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ABSTRACT: Over the past two decades, the solid−electrolyte
interphase (SEI) layer that forms on an electrode’s surface has
been believed to be pivotal for stabilizing the electrode’s
performance in lithium-ion batteries (LIBs). However, more
and more researchers currently are realizing that the metal-ion
solvation structure (e.g., Li+) in electrolytes and the derived
interfacial model (i.e., the desolvation process) can affect the
electrode’s performance significantly. Thus, herein we summa-
rize recent research focused on how to discover the importance
of an electrolyte’s solvation structure, develop a quantitative
model to describe the solvation structure, construct an
interfacial model to understand the electrode’s performance,
and apply these theories to the design of electrolytes. We
provide a timely review on the scientific relationship between the molecular interactions of metal ions, anions, and solvents in
the interfacial model and the electrode’s performance, of which the viewpoint differs from the SEI interpretations before.
These discoveries may herald a new, post-SEI era due to their significance for guiding the design of LIBs and their
performance improvement, as well as developing other metal-ion batteries and beyond.

Lithium-ion batteries (LIBs) have come to dominate the
field in energy conversion and storage area for portable
electronic devices and electric vehicles (EVs), owing to

their high energy density, beyond 300 Wh/kg.1−4 It is
commonly believed that the solid−electrolyte interphase
(SEI), formed on an electrode’s surface by electrolyte
decomposition, can stabilize the electrode’s performance in
LIBs.5−9 This viewpoint has contributed significantly to
improving the performance of LIBs and has become a
consensus over the past two decades,10−15 which may be
called the SEI era. Based on this understanding, engineering a
robust SEI by regulating the electrolyte compositions (i.e.,
lithium salt, solvent, additives, etc.) has become a principle of
electrolyte design (Figure 1a).16−22 However, it remains a
challenge to elucidate the relationship between the SEI and
electrode performance since the SEI/electrode is more like a
stiff “solid/solid” interface that lacks scientific correlations in
liquid systems. This issue hinders efforts to design better
electrolytes, as there is no clear guideline for figuring out which
composition is beneficial or detrimental in the SEI, let alone
forming the SEI that the electrode needs by controlling
electrolyte decompositions.
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Figure 1. Electrolyte design principle for LIBs. (a) Empirical
electrolyte design principle based on forming a good SEI. (b)
Electrolyte design principle based on electrolyte solvation
structure and Li+ desolvation process. A typical graphite anode is
used as an example.
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From another point of view, changing the electrolyte
composition can also change the lithium-ion solvation
structure (i.e., Li+) and thus influence the desolvation process
on the electrode’s surface. Besides the SEI effect, whether there
is any scientific correlation between the changed Li+ solvation
structure, desolvation process, and the electrode performance
is not fully understood. Recently, more and more researchers
are realizing that the Li+ solvation structure and desolvation
process can affect an electrode’s performance significantly.23−37

However, it remains a challenge to illustrate the process,
because the molecular behaviors in the bulk electrolyte and at
the electrolyte−electrode interface are abstractive, dynamic,
and non-quantitative.38 Despite the findings on the effect of
solvation structure in electrolytes, the battery performance has
been ascribed to the solvation-structure-derived SEI that has a
specific composition, thickness, and/or morphology,39−42

which is an endless loop that fails to involve the specific
solvation structure-derived interfacial model (i.e., Li+ desolva-
tion process) in the liquid since the battery performance is
ascribed to the SEI again.43−47 Thus, different viewpoints need
to be clarified and emphasized to set direct scientific
relationships between molecular interactions of electrolyte
species and electrode performance, so as to make a
breakthrough in this field and beyond.
Herein we present a timely review of recent research,

focused on how researchers discover the importance of
electrolyte solvation structure, develop a quantitative model
to describe solvation structure, construct an interfacial model
in LIBs to understand electrode performance, and then apply

these discoveries in electrolyte design. This review focuses on
the scientific relationships between the molecular interactions
of electrolyte species (metal ions, anions, and solvents) in the
interfacial model and the electrode performance. We unravel
plenty of opportunities that enable us to design better
electrolytes, while the classical SEI strategy is leading to a
narrow opportunity. These discoveries are significant for
designing LIBs and improving their performance in terms of
life span, energy density, safety issues, and specific functions,
which may herald a new era, that is, the post-SEI era, for LIBs,
other metal-ion batteries (e.g., Na+, K+, Ca2+, Ma2+, Zn2+, etc.),
and beyond (e.g., supercapacitors, electrocatalysis, electro-
plating, etc.).

1. Discover the Importance of the Electrolyte
Solvation Structure and Its Controversy with Respect
to the SEI. Before presenting a different viewpoint, we first
summarize the history of SEI development, the concept of
which was proposed based on the electrolyte’s decomposition
products on the surface of a lithium metal anode in 1979, after
the discovery of decomposion products on the surface of a
graphite electrode (Figure 2a).48,49 A rough SEI model that
lacked a description of the decomposition products was
proposed in 1983.50 Later, the significant role of the SEI was
fully demonstrated in an ethylene carbonate (EC)-based
electrolyte, where a good SEI formed from the reduction of
partial EC solvents, allowing a reversible Li+ (de)intercalation
within the carbon-based anode (e.g., graphite) and inhibiting
the graphite exfoliation (Figure 2b), thereby enabling the
commercialization of LIBs.51 Besides, a good SEI can also

Figure 2. Importance of the solvation structure and controversy with regard to the SEI. (a) History of SEI development in batteries. (b)
Traditional and (c) new viewpoints on the SEI effect on graphite performance. (d) Excluding the SEI effect by an exchange experiment using
a graphite@SEI electrode in an incompatible electrolyte. (e) Snapshot of Li+ solvation structure with and without LiNO3 additives.
(Reprinted with permission from ref 24. Copyright 2018 American Chemical Society.) (f, g) Correlation between Li+ solvation structure
(i.e., Li+−solvent interaction) and graphite’s performance.
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passivate the electrode surface and block electron transfer from
the highest occupied molecular orbital/lowest unoccupied
molecular orbital (HOMO/LUMO) of the electrolyte to the
electrode.52 In contrast, a poor SEI that forms in propylene
carbonate (PC) or a normal ether-based electrolyte fails to
support a reversible Li+ (de)intercalation, leading to a severe
Li+−solvent co-intercalation and the exfoliation of the graphite
electrode (Figure 2b).53 The research on SEIs erupted fast due
to the stabilization effect of the SEI on the electrode in LIBs.
The concept of the functioning of the SEI and further studies
on its properties rapidly followed the discovery of its positive
effect on the graphite electrode. In addition, the discovery of
film-forming additives (e.g., CO2,

54 propylene sulfite (PS),55

ethylene sulfite (ES)56) that can form a better SEI provided a
new opportunity to study the SEI and further enhance the
LIBs’ performance. Since then, the classic mosaic model of SEI
microstructure,57 quantum chemical calculations for studying
the SEI formation path and screening additives,58,59 the model
of the decomposition products on the surface of cathode
(CEI),60 and so forth have been presented and developed to
understand the properties of the SEI. Among the reported
studies, one of the greatest achievements is the discovery of
vinylene carbonate (VC) as an additive,61 which can enhance
the graphite electrode’s stability and boost the initial
Coulombic efficiency. This discovery opens a new avenue to
improve the LIBs’ performance by choosing and designing
effective additives to form a better SEI. Thus, the strategy of
engineering the SEI has been utilized to guide the design of
LIBs’ electrolytes over the past two decades, based on which
numerous film-forming additives have been reported,62−69 and
bunches of techniques (including cryo-electron microscopy)70

have been developed to characterize and analyze the SEI, to
further improve the LIBs’ performance.71−73

