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HIGHLIGHTS

e Offers a thorough review on the mechanism of molecular and ion dipoles in high-energy batteries, covering development, classifica-

tion, and multifaceted roles in battery systems.

e Flucidates how molecular and ion dipoles regulate ionic transport, optimize solvation structures, strengthen the electric double layer,

and construct stable solid electrolyte interphase/cathode—electrolyte interface layers, all of which boost battery performance.

e Demonstrates the wide-ranging applications of dipole interactions in various battery systems, such as suppressing dendrites in

lithium-metal batteries and improving the cycling stability of lithium—sulfur batteries.

® Proposes future research directions including Al-assisted materials design, in-depth mechanism exploration, multidisciplinary inte-

gration, database establishment, and promoting practical applications, aiming to drive the development of high-energy batteries.

ABSTRACT Achieving high-energy density remains a key objective for advanced energy stor-
age systems. However, challenges, such as poor cathode conductivity, anode dendrite formation,
polysulfide shuttling, and electrolyte degradation, continue to limit performance and stability.
Molecular and ionic dipole interactions have emerged as an effective strategy to address these
issues by regulating ionic transport, modulating solvation structures, optimizing interfacial

chemistry, and enhancing charge transfer kinetics. These interactions also stabilize electrode

Electron
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interfaces, suppress side reactions, and mitigate anode corrosion, collectively improving the
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durability of high-energy batteries. A deeper understanding of these mechanisms is essential

to guide the design of next-generation battery materials. Herein, this review summarizes the
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development, classification, and advantages of dipole interactions in high-energy batteries. The
roles of dipoles, including facilitating ion transport, controlling solvation dynamics, stabilizing
the electric double layer, optimizing solid electrolyte interphase and cathode—electrolyte interface layers, and inhibiting parasitic reac-
tions—are comprehensively discussed. Finally, perspectives on future research directions are proposed to advance dipole-enabled strate-
gies for high-performance energy storage. This review aims to provide insights into the rational design of dipole-interactive systems and

promote the progress of electrochemical energy storage technologies.
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1 Introduction

The escalating global demand for sustainable energy, cou-
pled with the pressing challenges of environmental pollution
and resource depletion, has placed unprecedented emphasis
on the development of advanced energy storage technologies
[1-4]. Among various candidates, high-energy density bat-
teries have emerged as a cornerstone for powering diverse
applications, ranging from portable electronics and electric
vehicles to large-scale grid storage systems [5-8].

Achieving higher energy density is paramount for next-
generation batteries, as it directly governs the amount of
energy stored and delivered per unit weight or volume
[8—10]. Central to this objective are the processes of ionic
and electronic transport, which are intricately linked to
nearly every component within the battery system, includ-
ing cathodes, anodes, electrolytes, and separators (Fig. 1)
[11-14]. However, several intrinsic and extrinsic limitations
continue to impede progress. For instance, poor electronic
conductivity in cathode materials restricts charge transfer
kinetics during electrochemical reactions [15, 16], while
instabilities at the cathode—electrolyte interface (CEI) exac-
erbate side reactions and structural degradation [17-19]. On
the anode side, dendrite formation and surface corrosion,
induced by inhomogeneous and undesired ionic transport,
are prevalent and critical issues that not only undermine
cycling stability, but also pose significant safety risks [20].
Additionally, high-energy systems, such as lithium—sulfur
batteries, suffer from polysulfide shuttling, where the migra-
tion of soluble intermediates deteriorates active material
utilization and compromises overall performance [21, 22].
Further complications arise from electrolyte failure, poor
ion selectivity of separators, and unstable desolvation/solva-
tion processes, collectively impairing the electrochemical
stability and longevity of batteries [23-25]. Critically, these
challenges are rooted in the complex interplay of ionic and
electronic behaviors at the micro- and nano-scale interfaces
and phases within the battery architecture. Addressing these
fundamental transport issues from an interfacial and micro-
structural perspective offers a promising pathway toward
the rational design of stable, high-energy density battery
systems.

Dipole interactions between molecules and ions have
recently emerged as a promising strategy to address these
challenges, offering versatile and complex mechanisms with
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significant potential for performance enhancement [26-29].
These interactions originate from the uneven distribution of
positive and negative charges within molecular or ionic spe-
cies, resulting in strong electrostatic attractions or modifica-
tions at interfaces (Fig. 2a) [30, 31]. Such dipolar effects can
effectively tailor the local physicochemical environment and
modulate interfacial properties, thereby improving ionic and
electronic transport processes [32—-35]. For example, it could
regulate the ionic transport process by optimizing the solva-
tion structure of ions, facilitating the smooth movement of
the ions between the electrodes and enhancing the transfer
efficiency [36-38]. On the cathode side, they contribute to
increased ionic conductivity and facilitate the formation of
robust and uniform CEI layers, thus stabilizing the interface
and promoting active material utilization [39—43]. Similarly,
at the anode, dipoles can adjust the electric double-layer and
solvation structure to stabilize the solid electrolyte interphase
(SED), suppress side reactions, mitigate dendrite formation,
and maintain structural integrity [44, 45]. Furthermore, it
could also contribute to reducing the shuttle effect of pol-
ysulfides and strengthening the stability of the electrolyte
by forming a protective layer or modifying the interfacial
chemistry [28, 46]. These functionalities underscore the
critical role of dipole interactions in enabling high-perfor-
mance, high-energy density batteries. Despite some impres-
sive reviews concerning dipoles, including regulating ion
transport and desolvation [47], regulating solvated shell [48,
49], interfacial stability, and other mechanisms [50], none of
them comprehensively explore their multifunctional roles.
Therefore, a systematic understanding of these mechanisms
is urgently needed to guide the rational design of advanced
battery systems with enhanced electrochemical performance.

In this review, we present a comprehensive overview of
recent advances in dipole interactions and their emerging
roles in enhancing the electrochemical performance of high-
energy batteries. We begin by discussing the development,
classification, and inherent advantages of dipole interactions
in electrochemical systems. Next, we detail the fundamen-
tal mechanisms through which molecular and ionic dipoles
regulate ionic transport, optimize solvation structures, mod-
ulate electric double layers, stabilize SEI and CEI, enhance
electronic conductivity, and suppress side reactions and cor-
rosion. Finally, we provide an outlook on future research
directions to further harness dipole interactions for next-
generation high-energy battery technologies.

https://doi.org/10.1007/s40820-025-01926-7
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Fig. 1 Critical issues in high-energy batteries related to ionic/electric transport

2 Development, Advantages, Classification,
and Challenges in the Application of Dipole
Interactions in High-Energy Batteries

2.1 Development of Dipole Interactions in High-Energy
Batteries

Molecular and ion—dipole interaction is a chemical phenom-
enon based on electrical interactions, which occurs between
ions and molecules possessing dipole moments [51]. The
dipole moment of a molecule originates from differences
in electronegativity between constituent atoms, leading to
an asymmetric electron cloud distribution [52]. This causes
one end of the molecule to be positively charged and the
other end to be negatively charged, thus forming a polar state
similar to that of a "tiny magnet." When an ion approaches
such a molecule, it interacts with the positively or negatively
charged end of the molecule through electrostatic attraction,
and this interaction is defined as the molecular ion—dipole
interaction.

o)
AP e

SHANGHAI JIAO TONG UNIVERSITY PRESS

In recent years, extensive efforts have been devoted to
harnessing these interactions to regulate ionic and electronic
transport in various high-energy battery systems, including
lithium-ion, sodium-ion, and lithium—sulfur batteries [53-57].
This research field has witnessed rapid growth, as evidenced
by the increasing number of publications indexed in major
scientific databases (Fig. 2b). A bibliometric analysis reveals a
steady year-on-year rise in scholarly articles focusing on dipole
interactions in batteries, with an expanding presence in top-tier
journals across energy, chemistry, and materials science disci-
plines (Fig. 2¢). These developments reflect the growing rec-
ognition of the multifunctional roles that molecular and ionic
dipole interactions could play at the micro- and nano-scales
within batteries, which mainly include two forms (Fig. 2d).
Specifically, these interactions have been demonstrated to not
only modulate solvation structures and ionic transport, but also
contribute to interfacial stabilization, dendrite suppression, and
improved active material utilization. Their inherent versatility
provides an emerging platform for addressing persistent chal-
lenges in achieving both high-energy density and operational
stability. Despite these promising advances, the systematic

@ Springer
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Fig. 2 a Schematic of molecular and ionic dipoles. b Publishes and ¢ research areas of dipoles (Data are from Web of Science). d Roles of

molecular and ionic dipole in high-energy batteries

understanding and application of dipole interactions in battery
systems remain at an early stage. Continued investigation is
necessary to deepen mechanistic insights and unlock their full
potential for next-generation high-energy battery technologies.

2.2 Advantages of Dipole Interactions

Compared to conventional ion—ion electrostatic interac-
tions, molecular ion—dipole interactions offer greater pre-
cision in modulating ion transport behaviors [47]. Unlike
other chemical bonding mechanisms, such as coordination
or covalent bonding, dipole interactions exhibit distinctive
functionalities at electrode—electrolyte interfaces, where
they can dynamically adjust the local ionic environment
without introducing undesirable side reactions [50]. During
battery operation, the electrode—electrolyte interface plays
a pivotal role in governing electrochemical performance
and stability. Many chemical interactions at this interface

© The authors

can result in the formation of unstable intermediates or trig-
ger parasitic reactions, compromising battery longevity. In
contrast, dipole interactions provide a balanced interaction
strength—stronger than van der Waals forces yet milder
than conventional covalent bonds—allowing for adaptive
interface regulation, while minimizing the risk of irrevers-
ible chemical transformations. Moreover, in comparison
with specific chemical interactions, such as the selective
coordination between certain metal ions and ligands, dipole
interactions display superior universality and material com-
patibility, enabling their application across a broad range of
electrode and electrolyte chemistries [34]. These intrinsic
advantages position dipole interactions as a versatile and
scalable strategy for enhancing the performance and durabil-
ity of high-energy batteries.

https://doi.org/10.1007/s40820-025-01926-7
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2.3 Classification of Dipole Interactions
in High-Energy Batteries

Dipole interactions in high-energy battery systems can be
broadly categorized into the following types (Table 1): i)
Ton—solvent molecule dipole interactions, where solvent
dipoles modulate the solvation environment of ions, directly
impacting ion transport, desolvation, and interfacial behav-
iors [41, 58, 59]. (ii) lon—functional group dipole interac-
tions, occurring at electrode surfaces modified with polar
functional groups, which tailor interfacial charge distribu-
tion and influence ion flux dynamics [60]. (iii) Additive
molecule ion—dipole interactions, where dipolar additives
in electrolytes or separators interact with migrating ions,
facilitating interfacial stabilization or selective ion transport
[61]. These categories reflect the diverse contexts in which
dipole interactions have been effectively integrated into
various battery systems, including lithium-ion, sodium-ion,
and lithium—sulfur batteries. Tailored dipole design strate-
gies have demonstrated the ability to significantly improve
electrochemical performance metrics, such as cycling stabil-
ity, Coulombic efficiency, and rate capability. Given their
structural diversity and functional tunability, dipole inter-
actions offer a multifaceted toolbox for addressing multiple
challenges simultaneously in high-energy battery systems.
Continued exploration of these interaction types will further
enhance design strategies for advanced battery materials and
interfaces.

3 Mechanism of Molecular Ion Dipoles
for High-Energy Batteries

Based on the special advantages of molecular ion coupling,
molecular ion coupling has been proved to be a promising
candidate for solving the ionic electronic transport related
issues of high-energy batteries [62, 63]. According to
recent studies, the corresponding mechanism of molecular
ion—dipole interaction in high-energy batteries could be clas-
sified concerning regulating the ionic transfer process, regu-
lating and intervening in the desolvation process, enhancing
the electric double layer, optimizing the structure of the SEI
layer, improving the CEI layer, and elevating the electri-
cal conductivity and so forth [44], as illustrated in Fig. 3.
Table 2 summarizes the ionic transfer number, ionic con-
ductivity, and some typical electrochemical performances
including cyclic performance, plating/stripping stability, and
Coulombic efficiency of some high-energy batteries with
different molecular ion dipole effects.

3.1 Boosting Ionic Transport

Dendritic formation has great impact on the electrochemical
performance of high-energy batteries [70-73]. The forma-
tion of dendrites is essentially the non-uniform deposition
caused by the uneven transport of metal ions. Therefore, it is
of great importance to suppress the formation of dendrites.
The dipole effect can regulate the transport process of metal
ions, adjust the surface electric field and ion distribution,
form ordered ionic channels, accelerate the migration of
metal ions, and increase the transference number of metal
ions, thereby enabling dendrite-free metal deposition [30,
67, 68, 70].

