing stability under high-voltage operation. In situ polymerization
represents a simple yet efficient route for the fabrication of solid-
state batteries (SSBs). Typically, a homogeneous precursor solu-
tion composed of low-viscosity monomers, initiators, and lithium
salts is infused into a preassembled cell, allowing thorough
infiltration into the porous electrode framework. Subsequent
thermal or photochemical polymerization converts the liquid
precursor into a solid polymer electrolyte, forming conformal and
well-contacted interfaces. Owing to its operational simplicity and
effectiveness in interface regulation, this strategy has been widely
adopted in both quasisolid-state and solid-state battery systems
[218].

The most commonly employed configuration is the separator-
assisted strategy, in which the precursor is introduced into a
preassembled sandwich structure (cathode/separator/anode) and

polymerized within a sealed cell. The separator serves as a
physical barrier to prevent internal short circuits, rendering the
process highly compatible with conventional LIB manufacturing,
in addition to the additional polymerization step. However,
this approach presents several inherent limitations. The sepa-
rator contributes additional inactive mass and nonconductive
regions, thereby compromising the energy density. Commercial
separator materials, such as cellulose, glass fiber, polyolefins
(e.g., Celgard), and PVDF, may further constrain performance
optimization. More critically, certain monomers may undergo
parasitic reactions on lithium metal, leading to the formation
of unstable passivation layers. Consequently, careful selection of
precursor chemistry and polymerization pathways is essential,
particularly with respect to the electrochemical stability and
interfacial reactivity of monomers.

To overcome these challenges, separator-free direct deposition
strategies have been developed as an alternative in situ poly-
merization route. In this approach, the precursor is directly cast
onto composite electrode films and then polymerized, yielding
electrodes integrated with SPE layers. These electrodes are sub-
sequently assembled into solid-state batteries. In SSB systems,
polymerization is typically conducted on the cathode side, fol-
lowed by pairing with a lithium metal anode. More advanced
designs employ stepwise polymerization to construct distinct
SPEs on both cathode and anode surfaces, effectively mitigating
parasitic reactions at the lithium interface and suppressing
transition metal dissolution from the cathode.

For example, Yang et al. reported UV curing outside and
subsequent thermal curing inside cell methods to fabricate high-
performance SPEs [219]. Compared with separator-assisted meth-
ods, direct deposition eliminates redundant mass and inactive
ion-transport regions while avoiding direct exposure of lithium
metal to reactive precursors. Nevertheless, this strategy imposes
stringent requirements on the mechanical robustness and struc-
tural integrity of the SPE to ensure sufficient resistance against
dendrite penetration in the absence of a separator [220-222].

From a mechanistic perspective, in situ polymerization can
be broadly classified into free-radical and ionic polymeriza-
tion. Free-radical polymerization, typically involving monomers
with unsaturated double bonds, proceeds via radical-induced
chain growth and remains the most widely utilized pathway.
In contrast, cationic polymerization can proceed under rela-
tively mild conditions and, in some cases, enables the direct
formation of solid or quasisolid electrolytes without introducing
additional impurities. Anionic polymerization relies on electron-
withdrawing substituents that activate the double bond, allowing
for the formation of highly stable propagating species. In princi-
ple, such systems can exhibit high reactivity, yielding polymers
with extremely high molecular weights. Table 3 summarizes
the key performance metrics of representative high-voltage SPE
systems fabricated via in situ polymerization, including elec-
trochemical stability windows, cycling stability, and interfacial
impedance evolution.

Despite its promise, current research on in situ polymerization
remains largely confined to laboratory-scale coin cells, which
typically employ excess lithium and low cathode loadings.
These conditions deviate significantly from practical pouch cell
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TABLE 3 | Key performance metrics of high-voltage SPEs via in situ polymerization.

Ionic conductivity

Electrolytes (Scm™) Voltage window Polymerization methods Refs.
SN/LiTFSI/PEGDA 1.1x107* 47V Free-radical polymerization [223]
HFBA/PETEA/LITFSI 6.3 x 107 45V Free-radical polymerization [224]
V-PDOL 1.87 x 107* 4.7V Free-radical polymerization [225]
LiMATFSI/POSS 9.09 x 1073 55V Free-radical polymerization [226]
PVAF/LiPF,/PTMA 7.3 %1073 50V Free-radical polymerization [227]
P95/LiBF,/LiTFSI 1.0 x 107 55V Cationic polymerization [228]
PDOL/LiPF, 1.5 %1073 42V Cationic polymerization [229]
PNGDE/LIFSI 1.0 x 1074 40V Cationic polymerization [230]
PDCL/LIiTFSI 3.54 x 1073 51V Cationic polymerization [231]
PTXE/LiDFOB 3.76 x 1073 6.06 V Cationic polymerization [232]
MMA/LIiTFSI 119 x1073 50V Anionic polymerization [233]
P(4CL-TMC)/COF 1.1x107° 525V Anionic polymerization [234]
PECA-SIPN-GF 1.39 x 107 497V Anionic polymerization [235]
DOL/LiDFOB 3.6x107* 48V Anionic polymerization [236]
PCTEG/LIiTFSI 2x1073 45V Anionic polymerization [237]

configurations, where precise balancing of cell components is
essential and minor structural imperfections may be amplified,
leading to performance degradation. Therefore, although in situ
polymerization offers substantial potential for the development
of high-performance solid-state batteries, significant challenges
remain for practical implementation. Future efforts should focus
on achieving stable operation under realistic conditions, includ-
ing high cathode loading, ultrathin SPE layers, and limited
lithium inventory, which represent critical bottlenecks toward
commercialization.

4.3 | Battery Pack Manufacturing Strategies for
High-Voltage Safety and Reliability

At the pack level, manufacturing technologies critically gov-
ern mechanical robustness, thermal regulation, and electrical
insulation constraints that are substantially intensified under
high-voltage operation due to increased parasitic reactions, heat
generation, and dielectric stress. Accordingly, battery packaging
is evolving toward advanced materials, structurally integrated
designs, and sustainable manufacturing processes to ensure
stability under elevated electrochemical and thermal loads
(Figure 16).

4.3.1 | Diversification of Packaging Materials

High-voltage operation imposes stringent requirements on chem-
ical stability, dielectric strength, and thermal tolerance, driving
the transition toward hybrid and functionalized packaging mate-
rials. The integration of high-performance polymers, such as
polyimide (PI) [238] and polyether ether ketone (PEEK) [239],
with metal alloys (e.g., aluminum or stainless steel) enables a
balance between mechanical robustness and electrical insulation

T EBCITE [ R

—— ——

FIGURE 16 | Pack manufacturing for HVLIBs in packaging materi-
als, packaging structure, and packaging process.

while mitigating degradation induced by high-voltage polariza-
tion. Material design is increasingly tailored to voltage-induced
stresses. For instance, elevated potentials accelerate electrolyte
decomposition and interfacial reactions, necessitating packaging
materials with superior chemical inertness and barrier properties.
Fluorinated rubber, silicone rubber, and ceramic components are
therefore introduced to suppress gas permeation, resist oxidative
environments, and enhance thermal stability. Emerging materi-
als further address high-voltage challenges. Graphene, with its
high electrical conductivity and thermal dissipation capability,
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facilitates rapid heat spreading and reduces localized Joule
heating under high current densities. Similarly, carbon nanotubes
(CNTs) and metal organic frameworks (MOFs) improve interfa-
cial stability and barrier performance. In addition, smart mate-
rials with stimuli-responsive behavior (e.g., thermally induced
expansion forming transient insulation layers) provide adaptive
protection against thermal runaway triggered by high-voltage
operation [240].