However, the viewpoint on the stabilizing effect of the SEI
on electrode performance was challenged in 2018.24 Ming et al.
found that the Li+ solvation structure in the electrolyte
dominates the performance of the graphite electrode (i.e.,
reversible Li+ (de)intercalation or Li+−solvent co-intercala-
tion) (Figure 2c). This is because a graphite electrode
precoated with an SEI layer (i.e., graphite@SEI) still failed
to inhibit the destructive Li+−solvent co-intercalation when an
incompatible electrolyte (e.g., the normal ether-based electro-
lyte of 1.0 M LiTFSI in dioxolane/dimethoxyethane (DOL/
DME)) was used in a designed exchange experiment (Figure
2d). The exchange experiment was designed and carried out as
the follows: The graphite electrode was initially cycled several
times in a compatible electrolyte (e.g., commercial EC-based
electrolyte of 1.0 M LiPF6 in EC/diethyl carbonate (DEC) (1/
1 in v/v)) to form a good SEI. The SEI-coated graphite
electrode was disassembled from the cell and then was
reassembled in a new cell using an incompatible electrolyte
after washing and drying the graphite@SEI electrode. Finally, a
cycling test was conducted on the newly reassembled cell. As a
result, severe Li+−solvent co-intercalation and graphite
exfoliation were observed when the graphite@SEI electrode
was cycled in the incompatible ether-based electrolyte (Figure

2d). This discovery is unexpected, as a good SEI is commonly
believed to effectively stabilize the graphite electrode and
inhibit the Li+−solvent co-intercalation into the electrode.
Furthermore, this study led to another groundbreaking

discovery: that the ether-based electrolyte (e.g., 2.5 M LiTFSI
in DOL/DME) became compatible with the graphite electrode
after the introduction of 0.4 M LiNO3, while previously only a
high-concentration electrolyte (i.e., at least higher than 5.0 M)
could make the ether-based electrolyte compatible with the
graphite electrode.74 According to the exchange experiment,
the role of SEI was ruled out. The Li+ solvation structure
change was believed to account for the compatibility of the
electrolytes with the graphite electrode, which demonstrated
that a NO3

− anion could enter the first solvation shell of the
Li+ solvation structure, weakening the Li+−solvent interaction
effectively (Figure 2e). Thus, a principle of how to design
electrolytes compatible with the graphite electrode (i.e.,
inhibiting the Li+−solvent co-intercalation) was presented,
i.e., weakening the Li+−solvent interactions by changing the
electrolyte compositions. Briefly, a strong interaction leads to
Li+−solvent co-intercalation that generally destroys the
structure of the graphite electrode and thereby causes the
failure of the battery (Figure 2f), while a weak Li+−solvent
interaction benefits the reversible Li+ (de)intercalation to
ensure stable battery performance (Figure 2g). This viewpoint
was further proved with the electrolyte for potassium-ion
batteries, as will be summarized later.
Since this discovery, more and more researchers have

realized the importance of the Li+ solvation structure for the
graphite electrode’s performance.75 For example, Zhang et al.
reported that a unique solvation structure-derived LiF-rich SEI
was formed on the surface of graphite in a DME-based
localized high-concentration electrolyte (LHCE, 1.5 M LiFSI
in DME/bis(2,2,2-trifluororthyl) ether (BTFE), 1/2 in v/v),
making the electrolyte compatible with graphite for a reversible
Li+ (de)intercalation (Figure 3a).76 In stark contrast, without
dilution with BTFE, Li+−solvent co-intercalation and graphite
exfoliation were observed in the low-concentration electrolyte
(LCE) due to the instability of the SEI (Figure 3b). The
function of the solvation structure-derived SEI has been also
demonstrated in recently designed electrolytes (e.g., 1.0 M
LiFSI in 1,4-dioxane,77 0.9 M LiPF6 in PC/DEC with 1 vol%
fluoroethylene carbonate (FEC)78), making the electrolyte
well compatible with the graphite electrode. With these
interpretations for the compatibility, the focus moved to
different Li+ solvation structures, in turn forming different
SEIs. Such interpretations differ from those related to the
concentrated electrolyte reported before (e.g., glyme, DME,
DOL),79,80 sulfone (e.g., sulfolane (SL), tetramethylene
sulfone (TMS), ethyl methyl sulfone (EMS)),81−83 dimethyl
sulfoxide (DMSO),75,84 nitrile (e.g., acetonitrile, AN),85,86 and
phosphate (e.g., trimethyl phosphate, TMP)87-based electro-
lyte) and the LHCE (e.g., 1,1,2,2-tetrafluoroethyl-2,2,3,3-
tetrafluoropropyl ether (TTE),82,88 BTFE89,90-based electro-
lyte), where the compatibility was directly ascribed to the
formation of a stable and/or anion-dominated SEI, without
considering the role of the solvation structure.
The importance of the Li+ solvation structure has also been

demonstrated in lithium metal batteries, in which a specific SEI
can be formed on the lithium metal anode to achieve high
performance. For example, introducing NO3

− into the Li+

solvation structure promoted the decomposition of FSI− in the
ether-based electrolyte (e.g., DME) to form a uniform SEI rich

The viewpoint on the stabilizing effect
of the solid−electrolyte interphase on
electrode performance was challenged
in 2018.
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Figure 3. Solvation structure effect on electrode performance. Comparative illustration of Li+ solvation structure and derived SEI effect on
graphite’s performance in DME-based electrolytes of (a) LHCE and (b) LCE with and without BTFE, and also for (c) the lithium deposition
behaviors with and without LiNO3. ((a, b) Reprinted with permission from ref 76. Copyright 2020 Wiley-VCH. (c) Reprinted with
permission from ref 39. Copyright 2019 American Chemical Society.) Regulation of the solvation structure and the derived SEI by (d)
adding LiNO3 additive in the LiPF6-based electrolyte, (e) increasing the LiFSI concentration in the DME-based electrolyte, or (f)
introducing the BTFE diluent in the TEP-based electrolyte to improve the batteries’ performances. ((d) Reprinted with permission from ref
91. Copyright 2021 American Chemical Society. (e) Reprinted with permission from ref 94. Copyright 2018 Wiley-VCH. (f) Reprinted with
permission from ref 95. Copyright 2018 Elsevier.)

Figure 4. Methodology of how to describe the solvation structure. (a) History of the development of the solvation theory. (b) Proposed
formula and model of the Li+ solvation structure to describe the electrolyte quantitatively and graphically, instead of just with the molar
concentration.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Focus Review

https://doi.org/10.1021/acsenergylett.1c02425
ACS Energy Lett. 2022, 7, 490−513

493

https://pubs.acs.org/doi/10.1021/acsenergylett.1c02425?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02425?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02425?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02425?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02425?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02425?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02425?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02425?fig=fig4&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c02425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in LiSOx, LiF, and LiNxOy, facilitating the development of safer
lithium metal batteries without the formation of detrimental
lithium dendrites (Figure 3c).39 The positive effect of NO3

−

altering the Li+ solvation structure (i.e., weakening the Li+−
PF6

− interaction) to form a high ionic conductivity SEI was
also observed in the triethylene glycol dimethyl ether
(TEGDME)-based electrolyte, giving rise to a higher perform-
ance in the Li|Cu cell (Figure 3d).91 Besides, regulating the Li+

solvation structure by increasing the concentration of lithium
salts (i.e., LiTFSI,74 LiFSI92−94) also improved the formation
of compact or Li2O-LiF-rich SEI layers via the reduction of
LiFSI and LiFSI/LiNO3 to improve the stability of Li
deposition (Figure 3e).93,94 Moreover, tailoring the Li+

solvation structure by adding BTFE into the electrolyte of
1.2 M LiFSI in flame-retardant triethyl phosphate (TEP)
formed a robust FSI-derived LiF-rich SEI, which suppressed
the lithium dendritic growth and unwanted side reactions,
enabling a long-term cycling performance over 600 cycles for a
Li|LiNi0.6Co0.2Mn0.2O2 (NMC622) battery (Figure 3f).95 To
this end, the solvation structure has been shown to play key
roles in the batteries, so understanding its detailed micro-
structure is of utmost importance.
2. Develop a Quantitative Model to Study the

Solvation Structure and Conduct Comparisons with
Other Descriptions. Although the solvation structure has
been discovered to be important in both LIBs and lithium
metal batteries, its effect is still controversial. First, whether it is
rational to attribute the high battery performance totally to the
specific SEI formed by the solvation structure effect is
questionable. If it is true, it means the interpretation moves
from the solvation structure back to the SEI again, as reported
previously. If not, we must decide how to investigate the
solvation structure and clarify its relationship with the
electrode’s performance. This issue is extremely challenging
as we look back at the history of how researchers have studied
the (non-)aqueous solution structure. In particular, the
development of the solvation structure model was sluggish
since 1973, after the ion−solvent interaction was introduced
into the Debye−Hückel theory that had only considered ion−
ion interactions.96−102 The “ionic solvation coordination”
model reported in 1974 is the latest model,103,104 which can
be extended from water to non-aqueous electrolytes and also
to binary solvent solutions with solvent competition
coordination (Figure 4a).