Table 1 The classification of some typical applications of dipole interactions in battery systems

Battery system Dipole mechanism of action Active substance Applications Refs
Lithium-metal batteries Ion—solvent molecule dipole PBM-IL-Li Electrolyte [58]
Sodium ion batteries Ion—solvent molecule dipole 2-methyltetrahydrofuran Electrolyte [59]
Lithium-metal batteries Ion—dipole action of functional groups on the WSEs Electrolyte [60]
surface of the electrode

Lithium-metal batteries Additive Molecules Ionic Dipole Interaction Methyl pyrrolidone Electrolyte

Lithium batteries Ion—solvent molecule dipole Difluoro (oxalato) borate Electrolyte [61]
Lithium-metal batteries Ion—dipole action of functional groups on the Pyrrolidone Electrolyte [45]

surface of the electrode

SHANGHAI JIAO TONG UNIVERSITY PRESS

@ Springer



99 Page 6 of 40

Nano-Micro Lett. (2026) 18:99

3.1.1 Promoting Uniform Ilonic Transport

The ionic transport in an ordered and oriented structure is
much faster than that in a randomly arranged one, which
could maximize the ion migration and thus greatly improve
the corresponding performance [47, 74-76]. Cai et al. pro-
posed a regulation of ion field for the zinc anode by the
dipole molecular effect and constructed a unique dipole
molecular (DPM) layer on the zinc surface to adjust the sur-
face electric field and ion distribution. It was also verified
that the construction of ordered ion channels through the
dipole effect enabled the rapid migration of zinc ions [54].
As shown from Fig. 4a, the dipole effect exhibited rapid zinc
ion migration kinetics. DPM-Zn had a relatively high Zn>*
transference number of 0.82, which was higher than that of
the bare zinc electrode (0.67), indicating its outstanding ion
transport ability. The diffusion and nucleation behavior of
zinc ions on the surface of DPM-Zn was further investigated
by chronoamperometry (CA). The rapid decrease in current
in the initial stage indicated the diffusion and nucleation
of zinc on the electrode surface, and the subsequent stable
current represented its growth process [77]. As shown in
Fig. 4b, at a constant voltage of —150 mV, the CA curve
of bare zinc exhibited a continuously decreasing current
density over 100 s, suggesting a long-term two-dimensional
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(2D) diffusion. Because zinc ions were more inclined to dif-
fuse laterally toward the tip position, and the accumulation
of excess charges at the tip position was more conducive
to deposition. Figure 4b shows that, compared with the
bare zinc electrode, the zinc surface with the DPM layer
could effectively promote the rapid nucleation and growth
of zinc on the electrode surface. In addition, the DPM layer
improved the uniform distribution of ions on its surface,
induced the uniform deposition of zinc ions, accelerated the
interfacial migration of ions, and was beneficial for improv-
ing the electrochemical performance of zinc-ion batteries
[78, 79]. The bare zinc surface was rough with tiny protru-
sions (Fig. 4c).

In addition, these protrusions exhibited a relatively strong
local electric field, leading to charge accumulation and
attracting more Zn**, resulting in the rapid growth of Zn
dendrites (Fig. 4d). The formation of zinc dendrites is due
to the non-uniform deposition of zinc ions in aqueous elec-
trolytes, which mainly based on non-uniform nucleation and
non-uniform electric field induction. After the introduction
of the DPM layer, the DPM-Zn electrode exhibited a uni-
form and reduced interfacial electric field (Fig. 4e), mainly
because the DPM had a unique local dipole structure and
could form an electric dipole layer on the interface through
the dipole effect to regulate the charge distribution, thus

e SEI layer construction 3
Electrolyte failure :)) :3 8 ofe \
-40°C Adjust the electric double layer
Dendrite /’..éx [ \
( ) | @R
$0°C | occe &
%ﬁ \-—/ Cathode L

Fig. 3 The role of molecular ion—dipole action in high-energy batteries
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Table 2 The ionic transfer number, ionic conductivity, and some typical electrochemical performances including cyclic performance, plating/
stripping stability, and Coulombic efficiency of some high-energy batteries with different molecular ion—dipole effects

Materials Tonic Ionic conductivity ~ Cyclic performance Plating /stripping stabil- Coulombic efficiency  Refs
transference ity
number
PHMP - 1.26x107*Sem™  81% after 250 cycles ~ Over 1600 h at 99.8% at 1.0 mA cm™2  [64]
under 0.2C 1 mA cm™%/1 mAh
cm™2
(PVDF) - PbZr,Ti;_,O; 0.37 1.16x107* S em™"  86.2% after 500 cycles Over 1900 h at - [65]
(PZT) CPE under 0.5C 0.1 mA cm™%/0.1 mAh
cm™
CPEs - 62x1075Scm™  94% after 350 cycles  Over 1400 h at - [66]
under 1C 0.2 mA cm™%0.2 mAh
cm™
PEO-LiTFSI-NBS 0.77 1.08x107*Scm™ — Over 500 h under 25 pA  99.92% at 50 pA cm™2  [30]
)
cm
NT-B - 3.98x107°Sm™'  75% after 2500 cycles — - [67]
under 0.5 A g‘1
NG3F - - 80% after 170 cycles - 98.62% at [68]
under 0.3C 0.5 mA cm™%1mAh
cm™
CLSPE-IL - 2.77x10—4 S cm™' 91% after 500 cycles Over 2000 h 99.49% at 0.1C [39]
under 0.2C 0.1 mA cm™2,
0.2 mAh cm™2
PDMAPS 0.76 12.54 mS™! 86.4% after 2000 Over 9000 h under 84.1% at 1C [69]
cycles under 3C 0.5 mA cm™%0.5mAh
)
cm
PCS-VCF/Li - - 62.5% after 500 cycles Over 1500 h under 97.0% at 1.0 mA cm™2, [44]
under 5C 20 mA cm™ 1.0mAh cm™
NDCPE-5% 0.75 0.29 mS cm™! 80.0% after 300 cycles Over 400 h - [70]
under 1C 0.5 mA cm~%0.5 mAh
cm™2
a-PE 0.74 51x107*Scem™  96.4% after 1000 Over 900 h 97.8 at 0.1C (initial [71]

cycles under 5C

0.1 mA cm™%0.1 mAh

cm™

CE)

homogenizing the spatial electric field on the electrode—elec-
trolyte interface. The surrounded hydrophobic groups could
serve as a propeller for the accelerated movement of zinc
ions and accelerate the ion migration by dipole repulsion
[80]. This unique structure was evenly distributed through-
out the DPM layer and forms a transport channel for zinc
ions. These results indicated that the DPM with intramo-
lecular dipoles could eliminate the tip effect by homogeniz-
ing the interfacial electric field, deposited zinc uniformly,
and accelerated the migration of zinc ions. It was precisely
because of this that the zinc-ion symmetric battery was able
to cycle stably for more than 1700 h at a current density of
1 mA cm~2, while maintaining a lower polarization volt-
age (Fig. 4f). Compared with the bare zinc electrode, the
polarization voltage of the latter suddenly increased only

SHANGHAI JIAO TONG UNIVERSITY PRESS

after running for 100 h [81]. The reduced voltage hyster-
esis and prolonged cycle life of DPM-Zn indicated that the
introduction of the DPM layer reduced the resistance of the
zinc ion interfacial migration and improved the reversibility
of the plating stripping [82]. This study provided an idea for
the dipole effect to induce ions in regulated channels and
promoted ionic transport.

The application of solid-state lithium-metal batter-
ies (LMBs) requires the preparation of flexible composite
polymer electrolytes (CPEs) with vertically aligned ion
transport paths. However, the orientation of the polymer
matrix is usually disordered, so the ion transport process
is not necessarily uniform. Similar to the research of Cai
et al., Zhao et al. also developed a novel and simple electric
field induced molecular targeting strategy for the fabrication

@ Springer
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Molecular dipole action helps regulate ion transport uniformity
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k Galvanostatic Li plating/stripping profiles of the symmetrical LilP-15C5ILi cells and LilOA-P-15C5ILi cells at step-increased current densi-
ties. 1 Galvanostatic cycling of symmetric LilP-15C5ILi cells and LilOA-P-15C5ILi cells at 0.2 mA cm™2 and 0.2 mAh cm™2 Reproduced with
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Li anodes from Li/PVDF —PZT CPE/Li and Li/PVDF SPE/Li symmetrical cells. Reproduced with permission from Ref. [65]. Copyright 2023,
American Chemical Society

of flexible CPEs with vertically aligned ion transport chan-
nels [66]. Motivated by a straight current (DC) electric field
(such as 1.5 MV m™!), the polar 15C5-Li* dipole solidi-
fied with the monomer molecules in a regular orientation
and formed a flexible three-dimensional (3D) cross-linked
structure through the dipole effect. As a result, many perpen-
dicularly aligned ion transport channels were created in the
vertically oriented CPEs, thus showed an excellent ability

© The authors

to suppress the growth of lithium dendrites and promote the
ionic transport process. Figure 4g illustrates the prepara-
tion of the OA-P-15C5 composite polymer electrolyte with
a vertically oriented molecular structure induced by in situ
photo-initiated polymerization in a DC electric field. Dur-
ing the preparation process, both PEGMEA monomer and
PEGDA crosslinker contained ethylene oxide polar units
(-CH,—CH,—0-), which had good coordination with 15C5.

https://doi.org/10.1007/s40820-025-01926-7
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At the same time, there was a strong coupling effect between
the crown ether ring of 15C5 and Li*, which could acceler-
ate the dissolution and dissociation of lithium salt (LiTFSI)
and formed a large number of dipoles (15C5-Lit) [83].
When a strong electric field is applied, these polar dipoles
could be further polarized and regularly arranged along the
direction of the electric field, thus driving the polar mol-
ecules of PEGMEA and PEGDA to reorient in this strong
electric field (Fig. 4h). As a result, these regularly oriented
molecular chains that contain unsaturated acrylic groups
were readily polymerized and fixed by photoinitiator-184
under UV light to form three-dimensional (3D) cross-linked
structures with vertically aligned ionic transport channels. In
addition, both PEGMEA and 15C5 were readily polarized in
the presence of a DC electric field and were uniformly dis-
tributed along the direction of the electric field. Obviously,
this unique orientation was pretty beneficial to the transport
of lithium ions. In order to clearly understand the micro-
structural differences of the CPEs prepared under the orien-
tation induced by a DC electric field, their cross-sectional
morphologies were observed by an optical microscope. As
shown in Fig. 4i, the surface of P-15C5 had no regular ori-
entation stripes, indicating that the structure of P-15C5 was
randomly arranged. Interestingly, when an external DC elec-
tric field (for example, 1.5 mV m™!) was applied before the
photopolymerization of the precursor solution, this electric
field could induce the 15C5-Li* and PEGMEA molecules
to be arranged parallel to the direction of the electric field
and formed a three-dimensional network of interconnected
channels after photopolymerization. Therefore, the cross-
section of OA-P-15C5 CPE showed a large number of
slightly striped patterns in the parallel direction, as shown
in Fig. 4j. This regular arrangement was driven by the dipole
interaction caused by the strong DC electric field. For this
reason, the vertically oriented OA-P-15C5 CPEs provided a
critical current density (CCD) of 1.07 mA cm™2, which was
higher than that of the randomly arranged P-15C5 CPEs
(0.53 mA cm™), indicating an enhanced ability to suppress
the growth of lithium dendrites (Fig. 4k). Similarly, Fig. 41
demonstrates that the symmetrical LillLi cell assembled
with vertically oriented OA-P-15C5CPEs operated stably
for over 1400 h at a current density of 0.2 mA cm~2 without
significant voltage fluctuations. In contrast, the symmetrical
LillLi cell assembled with randomly arranged P-15C5 CPE
failed to maintain stability even after 200 h of cycling, which
revealed the ultrastable stripping/plating behavior at the
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interface between OA-P-15C5CPEs and the lithium—metal
anode (LMA). The improved suppression of lithium den-
drites could be attributed to faster ion transport and weaker
polarization in the charge—discharge cycle, and ultimately,
these results were brought by the formation of ordered and
oriented channels through the dipole effect to induce the
electric field and regulate the charge distribution.

Different from the previous studies, Huang et al. pre-
pared an asymmetric poly (vinylidene fluoride) (PVDF)-
PbZr,Ti; ,O; (PZT) CPE [65]. The CPE combined high
dielectric PZT nanoparticles and enriched the dense thin
layer on the anode side, making the ends of its dipoles highly
electronegative. These dipoles with high electronegativ-
ity attracted Li* on the PVDF-PZT interface to transport
through the dipole channels and promoted the dissociation
of lithium salts into free Li*. The PVDF-PZT CPE had an
integrated structure, and its asymmetric composition was
naturally formed due to the precipitation of heavy PZT in a
dilute solution. More importantly, the positions of the central
Zr or Ti atoms relative to the O atoms at the corners of PZT
change under the electric field [84, 85], which generated a
large number of dipoles with opposite electronegativities.
These dipoles attracted Li* on the PZT — PVDF interface,
guiding the transport of Li* between adjacent dipoles, and
effectively constructed dipole channels (Fig. 4m, n). In addi-
tion, the high-resolution transmission electron microscopy
(HRTEM) images and selected area electron diffraction
(SAED) pattern analysis of PZT showed that its lattice spac-
ing was 0.289 nm (Fig. 40), consistent with the (101) plane
of tetragonal PZT. The tetragonal phase was a ferroelectric
phase, endowing PZT with a high dielectric constant [86],
promoting the dissociation of salts, generating more elec-
tronegative dipole ends, and enabling Li* to be adsorbed
and transported along the dipole channels. Moreover, the
pure tetragonal phase, different from the mixed tetragonal
and rhombohedral phases that provided dipoles in different
directions, ensured the alignment of dipoles in a single direc-
tion, thus explaining the mechanism of the dipole effect.