4.3.2 | Structural Innovation in Packaging

Under high-voltage conditions, nonuniform current distribution
and localized overheating become more pronounced, making
structural design essential for mitigating electrochemical and
thermal heterogeneities. Modular architectures improve current
distribution pathways and reduce electrical resistance at the
pack level, thereby alleviating polarization and enhancing overall
energy utilization [241].

Thermal management is particularly critical, as high-voltage
operation significantly increases heat generation. Advanced cool-
ing strategies, including liquid cooling and phase change mate-
rials (PCMs), enable efficient heat dissipation and temperature
buffering. Internalized cooling systems, such as microchannel
designs, further enhance thermal uniformity and enable real-
time regulation, effectively suppressing hotspot formation that
could otherwise accelerate degradation or trigger safety failures
[242-244]. To maximize energy density without exacerbating
thermal and electrical risks, 3D stacking technologies optimize
spatial utilization while shortening current pathways, thereby
reducing resistive losses under high-voltage operation. Mean-
while, flexible printed circuits (FPCs) provide reliable and
low-resistance electrical connections, accommodating complex
geometries while maintaining structural integrity under mechan-
ical and electrochemical stress.

4.3.3 | Environmentally Friendly Manufacturing
Process

High-voltage battery systems require manufacturing processes
with tighter tolerances and higher reliability, as minor defects
can be amplified under elevated electric fields. Precision welding
techniques, such as laser and electron beam welding, enable
high-integrity joints with minimal heat-affected zones, thereby
reducing defect formation and enhancing electrical and mechan-
ical stability [245-247]. In parallel, automated production lines
ensure consistent fabrication quality, which is particularly critical
for high-voltage applications where variability can lead to uneven
current distribution and localized failure. Intelligent control
over coating, assembly, and inspection processes allows precise
regulation of structural and interfacial properties, improving both
safety and long-term reliability under high-voltage operation.

5 | The Multiscale Coupling Mechanisms of
Preparation and Performance

As HVLIBs operate under increasingly demanding conditions,
performance is governed by tightly coupled phenomena across

multiple scales. From atomic-scale reactions to electrode- and
cell-level architectures, fabrication processes dictate structural
features and interfacial states, which in turn control transport
behavior, degradation pathways, and overall battery stability.
This section focuses on how specific preparation methods trans-
late into microstructural evolution, interfacial characteristics,
and mesoscale transport properties and how these collectively
determine macroscopic performance. Through this multiscale
perspective, the chapter aims to bridge the gap between funda-
mental mechanisms and practical battery engineering, providing
insights into how coordinated regulation across scales governs
the performance, durability, and safety of high-voltage battery
systems.

5.1 | Atomic and Nanoscale Interface Chemistry
Governed by Electrode Preparation

5.1.1 | Interface Contact Between Electrode Particles

At the atomic and nanoscale, interfacial contact between elec-
trode particles is not an intrinsic material property but is largely
governed by electrode preparation routes, including binder selec-
tion, conductive network design, and particle-level engineering.
These preparation-dependent interfaces determine the local
ion/electron transport continuity, mechanical stress distribution,
and ultimately macroscopic electrochemical performance.

Insufficient solid-solid contact remains a critical bottleneck for
HVLIBs. In conventional lithium-ion systems, liquid electrolytes
provide continuous Li* transport pathways and effectively infil-
trate porous electrodes, ensuring good utilization of active
materials. In contrast, solid-state or densely packed systems often
suffer from poor interparticle contact (Figure 17). For example,
oxide-based cathodes exhibit limited deformability, resulting in
relatively low packing densities (70%-80%) even after pressing,
while similar issues arise in rigid anode materials. These lim-
itations highlight that interparticle contact quality, determined
during fabrication and assembly, directly governs ion transport
efficiency and electrochemical stability.

5.1.1.1 | Binder-Mediated Interparticle Contact and
Mechanical Integrity. Binder chemistry and architecture
directly regulate particle-particle and particle-collector
interfaces, determining whether atomic-scale contact can
be maintained under repeated electrochemical and mechanical
stresses [248]. An ideal binder should provide strong adhesion,
mechanical robustness, and electrochemical stability while
accommodating volume changes and preserving conductive
pathways [249]. Conventional binders (e.g., PVDF, CMC, PAA)
offer sufficient adhesion but often fail under large volume
fluctuations, especially in Si-based anodes, leading to interfacial
degradation and capacity fading.

To address these limitations, advanced binders with self-healing,
elastic, and conductive functionalities have been developed.
Self-healing systems based on reversible bonding can repair
microcracks, while elastic binders buffer volume expansion
and maintain structural integrity [250, 251]. Conductive binders
further integrate electronic pathways with interfacial adhesion,
enhancing charge transfer and cycling stability (Figure 18a)
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FIGURE 17 | Interface issues in the cathode composite.

[250, 252]. Overall, binder design serves as a critical bridge
linking electrode fabrication to interfacial stability and long-term
performance. A water-soluble polycarboxylate was developed to
form robust chemical bonds between —-COOH groups and surface
-OH moieties on Si particles, thereby improving interfacial
adhesion and stability [253]. The sodium carboxylate groups
further enhanced the electronic conductivity and charge transfer,
enabling a prolonged cycle life and improved electrochemical per-
formance (Figure 18b). Overall, binder design should prioritize
interfacial adhesion and structural resilience, providing a basis
for advanced interface engineering in high-performance LIBs.
Strategies include (1) introducing functional groups to construct
protective interphases with self-healing capabilities, (2) employ-
ing branched, grafted, or 3D elastic networks to mitigate stress
while facilitating charge transport, (3) optimizing binder content
to balance electronic conductivity, mechanical strength, and
active material loading, and (4) developing synergistic electrode-
binder interfacial architectures to stabilize electrode structure
and extend cycle life (Figure 18c). Representative electrochemical
performance metrics of different binder classes are summarized
in Table 4. Overall, binder design serves as a critical bridge
linking macroscopic electrode fabrication to nanoscale interfacial
stability. By governing adhesion strength, stress accommodation,
and electronic continuity at particle interfaces, advanced binders
translate preparation-level decisions into sustained atomic-scale
contact and long-term cycling stability in high-performance LIBs.

5.1.1.2 | Conductive Additive Networks as Mesoscale
Bridges for Nanoscale Charge Transport. Conductive addi-
tives establish mesoscale electron pathways that bridge discrete
particles, converting localized contacts into continuous charge-
transport networks [270]. Their architecture critically influences
conductivity, rate capability, and cycle life. For example, while
carbon black ensures uniform dispersion, its high surface area
can accelerate side reactions [254]. Hybrid systems combining
carbon black with carbon nanotubes (CNTs) improve structural
resilience and interfacial contact, enabling high-capacity reten-
tion (Figure 18d). Similarly, 3D conductive frameworks (e.g., Ket-
jen Black) and conductive polymers (e.g., PEDOT:PSS) enhance
electronic conductivity and suppress interfacial resistance [255].
As shown in Figure 18e, the resulting electrodes exhibit enhanced

iH [ | 3fveam

=

conductivity (4.2 S cm™), suppressed interfacial resistance, and
capacities approaching 2000 mAh g after 100 cycles at 1 A g~*.
These results highlight that conductive additives are not merely
compositional components but preparation-controlled structural
elements that govern interfacial charge-transfer kinetics and
overall electrode performance.