In 2019, Ming et al. proposed a model with a simple formula
for the Li+ solvation structure to study the electrolyte (Figure
4b),26 where the electrolyte was described in analogy to the
crystalline material that has the “basic unit” (i.e., a unit cell),
that is, the Li+ solvation structure. The Li+ solvation structure
can be expressed microscopically with the formula
Li+[solvent]x[additive]y[anion], in which the values of x and
y were calculated based on the macroscopic molar concen-
tration of the electrolyte. For example, the electrolyte of 1.0 M
LiPF6 in PC can be written as Li+[PC]12.6[PF6

−]. In the Li+

solvation structure, one Li+ can coordinate with 4−6 PC units
to form the first solvation shell, where the remaining 6−7 PC
units reside in the second solvation layer, while the anion
locates between the first and second solvation shells. Then, the
electrolyte is composed of the infinite repetition of this Li+

solvation structure. This representation is a quantitative
description for electrolytes in which the ion−ion and ion−
solvent interactions are both considered, facilitating the
development of the electrolyte research more graphically.
The Li+ solvation structure model can be used to

substantiate the coordination role of additives (e.g., vinyl
sulfate, DTD) graphically. Specifically, DTD can coordinate
with the Li+ and then weaken the Li+−solvent interaction
gradually in the first solvation shell, making the PC-based
electrolytes compatible with graphite when the amount of
DTD reached 6 wt% (i.e., Li+[DTD]0.73[PC]12.6[PF6

−])
(Figure 5a−c). Likewise, the same coordination effect of
DTD has also been observed experimentally and described
graphically by the Li+ solvation structure model in the ether-
based electrolyte of 1.0 M LiTFSI in DOL/DME (i.e.,
Li+[DTD]0.66[DME]4.94[DOL]7.36[TFSI

−]) and 1.0 M LiTFSI
in TEGDME (i.e., Li+[DTD]0.66[TEGDME]4.46[TFSI

−])
(Figure 5d,e). Briefly, these models reconfirm that the
weakened Li+−solvent interaction is the root cause for the
compatibility between the graphite electrode and the electro-
lyte (i.e., reversible Li+ (de)intercalation), similar to the effect
of NO3

−.24 This viewpoint on the coordination role differs
from the traditional viewpoint, in which the additives are
commonly believed to form a good film on the electrode to
improve the electrode’s performance, such as forming a robust
SEI on graphite by using a film-forming agent (e.g., DTD) to
inhibit the Li+−solvent co-intercalation. In this study, the SEI
effect was excluded again according to an exchange experiment,
in which the graphite@SEI could not inhibit the Li+−solvent
co-intercalation once the DTD additive was removed from the
PC or ether-based electrolytes, demonstrating the importance
of the Li+ solvation structure. Thus, this model can clarify the
effect of additives on Li+ coordination that previously had
never been reported before, supplementing the recognition of
the additive’s role in the electrolyte (Figure 5f).
The model of the Li+ solvation structure was further

demonstrated by using additives with different coordination
capabilities. It was found that an additive with weak
coordination capability (e.g., EC, VC) can also change the
Li+ solvation structure, but it is insufficient to make the PC and
ether-based electrolyte compatible with graphite. This is
because additives with weak coordination capability cannot
weaken the Li+−solvent interaction effectively, despite some of
them (e.g., VC) having a good capability to form SEI.
To the best of our knowledge, that report was the first to

describe electrolytes graphically and quantitatively based on
the Li+ solvation structure and the simplified formula of the Li+

solvation structure. In most cases, besides the molecular
simulations,105−108 the Li+ solvation structure is always
presented in a simple schematic illustration (Figure 5g) and
described using the Li+/solvent ratio for the abstractive
electrolyte, where the study is based on many spectroscopies
and not yet using any quantitative model. For example, Xu et
al. described the coordination of lithium ions with various 17O
nuclei in the Li+-solvation sheath by monitoring the change in
chemical shifts of 17O nuclei in an EC/dimethyl carbonate
(DMC) mixture with the entire range of EC/DMC ratios.109

Watanabe et al. used pulsed gradient spin−echo (PGSE) NMR

Although the solvation structure has
been discovered to be important in
both lithium-ion batteries and lithium
metal batteries, its effect is still con-
troversial.
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to measure the self-diffusion coefficient of solvents, lithium
ions, and anions, where the formula [Li(G3)1][TFSA]
(bis(trifluoromethanesulfonyl)amide (Li[TFSA]) in triglyme
(G3)) was used to describe the electrolyte.110 Likewise, the
relationship between solvation number and temperature was
also verified by Raman spectra.111−114 Based on the ratio of
solvent molecules to lithium ions, Abe et al. also proposed the
formula of Li(DMSO)x(DMC)y

+ (e.g., 3.2 M LiTFSI/DMSO,
1.0 M LiTFSI/DMSO/DMC) to show a certain relationship
between electrolyte compositions and graphite.115 In addition,
the average solvation numbers (NPC,ave) of PC were also
proposed using the concentration ratio (cfree/csolv) of PC free of
Li+ and solvating Li+ (e.g., NPC = 3.7 in pure PC electrolyte). It
was found that the PC/DMC-based electrolyte was compatible
with graphite when the value of NPC, ave was less than 1.1.116

However, research on how to quantitively describe the Li+

solvation structure model in graphics and its effect on electrode
performances has been rarely reported. According to the above
discussion, the study Ming et al. presented can be evaluated as
a landmark that built a relationship between the solvation
structure and electrode performance by illustrating the Li+

solvation structure in a quantitative, periodic, visible, and
graphical way (Figure 5h), which is of great significance for the
design of LIB electrolytes.