The cycled Li//PVDF — PZT CPE interface showed more
lithium fluoride than the cycled Li//PVDF SPE interface
(Fig. 4p). This could be attributed to the presence of PZT
near the Li metal surface, which provided a strong dipole
moment, accelerated the degradation kinetics of the C-F
bond cleavage in LiTFSI, and thus successfully formed a
highly stable SEI film rich in LiF [87]. The formation of
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abundant lithium fluoride promoted the rapid transfer of Li*
and suppressed the growth of lithium dendrites.

3.1.2 Improve the Solubility of the Electrolytes

As a key component of batteries, the electrolytes directly
affect the overall performance and service life of batteries
with its physical and chemical properties. Typical problems,
such as electrolyte solubility and electrolyte failure in dif-
ferent environments, also exist in the electrolyte. The nature
of these problems could be partly attributed to ionic trans-
port problems [88, 89]. The molecular ion dipole interaction
plays an indispensable role in optimizing the characteristics
of the electrolytes and has become one of the hotspots in
the field of battery research in recent years [90-93]. Numer-
ous studies have shown that it makes significant contribu-
tions to improve multiple physical and chemical properties
of the electrolytes. Taking the solubility of the electrolytes
as an example, appropriate solvent molecules, by virtue of
their dipole characteristics, could generate mutual attraction
with the anions and cations of lithium salts, and provide a
more favorable dissolution environment for lithium salts and
increase the solubility of lithium salts in the electrolytes.
Taking into account the advantages in this regard,
Xu et al. successfully enhanced the solubility of LiNO,
through the meticulous regulation of ion—dipole inter-
actions, thereby achieving compatibility with the lith-
ium—metal anode and ensuring the stability of the high-
voltage cathode [94]. The electrostatic potential (ESP)
mapping and density functional theory (DFT) calculations
were, respectively, employed to precisely reveal the atomic
charge densities of diethyl carbonate (DEC), ethylene car-
bonate (EC), and diethyl ether (DEE), along with their
binding energies in relation to Lit (Fig. 5a, b). Among
these compounds, the two oxygen atoms within DEE
exhibited robust polarity, endowing them with the capac-
ity to engage in double ion—dipole interactions with Li*.
Consequently, DEE demonstrated a notably higher bind-
ing energy (—3.09 eV) compared to Li*-DEC (-2.09 eV)
and Li*-EC (—2.20 eV). The reinforcement of ion—dipole
interactions within the electrolyte played a pivotal role in
facilitating the dissociation of lithium salts. In the solu-
bility tests of LiNO3, the EC-DEC, EC-EC, and EC-DEE
solvent systems (with a volume ratio of 1:1) were capable
of dissolving 0.1, 0.7, and 1.1 M of LiNO;, respectively
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(as shown in Fig. 5c). When LiPF¢ was utilized as the
principal salt, LiINO; proved to be rather difficult to dis-
solve in the 1.0 M LiPF¢/EC-DEC electrolyte. However,
the dissolution of 1.0 M LiPF4-0.3 M LiNO4/EC and 1.8 M
LiPF¢-0.5 M LiNO3/EC-DEE electrolytes could be effec-
tively realized. As a result, the electrolytes designed in this
study exhibited superior interfacial stability in comparison
with traditional ester-based electrolytes (Fig. 5d), which
significantly contributed to the improvement of the elec-
trochemical performance of high-voltage LMBs. Figure 5e
presents the cycling performance subsequent to cell activa-
tion. Specifically, the specific capacity of the cells employ-
ing the EC-DEC electrolytes witnessed a rapid decline to
121.7 mAh g~! after merely 53 cycles, accompanied by
a rather low capacity retention rate of merely 65.4%. In
stark contrast, the LilNCM811 cells utilizing the 1.8-0.5
electrolytes of poly(ethylene glycol) diacrylate (PNED)
demonstrated an outstanding capacity retention rate of
83.6% even after 200 cycles, along with an average CE
surpassing 99.6%.These experimental data unambiguously
suggested that the introduction of DEE into the ester-based
electrolytes enabled the construction of a solvation struc-
ture incorporating nitrate- and PF¢-, which not only aug-
mented the wettability, but also enhanced the solubility of
the electrolytes. This, in turn, proved to be highly advanta-
geous for stabilizing the lithium anode and elevating the
electrochemical performance of high-voltage LMBs.

The enhanced performance could be ascributed into the
follow reasons: Leveraging the substantial ion—dipole inter-
action between Li* and DEE in the cell, the solubility of
LiNO; was remarkably enhanced. Moreover, the steric effect
of DEE facilitated the participation of anions in the solva-
tion structure, thereby effectively promoting the formation
of an inorganic-rich SEI. Simultaneously, the low-viscosity
characteristic of DEE also served to improve the interfacial
wettability of the ester-based electrolyte. Thus, the designed
electrolyte had significantly enhanced the electrodeposition
morphology of the lithium anode, the Coulombic efficiency,
and the cycling stability.

In contrast with the approach adopted by Xu et al.,
Wang et al. improved the low-temperature Li* desolva-
tion kinetics through the design of a fluorination-regulated
Li*—dipole interaction to enhance the overall performance
of the batteries [95]. This strategic modification led to an
increased solubility of ions within the electrolyte, thereby
further enhancing the overall performance of the battery.

https://doi.org/10.1007/s40820-025-01926-7
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During the charging process, specifically in the context of
the Li* desolvation step of the Li*-based electrolyte, the
DEC solvent, which exhibited a relatively low Li*—dipole
interaction strength, is initially removed from the Li*—dipole
structure (Fig. 5f). However, its relatively low reduction
potential posed an obstacle to its initial reduction for the
formation of the SEI. In contrast, EC possessed a relatively
high reduction potential and was thus capable of forming
a protective SEI, which effectively prevented the continu-
ous decomposition of the electrolyte. This phenomenon was
consistent with the dominance of the SEI formed by EC
reduction compounds on graphite, where the outer layer was
predominantly composed of organic ROCO,Li. Due to the
deep reduction of ROCO,Li, the inner layer became rich

SHANGHAI JIAO TONG UNIVERSITY PRESS

in inorganic substances, such as lithium oxide and Li,COj.
When Li* was transported through the SEI, the highly resis-
tive organic ROCO,Li impeded the diffusion of Li*
ing in an uneven charge distribution and subsequently giving

, result-

rise to the growth of dendritic Li [96]. Upon replacing EC
with fluoroethylene carbonate (FEC), the FEC molecules,
owing to their lower interaction strength compared to DEC,
were preferentially stripped from the Li*—dipole structure,
thereby generating a LiF-rich SEI film with a high reduction
potential (as shown in Fig. 5g). By comparison, difluoroeth-
ylene carbonate (DFEC) was more readily desolvated from
the Lit—dipole structure than other solvents within the Li*
solvation sheath (Fig. 5h), thereby augmenting the solubil-
ity of ions within the electrolyte and favorably contributing
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to the enhancement of the electrochemical performance of
the battery.

3.1.3 Blocking the Shuttle Effect of Polysulfides

In the previous research, it was found that in solid-state elec-
trolytes (SSEs), due to the formation of larger-sized Li,S
particles [97], during the charging process with a cut-off
voltage of 2.8 V. The discharge product Li,S was not com-
pletely dissociated during the charging. The cyclic accu-
mulation of the residual Li,S led to the rapid failure of the
lithium—sulfur batteries (LSBs) [98, 99]. Fundamentally, the
uneven distribution of Li,S particles could be ascribed to the
poor interaction between polar Li,S and non-polar carbon
substrates. Jiang et al. embedded copper sulfide nanoparti-
cles [100], which have high dipole—dipole interactions with
Li,S, into the carbon matrix of the sulfur cathode as polar
sites. In this way, they homogenized the deposition of Li,S
and accelerated the conversion kinetics, thus effectively
solving the problem.

To obtain smaller and uniformly distributed Li,S parti-
cles, one solution was to introduce polar sites. By generat-
ing dipole—dipole interactions between Li,S and the carbon
matrix, more nucleation could be induced (Fig. 6a). Copper
sulfide was chosen as the polar site on account of its unique
sulfur affinity and electrical conductivity [101]. The results
of molecular dynamics simulations demonstrated that the
interaction energy between Li,S molecules and the (001) and
(010) planes of copper sulfide was nearly five times greater
than that between Li,S and the carbon surface (Fig. 6b—e).
The chart in Fig. 6f illustrates the possible evolution process
of sulfur species during the discharging/charging process.
During the discharging process, compared with the S/KB
cathode, Li,S tended to aggregate and form large particles.
The polar copper sulfide nanoparticles provided sufficient
nucleation centers at the cathode, resulting in the formation
of small particles, thus enabling the uniform deposition of
Li,S particles, shortening the transport paths of electrons
and Li*, and facilitating the conversion of Li,S, avoiding
the residue of Li,S during the charging process. The pro-
posed dipole—dipole interaction strategy possessed relatively
high universality. Firstly, it was verified by comparing the
polarization of cells obtained from SSEs of acetonitrile
(AN), triethylene glycol monomethyl ether (g3), tetraeth-
ylene glycol dimethyl ether (g4), and (g2). The results are
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shown in Fig. 6g. Among all the above SSEs, the cells with
the S/KB @SCusS cathode had lower polarization. Moreover,
as depicted in Fig. 6h, replacing copper sulfide with other
polar materials such as LiCoO,, Co;0,, and molybdenum
disulfide could also reduce the polarization rate. However,
compared with copper sulfide, these other polar inorganic
materials had weaker electrical conductivity and weaker
interaction with Li,S. They did not improve the polarization
of LSBs based on SSEs as effectively as copper sulfide did.
In any case, this universality was beneficial for identifying
other, more promising materials.

Unlike Zhang et al. who provided active sites to induce
polysulfide shuttling, Jiang et al. proposed a new method
using barium titanate (BTO) with controlled dipole arrange-
ment as a ferroelectric additive to form highly aligned
dipoles and generate a relatively strong electrostatic field
for improving polysulfide capture [102]. In this work, they
first explored a new approach of using a high-bipolar fer-
roelectric material, polar BTO, as a cathode additive for
lithium-ion batteries (Fig. 61). To study the influence of dif-
ferent degrees of dipole alignment, three cathodes, namely,
polarized BTO, non-polarized BTO, and non-ferroelectric
strontium titanate (STO), were prepared, and their perfor-
mances were evaluated (Fig. 6k). In the tetragonal phase of
BTO, the z-axis distortion of Ti atoms led to the non-over-
lap of charge centers and the self-polarization characteristic
(Fig. 6j). This distortion did not exist in the non-ferroelectric
STO. Therefore, the unique ferroelectric effect of BTO in
Li-S batteries could be demonstrated by direct comparison.
BTO and STO nanoparticles were synthesized by the molten
salt method, and then, the electrodes were polarized using
the corona polarization technique. Piezoelectric response
force microscopy (PFM) was used to characterize the align-
ment of ferroelectric dipoles.

The adsorption of polysulfides on the BTO surface was
further explored by DFT calculations for two BTO crystal
planes: (001) and (100), which were perpendicular and paral-
lel to the Ti distortion, respectively. The most stable adsorp-
tion complexes of Li,S¢ and Li,Sg on BTO (001) and BTO
(100) are shown in Fig. 61, m. In both cases, the adsorption
of polysulfides was an exothermic process, but it was more
thermodynamically favorable on the polar surface (45.0 eV for
BTO (001) and 1.3-1.6 eV for BTO (100)). Interestingly, the
interaction between the adsorbate and the O atoms on the polar
BTO (001) surface was relatively weak. For Li,S, and Li,Sg,
the lithium bond lengths were 1.92 and 1.86, respectively,

https://doi.org/10.1007/s40820-025-01926-7
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compared with 1.76 for the polysulfides on BTO (100). On
the contrary, the adsorption strength of the two polysulfides
on BTO (001) was stronger, probably due to the formation
of more Ba-S contact points on BTO (001), which led to
the shortening of the Ba-S bond distance to 3.20-3.60 A,
compared with 3.24-3.66 A on the non-polar surface. The
formation of these Ba-S contact points might be affected
by the ferroelectric polarization along the (001) axis in the
BTO unit cell. This observation was consistent with the DFT
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calculations, which also showed the average Ba displace-
ment of BTO (001) (Fig. 6n). For each Ba atom in these four
polysulfide—-BTO adsorption complexes shown in Fig. 61, m,
the simulated Ba 3d peaks showed two sets of contributions.
The lower binding energy environment corresponded to the
interaction between the surface Ba atoms and the S atoms of
Li,S¢ or Li,Sg molecules, while the second set with higher
binding energy corresponded to the Ba atoms that did not
interact. These observations indicated that the polarized and
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anti-polarized BTO surfaces with highly aligned ferroelectric
dipoles contributed to the formation of stronger Ba-S bonds,
which was consistent with the DFT calculations and could
effectively anchor the polysulfides on the cathode.