5.1.1.3 | Particle-Level Structural Engineering for Inter-
face Stabilization. Particle-level structural design provides a
direct route to stabilizing interfaces by regulating stress distri-
bution, surface chemistry, and electrolyte accessibility. Strategies
such as heterostructure design and surface coating can suppress
side reactions, improve ion transport, and enhance structural
integrity.

For instance, Si-based composites with carbon coatings or 3D
conductive frameworks effectively mitigate volume expansion,
reduce direct electrolyte contact, and stabilize SEI formation,
leading to improved cycling stability (Figure 18f) [256]. This
design reduces direct Si-electrolyte contact, prevents repeated
SEI rupture, and delivers a stable capacity of 849 mAh g!
over 1000 cycles with minimal impedance growth. Similarly,
Furquan et al. employed laser-induced synthesis to construct Si—
graphite composites featuring SiC nanowires and a spontaneous
~3 nm carbon/oxide coating [257] (Figure 18g). Dual-layer or
heterostructure coatings further combine mechanical buffering
with enhanced conductivity, enabling high capacity retention
over extended cycling [257]. Collectively, particle-level engineer-
ing demonstrates how preparation strategies can simultaneously
regulate nanoscale interfacial chemistry and macroscopic elec-
trode stability, providing an effective pathway to reconcile high
capacity with long cycle life.

5.1.2 | Interface Between Electrode and Electrolyte

Electrode/electrolyte interphases represent a quintessential mul-
tiscale coupling domain, where electrolyte formulation and
surface preparation govern atomic-scale reactions, ultimately
determining interfacial kinetics, stability, and safety under high-
voltage operation.
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FIGURE 18 | (a) Proposed stress dissipation mechanism of the PR-PAA binder for SiMP anodes [251]. Copyright, American Association for the
Advancement of Science. (b) Conductive binder to address volume issues [253]. Copyright, Elsevier. (c) Advanced binder design principle. (d) Role of
carbon conductive additive in Si anode [254]. Copyright, American Chemical Society. (e) Cycling performance of PEDOT:PSS/SiNP electrodes [255].
Copyright, American Chemical Society. (f) Synthetic procedure of the Si-CNF@C electrode [256]. Copyright, Elsevier. (g) Schematic of silicon-graphite-

furfuryl alcohol electrode fabrication [257]. Copyright, Elsevier.

5.1.2.1 | Preparation-Regulated Formation and Evolu-
tion of Anode/Electrolyte Interfaces. During cycling, interfa-
cial electrons at the Li surface trigger electrolyte decomposition,
forming a passivation layer known as the SEI [271, 272]. This layer,
first defined by Peled [273, 274], is electronically insulating yet
ionically conductive, and its formation is fundamentally dictated
by electrolyte reactivity. According to frontier orbital theory,
electrolyte stability is governed by HOMO-LUMO energy levels,
which determine the tendency for reductive decomposition and
thus interphase formation [275, 276] (Figure 19a).

The composition and structure of the SEI are strongly dependent
on electrolyte formulation (salts, solvents, additives) [281, 282],
which regulate Li* solvation and decomposition pathways. Typ-
ically, the SEI consists of organic species (e.g., ROLi, RCOOL],
ROCO,Li; R = alkyl group) and inorganic phases (e.g., Li,COs3,

LiOH, Li,0) [283-285], forming a heterogeneous mosaic structure
[286]. Similarly, on the cathode side, electrolyte decomposition
generates CEI films that coat active particles [287] (Figure 19b).
A widely accepted bilayer model divides the SEI into organic-
rich porous domains and inorganic-rich dense regions, which
together govern Li* transport through coupled pore diffusion
and defect-mediated migration (Figure 19¢) [278]. However, the
intrinsically low ionic conductivity and structural heterogeneity
of these phases often limit interfacial kinetics and promote
inhomogeneous Li deposition Figure 19d [279, 288-290].

Importantly, although SEI formation originates from sponta-
neous electrochemical reactions, its thickness, composition, and
mechanical integrity are highly preparation dependent, including
electrolyte design, surface pretreatment, and artificial interphase
engineering. Native SEI layers are typically fragile and uneven,

28 of 53

Advanced Energy Materials, 2026

85U017 SUOWILIOD AIT.D) 8|qed!(dde ay) Ag pausenob ae sooile O ‘@SN JO S8|nJ o} Akeid18uljuQ A8|IA UO (SUONIPUOD-PUB-SWLBI W00 A8 1M Afe.q 1 BulU0//:SANY) SUORIPUOD pue swis | 3y} &8s *[9202/TT/20] uo Arigiauliuo A8|im ‘AiseAIUN Uil AQ €£20T/ WUSe/Z00T OT/10p/LL0o" A3 1M AleIq Ul |uo peoueADe// Sty WOl pepeo|umod ‘9z ‘9202 ‘0r89rTIT



TABLE 4 | Summary of the electrochemical performance of advanced electrodes and binders.
Current
Electrode Binder Structure density Cycle performance Refs.
SiNP 0S-CMC 3D crosslink network 04Ag! 57.3%@100 cycles [258]
SiMP SHP-CB Hydrogen-bond- 04Ag™! 79.2% @120 cycles [259]
directed
network
Si CA-PAA In situ cross-linking 0.1C 89.5%@300 cycles [260]
network
SiO,/graphite-NCMS811 4A-PAA Star-shaped network 01Ag! 81.5%@100 cycles [261]
Si@SiOy PANI-PA Conductive polymer 1Ag? 64.2%@500 cycles [262]
network
Li; ,Coy 5Niy;3Mng 5,0, CMC Hydrogen-bond- 02Ag™! 79.5%@500 cycles [263]
directed
network
Li, ,Niy,Mn, ,0, SA 3D crosslink network 01C 93.3%@50 cycles [264]
LiNi, sMn, ;O, Chitosan 3D crosslink network 1C 92.7%@100 cycles [265]
LiNi, sMn, sO, PAN-PVA Copolymer 0.01A g™ 96.5%@30 cycles [266]
LiMn,0, PVA Hydrogen-bond- 02C 82.1%@300 cycles [267]
directed
network
LiNi, sMn, O, P(BMA-AN- Copolymer 0.5C 82.5%@300 cycles [268]
St)
Li;V,(PO,), LiPAA Conductive polymer 10C 91.5%@1400 cycles [269]

network

leading to continuous electrolyte decomposition, increased resis-
tance, and dendrite growth.

To enhance interfacial stability, in situ strategies have been
developed to construct robust inorganic-rich SEI layers. For
example, nitrogen-containing treatments or LiNO; additives
promote the formation of Li;N, while halide-based chemistries
(LiF, LiCl, etc.) provide higher mechanical strength and ionic
conductivity [291-293]. Fluorinated electrolytes and additives
(e.g., FEC, LiFSI) are particularly effective in forming LiF-rich
interphases, which suppress parasitic reactions and stabilize Li
deposition [294]. Other additives, including ionic liquids and
borate compounds, further regulate interphase uniformity and
composition (Figure 19¢) [280, 295, 296].