The Li+ solvation model is applicable to describe the
solvation structure of the electrolyte over a wide range of
compositions, including the commercial electrolytes, the
currently concentrated electrolytes, LHCE, and also the dilute
ones. First, the commercial electrolyte of 1.0 M LiPF6 in EC/
DEC (1/1, v/v) can be described by the formula Li+[EC]4.12-
[DEC]7.73/88[PF6

−], in which the EC dominates the first
solvation structure due to the higher binding energy of the
Li+−EC pair (Figure 5i,i′). In this way, about 10−13 solvent
units stay around the Li+ in a single Li+ solvation structure in
the 1.0 M electrolyte. Moreover, the formula of the Li+

solvation structure has also been used to show the
concentrated electrolyte, such as Li+[AN]1.9[TFSI

−] for the
electrolyte of 4.2 M LiTFSI in AN (Figure 5j,j′). It was found
that only 1−3 solvent units surround the Li+ in a single Li+

solvation structure; thus, the concentrated electrolyte is more
like an ionic liquid. Then, the anion can interact with the Li+

and appears in the first solvation shell due to the insufficiency
of solvents, weakening the Li+−solvent interaction effectively.
This is the reason why most concentrated electrolytes are
compatible with the graphite electrode. Moreover, the Li+

solvation structures in the typical LHCE (e.g., LiFSI/TTE, 1/3
in mol/mol in saturated TEP)117 and dilute ones (e.g., 0.3 M
NaPF6 in EC/PC, 1/1 in v/v)118 are represented by the
formulas Li+[TEP]1.33[TTE]3[FSI

−] and Na+[EC]25.93-

Figure 5. Description of Li+ solvation structure and its applications. (a−c) Schematic of Li+ solvation structures with different amounts of
DTD additives in PC and ether, such as in (d) DOL/DME and (e) TEGDME-based electrolyte. (f) Discovery of the role of additive on
graphite performance that can be described by the Li+ solvation structure. (Reprinted with permission from ref 26. Copyright 2019
American Chemical Society.) (g) A typical description of the non-quantitative Li+ solvation structure in electrolytes before. (Reprinted with
permission from ref 109. Copyright 2013 American Chemical Society.) (h) Advantages of the presented Li+ solvation structure model.
Comparative description of the Li+ solvation structure by (i−l) the traditional method and (i′−l′) the newly proposed method. (Reprinted
with permission from ref 85. Copyright 2013 American Chemical Society. Reprinted with permission from ref 117. Copyright 2020 National
Academy of Sciences. Reprinted with permission from ref 118. Copyright 2020 American Chemical Society.)
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[PC]19.67[PF6
−], respectively, in which the interactions of

metal ions, solvent, and anions could be described
quantitatively and graphically (Figure 5k,k′, l,l′). According
to the model, it is easy to deduce that the anion-derived SEI
can be formed in the LHCE, because the anion can occupy the
first solvation shell and be decomposed preferably.117 In stark
contrast, the anions in the dilute electrolyte that are far from
the first solvation shell hardly participate in the decomposition,
thereby inhibiting the HF generation.118 While the purpose of
both is to be able to form a stable SEI, the effect of the
changed solvation structure has never been mentioned in the
literature. Briefly, the comparison of the Li+ solvation structure
description presented in Figure 5i′−l′ shows that Ming et al.’s
model provides a different view angle to analyze the electrolyte
quantitatively and graphically.
3. Construct an Interfacial Model (i.e., Li+ Desolvation

Process) to Interpret Electrode Performance. Although
the model of the solvation structure has been proposed, it is
still hard to understand the electrolyte behaviors (i.e., Li+

desolvation process) on the electrode’s surface. This is the
probable reason why Abe et al. reported that a certain
relationship may exist between the solvation structure and the
graphite compatibility,116,119 but the relationship was not
established until 2019.25 This issue is related to the electric
double layer (EDL) adjacent to the electrode surface during
the electrochemical process (Figure 6a), a problem that has
rarely been studied in LIBs and also is hard to study since the

battery is a highly closed system. Moreover, the EDL is a
dynamic and abstractive process which is hard to study on the
molecular scale by any operando characterizations, let alone
constructing a certain relationship with the electrode’s
performance. In stark contrast, the SEI has attracted greater
attention, since it is concrete, visible, and easy to character-
ize.120−122 However, we have to note that the SEI also is the
product of electrolyte decomposition on the electrode, which
means the electrolyte compositions (i.e., Li+ solvation
structure) and their behaviors on the electrode (i.e., Li+

desolvation process) could be the main factors that affect the
electrode performance.

The EDL in electrochemical systems experienced the
development of several classic models, including those of
Helmholtz (i.e., compact layer with electrostatic interac-
tion),123 Gouy−Chapman (i.e., dispersive layer with electro-
static interaction and ionic movements),124 and Gouy−
Chapman−Stern (i.e., a combination of Helmholtz and
Gouy−Chapman models)125 from 1879 to 1924. In 1963,
the Bockris−Devanathan−Müller model was further developed

Figure 6. Solvation structure-derived molecular interfacial model. (a) History of the development of interfacial models (i.e., EDL).
(Reprinted with permission from ref 125. Copyright 1924 Wiley-VCH. Reprinted with permission from ref 126. Copyright 1924 Elsevier.)
(b−e) Unexplained different graphite performances in different electrolytes. (f) Correlation between bulk electrolyte, interfacial model, and
graphite performance that needs to be explored. (g) Proposed L and B parameters using the EC molecule as an example. (h) Constructed
molecular interfacial model on graphite electrode based on the Li+ desolvation process. (Reprinted with permission from ref 25. Copyright
2019 American Chemical Society.)

Although a model of the solvation
structure has been proposed, it is still
hard to understand the electrolyte
behaviors on the electrode’s surface.
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by considering the dipolar polarization of interfacial solvents,
yet the effect of the H-bond interaction was still out of
consideration.126 Afterward, Gongadze et al. used the cavity
field method to consider the mutual influence of water
molecules and the orientation sequence of the water dipole in
the concentrated electrolyte.127,128

However, studies on the EDL in LIBs were rarely reported,
until the new interfacial model derived from the Li+ solvation
structure was proposed by Ming et al. in 2019.25 This
innovation was inspired by the observed different performance
of graphite (i.e., Li+−solvent co-intercalation or Li+ (de)inter-
calation) in electrolytes when the single carbonate or ether
solvent-based electrolytes were used.25 For example, 12
different (dis-)charge curves can be observed in 12 different
electrolytes in Figure 6b−e.
Based on these different graphite performances, some

important questions have been raised: (i) how to interpret
the low capacity and high polarization in EC electrolyte; (ii)
how to interpret that both DMC electrolyte and ethyl methyl
carbonate (EMC) electrolyte are compatible with a graphite
electrode while the DEC electrolyte is incompatible; (iii) how
to understand that the EC/DEC-based electrolyte becomes
compatible with the graphite while the EC and DEC
electrolyte are incompatible when used as a single solvent
separately; (iv) how to interpret that different substitution of a
H atom in the cyclic carbonate structure could give rise to
different graphite performance, such as for those cyclic

carbonate solvents of EC, FEC, PC, and vinyl ethylene
carbonate (VEC) that have similar structures; (v) how to
explain why most ether-based electrolytes (e.g., DOL, DME)
are incompatible with graphite, and so forth. Understanding all
of these phenomena is hard from the SEI viewpoint,
stimulating researchers to consider other probable interpreta-
tions beyond the SEI concept. It is still questionable whether
there is a general model that can explain these performance
differences and also predict the performancethat is, which
interfacial model can cause the Li+−solvent co-intercalation
and which interfacial model is good for the reversible Li+

(de)intercalation (Figure 6f).
With the thoughts above, Ming et al. constructed a new

interfacial model to address these issues, of which L and B
parameters were proposed based on the Li+ desolvation
process (Figure 6g). L means the interaction strength and
conformation of the Li+−solvent, while B means half the
distance between adjacent solvent molecules, reflecting the
solvent−solvent stacking conformation surrounding Li+ during
the Li+ desolvation process. A lower B value means easier
formation of the closest packing on the surface of the
electrode, such as the EC molecules. Additionally, the kinetics,
thermodynamic properties, and electrochemical stability of the
Li+−solvent−anion complex were also proposed on the surface
of the electrode to study the electrolyte behaviors, including
how to evaluate and predict the electrolyte’s stability (Figure
6h).