Therefore, the polarized BTO cathode not only exhibited
superior initial capacity, but also had a lower concentration
of shuttling polysulfides during the cycling process, result-
ing in the 24% increase in capacity after 500 cycles. Besides,
the poled and reverse-poled BTO realized the highest first-
cycle capacities of 1379 and 1368 mAh g~! at C/10, while the
unpoled BTO presented a first-cycle capacity of 1250 mAh
g~!. The values were far higher than the initial capacities
achieved in the poled STO (925 mAh g~") and unpoled STO
electrodes (862 mAh g~!). These improvements were attrib-
uted to the relatively strong electrostatic field caused by the
highly aligned dipoles on the polarized BTO surface. These
dipole interaction mechanisms laid a certain foundation for
solving interface corrosion and suppressing the occurrence of
side reactions and broadened the ideas for solving the problem
of polysulfide shuttling.

3.2 Assisting Solvation Behavior and Interferes
with Solvation Structure

From the perspective of molecular theory, the metal ions
in the electrolyte are always solvated by solvent molecules
and anions, which is highly related with the electrochemi-
cal performance [103, 104]. During the solvation process,
the anions and solvent molecules compete for coordination
with Li* ions through ion—ion and ion—dipole interactions,
respectively. Then, it could form solvation complexes with
specific components and structures, which are called sol-
vation structures [31, 105]. When weaken the solvation
structures, the transport behavior of charge carriers could
be suppressed, leading to the insufficient electrochemical
performance. Wang et al. regulated the solvation structure
of Li* by modifying the electrolyte components, optimiza-
tion of the SEI structure to achieve dendrite-free lithium
deposition [106]. It was observed that the ion—dipole inter-
actions occurring between the electron-deficient B atoms
present in lithium difluoroborate (LiDFOB) and the O atoms
within the dimethoxyethane (DME) solvent molecule played
a significant role. These interactions served to weaken the
binding forces between the DME molecule and Li*. As a
consequence, the dissolution process of Li* was accelerated.
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Building upon this discovery, it was further determined that
the ion—dipole interaction had the power to drive a substan-
tial number of anions into the inner solvated sheath layer
surrounding Li*. This, in turn, actively promoted the forma-
tion of SEI that was rich in inorganic components, which
was crucial for realizing the goal of dendrite-free lithium
deposition.

As depicted in Fig. 7a, b, the typical bands positioned at
819.3 and 846.2 cm™! were associated with the asymmetric
stretching mode of C—-O asymmetric, while the typical band
at 1023.6 cm™! corresponds to the symmetric stretching
mode of C—O asymmetric in pure dimethoxyethane (DME)
[107-110]. After the introduction of lithium difluoroborate
(LiDFOB), it was noticed that these bands underwent a
slight red-shift. This phenomenon could be ascribed to the
ion—dipole interaction taking place between the electron-
deficient B atom within the DFOB- anion (Bpggg-) and the
O atom of the DME molecule (ODME) [111].

The minimum electrostatic potential (EPM) of the sol-
vent could be used as a descriptor to qualitatively deter-
mine the solvation strength. According to the calculation
results, the EPMs of pure DME and the DME-DFOB-
complex are —51.22 and —39.83 kcal mol~!, respectively
(Fig. 7¢c, d). Compared to pure DME, the EPM of the DME-
DFOB™ complex dropped significantly, further demonstrat-
ing that the interaction between BDFOB- and ODME less-
ens that between the DME molecule and Li*. Moreover, the
desolvation energy of Li* coordinated with the DME mol-
ecule and the DME-DFOB™ complex was calculated. Results
revealed that the desolvation energy of Li* decreased from
0.482 eV for DME to 0.188 eV for DME-DFOB™, aligning
with the trend calculated by EPM. The outcomes of EPM
and Li* desolvation energy suggested that the ion—dipole
interaction between ODME and BDFOB™ weakens the
DME-Li* interaction, reduces Li" desolvation energy, and
expedites the Li* desolvation process.

The electrochemical performances of different electro-
lytes for LMBs were investigated. The performance rate is
shown in Fig. 7e. The results indicated that at high current
densities, the cells displayed significant voltage fluctuations
in the PE electrolyte. In contrast, at all current densities, the
cells in the PEB electrolyte possessed a relatively flat volt-
age plateau. The enhancement of the high-rate nucleation
and deposition behavior of Li* within the PEB electrolyte
could be ascribed to the formation of a sturdy SEI with high
ionic conductivity, which was brought by the addition of

https://doi.org/10.1007/s40820-025-01926-7



Nano-Micro Lett. (2026) 18:99

Page 150f40 99

o,

Current (mA)

a Vas ¢ in DME DME ¥, c.oin DME e
= i DME
= ™~ -
g — %5 e 2
Bl z DMECIDEOH] &, i DME-LIDFOB| 5
Q| Z z | K]
H e £ et H
H H =
A UBEOB| & P LiDFOB
— N /N AN
A\ L & 4 >
L
810 820 830 840 850 860 870 880 1010.1015 1020 1025 1030 1035 1040 mdsg R

Raman shift (cm™) Raman shift (em™)

DME DME-DFOB
-51.22 keal mol = -39.83keal mol?

Organic-rich

+ b ¥
Lit <, DME I3 DOL 7 TFSI 4 DFOB i NOy;

B vr |l coc LN [l o [l uico,

«

bl

IS

vrnergy (eV)

0.1 00 01 02 03 04
Volatge (V vs. Li'/Li)

——PP 05mAcm™05mAhem®

§

osmAcm®-05manem® | B8

——PP 40mAcm™4.0mAhcm®

——PP@BTOV 0.5mA.cm®- 0.5 mAh.em®
——PP@BTOV 20mAcm’-20 mAhcm”
——PP@BTOV 4.0 mAcm™ 4.0 mAh.cm®

2
|
——PP 20mAcm™ 20 mAhem® é
3

00 [ 10 15 2

o 28 30 35 ) 3 %
capacity

- o o s MNP lm n omm R — - —

Fig. 7 a C-0O asymmetric stretching mode and b C—O symmetric stretching mode obtained from Raman spectra of pure DME and DME-LiD-
FOB complex. EPM of ¢ DME and d DME-DFOB™ complex. e Rate performance of LillLi cells with PE and PEB electrolytes. f CV curves
of LillCu cells with PEB and PE electrolytes. In situ optical microscopy observations of Li deposition process in g PE and h PEB electrolytes.
Schematic representation of the solvated structure and the electrolytes—anode interface in i PE and j PEB electrolytes. Reproduced with per-
mission from Ref. [106]. Copyright 2024 Wiley—~VCH GmbH. The schematic diagrams of Li* ion local solvation environment in k FDN and 1
FDNB electrolytes. m Molecular orbital energies of TFSI™ anion before and after interacting with FBA molecule via B-F and B-O; blue line:
HOMO energy level, red line: LUMO energy level. n Lit* ion transfer behavior in electrolyte during charge process. o Current density vector
profiles and Li* ion concentration distribution in FDN and FDNB electrolytes, j: mA cm™2, M: moL L~!. Reproduced with permission from Ref.
[112]. Copyright 2023 Elsevier B.V. p Voltage versus capacity plots of Li-Cu cells. q CEs of Li-Cu cells under a current density of 0.5 mA cm™>
with a capacity of 0.5 mAh cm™2 (upper panel) and under a current density of 1.0 mA cm~2 with a capacity of 1.0 mAh cm™2 (lower panel). r
Pure PP separator and s PP@BTOV separator after cycling. Reproduced with permission from Ref. [113]. Copyright 2024 Wiley—VCH GmbH

LiDFOB. The results of the cyclic voltammetry (CV) curves
of the LillCu cells also reflected this tendency. As illustrated
in Fig. 71, the Li* plating over-potential detected in the PEB
electrolyte was 40 mV, which was considerably lower than
that in the PE electrolyte (51 mV). This further demonstrated
that the deposition kinetics of Li* in the PEB electrolyte had
been optimized.

SHANGHAI JIAO TONG UNIVERSITY PRESS

The changes in the electrode morphology during the Li*
deposition process in the two electrolytes were observed by
in situ optical microscopy, convincingly demonstrating the
key role of the modified solvation structure in promoting the
formation of a stable SEI. As shown in Fig. 7g, dendrites
began to appear after 5 min of deposition in the PE elec-
trolyte and grew rapidly during the subsequent deposition
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process, forming a dendrite cluster after 30 min of deposi-
tion. In the PEB electrolyte, the deposition maintained a
smooth morphology, and no obvious dendrite formation
was observed during the entire deposition process (Fig. 7h).
These differences could be attributed to LIDFOB, weakening
the interaction between dimethyl ether and Li™, reducing the
solvation energy barrier of Li*, thus regulating the solva-
tion sheath to form an inorganic-rich SEI and inhibiting the
formation of Li dendrites (Fig. 71, j).

Attributed to the fact that Li* tends to bind to solvent
molecules and anions in the electrolyte, solvated compo-
nents close to the Helmholtz plane were more susceptible
to gaining electrons from the Li electrode and were pref-
erentially reduced under the influence of the electric field.
Therefore, the solvated structure provided a molecular basis
for regulating the structure and composition of the inter-
facial phase at the electrode—electrolyte interface and thus
constructing a stable SEI layer. Liu et al. designed an anion
receptor, which played a significant role in enhancing the
contribution of nitrate anions to the formation of the SEI
[112]. Figure 7k, 1 presents the typical local solvation envi-
ronments of lithium ions in the FDN and FDNB electrolytes.
In the FDNB electrolyte, Li* was prone to form contact
ion pair (CIP) and aggregate (AGGs) configurations with
anions, namely, TFSI™ and NO;™. By contrast, in the FDN
electrolyte, Li* tends to coordinated with solvent molecules
such as dimethoxyethane (DME) and 1,3-dioxolane (DOL).
Figure 7m illustrates the frontier molecular orbitals of the
TFSI™ anion under different coordination structures within
the electrolyte. Thanks to interaction between the FBA mol-
ecule and the TFSI™ anion via the formation of B—O and
B-F bonds, the reduction stability of the TFSI™ anion was
substantially decreased. This decrease was beneficial for the
generation of the SEI that features high mechanical strength,
high interfacial energy, and excellent electrical insulation
properties, which were of great importance for ensuring
excellent performance and stable operation of the battery.

In principle, the transfer behavior of Li* in the electrolyte
could be categorized into the following four stages during
the charging process. (I) Movement of solvated Li* in the
bulk electrolyte by mass transfer; (II) desolvation process of
solvated Li* on the SEI surface; (III) desolvated Li* pass-
ing through the SEI; and (IV) desolvated Li* diffusing into
the bulk electrode and obtaining electrons to be reduced
(Fig. 7n). Throughout these processes, two pivotal barri-
ers exerted a substantial impact on the transfer kinetics of
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lithium ions within the electrolyte and their subsequent dep-
osition behavior were the desolvation barrier encountered by
solvated Li* and the diffusion barrier faced by desolvated
Li* as they traverse the SEL

The presence of fast ionic transfer kinetics and a uniform
flux of Li ions play a crucial role in facilitating a uniform
distribution of both the concentration gradient and the elec-
tric field at the interface during the Li ion plating process. In
this research, finite-element analysis (FEA) was employed
to simulate the dynamic changes in the Li* concentration
gradient as well as the electric field distribution throughout
the Li deposition process (Fig. 70). In the FDN electrolyte,
as the deposition time increases, a high current density can
be observed at the tip of the Li protrusion. This current den-
sity was much higher than that in the other areas. Such a
non-uniform distribution of the current density gives rise
to the significant growth of Li dendrites. On the contrary,
the FDNB electrolyte demonstrated a relatively uniform
distribution of surface current. This uniformity effectively
suppressed the tip effect during the Li deposition process,
thereby reducing the likelihood of Li dendrite formation.

In addition, according to the evolution law of the concen-
tration field, the diffusion of ions in different electrolytes
was studied. For the FDN electrolyte, the distribution of Li*
on the electrode surface provided a typical concentration
polarization region. Moreover, the concentration distribution
of Li* on the electrode surface in the FDN electrolyte was
non-uniform, concentrating at the protruding tips. The non-
uniform concentration distribution of Li* on the Li electrode
could lead to the selective deposition of Li* in the vertical
direction, called dendritic deposition. In sharp contrast, in
the FDNB electrolyte, the Li* on the electrode surface was
uniformly distributed, so the concentration polarization was
significantly suppressed. The concentration distribution of
Li" on the electrode surface in the FDNB electrolyte was
more uniform than that in the FDN electrolyte. The uniform
concentration distribution could be attributed to the fast ion
migration ability and uniform Li* flux in the FDNB elec-
trolyte. In the FDNB electrolyte, the uniform concentration
distribution of Li* on the electrode surface allowed uniform
Li deposition, which was crucial for achieving an efficient
and safe lithium—metal electrode.