Alternatively, ex situ artificial interphases offer precise control
over interface properties. Coatings such as carbon-based layers,
polymers, and inorganic films (e.g., Al,O;, Li;PO,) deposited
via ALD or sputtering can enhance mechanical robustness and
ensure uniform Li* flux [297-300]. Incorporating lithophilic
components further homogenizes the ion distribution, reduces
the local current density, and suppresses dendrite growth. In
addition, interphases that immobilize anions can increase Li*
transference numbers, improving interfacial transport kinetics
[301].

Despite significant progress, no single strategy can fully stabilize
the interface. For HVLIBs, interphase instability is further exac-
erbated by strong oxidative conditions and transition metal disso-

lution from cathodes, which can migrate to the anode and disrupt
SEI integrity. Therefore, achieving stable operation requires
multiscale coupling of electrolyte design, interphase chemistry,
and mechanical regulation, bridging preparation strategies with
interfacial transport and long-term cycling stability.

5.1.2.2 | Cathode/Electrolyte Interphase Engineering
Under High-Voltage Conditions. At elevated voltages, CEI
formation becomes highly sensitive to cathode surface chemistry
and electrolyte oxidation pathways, both of which are strongly
governed by material synthesis, surface modification, and
electrolyte design. The CEI concept, first evidenced on LiCoO,
surfaces (Figure 20a) [302], has been understood as a product of
electrolyte oxidation. Shortly thereafter, Takehara employed FTIR
to identify carboxylate groups within the CEI in Figure 20b [303].
Despite differing mechanistic views, it is widely accepted that
a stable CEI arises from the synergistic assembly of inorganic
and organic components, which collectively determine the
interfacial stability and electrochemical performance (Figure 20c)
[304, 305].

Under high-voltage operation (>4.5 V), CEI evolution is further
complicated by cathode phase transitions, oxygen release, and
transition-metal dissolution, which accelerate electrolyte decom-
position and lead to heterogeneous, unstable interphases. These
coupled degradation processes significantly increase interfacial
resistance and limit long-term cycling stability, making CEI
engineering a critical requirement for high-voltage batteries.
Current strategies primarily focus on artificial CEI construction
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FIGURE 19 | (a) The surface films on the lithium anode after exposure to the electrolyte [277]. Copyright, American Chemical Society. (b) CEI
structure and composition during the charging process [106]. Copyright, John Wiley & Sons, Ltd. (c) Pore diffusion in the porous organic layer of the
SEI and knock-off diffusion in the dense inorganic layer of the SEI [278]. Copyright, American Chemical Society. (d) Initial SEI evolution on graphite

showing the structure, thickening, and subsequent decomposition [279]. Copyright, John Wiley & Sons, Ltd. (e) SEI formation and the ion/electron
transfer process during Li plating in glyme electrolyte and glyme with added Li,S4/P,Ss [280]. Copyright, Elsevier.

and electrolyte-driven in situ regulation. Artificial coatings (e.g.,
oxides, fluorides, phosphates) can effectively suppress parasitic
reactions and stabilize cathode surfaces. For instance, amorphous
oxide layers and Li*-conductive artificial CEIs improve mechan-
ical robustness and mitigate irreversible phase transitions at high
voltages. However, such coatings often suffer from nonuniformity
and limited mechanistic generality, restricting their scalability in
Figure 20d [213, 307, 309, 310].

Beyond conventional oxides and fluorides, more sophisticated
artificial CEIs have been explored. Ai and coworkers demon-
strated an artificial Li*-conducting CEI (ALCEI) formed on
NCMSI11 through a nucleophilic reaction between polysulfide
ions (Li,Sg) and VC (Figure 20e) [308]. This ALCEI layer exhibited
excellent mechanical flexibility, high ionic conductivity, and
effective suppression of interfacial side reactions, thereby pre-
venting irreversible phase transitions and enhancing reversibility
at4.5V. Conductive polymers also provide a dual benefit: improv-
ing electronic conductivity while stabilizing cathode surfaces. In
addition, the Wang group deposited polypyrene on LNMO, which
improved coulombic efficiency and suppressed Mn** and Ni**
dissolution while mitigating electrolyte oxidation [311]. Although
artificial CEIs can stabilize cathodes even under extreme voltages
(~4.9 V), simpler and more effective coating strategies are still
highly desirable compared with electrolyte-driven in situ CEI
formation.

In parallel, electrolyte engineering provides a more adaptable
route by tuning Li* solvation structures and oxidation pathways.

High-concentration and weakly solvating electrolytes can regu-
late interfacial reactions, although issues such as high viscosity
and cost remain [312]. In practice, carbonate-based electrolytes
with functional additives are more viable. Additives containing
fluorine, boron, phosphorus, silicon, and nitrogen preferentially
oxidize to form protective CEIs. Among them, fluorinated addi-
tives are particularly effective in generating LiF-rich interphases
with high mechanical strength and oxidative stability [66, 313
316]. Boron- and phosphorus-containing species further enhance
CEI robustness while offering additional functionalities such as
flame retardancy, whereas nitrogen-containing molecules can
extend voltage stability toward 5V [317-322].

Taken together, CEI chemistry could be viewed as a preparation-
dependent interfacial outcome governed by the interplay between
electrolyte composition, solvation structure, and cathode surface
engineering. The rational design of these factors enables the
stabilization of interfacial reactions under extreme oxidative con-
ditions, thereby bridging atomic-scale interphase chemistry with
macroscopic voltage tolerance and long-term cycling stability in
high-voltage lithium batteries.

5.2 | Microscale Electrode-Electrolyte Structural
Optimization Bridging Interfaces and Device-Level
Energy Density

While atomic and nanoscale interfacial chemistry governs local
reaction kinetics, achieving high energy density at the device
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FIGURE 20 | (a)The surface films on LiCoO, after exposure to electrolyte [302]. Copyright, Electrochemical Society, Inc. (b) Sputtering equipment

for the preparation of LiCoO, thin film [303]. Copyright, Elsevier. (c) The chemical composition of the interface layer on the LiCoO, cathode probed by
XPS at different charge and discharge states and CEI components for different CEI indices [306]. Copyright, Elsevier. (d) Modulating the electrochemical
window by anodic and cathodic descriptors [307]. Copyright, Elsevier. (e) Schematic illustration of the fabrication process of the ALCEI-modified
NCMS8I11 material and corresponding SEM images of ALCEI-modified NCM811 [308]. Copyright, Royal Society of Chemistry.

level critically depends on microscale electrode architectures,
which regulate ion/electron transport over extended length
scales. In this context, thick electrode design serves as a key
strategy to translate interfacial advantages into practical areal and
volumetric energy density.

5.2.1 | Thick Electrode Structure Optimization

Electrodes fundamentally determine the upper limit of energy
density by controlling the amount of active material [323]. Beyond
material selection, electrode architecture, dictated by fabrication
processes, plays a decisive role in balancing energy density and
transport kinetics. Strategies such as nanostructuring [324, 325]
and surface engineering [326] can enhance interfacial reactivity
and electrode/electrolyte interactions. However, their benefits are
often diminished when transitioning to thick electrodes.