Figure 7. Correlation between interfacial model and graphite performance. (a) Cases of Li+−solvent calation or electrolyte decomposition.
(b) Cases of Li+ reversible (de)intercalation due to the moderate Li+−solvent interaction (L) and solvent−solvent stacking conformation
(B). (c) Coordinate system showing the compatible (i.e., yellow area) and incompatible areas (blank area) for the electrolyte, based on (d)
tuning the interfacial model to make the DME-based system compatible with graphite. (e) Interfacial model showing how the concentrated
electrolyte is compatible with the graphite. (Reprinted with permission from ref 25. Copyright 2019 American Chemical Society.)
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Next, a series of molecular interfacial models were
constructed based on the interaction and conformation of
Li+−solvent (L) and solvent−solvent (B), explaining why
different graphite performances were observed in different
electrolytes. When the interaction and/or conformation (i.e.,
L) of Li+−solvent is asymmetric (e.g., Li+-PC, Li+-VEC, Li+-
DOL), strong and crowded (e.g., Li+-EC, the lowest value of B
for EC), or thermodynamically unstable (e.g., Li+-DEC), Li+−
solvent co-intercalation or electrolyte decomposition occurs
(Figure 7a). In contrast, a reversible Li+ (de)intercalation can
be achieved when the of Li+−solvent and solvent−solvent
(e.g., Li+-VC, Li+-FEC, Li+-DMC, Li+-EMC) interactions and/
or conformations (i.e., L, B) are moderate. Besides, the values
of L and B could be tuned readily by mixing the solvents (e.g.,
Li+-EC/DEC) or adding additives (e.g., Li+-DTD/PC),
resulting in good compatibility of the electrolytes with graphite
electrodes (Figure 7b). For example, a zigzag interfacial model
could be formed on the surface of the graphite electrode in the
EC/DEC-based electrolyte. It was found that the EC could
arrange closer to the graphite surface due to the stronger Li+-
EC interaction and lower B value (i.e., molecular structure in
small size with high freedom), while the DEC could arrange
behind the EC to reduce the Li+-EC interaction. Then, Li+

could be desolvated readily and the decomposition of DEC
could be avoided, allowing a reversible Li+ (de)intercalation
(Figure 7b). Likewise, the Li+-PC interaction on the graphite

surface could be also weakened by adding DTD additives into
the electrolyte to achieve a reversible Li+ desolvation (Figure
7b). Briefly, this model explains the different performances in
completely different electrolytes, particularly showing how the
Li+−solvent interaction and additive affect the graphite
performance from the aspect of an interfacial model rather
than the SEI.
In addition, the L and B values and the graphite

performances in the different electrolytes using a single solvent
were further summarized, and they are divided into compatible
(i.e., the yellow area) and incompatible areas (the blank area)
in the coordinate system (Figure 7c). In this way, researchers
could change the kind of solvent, anion, additive, and salt
concentration to tune the L and B values in the interfacial
model toward the yellow area, making the incompatible
electrolyte in any blank area compatible, guiding the electrolyte
design. For example, increasing the lithium salt concentration
(i.e., LiTFSI) to 3.0 M and adding 0.4 M LiNO3 additive into
DME-based electrolytes can make such an extremely
incompatible electrolyte compatible with graphite, which
enables a reversible Li+ (de)intercalation (Figure 7d).
According to the interfacial model, it is also easy to understand
why the concentrated electrolyte (e.g., AN,85 DME,79 G3,129

TMP-based130 electrolyte) is compatible with graphite. This is
because the solvent is insufficient (i.e., only 1−3 solvent units
around the Li+) and has to stay in the electrolyte to dissolve

Figure 8. Design graphite-anode-compatible electrolytes in KIBs. (a) Competitive reaction pathways for K+−solvent structure. (b)
Comparison of the HOMO′ and LUMO levels of K+-EC-PF6

− and K+-EC-FSI−. (c) Compatible electrolyte concentrations using different
potassium salts and solvents. (d) Interfacial model of 4.0 M KFSI in EMC compatible with graphite. (Reprinted with permission from ref 29.
Copyright 2020 American Chemical Society.) Varied K+ solvation structure, interfacial model, and graphite performance in the electrolyte of
1.0 M KFSI in TMP without (e) and with (f) DTD additives. (Reprinted with permission from ref 28. Copyright 2020 Wiley-VCH.) (g)
Comparison of SEIs formed on graphite without KDFP (left) and with KDFP (right). (Reprinted with permission from ref 136. Copyright
2020 American Chemical Society.) (h) Solvation structure and the derived SEI formed on graphite in the electrolyte of KFSI/TMP (3/8 in
mol/mol). (Reprinted with permission from ref 135. Copyright 2020 Wiley-VCH.)
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the lithium salt; otherwise, the lithium salt could precipitate
from the electrolyte if the solvent is co-intercalated with the Li+

into graphite (Figure 7e).
Herein, researchers may consider the SEI effect on the

graphite performance as before, regardless of the interfacial
model. The preliminary results of Ming et al.’s studies indicate
that the SEI can reduce the direct contact between the
electrode and electrolyte and then mitigate the electrode’s
electron-donating capability to the Li+−solvent−anion com-
plex, which in turn increases the electrolyte’s stability (e.g.,
electrochemical stability of Li+−solvent−anion). Overall,
different from the SEI, the molecular interfacial model
presented in this section successfully explains and predicts
graphite’s performance, which can be further applied to
interpret the different lithium deposition phenomena in the
different electrolytes. This is a breakthrough that deserves to
be emphasized since it may change our thoughts in designing
the electrolyte and understanding the electrode’s performance.
This model has great potential to be applied to a broad
electrochemical system that involves the electrolyte−electrode
interface, which includes but is not limited to electrode-plating,
supercapacitors, and electrocatalysis.
Notably, while this molecular interfacial model is similar to

the EDL in electrochemistry, the relationship between the
molecular interfacial model and the electrode’s performance is
more direct and graphical. More recently, the interfacial
molecular behaviors in batteries have attracted great attention
since they can influence an electrode’s performance signifi-
cantly. For example, Zhang et al. proposed that an inner
Helmholtz layer was generated at the electrode interface before
the formation of the SEI.38 This EDL is composed of solvent
and competitively adsorbed anions, which play an important
role in the formation of the initial SEI. Pan et al. also
demonstrated that the distances and activation energies that
lithium ions transport across the inner Helmholtz layers affect
the polarization in batteries.131 Briefly, the studies discussed in
this section provide a new angle to understand a battery’s
performance based on the molecular interfacial model.
4. Apply the Solvation Structure and Interfacial

Model in Metal-Ion Batteries. 4.1. Design Graphite-
Anode-Compatible Electrolytes in Potassium-Ion Batteries.
The proposed solvation structure and interfacial model were
applied in potassium-ion batteries (KIBs) to address the major
issue of electrolytes that were incompatible with graphite
electrodes, achieving a reversible K+ (de)intercalation.132,133

Ming et al. proposed two competitive interfacial reaction
pathways for the M+−solvent−anion complex (e.g., M+ = K+)
during the K+ desolvation process.29 In the first pathway, the
K+−solvent−anion complex can be desolvated when it accepts
one electron from the electrode, releasing the free K+ that can
be (de)intercalated into the graphite. This pathway is preferred
and can make the electrolyte compatible with graphite.
Alternatively, the K+−solvent−anion complex can be decom-
posed if the K+−solvent interaction (i.e., L) is strong or the
thermodynamic or electrochemical stability of the K+−
solvent−anion complex is insufficient, leading to the K+−
solvent co-intercalation (i.e., graphite exfoliation) and/or
electrolyte decomposition. The latter pathway occurs when
the electrolyte is incompatible with the graphite electrode
(Figure 8a).
The parameter ΔE (i.e., the energy difference between two

pairs of orbitals, the highest occupied molecular orbital′
(HOMO′)−lowest unoccupied molecular orbital (LUMO))

was also proposed to evaluate the stability of the K+−solvent−
anion complex, where a higher ΔE means a more stable
electrolyte due to the big difference in orbitals and the
difficulty to transfer the electron (Figure 8b). The LUMO is
used to designate the critical orbitals for the K+−solvent−
anion complex, where the corresponding orbitals become
HOMO′ after obtaining one extra electron from the electrode.
For example, the stability of K+-EC-PF6