Therefore, Xu et al. focused on a separator coated with
dipole acting molecules [113], which also effectively solved
the problem of lithium dendrite deposition. As depicted in
Fig. 7p, for the Li—Cu cells with the PP@BTOV separator at
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current densities of 0.5, 2.0, and 4.0 mA c¢cm 2, the nucleation
overpotentials were 37.8, 55.8, and 177.6 mV, respectively,
all of which were lower than those of the pure PP separator
(38.1, 159.6, and 231.6 mV), indicating a reduced Li nuclea-
tion barrier upon introducing the BTOV layer. Moreover, the
cells using the PP@BTOV separator exhibited lower plat-
ing potentials during continuous plating, suggesting that the
SEI formed has lower impedance. In addition, the average
Coulombic efficiencies (CE) of the cells using the BTOV
separator were 97.0% (380 cycles) and 97.7% (130 cycles)
at 0.5 mA, —0.5 mA cm™%/0.5 mAh 2, and 1.0 mA cm™%/1.0
mAh~2, respectively, significantly higher than those of the
cells with the pure PP separator (Fig. 7q). After 100 cycles at
1.0 mA cm™%/1.0 mAh~2, the deposition thickness can reach
125 pm. For the cells using the PP@BTOV separator, the
deposited Li had a smoother and denser morphology, and its
thickness was much thinner compared to the cells using the
PP separator (Fig. 7r, s). This was because the BTOV layer
with an ordered dipole arrangement can regulate the Li* flux
near the anode, thus facilitating uniform Li deposition and
stripping, and suppressing the growth of dendrites and the
formation of "dead" lithium.

Metal-ion batteries are unstable at high temperatures for a
variety of reasons. In addition to the chemical stability of the
material itself, the most significant element is the solvated
structure of the electrolyte [114—119]. It greatly defines the
SEI/CEI characteristics, charge transfer behavior, and des-
olvation energy barriers, which are essential to achieve high
cycling stability of LMBs [120-124]. Taking lithium-ion
batteries as an example, usually, lithium salts dissolve in
solvents, driven by ionic dipole interactions between lithium
ions and solvent molecules (e.g., carbonates, ethers, etc.).
These noncovalent interactions give rise to different solvated
structures. However, at high temperatures, the ion—dipole
interactions are significantly weakened [125-127]. Conse-
quently, the solvation structure is subsequently disrupted
and cannot form an efficient and stable SEI layer, thereby
resulting in excessive side reactions and battery failure [128,
129]. Therefore, designing an electrolyte that can maintain a
good solvation structure and form a stable SEI layer at high
temperatures is of great importance for the development of
high-energy batteries. The molecular ion—dipole interaction
can effectively address such issues. Chen et al. designed a
heat stable electrolyte with a steady solvated structure based
on multiple ionic dipole interactions [130]. Strong ligands
in the solvated structure of the electrolyte determined the
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lithium deposition behavior at high temperatures and the
evolution of the solid—electrolyte interfacial phase, which
was key to achieving higher lithium Coulombic efficiency
and avoiding lithium dendrite growth.

Under high-temperature conditions, since the desolva-
tion energy barrier of solvation was prone to disordering,
many lithium dendrites and dead lithium were generated,
and side reactions were increased (Fig. 8a). In contrast, the
solvation structure with strong ion—dipole interactions could
remain stable under high-temperature conditions (Fig. 8b).
The relatively higher desolvation energy barrier for lithium
ions promoted the more uniform deposition of lithium ions,
thereby enhancing the cycling stability of the battery.

The solvation structure which relies on multi-ion—dipole
interactions possessed outstanding high-temperature stabil-
ity. The solvation structures at different temperatures were
investigated using nuclear magnetic resonance (NMR) meas-
urement methods. The change in the electronic environment
of the "Li nucleus indicates the change in the lithium-ion sol-
vation structure [131, 132]. As shown in Fig. 8c, under high
temperature, the 7Li chemical shift in the LiPF,/EC/DEC
system shifts toward a higher field (more negative field),
corresponding to the gradual dissociation of the solvation
structure. In sharp contrast, even when the temperature rises
to 100 °C, the "Li chemical shift of the LiFSI/LiNO5/TEG-
DME electrolyte does not change (Fig. 8d). These results
verified the high thermal stability of multiple ion—dipole
interactions during the solvation process. Even at 10 °C, the
battery can undergo 50 cycles at a rate of 0.2 C, achieving
a capacity retention rate of 89% (Fig. 8e). Compared with
the situation at 100 °C, the battery’s polarization increases
slightly only at 90 °C, which was attributed to the elevated
loss of active lithium. To further verify the interface stability
between the E2 electrolyte and the Li anode, we contrasted
the XPS spectra of a 50 pm Li anode at 25 and 90 °C. The
atomic ratios of oxygen (O), fluorine (F), sulfur (S), and
nitrogen (N) in the SEI formed at 90 °C exhibited merely
slight variations compared to those in the SEI formed at
25 °C. The Li content drops from 46.2% at 25 °C to 42.2%
at 90 °C, while the carbon (C) content rises from 13.9% at
25 °Cto 16.1% at 90 °C. The XPS spectra revealed that only
(CH,CH,0) n and lithium nitride show a slight increase,
with no significant alterations in the rest (Fig. 8f-h). This
also suggested that the E2 electrolyte maintains a stable
solvation structure even under high-temperature conditions.
This was due to the robust ion—dipole interactions within
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Fig. 8 Schematic diagrams of lithium deposition at elevated temperatures with different solvation structures in a conventional ester electrolyte

(1.0 M LiPF¢/EC: DEC) and b LiFSI/LiNOs/TEGDME electrolyte. ¢

"Li NMR of 1.0 M LiPF¢/EC: DEC electrolyte and d LiFSI/LiNOy/TEG-

DME electrolyte at 30-100 °C. e Cycling stability of Li||LFP cells-based E2 electrolyte at 90 °C and 100 °C. XPS analysis of the Li anodes from

LilE2ILFP cells after 10 cycles at 0.1 C in 25 °C and 90 C. f=h C 1s,

F 1s, and N 1s XPS spectra of the two cycled Li anodes. Reproduced with

permission from Ref. [130]. Copyright 2022 Wiley—~VCH GmbH. i Mechanism of Na*-dipole regulation on formation of inorganic-rich SEL. j
Calculated electron density of BCP for Na*-O bond in three electrolytes. k Schematics of different Na* desolvation at HC anode surface. 1 Long
cycling performance in N-mixTHF at different temperatures (100 mAg~" beyond —20 °C, 50 mAg~" at—40 °C, and — 60 °C). Reproduced with

permission from Ref. [59]. Copyright 2024 Wiley—VCH GmbH

the electrolyte, thus ensuring good interface stability. In
addition, in low-temperature environments, the solvation
structure could also be stabilized and intervened through
dipole interactions, enabling the battery to maintain good
electrochemical performance even at low temperatures. Fang
et al. designed a weakly solvating electrolyte (WSE) with
reduced ion—dipole interactions for stable sodium storage
in a hard carbon (HC) anode at ultra-low temperatures [59].
It maintained an anion-enhanced solvation structure from
room temperature to low temperatures to promote the forma-
tion of an inorganic-rich SEI (Fig. 8i).
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They adopted the topological electronic density analysis
method to compare the Nat—dipole interactions in differ-
ent electrolytes. Bond critical points (BCPs) were used to
identify the electron density distribution and bonding char-
acteristics in the solvation structure [133]. The BCPs of the
Na*-solvent bonds and their corresponding electron densi-
ties (p,) are shown in Fig. 8j. The p, values of Na*-OTHF
and Na*-O,y.ryr in N-mixTHF are 0.05758 and 0.01866,
respectively, which were lower than those of Na™-OTHF
in N-THF (0.07235) and Na*-O,p.ryr in N-2MeTHF
(0.04561). The lower p, value of Na*-O solvent indicated
a weakened ion—dipole interaction between Na™ and the
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solvent. This leads to more anions participating in the sol-
vation sheath and improves the Na* desolvation kinetics,
as shown in Fig. 8k. Figure 81 presents the electrochemical
behavior of the hard carbon (HC) anode in the N-mixTHF
electrolyte from 80 to 55 °C. At 60 °C, the hard carbon
anode exhibited a high specific capacity of 205.4 mAh g™/,
retaining 76.1% of the capacity obtained at 25 °C. Even in
the N-mixTHF electrolyte at 80 °C, a reversible specific
capacity of 58.3 mAh g~! could be achieved. In addition,
the hard carbon anode based on N-mixTHF had a capac-
ity retention rate higher than 95% after 100 cycles in the
temperature range from 80 to 55 °C, and the average Cou-
lomb efficiency reached 99.9%, indicating that N-mixTHF
had excellent adaptability in both high- and low-temperature
environments. This excellent performance was attributed to
the weakened ion—dipole interaction and the enhanced solva-
tion structure of anions, which promoted the Na* desolvation
process and the formation of the inorganic-rich SEI on the
anode, thereby bringing better performance than previously
reported low-temperature electrolytes. This study empha-
sized the importance of the solvation structure influenced by
ion—dipole interaction at elevated temperatures.

3.3 Heightening the Electrical Double Layer

Since the dipole interaction could contribute to the construc-
tion of a stable electrical double layer (EDL), Huang et al.
designed a polar propylene carbonate (PC) with a strong
dipole interaction [46]. The polar PC was paired with tetra-
fluoroborate anions, establishing a strong ion—dipole inter-
action. The strong ion—dipole interaction could not only
modify the solvation structure of zinc ions, but also facilitate
the formation of a dynamic electrical double layer on the
surface of the zinc electrode, suppressing the formation of
the ZnF, interface and carbonates, and thus promoting the
uniform deposition of zinc ions.

Strict DFT calculations demonstrated that the binding
energies of Zn** with BF,- and PC molecules were signifi-
cantly higher than those of Zn>* with water molecules, as
shown in Fig. 9a. Among which, the solvation and desolva-
tion processes of zinc ions in water-based electrolytes are
crucial to their deposition characteristics, in which water
plays an important role. This finding indicated that in the
solvation structure of zinc ions, they are more likely to bind
with PC molecules and BF,". In addition, the DFT result
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showed that the binding energy between BF,- and PC mol-
ecules was higher than that of PC-H,0 and BF,-H,O interac-
tions. This implies that the ion—dipole interaction between
BF,” and PC was more stable, thereby preventing direct
contact among PC molecules, BF,”, and water molecules,
and suppressing the formation of undesirable by-products.
In the solvation structure, it decreases with the increase in
PC content, because the electrostatic potential of the zinc ion
solvation structure was affected by the interaction between
anions and dipole molecules. Specifically, BF,™ attracts the
positive charge center within PC molecules, thereby weak-
ening the electric field strength of PC (Fig. 9b). Meanwhile,
the weak hydrogen bonds among water molecules gradu-
ally decrease, and the interaction of BF, H,O and PCBF,-
gradually played a dominant role. This observation indicates
that due to the presence of BF,, the ion—dipole interaction
suppressed the activity of water molecules in the electrolyte.
Furthermore, the interaction between BF,- and PC estab-
lished a stronger ion—dipole interaction.

The C-C, C-0, and C-O signal peaks in the C 1s spec-
trum could be attributed to PC molecules adsorbed on the
surface of the Zn electrode, while the signal peak repre-
senting CO32_ does not appear in the pattern (Fig. 9c).
There were also no C—O and Zn—O signals in the spec-
trum. The double-layer capacitance curves obtained at
different scanning rates showed that the capacitance of
the 100 PC electrolyte was lower than that of the 0 PC
electrolyte. This phenomenon could be attributed to the
replacement of water molecules within the electrical dou-
ble layer by PC molecules due to the strong ion—dipole
interaction of BF, [134]. This layered structure could not
only avoid the contact between water molecules and PC to
generate carbonates, but also prevent the reaction between
BF,- and water on the surface of the zinc electrode to form
by-products, such as ZnF,. In summary, a dynamic elec-
trical double-layer structure was formed on the surface of
the PC molecules and the BF,- on the zinc electrode. This
structure not only promoted the interaction between the
zinc electrode and water molecules, but also facilitated the
directional deposition of zinc ions.

From the scanning electron microscopy (SEM) images
(Fig. 9d), zinc was uniformly distributed on the surface of the
zinc foil and stacked along the (002) crystal plane. Through
atomic force microscopy, the deposition states of zinc in the
two electrolytes could also be observed. The roughness of
the zinc foil in the 100 PC electrolyte was only 12 nm. The
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surface of the zinc foil was more uniform and flatter because
zinc ions were deposited along the (002) surface. However,
the roughness of the zinc foil in the O PC electrolyte reaches
26 nm. Obviously, the zinc surface in the 0 PC electrolyte
was rough with many dendrites. These numerous dendrites
could easily penetrate the separator layer, leading to a short
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circuit, which significantly reduced the cycle life (Fig. 9¢).
The results clearly showed that BF,- and PC molecules form
a stable double-layer structure on the surface of the zinc
electrode. This structure not only enhanced the solvation
structure of zinc ions, but also prevented the formation of
carbonates and zinc fluoride. Therefore, this promotes the
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uniform deposition of zinc ions along the (002) surface,
thereby improving the stability of zinc deposition (Fig. 9f).
The mobility of the electrolyte in the 100 PC electrolyte was
significantly higher than that of the 0 PC solution (0.23)
(Fig. 9g). This could be attributed to the improvement of
the solvation structure of zinc ions and the formation of a
stable electrical double layer, which helped in the construc-
tion of a stable SEI layer, thereby promoting the formation
of favorable transport pathways. The reduction in free water
molecules in the electrolyte, combined with the coordina-
tion effect of PC molecules, BF,-, and Zn**, contributed
to the enhancement of the zinc ion transfer kinetics. Thus,
the dipole interaction helped the electrical double layer to
induce the formation of the SEI layer, thereby reducing
the occurrence of side reactions, making the deposition of
ions at the negative electrode interface more uniform, and
suppressing the generation of dendrites that could cause a
decline in battery performance.