As the electrode thickness increases, microscale transport lim-
itations dominate, leading to sluggish ion diffusion, increased
polarization, and reduced mechanical stability [327]. These lim-
itations originate from fabrication-induced structures, where
randomly packed particles create high tortuosity and restricted

ion pathways. According to the effective ionic conductivity
relationship:

€
Dy = ;D @

where ¢ and 7 represent the porosity and tortuosity of the
electrode, respectively, and D denotes the intrinsic ionic con-
ductivity. It is evident that the effective ionic conductivity is
strongly governed by both porosity and tortuosity. Consequently,
thick electrodes with porous architectures and low tortuosity
can simultaneously sustain efficient ion/electron transport and
elevate the volumetric energy-density limit (Figure 21a,b) [328-
330].

Importantly, these challenges are not intrinsic to materials but
arise from electrode fabrication routes, motivating the develop-
ment of advanced processing strategies [332]. Techniques such
as 3D printing (Figure 21c), solvent-induced phase separation
(Figure 21d), and directional freezing (Figure 2le) enable the
construction of ordered, hierarchical structures with optimized
porosity and integrated conductive networks. These engineered
architectures effectively shorten transport pathways, enhance
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FIGURE 21 | Schematics illustrating the ion transfer pathways in (a) conventional electrode and (b) novel thick electrode [330]. (c) 3D printing
of thick electrodes. (d) Solvent-induced phase separation for a thick electrode. (e) Directional freeze for thick electrode [331]. Copyright, American

Association for the Advancement of Science.

mechanical integrity, and mitigate polarization, thereby enabling
thick electrodes to achieve both high energy density and stable
electrochemical performance.

5.21.1 | 3D printing-Enabled Microscale Architecture
Control. 3D printing provides a direct route to program
microscale electrode architectures during fabrication, enabling
the decoupling of electrode thickness from transport tortuosity.
Constructing ordered, low-tortuosity pathways facilitates effi-
cient ion/electron transport in high-mass-loading electrodes.
Techniques such as direct ink writing and inkjet printing allow
precise control over microstructure, improving electrochemical
kinetics and energy density. Representative studies demonstrate
that 3D-printed electrodes with engineered microchannels and
hierarchical networks can significantly enhance ion diffusion and
maintain high areal capacities even at large thicknesses [333-336].
The integration of conductive frameworks (e.g., CNTs, MXene)
further improves mechanical flexibility and charge transport,
enabling high energy density without sacrificing rate capability
[337, 338].

However, practical limitations remain, including limited print-
able materials, wettability challenges, and high cost, which
constrain large-scale applications. Overall, 3D printing highlights
how direct structural encoding during fabrication translates
into improved transport kinetics and device-level performance,
although further advances in materials and scalability are needed.

5.2.1.2 | Phase Separation-Driven Microscale Pore Engi-
neering. Solvent-induced phase separation (SIPS) offers a scal-
able strategy to construct low-tortuosity, aligned pore networks
through thermodynamically driven microstructure evolution
[339, 340]. By controlling solvent/nonsolvent interactions and
evaporation dynamics, electrodes with tailored porosity and
directional channels can be fabricated. Compared with conven-
tional electrodes, which exhibit high tortuosity and limited ion
transport, phase-separation-engineered structures significantly
shorten diffusion pathways and reduce polarization [341, 342].
For example, vertically aligned or finger-like pore architectures
can reduce tortuosity to ~1.9, enabling substantial increases in
areal capacity (14 mAh cm™2) at high mass loadings of 60 mg
cm~2 [343], which is three to four times higher than conventional
electrodes.

Nonsolvent-induced phase separation (NIPS) represents a related
approach in which the incompatibility between solvents and
nonsolvents drives the formation of well-defined microstructures
[344]. By controlling the exchange kinetics of solvent and nonsol-
vent, phase separation in polymer-based slurries can be tailored
to generate architectures ranging from low tortuosity finger-like
channels to high tortuosity sponge-like networks. For instance,
Li and coworkers applied NIPS to sodium vanadium phosphate
cathodes by dispersing slurries in DMF and immersing them in
nonsolvents, followed by carbonization to yield self-supporting
NVP@C thick electrodes [345]. Finite element simulations
confirmed that finger-like, low-tortuosity structures ensured
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uniform sodium-ion distributions with minimal concentration
gradients, while sponge-like morphologies produced pronounced
ion accumulation and polarization. Consequently, low-tortuosity
electrodes exhibited homogeneous current distributions and
superior electrochemical kinetics, underscoring the pivotal role
of phase separation control in thick-electrode design. These
studies collectively demonstrate that phase separation-controlled
microscale architectures can effectively convert increased elec-
trode thickness into practical gains in areal energy density
without sacrificing transport kinetics.

5.21.3 | Directional Freeze-Casting for Aligned Ion-
Transport Architectures. Directional freeze-casting enables
precise control over pore orientation by templating electrode
structures through ice crystallization. This process produces
anisotropic, aligned channels that significantly reduce tortuosity
and enhance ion transport across thick electrodes [346-350].

Freeze-cast electrodes exhibit hierarchical and gradient pore
structures, which balance ion transport and mechanical stability
[351, 352]. Such architectures enable high areal capacities (>10
mAh ¢cm~2) and stable cycling even under high current densities
and high-voltage conditions [353]. The aligned channels effec-
tively suppress concentration polarization and promote uniform
electrochemical reactions. Moreover, Yu et al. engineered a
bioinspired carbon scaffold with tunnelable vertical microchan-
nels [354]. Freeze-casting allowed precise pore-size control by
adjusting the initial freezing temperatures. The microchannels,
decorated with Sn/Ni nanoparticles, served as preferential nucle-
ation sites for lithium metal deposition. The optimized scaffold
with ~14 ym pores exhibited ultralow overpotential (~18 mV) and
stable cycling for 500 cycles in symmetric Li cells.

Despite these advantages, challenges such as structural inhomo-
geneity, processing complexity, and scalability remain. Neverthe-
less, freeze-casting demonstrates a powerful route to synchroniz-
ing electrode thickness with transport efficiency, enabling stable
operation under high-loading and high-voltage conditions.

5.2.2 | Electrode and Electrolyte Wetting and
Ion-Electron Transport

Beyond solid-phase architecture, the performance of thick elec-
trodes in HVLIBs critically depends on electrolyte infiltration,
interfacial wetting, and coupled ion/electron transport [355, 356].
At the microscale, the electrical double layer (EDL) bridges
nanoscale interfacial chemistry with macroscopic transport
behavior, governing Li* desolvation, interfacial reactions, and
SEI/CEI formation. Under high-voltage conditions, strong elec-
tric fields and oxidative environments significantly alter the EDL
structure, ion distribution, and coordination chemistry, thereby
amplifying side reactions and interfacial instability.

A typical EDL comprises the inner Helmholtz plane (IHP), con-
sisting of adsorbed ions, and the outer Helmholtz plane (OHP),
formed by solvated ions (Figure 22a) [357]. This structure not only
governs Li* desolvation kinetics but also dictates interfacial reac-
tion pathways, SEI nucleation, and nanoscale morphology [358].
Under high-concentration electrolytes, functional additives, or
elevated voltages, the EDL potential gradient, spatial config-

uration, and ionic coordination environment are substantially
altered, thereby influencing side reactions and SEI stability [359-
361]. Recent studies highlight that deliberate modulation of EDL
architecture promotes the formation of dense, uniform, and stable
SEI films, optimizes interfacial electric fields and Li* transport,
suppresses dendrite growth, alleviates electrode expansion, and
capacity fades [362-364].