− is higher than that of
K+-EC-FSI− after accepting one electron due to the higher ΔE
(i.e., 0.04583 vs 0.04116 hartree). This result is consistent with
the improved stability and compatibility of 1.0 M KPF6 in EC
compared to that of 1.0 M KFSI in EC.
Increasing the potassium salt (e.g., KFSI) concentration or

changing the kind of solvent can alter the K+−solvent−anion
interaction (i.e., L) and solvent stacking forming (i.e., B) in the
interfacial model, which makes it possible to design better
electrolytes that are compatible with graphite (Figure 8c). For
example, the newly designed 4.0 M KFSI in EMC (i.e.,
K+[EMC]2.4[FSI

−]) is compatible with the graphite electrode
due to the reduced K+−solvent interaction and sufficient
stability of the K+−solvent−anion in the interfacial model
(Figure 8d). According to this principle, using an additive with
strong coordination capability (e.g., DTD) results in a good
compatibility of TMP-based electrolyte with graphite.28 This is
because the DTD can regulate the K+ solvation structure from
K+[TMP]8.7[FSI

−] to K+[TMP]8.7[DTD]0.58[FSI
−] and then

alter the interfacial model (i.e., reduce the K+-TMP
interaction) so that the K+ could be effectively desolvated at
the electrolyte−graphite interface and then reversibly (de)-
intercalated into the graphite (Figure 8e,f).134,135

The strategy of tuning the interfacial model differs from
those of forming an SEI by employing additives (e.g.,
potassium difluorophosphate, KDFP) and/or pretreatment in
specific conditions (e.g., precycled in the electrolyte of 1.0 M
KPF6 in EC/DME at 50 °C) to make the electrolyte
compatible with the graphite.136,137 For example, a KF and
POx species-rich SEI can be formed on graphite electrodes by
using KDFP additives, which improves the K+ (de)inter-
calation kinetics, capacity retention, and Coulombic efficiency
(Figure 8g).136 This research is similar to those developed in
LIBs, such as in the PC-based electrolyte.138−142 Although
more and more researchers have realized that the K+ solvation
structure plays a decisive role in graphite’s performance, the
interpretations are always ascribed to the formation of a robust
and stable solvation-structure-derived SEI. For example, a
stable KF-rich SEI layer was formed on the graphite surface
due to the formation of a unique solvation structure in an
LHCE (i.e., concentrated KFSI/DME electrolytes with 6.91
mol kg−1 KFSI in DME) after the addition of a highly
fluorinated ether (HFE), inhibiting the K+−solvent co-
intercalation (i.e., graphite exfoliation).143 Guo et al. reported
that an anion-derived F-rich SEI was formed by tuning the
solvation structure in the non-flammable and moderate-
concentration electrolytes (i.e., KFSI/TMP, 3/8 in mol/mol)
to control the decomposition path of the solvent and/or anion
(i.e., less solvent decomposition), enabling a reversible K+

(de)intercalation in graphite (Figure 8h).135 Besides, the
formation of an anion-derived SEI was induced by an anion-
involved solvation structure in the concentrated electrolyte of
3.3 M KFSI in TMP, making the electrolyte compatible with
the graphite.134 Thus, herein a pendent viewpoint may be
raised again, asking which factor, the solvation-structure-
derived SEI or the solvation-structure-derived interfacial
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model, is dominant to determine graphite’s performance in
KIBs. A rigorous examination is required to further inspect the
factors, and on account of the discussion in section 1, the
exchange experiment for graphite electrode and electrolyte is
believed to give more evidence.
4.2. Improve the Performance of Carbon and Other

Anodes in Sodium-Ion Batteries by Solvation Structure
Effect. The effect of solvation structure on improving the
performance of hard carbon anodes has been also reported in
sodium-ion batteries (SIBs).144−148 For example, Bai et al.
reported that VC additive tuned the solvation structure in
DME-based electrolytes (i.e., 1.0 M NaPF6, 0.5 vol% VC in
DME) and lowered the LUMO energy levels of the VC-
regulated solvation complexes (Figure 9a).149 Then, a
preferred decomposition occurred on the hard carbon anode
to form a stable organic polymeric component-rich SEI,
contributing a high capacity of 211 mAh g−1 over 2000 cycles
at 1 A g−1. In contrast, a fragile SEI was formed in the absence
of the VC additive in the DME-based electrolytes and then led
to a severe capacity decay. This role of the VC additive was
further demonstrated in the electrolyte of 1.0 M NaCF3SO3 in
diglyme (DGM) by Shi et al., where VC not only can change
the Na+ solvation sheath structure but also can assist to form
an inorganic-rich SEI on an FeS@C anode.150 This is because
the LUMO level value of VC is lower than that of DGM, which

promotes the change of the solvation sheath structure and the
formation of the good SEI on the anode and thus leads to the
prior reduction of VC (Figure 9b).
The solvation structure effects can be compared more clearly

between the carbonate-based electrolytes and ether-based
electrolytes.151 It was found that a rigid solvation structure
(e.g., [Na+(DEGDME)x]) was formed in the DEGDME-based
electrolyte, leading to the formation of an inorganics-dominant
SEI, which stabilized the N-heteropentacenequinone (TAPQ)
anions and facilitated the multielectron redox reaction that
occurred at different potentials. In comparison, a flexible
solvation structure (e.g., Na+(EC/DEC)y) formed in the EC/
DEC-based electrolyte to generate a thick SEI layer, due to the
fact that the carbonate-based solvation sheath was unstable and
prone to accept electrons due to the weak solvation energy and
reduction stability (Figure 9c). In addition, it was reported that
the DOL changed the Na+ solvation structure in DEGDME-
based electrolytes to obtain a high LUMO level for forming a
thin and NaF-rich SEI on the graphite anode and also reducing
the desolvation energy.152 Compared to the value of 2.45 eV
for 0.94 M NaPF6 in DEGDME (ND-1), the value is reduced
to 2.29 eV for 3.04 M NaPF6 in DEGDME and DOL (10:1 by
volume) (NDD-3), after the addition of DOL, which is
expected to benefit the fractional solvent dissociation and
inhibit the solvent co-intercalation, thereby lowering the

Figure 9. Improve electrode performance in SIBs by solvation structure effect. (a) Comparison of the calculated solvation energy and LUMO
energy levels of the solvated complexes in the DME-based electrolytes with and without VC additive. (Reprinted with permission from ref
149. Copyright 2019 Elsevier.) (b) Adjusting the Na+ solvation structure and the energy by VC additive. (Reprinted with permission from
ref 150. Copyright 2021 Elsevier.) (c) Comparison of Na+ solvation structures and interfacial behaviors on TAPQ electrode in EC/DEC and
DEGDME-based electrolyte. (Reprinted with permission from ref 151. Copyright 2021 Wiley-VCH.) (d) Different desolvation energy of Na+

solvation structure in the electrolyte of NDD-3 and ND-1 giving rise to different intercalated potentials. (Reprinted with permission from ref
152. Copyright 2021 Wiley-VCH.) (e) Tuning the Na+ solvation structure by BTFE and VC in sequence. (Reprinted with permission from
ref 153. Copyright 2021 Wiley-VCH.)
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sodiation potential (Figure 9d). Besides, the effect of
intermolecular H-bonds in the Na+ solvation structure can
be also regulated by the use of additives. Yang et al.
demonstrated that BTFE molecules participated in the
solvation shell of aggregates (AGGs) and repelled the TMP
molecules out of the first solvation shell in the non-flammable
electrolyte of 1.2 M NaTFSI-TMP/BTFE/VC, where the
solvation balance between the Na+ and TFSI− could be tuned
by VC, giving rise to a VC-derived SEI layer on the hard
carbon for high stability (e.g., high capacity retention of 99.6%
after 100 cycles) (Figure 9e).153 Although researchers have
demonstrated the solvation structure effect for the improved
performance, the reason was eventually ascribed to the
solvation-structure-derived SEI that has good stability, which
differs from the interpretation of the interfacial model and
needs to be further examined by exchange experiments.
4.3. Design Alloying-Anode-Compatible Electrolyte in