Similarly, Fan et al. proposed a self-assembled monolayer
(SAN) regulation strategy [135]. They introduced a small num-
ber of functional adsorbents into the electrolyte to form a self-
assembled monolayer on the surface of magnesium metal. By
utilizing the dipole—dipole interaction between the adsorbents
and solvent molecules to regulate the electrical double layer,
the construction of a stable SEI was achieved. From the per-
spective of electrostatic potential (Fig. 9h), the DME (dimeth-
oxyethane) and TEP (triethyl phosphate) molecules were more
electron-deficient on H (in CH, or CH; groups), while the
TFTMS (trifluorotrimethylsilane) molecule was more electron
rich on F (in CF; groups). A dipole—dipole interaction was
formed between the positively charged hydrogen (6*H) and
the electronegative fluorine (6F) of DME/TEP and TFTMS.
Therefore, the downfield shifts of CH, and CH; in DME mol-
ecules were attributed to the dipole—dipole interaction between
DME and TFTMS. The addition of TFTMS weakens the syn-
ergy of DME. Meanwhile, the downfield shifts of CH, and
CHj; in TEP molecules could be attributed to the decrease
in Mg?>*-OTEP and the weakened dipole—dipole interaction
between TEP and TFTMS [136]. Based on the above experi-
ments and calculations, the remarkable effect of the strategy
was mainly attributed to the formed self-assembled monolayer
(SAM). It modulates the Mngr coordination environment in
the electrical double layer (EDL) and optimizes the structure
of the electrical double layer, thus generating a stable SEI on
the Mg metal anode (Fig. 9).
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Regulating the EDL on the anode surface by forming a
SAM on the Mg metal was beneficial for the adsorption of
the strong electron-withdrawing group CF; onto Mg. Specifi-
cally, through the inductive effect between the electronegative
fluorine (°"F) and the positively charged hydrogen (>*H), the
dipole—dipole interaction between TFTMS and DME/TEP was
generated. It adjusts the Mg>* solvation sheath in the EDL and
influences the structure of the electrical double layer within the
SEI layer. Finally, due to the optimized solvation configura-
tion, a stable and dense fluorine- and phosphate-containing
SEI was assembled on the Mg metal electrode. Precisely
because of this, the environment of the electrical double layer
was influenced by the dipole interaction, which consequently
induced the formation of a stable SEI. As a result, the cycling
life of the symmetric cell was significantly improved. After
modification, the cycling life exceeds 1000 h, while it was only
approximately 500 h before the modification (Fig. 9). Impor-
tantly, the optimized electrolyte not only ensured stable and
long-life, low polarization cycling of symmetric cells, but also
exhibited good compatibility with different cathode materials.
More importantly, this strategy demonstrated its universality
and was applicable to the practical applications of other elec-
trolyte systems.

3.4 Optimizing the Structure of SEI

The SEI film possessed excellent ionic conductivity,
allowing lithium ions to shuttle freely within the battery
[137-139]. It was ingeniously positioned between the elec-
trodes and the electrolyte of the battery, serving to prevent
excessive progress of internal chemical reactions in the bat-
tery and effectively suppressing the formation of metal-ion
dendrites (Fig. 10). Therefore, constructing the SEI layer
was an effective approach to solving the dendrite problem.
The electrical double layer on the electrode surface and the
solvation behavior determined the composition and struc-
ture of the SEI layer. Moreover, the dipole interaction was
conducive to regulating the electrical double-layer environ-
ment and interfering with the solvation behavior. Therefore,
constructing an effective SEI layer through dipole interac-
tion was beneficial for resolving the dendrite problem on the
negative electrode surface, thereby enhancing the electro-
chemical performance and stability of the battery [140—-142].

In addition to assisting ion transport, optimizing the elec-
tric double-layer and solvation structure, molecular dipole
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could also be designed and optimized to form a stable SEI
layer to improve the electrochemical performance of the
battery. Zhang et al. designed a composite solid electrolyte
(PHMP) by leveraging the dipole interaction to construct
an SEI layer that facilitated ionic transport and has good
stability [64]. This electrolyte effectively inhibited metal-
ion dendrites.

Through further synthesis with a polypropylene sepa-
rator, a self-supporting polymer composite electrolyte
(PHMP) was obtained, which has the characteristics of
flexibility, rigidity, and a low glass transition temperature
(T,=-36.4 °C). Molecular design (polymer hyperbranch-
ing) verified its effective polymer amorphization. Moreover,
first-principles simulations showed that the hyperbranched
PHMP introduced an “ion—dipole” configuration as a lith-
ium-ion coordination solvation cage, enhancing salt disso-
ciation and ion conduction, while suppressing the decom-
position process triggered by protons under high voltage
(Fig. 11a). As shown in Fig. 11b, liquid electrolyte cells
generated a rough and loose lithium surface due to excessive
side reactions, dead lithium formation, and volume expan-
sion. Moreover, many filamentous dendrites aggravated the
interfacial instability (Fig. 11c) [143, 144]. In contrast, the
surface induced by PHMP was smooth and dense without
protrusions (Fig. 11d-f). The top-view images in Fig. 11g,
h displayed uniform columnar lithium deposition, indicat-
ing different SEI compositions. The side-view image in
Fig. 11i confirmed the growth of columnar lithium, and its
large diameter-to-length ratio resulted in a thin and compact

- Slow SEI transport
I 'enhancing concentration

O gradient formation
| L& ==

! Preferential dep
i lat defects and non-ur
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Fig. 10 The role and influence of SEI layer
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interface. Compared with lithium whiskers, massive lithium
deposition could suppress continuous side reactions caused
by free solvent decomposition. The morphology of lithium
deposition depended mainly on the concentration and diffu-
sion rate of lithium ions at the interface, following the diffu-
sion reaction competition mechanism [145]. When the inter-
facial reaction was controlled by the diffusion step (i.e., slow
ion diffusion), lithium was deposited as dendrites. When the
reaction control dominates (i.e., fast ion diffusion), stable
columnar or spherical depositions form. Thus, an ideal SEI
component with high surface energy and a low lithium-ion
diffusion barrier was crucial for the rapid diffusion of lith-
ium ions. According to the corresponding results in the lit-
erature, the electrochemical performance of PHMP-modified
cells was far superior to that of some reported NCM811ILi
cells (Fig. 11j), highlighting the progress of PHMP in sup-
porting high-voltage LMBs. Therefore, the PHMP designed
by Zhang et al. provided an idea for directly constructing the
SEI layer of high-energy batteries.

Utilizing the dipole interaction of molecular ions to
directly design the SEI layer, with the enhancement of the
interaction between functional groups and metal salts, was
also an effective approach in the realm of battery research.
He et al. proposed a dipole—dipole interaction between polar
groups (—COO-, -N=N-, and —-OH-) and metal salts [146].
The elastic organic outer layer significantly enhanced the
desolvation kinetics, formed intermolecular hydrogen bonds
between PCA (propylene carbonate) and DME (dimethox-
yethane), and introduced high steric hindrance due to the
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side chain segments. Meanwhile, these polar groups pro-
vided a fast side chain carrier transport channel. Compared
with traditional methods, by utilizing the dipole ultraviolet
light-induced in situ strategy, a high-performance polymeric
SEI with high uniformity, elasticity, and flame retardancy
was successfully constructed through a simple and effective
approach.

The SEI layer of Co-NBC@BP@PCA had a relatively
smooth Young’s modulus of 355.4 GPa, while the rough
surface of BP (Fig. 11k) has a Young’s modulus of 176 GPa
according to atomic force microscopy (AFM), which further

SHANGHAI JIAO TONG UNIVERSITY PRESS

supported the uniformity and excellent mechanical stabil-
ity of the SEI layer of Co-NBC@BP@PCA (Fig. 111). The
bond orders of the C—O bond on DME and the C—Cl bond
on PCA are the weakest. Therefore, when capturing enriched
electrons, these bonds could break first to form DME- and
PCA.. It is worth noting that based on the quenching of
DME-. and PCA- by holes, the excessive decomposition of
DME and PCA was obviously terminated with the formation
of the organic SEI component because there was a relatively
strong van der Waals interaction [147]. Therefore, in a state
of rapid charge supply, the hole parts, and the synchronous
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anion-triggered in situ polymerization of CA enable the elas-
tic SEI to adapt to volume fluctuations, promoted K* trans-
port kinetics, and avoided the excessive decomposition of
dimethoxyethane by providing an additional carbon source
to generate high specific organic substances. The cracking
and reconstruction of working batteries were greatly allevi-
ated, thanks to the in situ binary SEI protective layer with
high ionic conductivity and mechanical stability assisted
by ultraviolet light, while the non-uniform and vertical K
deposition was due to the non-uniformity and mechanical
fragility, the lack of a hollow three-dimensional texture,
and the extremely expanded planar deposition of the group
(Fig. 11m) [148].

An artificially constructed thin SEI layer with uniformly
distributed inorganic dihalide components could effectively
prevent side reactions between the electrode and the electro-
lyte, enhance the K* transport ability, and guide the uniform
horizontal potassium deposition. In this regard, the fast K*
transport electrolyte, the fast K* diffusion ability through the
dihalide KF,Cl,_,, and the enhanced K™ transfer ability along
the hollow Co-NBC matrix in multiple directions based on
the staggered stacking of BP nanosheets greatly promoted
the high conversion redox intermediates favorable for KP.
It was worth noting that the volume expansion ratios of BP
particles and Co-NBC@BP@PCA could be calculated as
1.0% and 0.11%, respectively, which could be obtained from
the changes in the in situ XPD profiles along the b-axis of
the cell (Fig. 11n). The volume deformation from BP to Co-
NBC@BP@PCA was reduced by nearly 10 times, which
indeed highlights the high structural stability of Co-NBC@
BP@PCA.

To further study the significance of the synergistic effect
of electronic structure optimization and SEI layer optimi-
zation, the contribution of each component to the overall
electrochemical performance of different samples through
half-cell experiments was investigated. There are obvious
differences among RP, Co-NBC@NBC@BP@CA, and Co-
NBC@BP@PCA in terms of the in situ constructed SEI
layer and the highly conductive Co-NBC@PCA. It was
worth noting that the Coulombic efficiency (CE) of Co-
NBC@BP@PCA (99.1%) was much higher than that of
Co-NBC@BP@CA (84.3%) and BP (59.6%), thanks to the
effective inhibition of harmful side reactions. Meanwhile, on
this inorganic-dominated SEI layer, its ionic diffusion abil-
ity was relatively high. Co-NBC@BP@PCA also exhibited
the most generalized rate and cycling behaviors (Fig. 110).

© The authors

3.5 Improving the Electrochemical Stability
of the Cathodes

Moreover, the molecular ion—dipole interaction mechanism
could also enhance the electrochemical performance of bat-
tery cathodes. For example, it could improve ionic conduc-
tivity and build a stable CEI layer [149-151], demonstrating
unique and significant influences (Fig. 12). The enhancement
of ionic conductivity significantly diminished the resistance
during the ionic conduction process, which, in turn, effec-
tively elevated the ionic conductivity of the entire cathode.
The CEI layer, serving as a "protective shield" between the
cathode and the electrolyte, played a vital role as its quality
was closely related to the cycling stability and lifespan of
the battery. Hence, it is of great necessity to leverage the
molecular ion—dipole interaction mechanism to facilitate
the improvement of the electrochemical performance of the
cathode.

The excellent degree of ionic conductivity has a tremen-
dous impact on the electrochemical performance of the bat-
tery cathode. However, in most metal-ion batteries, there
were also different variances in the conductivity of differ-
ent cathode materials [151, 152]. For example, the conduc-
tivity of lithium iron phosphate as a cathode material was
relatively less low. Besides, the electrolyte, as an important
platform for ionic migration and reaction, also influenced
the ionic conductivity. Therefore, it is of great significance
to take measures to enhance the ionic conductivity of the
cathode and improve the electrochemical performance
of the battery. Zhang et al. proposed a strategy to release
lithium ions from polymer chains by utilizing ion—dipole
interactions. Molecular dipoles with a strong bond dipole
moment (—-C=N, 11.8 x 1072° Cm) were introduced into the
poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP) polymer matrix, and an electrolyte with a high ionic
conductivity of 5.1 X 107* S cm™! was obtained at 30° [71].
The results showed that the strong ion—dipole interaction
between -C=N and Li* weakened the ion—dipole interac-
tion between F---Li", promoted the dissociation of Li*,
and released Li* from the polymer chains. In addition, a
hybrid and unsaturated solvation structure was formed with
ADN molecular dipoles, PVDF-HFP polymer chains, and
TFSI™ anions, corresponding to the solvent-separated ion
pair (SSIP) solvation structure (Fig. 13a). Consequently, the
obtained electrolyte achieved a high ionic conductivity.

https://doi.org/10.1007/s40820-025-01926-7



Nano-Micro Lett. (2026) 18:99

Page 25 0f40 99

Intact particles

iIransition metal

Uniform CEl

Unstable CEI A

Li dendrite ‘ ‘

-

10115 UiSsS0oution

’O Dead L.i »
= ”‘ Metal

Accelerate

®@®
—

Flat deposition

Molecular ion dipole interaction design |

Fig. 12 Molecular ion dipole helps improve cathode performance

Although the solubility of lithium salts is greater in the
PVDF-HFP matrix due to its high dielectric constant, Li*
interacts with the -F dipoles of the polymer chains and is
unable to move, thus affecting the ionic conductivity of the
polymer electrolyte [70, 153]. It is necessary to use stronger
dipoles for the transportation of Li* in PVDF-HFP-based
electrolytes. In the PVDF-HFP chains, the main functional
group is —C—F, which showed a lower value (4.64 x 1073°
Cm) compared with —C=N (11.8x 107> Cm) and —-C-O
(7.7% 107 Cm) (Fig. 13b). It could be seen that molecules
with —C=N or —C=0 dipoles were more likely to interact
with Li* through ion—dipole interactions, thereby promot-
ing the dissociation of lithium salts. Moreover, the ionic
conductivities of PVDF-HFP-based electrolytes with dif-
ferent molecular dipoles were also measured. As shown in
Fig. 13c, the introduction of ADN molecular dipoles sig-
nificantly improved the ionic conductivity of the electrolyte,
reaching 5.1x10™* S cm™" at 30 °C, which also confirmed
the excellence of ADN molecular dipoles.