The electrolyte itself, as both an ion-conduction medium and a
chemical participant in SEI formation, exerts a decisive influence
on the interfacial composition, ionic conductivity, and mechani-
cal robustness. Current commercial and research LIB electrolytes
are typically classified by salts, solvents, and additives. Among
these, LiFSI and LiTFSI have demonstrated superior conductivity
and stability, particularly under high-voltage and high-energy-
density conditions. For example, Qian and coworkers employed a
neural evolution potential model coupled with molecular dynam-
ics simulations to probe the molecular structure and transport
behavior of LiTFSI/G3 electrolytes at electrode interfaces [365].
As shown in Figure 22b, strong interactions between Li* and
solvent oxygen atoms intensify with increasing LiTFSI concentra-
tion, leading to higher viscosity and reduced Li* diffusivity, which
ultimately impacts interfacial ion transport and overall battery
performance. Controlled tuning of the LiTFSI concentration was
shown to lower interfacial migration barriers, suppress dendrite
formation, and stabilize cathode materials, thereby improving
cycling stability. Similarly, Santosh et al. [366] reported that full-
atom molecular dynamics simulations reveal that enhanced Li*
pectin interactions restructure the coordination environment,
promote small-ion aggregate formation, and reduce Li* anion
coordination numbers (Figure 22c). These changes significantly
alter viscosity, diffusivity, and conductivity, thereby tailoring
interfacial transport properties. They found that pectin not only
reinforces mechanical stability but also suppresses dendrite prop-
agation and retards interfacial impedance accumulation at the
cathode. As illustrated in Figure 22d, the modulation of viscosity
and ion mobility reshapes the ion distribution within the EDL,
thus impacting charge-transfer kinetics. At low concentrations,
ion diffusion remains comparable to that of the pristine elec-
trolyte, preserving the EDL structure; at higher concentrations,
Li* immobilization and anion-dominated transport collectively
govern charge transfer. Moreover, as shown in Figure 22e, the
Zheng group proposed a dual-additive, nonflammable ether elec-
trolyte containing FEC and LiDFOB [367]. They demonstrated
superior interfacial stability with a thin and F, B-rich cathode
electrolyte interface. These findings indicate that electrolyte
composition and additive chemistry reshape not only molecular
solvation but also the spatial ion distribution and transport
efficiency across microscale electrode architectures.

For high-voltage LMBs, interfacial asymmetry remains a central
challenge: an unstable SEI at the anode induces dendrite growth,
while a fragile CEI at the cathode accelerates electrolyte oxi-
dation and transition-metal dissolution [369-373]. Conventional
solvation-structure regulation alone is insufficient to stabilize
both interfaces simultaneously [374-377]. Recent strategies, such
as microemulsion electrolytes (Figure 22f) [368], introduce
mesoscale interfacial organization to decouple SEI and CEI
formation. These systems leverage interfacial tension to form
LiF-rich protective layers on both electrodes, enabling stable
cycling even at 4.5 V. Meanwhile, electrode surface engineering,
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FIGURE 22 | (a)Schematicofthe electrical double layer between the electrode and electrolyte. (b) Pair correlation function g(r) for Li-O interactions
in LiTFSI/Gj3 at 300 K [365]. Copyright, American Chemical Society. (c) Correlations between the diffusion coefficient of Li* ions and ion-pair relaxation
timescales [366]. (d) Relationship between viscosity and relaxation time [366]. Copyright, Royal Society of Chemistry. (e) F, B-rich cathode electrolyte
interface induced by ether electrolyte containing FEC and LiDFOB [367]. Copyright, John Wiley & Sons, Ltd. (f) Li* transport behaviors and the
consequent cathode and anode interphase evolution during charging with electrolyte based on the Li* solvation strategy [368]. Copyright, Springer

Nature.

including coating and heterostructure design, further regulates
wetting behavior, ion flux distribution, and interfacial reactions,
reinforcing electrolyte-driven stabilization mechanisms [378-
384]. As summarized in Table 5, comparative analyses of different
high-voltage LMBs highlight their anode/electrolyte and elec-
trochemical performances, offering insights into rational design
principles for next-generation high-performance HVLMBs.

Collectively, microscale control of electrolyte wetting, EDL struc-
ture, and ion-electron transport establishes the critical link
between interfacial chemistry and device-level performance.
Under high-voltage conditions, the synergistic regulation of elec-

trolyte composition and electrode surface structure is essential
to suppress interfacial degradation, enabling stable, high-energy-
density lithium-based batteries.

5.3 | Macroscale Battery Structure and System
Design

While microscale regulation governs interfacial chemistry, the
safety and reliability of high-voltage lithium batteries are ulti-
mately determined at the macroscale, where electrochemical,
thermal, and mechanical processes are strongly coupled and
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TABLE 5 | Advanced anode and electrolyte applied in high-voltage LIBs.

Cell voltage
Anode Electrolyte window Cycle performance Refs.
Cu@Si-PAN anode-free 1M LiFSI + Py13FSI 3.2-4.7V 80.5%@120 cycles [385]
Cu anode-free DME + LiFSI + HFE + LiDFOB 2.7-4.4V 80.3%@50 cycles [386]
Li3V205 1M LiPF6 + EC + EMC 1.5-39V 86.9%@1000 cycles [387]
Cl-cHBC 1M LiPF6 + EC + DEC 24-43V 93.2%@150 cycles [388]
Silicon 1 M LiPF6 + EC + DEC + DME 33-45V 64.2%@50 cycles [389]
Lithium 1M LiPF6 + EC + EMC 2.5-48V 80.6%@300 cycles [390]
Lithium 0.5M LiPF6 + 0.5 M LiDFOB + DME 3.0-43V 70.2%@300 cycles [391]
+TTE
Cu anode-free 7 M LiFSI + FEC 33-50V 88.7%@50 cycles [392]
Lithium Gel polymer electrolyte 3.0-45V 67.4%@500 cycles [393]
Micro-Silicon 1M LiPF6 + FEC + SL + TTE 2.8-4.3V 81.5%@200 cycles [394]
Li-Sn 1 M LiPF6 + EC + DMC + EMC 28-43V 91.5%@100 cycles [395]

dynamically evolving. Under high-voltage operation, intensified
heat generation, parasitic reactions, and mechanical stress accu-
mulation significantly increase the risk of thermal runaway and
catastrophic failure. However, conventional battery management
systems (BMSs), relying on external measurements of voltage,
current, and surface temperature, fail to capture these internal
evolutions, leading to inaccurate state estimation and delayed
safety warnings. To address this limitation, structural-functional
integration has emerged as a key strategy, embedding sensing
and diagnostic capabilities directly into battery architectures,
thereby enabling real-time internal monitoring and intelligent
safety management.

5.3.1 | Battery Sensors

Battery-integrated sensors establish a direct link between internal
multiphysics processes and external control systems, which is
particularly critical under high-voltage conditions where local-
ized failure often initiates internally and propagates rapidly.
Accordingly, sensing technologies have evolved from external,
point-based detection toward embedded and distributed diagnos-
tics (Figure 23a).