Metal-Ion Batteries. The proposed molecular interfacial
model also provides a different view angle to study the
performance of alloying anodes (e.g., Sn, Sb, Bi, etc.) in metal-
ion batteries (i.e., M+ = Li+, Na+, K+).35,154 Ming et al.
presented two comparative interfacial reaction pathways for
M+−solvent−anion complex on the surface of alloying anodes
(Figure 10a), where high performances can be expected if the
M+−solvent−anion complex in the interfacial model has good
kinetics, thermodynamic properties, and electrochemical
stability. Because of the difference from the graphite anode
that there is no M+−solvent co-intercalation into the alloying
anode, it is requested to design stable electrolytes compatible
with the alloying anode. It showed that the microsized Sn, Sb,

or Bi alloying anodes were successfully stabilized in DME-
based electrolytes, 1.0 M NaPF6 (i.e., Na

+[DME]9.6[PF6
−]) or

1.0 M KPF6 for SIBs and KIBs, respectively, while it was hard
to achieve the same using other kinds of solvent (e.g., PC, EC/
DEC, etc.) and salts (e.g., NaCF3SO3, NaClO4) (Figure
10b,c). The bulk Sb anode was also stabilized in the DME-
based electrolyte using 4.0 M KFSI (i.e., K+[DME]2.4[FSI

−]),
where an extremely high capacity of 628 mAh g−1 (i.e., the
value close to the theoretical capacity of K) and a good cycle
performance of more than 100 cycles were obtained (Figure
10d,e). The high performance is hard to achieve once the
solvent, salt, or concentration is changed. Thus, these results
fully demonstrate the importance of the metal ion solvation
structure and the properties of M+−solvent−anion complexes
in the interfacial model, where the ether-based electrolytes are
more compatible with the alloying anodes without the need of
alloying anode treatments, including carbon modification,
structural designing, or SEI engineering.
The above findings indicate that the failure mechanism of

the alloying anodes (e.g., severe capacity decay) may result
from the incompatibility of electrolyte with the alloying
anodes, which differs from the traditional viewpoint of
electrode pulverization or the fracture of SEI.155,156 Although
studies showed that carbon modification,157,158 nanostructure
engineering,159,160 and SEI engineering122,161 could improve
the stability and Coulombic efficiency of the alloying anodes,
more and more researchers have demonstrated the importance
of the solvation structure effect that can be tuned by electrolyte
compositions (i.e., the species of salt, solvent, additives,
concentration, etc.) to achieve high performances on alloying

Figure 10. Design alloying-anode-compatible electrolyte in metal-ion batteries. (a) Competitive reaction pathways for M+−solvent structure
on the alloying anode. Optimized Na+ and K+ solvation structure, interfacial model, and performance for the (b, c) Sn and (d, e) Sb anode,
respectively. (Reprinted with permission from ref 154. Copyright 2020 American Chemical Society. Reprinted with permission from ref 35.
Copyright 2021 Wiley-VCH.) (f) Cycled alloying anode with low Eint and high Eint SEI induced by the different solvation structures in EC/
DMC and mixTHF-based electrolyte, respectively. (Reprinted with permission from ref 164. Copyright 2020 Springer Nature.) (g)
Regulating solvation structure in the OTE-based LHCE to form a thin SEI layer on the Si anode surface with a porous inner structure.
(Reprinted with permission from ref 165. Copyright 2020 American Chemical Society.)
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anodes.162,163 For example, Wang et al. reported that the
contact ion pairs (CIPs) and AGGs in the solvation structure
were dominant (i.e., >93%) in the electrolyte of 2.0 M LiPF6 in
tetrahydrofuran/2-methyltetrahydrofuran (mixTHF), facilitat-
ing the formation of a robust and LiF-rich SEI with a low
adhesion (i.e., high interfacial energy (Eint)) to the surface of
the alloy, which improves the stability of the alloying anode
(Figure 10f).164 Zhang et al. designed an LHCE using
1H,1H,5H-octafluoropentyl 1,1,2,2-tetrafluoroethyl ether
(OTE) as a diluent, in which the specific solvation structure
with more AGGs helped to form a much thinner, more stable,
and LiF-rich SEI layer, suppressing the continuous SEI growth,
reducing the surface etching, and then giving rise to an
excellent lithium storage capability (Figure 10g).165 Further,
Guo et al. studied the effects of salts (i.e., KFSI, KPF6) and
solvents (i.e., EC, DEC, DME) on the performance of the
alloying anodes (e.g., red phosphorus, RP) in KIBs, where the
solvation structure (i.e., 1.0 M KFSI in EC/DEC) was tuned to
form a robust SEI on the K metal and RP electrode
simultaneously to achieve a high performance (e.g., 440.2
mAh g−1, high-capacity retention of 95% over 100 cycles).166

The interpretations of the high performance of the alloying
anodes in that research are ascribed again to the stable SEI that
was derived from the solvation structure. However, the
solvation structure may also change the interfacial model
that makes the electrolyte compatible with the alloying anode.
The exchange experiment is recommended to confirm which is

the dominant factor that influences the alloying anode
performance.

4.4. Design Metal-Anode-Compatible Electrolyte in Metal
Batteries. More significant findings have been reported upon
the study of the solvation structure and the interfacial model in
battery systems using metallic anodes (M = Li, Na, K, etc.).
For example, the solvation structure and interfacial model for
the electrolytes employing 1.0 M LiPF6 in EC (i.e.,
Li+[EC]15.56[PF6

−]), EMC (i.e., Li+[EMC]9.73[PF6
−]), and

EC/EMC (i.e., Li+[EC]7.78[EMC]4.87[PF6
−]) were compared

to understand the different lithium plating phenomena.27 It is
hard to plate Li on the Cu foil in EC electrolyte due to the
strong Li+-EC interaction (Figure 11a), while a severe
electrolyte decomposition occurred in EMC electrolyte due
to the instability of Li+-EMC (vs Li+-EC) (Figure 11b). These
phenomena are observed as well in other kinds of electrolytes
when linear carbonates (e.g., DMC, DEC) are used as the
single solvent. In contrast, in the EC/DEC-based electrolyte,
EC can occupy the surface of the electrode due to the stronger
Li+-EC interaction (vs Li+-EMC), while EMC prefers to
distribute behind EC molecules, forming a regular zigzag
structure (Figure 11c). Then, Li+ could be desolvated readily
and plated on the electrode due to the weakened interaction of
Li+-EC by EMC, and meanwhile EMC could be also stabilized
because it appears as free molecules that are far from Li+

without any polarization. This interpretation is similar to that
explaining why EC/DEC-based electrolytes are compatible
with the graphite electrode while EC or DEC electrolytes are

Figure 11. Design metal-anode-compatible electrolyte in metal batteries. (a−c) Interfacial model in EC, EMC, and EC/EMC-based
electrolyte. (Reprinted with permission from ref 27. Copyright 2020 American Chemical Society.) Solvation structure and interfacial model
of DME-based electrolyte using different metal salts of (d) NaClO4, (e) NaCF3SO3, and (f) NaPF6. (Reprinted with permission from ref 31.
Copyright 2020 American Chemical Society.) (g) Effects of solvent, anion, and concentration on the interfacial model to turn the HOMO′/
LUMO and the K plating/stripping behaviors. (Reprinted with permission from ref 30. Copyright 2020 American Chemical Society.)
Solvation-structure-derived SEI regulated by (h) LiNO3, (i) TTE, and (j) KFSI concentration for high metal plating/stripping performance
in lithium, sodium, and potassium batteries, respectively. (Reprinted with permission from ref 179. Copyright 2020 Wiley-VCH. Reprinted
with permission from ref 180. Copyright 2021 American Chemical Society. Reprinted with permission from ref 166. Copyright 2019 Wiley-
VCH.)
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incompatible, as discussed earlier (Figure 7b).25 This
interfacial model is applicable to interpreting the lithium
deposition process in a broad electrolyte system.167