After 20 stable cycles, the interface impedance of the
assembled symmetric cells decreased significantly in
sequence, indicating that the symmetric cells equipped
with a-PE materials had a faster ion diffusion rate and
better ionic interface conductivity (Fig. 13d). Even when
cycled at 0.5 mA cm™ with a capacity of 0.5 mAh cm™,
the Lilp-PEILi symmetric cells could operate for 150 h
(Fig. 13e). In contrast, when the current density reached

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

0.5 mA cm~2, the Lila-pPEILi symmetric cells suffered a
short circuit, which might be due to the poor ionic con-
ductivity. Precisely because of the higher ionic conduc-
tivity generated by the dipole interaction, the full cells
at different rates exhibited excellent performance. The
discharge specific capacities of the Lila-PEILFP full cells
were 148.6, 145.4, 145.5, 143.5, 0.1, 0.2, 5, 10, 136.7,
128.6, 118.6, and 11.8 mAh g_l, which were higher than
those of p-PE. When the current density was reset to 0.2,
the discharge specific capacity recovered to 138.3 mAh
g~ ! (Fig. 13f). Different from what Zhang reported, Li put
forward a new covalent organic framework strategy and
proposed a class of solvent-free covalent organic frame-
work single-ion conductors (Li-COF@P) based on weak
ion—dipole interactions instead of the traditional strong
ion—ion interactions [154], demonstrating excellent elec-
trochemical performance (Fig. 13g). This chemical design
has realized a class of solvent-free covalent organic frame-
work single-ion conductors (denoted as Li-COF@Pyq,,
where X represents the pore volume utilization, Fig. 13h,
i), whose performance was superior to that of previously
reported covalent organic framework single-ion conduc-
tors. The ion—dipole interactions in Li-COF@Py,, are
regulated by embedding polyethylene glycol diacrylate
(PEGDA) into the pores of the covalent organic frame-
work [155]. The oxygen (O) atoms of the carbon-based
groups in the embedded PEGDA allow for ion—dipole
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conceptual design of their pore functionalization. Li* transport mechanism through the PEGDA-embedded 1D channels in j Li-COF and k
Li-COF@Pyq,. Reproduced with permission from Ref. [154]. Copyright The Author(s) 2024, corrected publication 2024. 1 Schematic illustra-
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permission from Ref. [32]. Copyright 2022 Wiley—VCH GmbH

interactions with Li* (from the covalent organic frame-
work), transforming the strong dipole interactions into
weak dipole interactions and ultimately facilitating ionic
dissociation and Li* migration. Therefore, Li-COF@Pyq,
enabled Li* to be easily conducted through the 1 D chan-
nels embedded with PEGDA (Fig. 13j, k). In particular,
Li-COF-2@P;,, exhibited a relatively high Li* conductiv-
ity (op;, =8.9% 1075 S cm™") and shows desirable electro-
chemical performance (Fig. 13g).

Similarly, Li et al. designed a kind of SIPC material
[32], which not only improved the conductivity through
the design of dipole interaction, but also anchored the

© The authors

transport of anions and promoted the migration of cati-
ons through abundant functional groups. This single-ion
polymer conductor (SIPC) was well designed through the
regulation of ion—dipole interactions, as shown in Fig. 131.
Specifically, the sulfonamide groups in MASTFSILi pro-
vided well-dissociated Li*, and the anions were covalently
bonded to the polymer chains. In the vinylene carbonate
(VEC), the -O—(C=0)-0- groups were excellent dipole
donors. They could form efficient O-Li* coordination
to facilitate Li* conduction, which was similar to the
ion—dipole interaction of O...Li" in the polyethylene oxide

(PEO)-Li salt systems. Additionally, the -C=N groups in

https://doi.org/10.1007/s40820-025-01926-7
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succinonitrile (SN) were also capable of forming N...Li*
coordination with Li* to promote Li* conduction. Through
the regulation of these two ion—dipole interactions, the
Li* conduction pathways within the single-ion polymer
conductor (SIPC) could be optimized.

It could also be seen from Fig. 13m that the ¢ values
of SIPCs increase with the increase in the content of suc-
cinonitrile (SN). For example, when the y values were 0,
2.9, 5.6, 10.4, 18.2, and 29.3, respectively, the ¢ values
of the EC;, SN samples were 2.90x 1077, 5.41x 107,
7.79% 107, 1.34x 107, 1.35x 107, and 1.72%x107* S
cm™!, respectively. The increase in SN introduced more
ion—dipole interaction sites between SN and Li*, result-
ing in the enhancement of ionic conductivity and thus
improving the ionic conductivity of the cathode of the
battery. From Fig. 13n, when the SN content increases,
the promotion factor for cation conduction in the SIPC
system was close to that for the total ionic conductivity,
indicating that the addition of SN in the SIPC system
mainly enhanced the conduction of cations. Figure 13m
also shows that when y increases from 2.9 to 10.4, the
promotion factor o, /a,* increases rapidly. When the o ;*
values of EC5, ,SN are 2.9, 5.6, or 10.4, their ot values
were greater than 5x 107> S cm™!. Therefore, by adding a
minimum amount of SN, an efficient single-ion conductor-
based electrolyte containing -C=0...Li" is obtained. This
study provided certain guidance for improving the ionic
conductivity of the cathode through dipole interactions
and offered a new idea for the design to enhance ionic
conductivity.

As shown in Fig. 130, the LFP15IIEC;, 5.6SNIILi bat-
tery had a specific capacity of 170 mA g~! at a low cur-
rent density below 0.255 mA cm™2 (1C, 170 mA g ')
and 100 mA g‘1 at 1.53 mA cm™2 (6C). When the load
increases, the corresponding LFP35IIEC;, 5.6SNIILi and
LFPslIEC5,_5.6SNIILi batteries still exhibited good spe-
cific capacities at different C rates. In contrast, due to the
low ionic conductivity of the dual-ion polymer conduc-
tor (DIPC), the corresponding LFP5|I5.6DIPCIILi battery
could not operate at room temperature (RT). Even at 60 °C,
it could only operate at a low current density. During the
cycling process, the interfacial resistance was very stable.
Even when tested under different harsh temperature condi-
tions and at different high current densities, a high Coulom-
bic efficiency is still maintained (Fig. 13p). The performance
of the modified SIPC batteries was still superior to that of

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

batteries made by traditional methods, confirming that the
specifically designed SIPC had good lithium-ion conduction
and high conductivity through dipole interactions and had
great potential in the future battery applications.

3.6 Promoting the Formation of Robust CEI Layer

Beyond its advantage in enhancing the ionic conductivity
of the cathode, the molecular ion—dipole interaction also
significantly boosts the electrochemical performance of the
cathode by constructing a stable cathode—electrolyte inter-
phase (CEI) layer. Chen et al. designed a system [40]. Under
the modulation of ion—dipole interactions, the PDA system
had a higher propensity to form a “weak solvation” structure
compared to the PDOL system (Fig. 14a, b). This structural
feature not only elevated the oxidative stability of the elec-
trolyte to 4.6 V (vs Li*/Li), but also yielded a Li* transfer-
ence number of 0.6 and facilitated the formation of a highly
stable LiF-rich CEI layer. Consequently, the LilNCM523
battery equipped with the PDA electrolyte effectively sup-
pressed polymer degradation under a high-voltage range
of 3.0-4.3 V and demonstrated excellent cycling stability.
This work furnished essential guidelines for the design of
antioxidant polymer electrolytes in high-voltage lithium-ion
battery systems.

To further dissect the factors contributing to the enhanced
performance of the PDOL electrolyte in the LilNCM523
battery, the structure and interface of the NCM523 elec-
trode at a cut-off voltage of 4.3 V and a current rate of 0.2C
were characterized. Figure 14c illustrates the XRD patterns
of the pristine and cycled NCM523 electrodes within the
angular range of 10°-80°. The (003) peak of the pristine
NCM523 electrode was positioned at 18.68°. After cycling
with the PDA and PDOL electrolytes, the (003) peak shifted
to 18.70° and 18.73°, respectively. The elevated (003) peak
position signified a reduction in the interlayer spacing
[156], which implied a higher degree of ion mixing on the
NCMS523 electrode, a consequence of the severe oxidative
degradation of the PDOL electrolyte. Additionally, the sur-
face crystal structure of the cycled NCM523 cathode was
characterized using high-resolution transmission electron
microscopy (HRTEM). As depicted in Fig. 14d, the surface
of the NCM523 particles has undergone a transformation
from a layered structure to a mixture of rock-salt and amor-
phous phases after cycling in the PDOL electrolyte. The
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cycles. k Cycling performance of LilINCMS523 cells using studied electrolytes at a range of 3.0-4.3 V. Reproduced with permission from Ref.

[40]. Copyright 2024 The Authors

thickness of this mixed layer exceeds 7 nm, which acted as
a hindrance to the interfacial charge transfer process. Con-
versely, the degradation of the cathode in the PDA elec-
trolyte was notably mitigated (Fig. 14e), a phenomenon
attributed to the protective effect of the CEI layer formed
through dipole interactions. Moreover, X-ray photoelectron
spectroscopy (XPS) was utilized for analysis (Fig. 14f-h)
to characterize the CEI layer of the cycled NCMS523 cath-
ode formed in both electrolytes. In the NCM cathode with
the PDOL-based electrolyte, the C=0 (~286.8 eV) and
0O-C=0 (288.3 eV) peaks in the C ls spectrum were pre-
dominantly ascribed to the oxidative decomposition products
of PDOL. In contrast, for the PDA-based NCM electrode,

© The authors

a portion of the C=0 and O-C=0 peaks was contributed
by the PDA chains bearing ether—ester bifunctional groups.
Regarding the F 1 s spectrum, the presence of lithium fluo-
ride (685.1 eV) indicates the decomposition of LiTFSI on
the NCM523 surface at high charging voltages. The higher
content of lithium fluoride in the cycled NCM523 cathode
with the PDA electrolyte significantly enhanced its inter-
facial stability. In the Ni 2p spectrum, a greater amount of
Ni** was detected on the surface of the cycled NCM cathode
containing PDOL, suggesting that the oxidative degradation
of PDOL at high voltages was accompanied by the continu-
ous irreversible reduction of high-valence nickel. In contrast,
the outstanding antioxidant stability of the PDA electrolyte
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reduced the Ni** content on the NCM523 cathode surface
and simultaneously improved the structural stability of the
cathode interface.

In the electrochemical performance, the LilPDAINCM
cell outperformed the others by exhibiting a high average
CE of 99.7% and remarkable cycling stability with a capac-
ity retention rate of 91% after 100 cycles. Compared with
the charge—discharge curves of the LiIPDOLINCMS523 and
LilPDAINCMS523 cells (Fig. 144i, j), the former showed a
more distinct increase in polarization. When the cut-off volt-
age was raised to 4.3 V (Fig. 14k), the LilPDAINCMS523
cell maintained good cycling stability, while the
LilPDOLINCMS523 cell experienced significant capacity
decay and overcharging issues. These superior electrochemi-
cal properties could be attributed to the excellent antioxi-
dant stability and rapid Li* transport capability of the PDA
electrolyte.