5.3.1.1 | Temperature Sensors. Thermal runaway in high-
voltage batteries is typically initiated by localized internal heat
accumulation rather than surface temperature rise. As a result,
external temperature monitoring often underestimates internal
hotspots, leading to delayed warning [404, 405]. In situ temper-
ature sensing, based on thermocouples or resistance temperature
detectors (RTDs) [406], enables direct monitoring of internal ther-
mal evolution with significantly improved response speed and
accuracy. Advanced designs, including thin-film and distributed
sensor arrays, further allow spatially resolved temperature map-
ping, revealing internal thermal heterogeneity that is inaccessible
to surface measurements (Figure 23b) [397, 398, 407, 408].
Nevertheless, high sensor density introduces challenges such
as structural disruption and ion transport interference. Recent
efforts therefore focus on optimized sensor layouts and wireless

sensing strategies, which eliminate complex wiring and reduce
risks associated with cell sealing, offering a scalable solution for
large-format high-voltage systems [409, 410].

5.3.1.2 | Stress-Strain Sensors. Mechanical degradation is a
critical yet often overlooked factor in high-voltage battery failure
[411-413]. Elevated potentials accelerate volume changes, gas
evolution, and interfacial instability, leading to stress accumula-
tion, electrode cracking, and structural deformation. Embedded
flexible stress—strain sensors enable direct measurement of inter-
nal mechanical evolution, revealing that internal stress is often
significantly higher than external estimates [400]. Such in situ
diagnostics provide early indicators of structural failure, com-
plementing thermal monitoring and improving the accuracy of
safety prediction under high-voltage operation (Figure 23c) [396,
399, 400].

5.3.1.3 | Optical Sensors. Optical sensing offers a powerful
alternative for high-resolution and distributed diagnostics, par-
ticularly suited for high-voltage systems where electromagnetic
interference and wiring complexity become critical concerns
[414]. Fiber-based sensors, including fiber Bragg gratings (FBGs)
and distributed optical fiber sensing (DOFS), enable multipoint
or continuous monitoring of temperature and strain with high
spatial resolution. These systems can capture internal gradients
and dynamic evolution across the entire cell, overcoming the
limitations of conventional point sensors. Importantly, advanced
optical architectures demonstrate strong resistance to extreme
conditions, enabling real-time monitoring even during thermal
runaway (Figure 23d) [401, 402, 415]. This robustness provides
a foundation for next-generation intelligent battery systems
capable of both surviving and diagnosing failure events under
high-voltage operation [403, 416-420].

Importantly, beyond the sensing capability itself, a critical yet
underexplored challenge lies in the manufacturability and inte-
gration of these sensors within high-voltage battery systems.
Unlike conventional configurations, high-voltage electrodes are
highly sensitive to microstructural and interfacial perturbations,
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FIGURE 23 | (a) Schematic diagram of multiscale sensors for HVLIBs. (b) Different temperature sensors with polymer-based operation [396],
implanted operation [397], and distributed array operation [398]. Copyright, Elsevier. (c) Stress-strain sensor with 18650 LIB [399] and the operating
mechanism between pressures and current output [400], Copyright, Elsevier. (d) Different optical sensors with locations of TCs and FBGs [401],
instrumented cells [402], and elucidation of thermal-runaway pathways for HVLIBs [403]. Copyright, Elsevier.

where even minor disruption to particle/electrolyte contact
or ion transport pathways can accelerate degradation under
elevated potentials. Therefore, the integration of sensors must
be carefully aligned with advanced fabrication processes to
avoid compromising electrochemical performance. For example,
emerging dry electrode processing and calendaring techniques
provide opportunities to embed ultrathin, flexible sensors directly
into electrode architectures without introducing solvent-induced

defects or interfacial inhomogeneity. Similarly, in high-voltage-
compatible, nondestructive packaging processes, sensor incor-
poration must preserve electrode integrity, maintain uniform
pressure distribution, and avoid creating localized electronic or
ionic discontinuities. These considerations highlight that sensor
integration is not merely a functional addition but a process-
dependent design challenge that must balance sensing fidelity
with interfacial stability and energy density retention.
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FIGURE 24 | Schematic of the thermal runaway mechanism for the

5.3.2 | Intelligent Management Systems for Thermal
Runaways

Under high-voltage operation, thermal runaway is no longer
a purely thermal or mechanical failure but is fundamentally
initiated by electrochemical instability at highly delithiated states.
Specifically, deep delithiation of high-nickel cathodes at elevated
voltages triggers lattice oxygen release, while severe electrolyte
oxidation at high potentials generates heat, gas, and reactive
intermediates. These processes collectively accelerate interfacial
degradation, gas evolution, and internal pressure buildup, ulti-
mately initiating chain reactions that lead to thermal runaway
(Figure 24) [421].

Conventional BMSs, relying on voltage, current, and surface
temperature, cannot capture these early-stage internal electro-
chemical failures, rendering high-voltage batteries particularly
vulnerable to delayed warning. To address this limitation, embed-
ded multiphysics sensing has emerged as a key strategy for
the early detection of high-voltage-induced instability [422]. For
example, distributed potential sensing enables spatial mapping
of internal electrochemical heterogeneity, allowing early iden-
tification of localized overpotential and degradation sites. In
parallel, gas sensing provides direct evidence of high-voltage
interfacial reactions: CO, evolution is closely associated with
cathode oxidation, while H, and hydrocarbon species reflect
electrolyte decomposition and SEI breakdown. Notably, gas gen-
eration often precedes a detectable temperature rise, making it a
highly sensitive indicator of high-voltage failure initiation [423,
424]. Based on this, Lee et al. fabricated an ultrathin (50 nm)
MEMS-based H, sensor on a flexible polyimide substrate. The
device detects internal hydrogen leakage through rapid resistance
shifts.

Mechanical sensing further complements this framework. High-
voltage cycling intensifies volume fluctuation, gas accumula-

_"l u-rl.r...m.-... sy
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energy storage system.

tion, and internal stress evolution, which are strongly coupled
with interfacial degradation. Embedded strain sensors, there-
fore, provide early warning signals of structural failure that
are inaccessible to external measurements. Collectively, these
sensing strategies transform safety management from passive
monitoring to proactive diagnosis, enabling early identification
of high-voltage triggered interfacial failure and extending the
intervention window before thermal runaway.

5.3.3 | Battery Protection for Thermal Runaway

Given that high-voltage operation accelerates heat generation and
gas evolution, effective structural protection must be designed to
mitigate both thermal propagation and pressure-driven failure.
The thermal runaway behavior of batteries is strongly depen-
dent on the cell configuration, which governs heat dissipation,
mechanical confinement, and gas release pathways.

Cylindrical cells, featuring metallic casings and radially sym-
metric heat distribution, show superior thermal conductivity per
unit volume. However, their dense packing can hinder lateral
thermal isolation and accelerate intercell heat transfer. Prismatic
cells offer a compact geometry and high integration density but
suffer from nonuniform internal pressure and localized heat con-
centration, which can intensify hotspot formation and thermal
diffusion. In contrast, pouch cells constructed with laminated
aluminum-polymer films possess favorable heat dissipation yet
poor mechanical robustness, making them prone to rupture and
jet-like venting once internal pressure surges during thermal
runaway.

To address these challenges, integrated porous heat-dissipation
channels have been introduced in advanced cell designs. By
introducing microventilation layers, these architectures enhance
longitudinal heat conduction while suppressing lateral thermal
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FIGURE 25 | Schematic of thermal diffusion pathways of three types of cells under runaway conditions.

propagation. Figure 25 compares the thermal diffusion pathways
of different cell formats under runaway conditions. Thermal
isolation barriers represent another cornerstone of battery safety
engineering, aiming to physically decouple heat and reactive
materials. Conventional approaches insert low-conductivity, high
heat-capacity layers, such as ceramic fiber mats, silicone-based
pads, or inorganic mineral composites, between cells or along
module boundaries to delay heat transfer and block propaga-
tion. Crucially, high-voltage operation demands simultaneous
management of heat and gas. Therefore, optimized designs incor-
porate pressure relief and gas venting channels to safely release
high-temperature gaseous products generated from electrolyte
oxidation and cathode decomposition.

When integrated with intelligent sensing systems, these
structural strategies establish a multilayer safety framework
that directly targets high-voltage-induced failure mechanisms,
enabling early detection, localized suppression, and controlled
propagation of thermal runaway.

6 | Summary and Outlook

In this review, we comprehensively examine the critical chal-
lenges, fabrication technologies, and multiscale coupling mecha-
nisms governing the performance of HVLIBs. Particular empha-
sis has been placed on the intricate interplay between structural
instability, interfacial chemistry, and electrochemical dynamics,
which jointly determine the safety and efficiency of high-energy
systems.

At the material level, the development of robust high-voltage
cathodes and compatible electrolytes remains a central priority.
Despite significant advances in composition tuning, surface
modification, and interface engineering, balancing high-voltage
stability with ionic conductivity and mechanical integrity persists
as an enduring challenge. At the mesoscale, the optimization
of electrode—electrolyte architectures, specifically through graded

porosity, enhanced wettability, and interconnected ion or electron
transport pathways, has proven critical for enabling fast charge
transfer and mitigating localized polarization. Furthermore,
the emergence of solid-state batteries further highlights the
importance of intimate interfacial contact and chemically stable
interphases, as mechanical and electrochemical mismatches
at solid-solid boundaries often dominate failure pathways. To
overcome these issues, hybrid electrolytes, buffer interlayers, and
molecularly engineered interfaces have been demonstrated to
promote uniform ion flux and suppress dendrite growth, repre-
senting promising routes toward durable and safe high-voltage
operation.

On the device and system levels, the fabrication and pack-
aging technologies for high-voltage cells have evolved toward
lightweight, modular, and eco-friendly designs. Advanced sealing
materials and thermal management architectures have been inte-
grated to improve the energy density and cycling reliability. The
increasing complexity of large-scale battery packs introduces new
challenges in real-time monitoring and fault diagnosis. To tackle
these complexities, the integration of structural-functional intelli-
gent management systems represents a transformative approach.
By embedding multidimensional sensors (thermal, mechanical,
and optical) within the battery structure, such systems enable
in situ monitoring of internal temperature, stress, and chemical
evolution. Coupled with advanced signal-processing and data-
fusion algorithms, these intelligent management systems allow
for the accurate estimation of key operational states, including
SOC, SOH, and SOP, while offering early warnings against
thermal runaway and mechanical failure. The convergence of
sensor technology, data analytics, and materials design marks
a pivotal step toward the autonomous operation of energy
storage systems with enhanced safety and resilience. To further
highlight the central concept of preparation-dependent multi-
scale coupling, the relationships between fabrication strategies,
structural descriptors, and their corresponding physicochemical
mechanisms and electrochemical performance are summarized
in Table 6.
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TABLE 6 | Preparation-dependent multiscale coupling in high-voltage lithium-ion batteries.

Multiscale Impact on elec-
Preparation structural Dominant physicochemical trochemical
strategy descriptors mechanisms performance Representative systems
Slurry casting Random particle Nonuniform ion transport; stress Limited rate Conventional thick

and calendaring

packing; high
tortuosity (micro);
weak interparticle

contact (nano)

concentration; unstable SEI/CEI

capability;
accelerated
degradation

electrodes

Advanced Strong interparticle  Stress buffering; continuous electron = Improved cycling Si-based anodes with
binders and adhesion (nano); pathways; stabilized interfaces stability and functional binders
conductive elastic/conductive capacity
networks network (micro) retention
Surface coating Conformal Suppressed parasitic reactions; Enhanced Oxide/fluoride/phosphate
protective layers; stabilized CEI/SEI; reduced TM high-voltage coatings on NCM/LCO
regulated surface dissolution stability and cathode
chemistry (nano) lifespan
In situ Conformal Reduced interfacial resistance; Improved In situ formed polymer
polymerization interfacial polymer uniform Li* flux; stabilized interfacial electrolytes
network; intimate interphase formation compatibility and
electrode— cycling stability
electrolyte contact
(nano-micro)
3D printing Ordered Accelerated ion/electron transport; High areal 3D-printed LFP/LTO
architectures; low reduced polarization capacity; electrodes
tortuosity channels improved rate
(micro-macro) performance
Phase separation Aligned pore Homogeneous ion distribution; Enhanced Vertically aligned LCO
channels; gradient reduced concentration polarization thick-electrode electrodes
structures (micro) performance
Freeze-casting Directional Fast ion transport; stress High loading Ice-templated LFP/NCM
channels; redistribution; uniform reaction capability with electrodes
hierarchical fronts stable cycling
porosity
(micro-macro)
Electrolyte Modified solvation ~ Controlled decomposition pathways; Improved HCE/LHCE/WSE
engineering structure; tailored stable SEI/CEI formation high-voltage electrolytes
interphase stability
chemistry (nano)
Artificial Dense, Suppressed dendrite growth; Enhanced safety  LiF-rich SEI, ALD coatings
interphase ion-conductive regulated Li* transport and cycling life
design interphase layers
(nano)
Sensor- Embedded sensing Real-time monitoring of Improved safety, FBG/RTD-based smart
integrated network (macro) thermal/mechanical/electrochemical ~ diagnostics, and batteries
systems states reliability

Looking ahead, several research directions merit intensified
efforts. First, the atomic-scale design of cathode-electrolyte
interfaces guided by ab initio calculations, in situ spectroscopy,
and machine-learning-driven material discovery will accelerate
the identification of high-voltage-compatible chemistries. Sec-
ond, multiphysics modeling and digital twins would be further
developed to correlate electrochemical, thermal and mechanical
processes across scales, enabling predictive optimization from

materials to system integration. Third, the synergistic combina-
tion of solid-state and liquid-phase hybrid electrolytes, coupled
with scalable manufacturing technologies, offers a viable pathway
to balance ionic conductivity, safety, and cost. Finally, data-
driven intelligent management leveraging machine learning and
real-time sensing will redefine battery diagnostics, transitioning
from passive monitoring to active control and self-adaptive
optimization (Figure 26).
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High-voltage lithium-ion battery outlook
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FIGURE 26 | Outlook for next-generation high-voltage lithium-ion batteries.

In conclusion, the development of next-generation high-voltage
lithium-ion batteries demands a paradigm that transcends con-
ventional trade-offs between energy density, safety, and intelli-
gence. Through the coordinated progress of materials innovation,
structural engineering, and system-level intelligence, the future
of high-voltage energy storage is expected to shift from “high-
energy” to “high-performance”, delivering safer, smarter, and
more sustainable batteries for the electrified world.
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