3.7 Preventing Corrosion and Inhibit Side Reactions

For metal anodes, the design based on molecular ion—dipole
interactions is also an effective measure to impede interfacial
corrosion and suppress side reactions [157, 158]. Wang et al.
designed a dipole interaction structure capable of occupy-
ing the energy level orbitals [159], thereby forming a stable
interface. This was done with the intention of safeguarding
the negative electrode and suppressing the occurrence of
side reactions, as depicted in Fig. 15a. In this context, the red
and blue contours, respectively, signified the gained charge
(0.013 eA™%) and the lost charge (-0.013 eA™3). A charge
transfer took place from the lithium surface to the G layer,
giving rise to a dipole structure where the Li surface became
positively charged and the graphene oxide layer negatively
charged. Subsequently, it was demonstrated in this work that
this Li-GO dipole structure could remarkably stabilize the
Li/solid-state electrolyte (SSE) interface. Moreover, it was
found that the emergence of the interface dipole tends to
widen the HOMO/LUMO energy gap of Li-GO and extend
within the Li and sulfide SSE systems (Fig. 15b). Conse-
quently, the solid-state battery (SSB) utilizing Li@CC/Cu
exhibited rather poor cycling stability, suggesting that the
side reactions between Li and Li,;,GeP,S,, (LGPS) might be
even more severe compared to those in liquid electrolytes.
In sharp contrast, the LiCoO,ILGPSILi@CCG/Cu configu-
ration achieved stable cycling performance. Specifically, at
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the 120th cycle, it attained a discharge capacity of 112.4
mAh g~!, corresponding to a capacity retention rate of
92.9%, with an average coulombic efficiency (CE) exceed-
ing 99.5%. Additionally, the LiCoO,ILGPSIInLi system
also realized stable cycling, as shown in Fig. 15c. Differ-
ing from the approach of Wang et al., Li and co-workers
put forward a guiding principle for solvent selection [68],
aiming to achieve high Coulombic efficiency, while simul-
taneously reducing corrosion. Their research was the first
to reveal that the dipole moment and orientation of solvent
molecules exert a significant influence on the reversibility
and corrosion behavior of lithium metal. Solvent molecules
possessing a high dipole moment have a greater tendency to
adsorb onto the surface of lithium metal, and this adsorp-
tion also impacts on the formation and properties of the
solid electrolyte interphase. Based on these findings, it was
hypothesized that when an electrolyte composed of two or
more solvents was in contact with a metal anode, the solvent
molecules with the highest dipole moment could account
for the largest proportion on the metal surface among all
the species present. Subsequently, DFT was employed to
compare the interactions between lithium metal and different
solvent molecules (Fig. 15d). The results indicated that the
fluoroethylene carbonate (FEC) molecule, with its relatively
high dipole moment, exhibited the strongest adsorption abil-
ity toward lithium metal, boasting an adsorption energy of
2.05 eV. In contrast, other solvent molecules with lower
dipole moments displayed significantly weaker adsorp-
tion energies. For instance, the adsorption energies of tri-
ethyl phosphate (TEP), G2, and G3 were measured as 0.20,
0.09, and 0.16 eV, respectively. The outcomes of molecular
dynamics (MD) simulations and DFT calculations jointly
suggested that solvent molecules with high dipole moments
typically had a strong interaction with lithium metal and
were preferentially adsorbed on the metal surface, which was
conducive to preventing the occurrence of side reactions.
Therefore, in the modified materials, the different dipole
moments associated with various anions do not have a sig-
nificant impact on the corrosion behavior of lithium metal
induced by solvents. This trend could also be observed in
AN-based solvents and the other mixed solvents (Fig. 15¢).
To further verify the influence of the dipole moment on elec-
trochemical corrosion, the above-mentioned LiNO;-based
electrolyte was utilized to evaluate the retention of lithium
metal after aging for different durations. As illustrated in
Fig. 151, at 60 °C, the NG3F electrolyte demonstrated the
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highest capacity retention rates, reaching 64.38% after aging  lithium—metal anodes, water reacts directly with lithium
for 6 h and 53.69% after 24 h. These rates surpassed those of ~ metal to generate lithium hydroxide and hydrogen gas, which
the NTF and NG2F electrolytes, thus validating the efficacy ~ leads to the consumption of lithium metal and a reduction
of the proposed strategy. in the amount of active material in the negative electrode.
The presence of free water could modify the solvation = Hence, by regulating the content of free water by participat-
structure of the electrolyte. It is combined with solutes like ~ ing in the reactions within the electrolyte, the occurrence of
lithium salts to form diverse solvation complexes. Moreo-  side reactions can be effectively curbed.
ver, free water was prone to undergo chemical reactions Following this line of thought, Zhang et al. opted to
with certain components within the electrolyte as well as  preferentially fix anions and water at different sites of the
with electrode materials. For instance, in the case of the = zwitterionic polymer instead of anions and cations [69].
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This approach was adopted to facilitate the free migration
of Zn**, thereby reducing side reactions and enhancing the
electrochemical performance of the battery. This immobili-
zation process was potentially related to the dipole moment
of the zwitterionic polymer. In their work, the zwitterionic
polymer was synthesized through in situ polymerization
to promote close contact with the zinc foil in the aqueous
zinc metal battery (AZMB) (Fig. 15g). Theoretically, these
substances could all diffuse toward the vicinity of the zinc
anode, potentially triggering the notorious hydrogen evo-
lution reaction (HER). Consequently, there was an urgent
need to minimize their free water content as much as pos-
sible. As depicted in Fig. 15h, among the three electrolytes
studied, the content of free water molecules in PDMAPS
was the lowest, accounting for 66.2%. Meanwhile, the con-
tent of Zn>*-coordinated water remained relatively stable
across the three electrolytes, ranging from 8.1% to 8.8%.
These results indicated that the combined content of free
H,O0 and Zn?*-coordinated water in PDMAPS is reduced.
Furthermore, PDMAPS exhibited the highest proportion
of strong hydrogen bonds, which once again corroborated
its strong interaction with water. This finding was consist-
ent with the results obtained from MD simulations. These
alterations in the water conformation effectively suppressed
HER, a fact that has been directly confirmed by in situ gas
chromatography (GC) (Fig. 151). As a result, the occurrence
of side reactions was inhibited. Thanks to these advantages,
PDMAPS showed excellent electrochemical performance
in the AZMB. Specifically, the symmetric cell employing
PDMAPS as the gel electrolyte demonstrated a cycling life
of 750 h at a current density of 1 mA cm™2 and a specific
capacity of 1 mAh cm™ (Fig. 15j), which was significantly
superior to that of PMPC (360 h), PCBMA (approximately
240 h), and BE (approximately 90 h). These studies also
offered novel ideas and valuable insights regarding the utili-
zation of dipole interactions to protect the negative electrode
and mitigate the occurrence of side reactions.

4 Conclusion and Outlook

Persistent challenges—including metal dendrite formation,
low cathode ionic conductivity, electrolyte degradation,
anode corrosion, and parasitic side reactions—continue
to impede the practical deployment of high-energy batter-
ies. As discussed in this review, molecular and ionic dipole
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interactions have emerged as an effective strategy to address
these limitations, offering a versatile platform to modulate
interfacial chemistry, regulate ion transport, and enhance
electrochemical stability. This review has comprehensively
summarized the mechanisms by which dipole interactions
contribute to mitigating these issues, as well as recent
advances in their application across diverse battery chem-
istries. Despite significant progress, the systematic under-
standing and broader application of dipole interactions in
high-energy battery systems remain at an early stage. To
accelerate progress, further research efforts are needed to
expand the design space, optimize dipole functionalities,
and deepen mechanistic insights. In this context, several
research directions are proposed to guide future develop-
ments (Fig. 16a, b).

4.1 Artificial Intelligence-Assisted Materials Design

With the increasing understanding of molecular and ionic
dipole mechanisms, the rational design and synthesis of
advanced electrode materials, electrolyte additives, and
functional polymer electrolytes incorporating tailored dipo-
lar features will be essential. Integrating dipole character-
istics into material structures requires a precise balance of
molecular geometry, electronegativity, and dipole moment
parameters. To this end, artificial intelligence (AI)-assisted
material design tools offer significant promise for accelerat-
ing the discovery of materials with optimized dipole-related
properties. By leveraging Al-driven screening and predictive
modeling, it is possible to fine-tune molecular structures for
targeted regulation of dipole interactions at key interfaces.
This approach can facilitate the synergistic optimization of
electrode, electrolyte, and interfacial components, ultimately
enabling the realization of high-energy battery systems with
enhanced energy density, prolonged cycle life, and improved
safety. Moreover, integrating experimental validation with
Al-guided theoretical simulations and building comprehen-
sive databases of dipole-related materials and their perfor-
mance metrics will further promote the development of next-
generation dipole-engineered batteries. These advancements
will help meet the escalating demands for high-performance
energy storage systems across diverse application sectors,
providing critical material and technological support for the
broader deployment of high-energy battery technologies.
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4.2 In-depth Mechanism Exploration

Although significant progress has been made in applying
molecular and ionic dipole interactions to high-energy bat-
teries, a comprehensive understanding of their fundamen-
tal mechanisms remains incomplete. Further elucidation of
these interactions at the molecular and interfacial levels is
essential for guiding the rational design of next-generation
battery materials and interfaces. To comprehensively and
thoroughly disclose the underlying action mechanisms, it
is essential to employ more advanced and precise in situ
characterization techniques, like in situ Electrochemical
Atomic Force Microscopy and in situ X-ray Photoelectron
Spectroscopy. These methods enable real-time monitoring
of the dynamic evolution of dipole interactions during bat-
tery operation, providing direct insights into how these inter-
actions modulate interfacial microstructures and influence
ongoing electrochemical reactions. Through the combination
of high-resolution spatial and temporal analyses, it is antici-
pated that the hidden, dynamic mechanisms of dipole—ion
interactions can be systematically unraveled. This deeper
mechanistic understanding will offer a robust theoretical
framework for the precise control of interfacial chemistry,
ultimately enabling the optimization of high-energy battery

© The authors

systems in a more scientifically informed and rational
manner.

Besides, in all kinds of batteries with different electro-
lytes, the dipole interactions may origin from different mech-
anisms. Although the main mechanism of action is the same,
due to the differences in the electrolyte environment and
the structure of electrode materials, the effect of the dipole
moment varies greatly. Therefore, in the future research,
control experiments need to be carried out, such as using
different electrolyte systems in the same type of battery or
replacing different separators in the same electrolyte sys-
tem, so as to more comprehensively reveal the mechanism
of action of the dipole moment. At the same time, this is also
conducive to the targeted selection of optimized materials
related to the dipole moment in different batteries.

4.3 Multidisciplinary Interdisciplinary Integration

The exploration of molecular and ionic dipole interactions in
high-energy batteries is inherently interdisciplinary, bridg-
ing chemistry, materials science, and electrochemistry. The
synergy among these fields is essential for deepening mecha-
nistic understanding and accelerating the translation of fun-
damental insights into practical applications. To advance
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this field, future research should place greater emphasis on
integrating computational modeling with experimental vali-
dation. Leveraging the complementary strengths of quan-
tum mechanics-based first-principles calculations, molecular
dynamics simulations, and advanced electrochemical charac-
terization techniques will enable high-precision predictions
of dipole interaction behaviors and their impacts on inter-
facial phenomena. Such simulations, when rigorously vali-
dated through carefully designed experiments, will ensure
the mutual reinforcement of theory and practice, facilitating
the rational design of materials and interfaces. Furthermore,
incorporating innovative concepts from nanotechnology,
bioinspired materials, and soft matter physics into the design
of high-energy battery systems can open new pathways for
the functionalization and application of dipole interactions.
These cross-disciplinary approaches are expected to broaden
the application scope of dipole interactions across emerg-
ing battery chemistries and provide continuous impetus for
technological breakthroughs in high-energy storage systems.

4.4 Establishment of Database

Building a comprehensive and systematic database is crucial
to accelerate the mechanistic understanding and practical
application of molecular and ionic dipole interactions. Such
a database should systematically organize and categorize
reported cases, with an emphasis on key parameters includ-
ing dipole classification criteria, dipole moment ranges, and
diverse modes of interaction. By consolidating these data
into a well-structured, accessible platform, researchers can
efficiently retrieve relevant information, facilitating data-
driven material design and accelerating the identification of
dipole-related functionalities. Moreover, the establishment
of such a resource will highlight the distinctive advantages
of dipole interactions compared to other chemical interaction
mechanisms, promoting their wider adoption in advanced
energy storage systems. Ultimately, this database will serve
as a critical reference and decision-support tool for both aca-
demia and industry, driving innovation in high-energy bat-
tery technologies and supporting the broader development
of the energy storage sector.
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4.5 Expansion of Practical Applications

Despite significant progress in elucidating the mechanisms
and potential applications of molecular and ionic dipole
interactions, their deployment in high-energy batteries
remains largely limited to the laboratory scale. Bridging this
gap and advancing toward large-scale commercialization is
now a critical priority. To accelerate this transition, closer
collaboration between academia and battery manufacturers
is essential. By leveraging industrial expertise in large-scale
production, joint efforts should focus on optimizing manu-
facturing processes, addressing challenges related to cost
control, scalability, and process stability. These measures
will ensure that dipole-engineered battery systems not only
meet high-performance standards, but also demonstrate
commercial viability and competitiveness in the market.
Furthermore, coordinated efforts should be made to pro-
mote the integration of such optimized battery technologies
into real-world applications, including electric vehicles and
grid-scale energy storage systems. Such efforts will enhance
energy storage efficiency and contribute to the realization of
sustainable energy goals. Ultimately, facilitating the transla-
tion of scientific breakthroughs into practical technologies
will generate broad societal and economic benefits, support-
ing the global transition to cleaner and more efficient energy
systems.
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