Besides, the most commonly used EC has also been
discovered to have another important role in stabilizing
electrolytes,27 besides its well-known roles of dissociating
lithium salts and forming an SEI. Thus, although recently many
researchers have focused on designing EC-free electrolytes to
avoid its oxidation on the cathode side,168−170 we have to keep
this issue in mind that a stable interfacial model (i.e., good
dynamic and electrochemical stability of Li+−solvent−anion
complex) needs to be achieved by tuning the electrolyte
compositions prudently. Otherwise, a severe capacity decay
could be observed when the EC solvent is absent. Moreover,
improving the electrochemical stability of Li+−solvent−anion
in the interfacial model becomes even more important in
negative-electrode-free lithium metal batteries.171−173 This is
because the current collector and/or metal’s capacity for
electron-donation to the Li+−solvent−anion complex is much
higher than that of the normal anode (i.e., carbon-based
anode), in turn decreasing the electrolyte’s stability and also
adding complexities in electrolyte decomposition and lithium
dendrite growth.
In addition, an anion-based interfacial model has been built

by Ming et al. to guide the design of electrolytes that are
compatible with Na plating/stripping,27 where anion-induced
corrosion has been demonstrated to be the main reason for the
failure and low CE of sodium batteries. It was found that the

ClO4
− and CF3SO3

− are close to the interface of the Na metal
due to the low steric hindrance of ClO4

− or the strong
interaction between CF3SO3

− and Na+, causing a serious
electrolyte decomposition and thereby a low CE. In contrast,
the PF6

− is located far from the electrode interface in the
DME-based electrolyte (i.e., Na+[DME]9.61[PF6

−]), leading to
high reversibility of the Na plating/stripping process (Figure
11d−f). Notably, the high value of ΔE (i.e., HOMO′/LUMO,
0.0493 hartree) for Na+-DME-PF6

− is also responsible for the
high stability of electrode performances.31 Based on the
interfacial model, an electrolyte compatible with potassium
metal has also been designed by changing the kind of solvent,
salt, and concentration, in which the kinetics, thermodynamic
properties, and electrochemical stability of the K+−solvent−
anion could be tuned accurately, achieving a low polarization
and high Coulombic efficiency in potassium batteries (Figure
11g). The interfacial model can well interpret why the
electrolyte of 5.0 M KFSI in DME (i.e., K+[DME]1.92[FSI

−])
is optimal for potassium batteries.30

The solvation-structure-derived interfacial model can give
reasonable interpretations for the different battery perform-
ances, while other viewpoints believe that the high perform-
ances result from the solvation-structure-derived SEI that has
good stability.166,174−178 For example, a highly conductive
LiNxOy-containing SEI was formed on the electrode surface by
regulating the solvation structure using LiNO3 additive in
TEGDME-based electrolyte, enabling dendrite-free lithium
deposition even under a high-capacity operating condition of 4

Figure 12. Construct the cathode interfacial model and design cathode/anode-compatible electrolyte. Cathode and anode interfacial models
in (a, d) EMC, (b, e) MA, and (c, f) EMC/MA-based electrolyte. (Reprinted with permission from ref 36. Copyright 2021 Wiley-VCH.) (g)
Solvation structure and multi-interfacial behaviors on the NCM622 cathode and graphite anode simultaneously in lithium-ion full battery.
(h) Schematic of the dynamic evolution of the Li+ solvation sheath in the NCM811|Li cell during the charging/discharging process in the 1.0
M LiPF6 in DFEC/DEC electrolyte. (Reprinted with permission from ref 189. Copyright 2021 Wiley-VCH GmbH.)
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mAh cm−2 (Figure 11h).179 Additionally, Xiang et al. reported
that a NaF-rich SEI was formed on the Na anode surface when
TTE was added into 3.8 M NaFSI/DME electrolyte to form an
LHCE, as the formed Na+-1DME-2FSI− solvation structure led
to the decomposition of more FSI− with less DME
decomposition, enabling a high capacity retention of 98.4%
after 1046 cycles at 2C in a Na||Na3V2(PO4)3 (NVP) cell
(Figure 11i).180 Moreover, Guo et al. found that a robust and
flexible organic−inorganic SEI layer can be formed in the
electrolyte with the low LUMO energy (i.e., 1.0 M KFSI/EC +
DEC), where the EC/DEC mixed solvents and FSI are more
easily decomposed, enabling fast K+ ion diffusion/desolvation
for better potassium metal protection and cycling stability
(Figure 11j).166 However, these studies partially emphasize
that the good stability of the solvation-structure-derived SEI
contributes to the high metal anode performance but fail to
take the interfacial behavior of the solvation structure into
consideration, which can rationally illustrate the different
performances observed in different electrolytes, as interpreted
by Ming et al. earlier in this section.
In stark contrast, some researchers have realized the

significance of M+ solvation structure and the interfacial
behaviors to improve the battery performance.167,181−183 For
example, Liu et al. found that the balance between cation−
solvent and cation−anion in the solvation shell was even more
important for stabilizing lithium metal anodes compared to the
SEI.174 In the 1.0 M LiFSI in DOL/DME system, the local
charge-transfer impedance increased largely and the binding
energy of Li+(DME)2.3 was as high as −414 kJ mol−1 in the
ultralow temperature environment (e.g., −40/−60 °C),
resulting in tip-driven manner kinetics of the Li deposition
and the eventual generation of Li dendrites. In contrast, in the
1.0 M LiFSI in diethyl ether (DEE) system, the binding energy
of Li+(DEE)1.8 (−280 kJ mol−1) is weak, thus resulting in a
uniform Li deposition. In this case, all these results have
considered the effects of solvation structure, demonstrating the
importance of the solvation structure in metal batteries.
However, whether the solvation-structure-derived interfacial
model or SEI, which one is the dominant factor for the
performance needs to be well considered.
4.5. Construct the Cathode Model and Design Cathode/

Anode-Compatible Electrolyte in Lithium-Ion Full Batteries.
Although the effect of the solvation structure and particularly
the interfacial model on the anode performance has been
studied since 2018,24 there was no report paying attention to
the interfacial model on the cathode side until 2021.36 This is
because many efforts focused on tuning the electrolyte
compositions to improve the cathode stability by forming a
stable cathode electrolyte interface (CEI), which is believed to
suppress the electrolyte decomposition and electrode degra-
dation, specifically in the high voltage conditions (i.e., >4.3 V
vs Li/Li+).177,184−186 For example, Xue et al. designed a
sulfonamide-based electrolyte (i.e., 1.0 M LiFSI in N,N-
dimethyltrifluoromethanesulfonamide (DMTMSA)) to ensure
the LiNi0.8Co0.1Mn0.1O2 (NCM811) cycled stably at 4.7 V by
forming a LiF-like inorganic CEI.187

Besides designing the CEI, a new interfacial model of the
cathode was presented recently to show how Li+, anions, and
solvents interact and influence the cathode’s performance in
the cases of EMC (i.e., Li+[EMC]8.11[PF6

−]), methyl acetate
(MA) (i.e., Li+[MA]10.46[PF6

−]), and EMC/MA-based electro-
lytes (i.e., Li+[MA]3.14[EMC]5.68[PF6

−]).36 It was found that
PF6

− has a high frequency (i.e., f1) that appears around Li+ in

the solvation structure in the EMC-based electrolyte due to the
low dielectric constant of EMC (i.e., ε = 2.958), and then a
strong interaction (i.e., f1′) exists between Li+ and EMC-PF6

−.
Such a strong interaction weakens the Coulombic interaction
between PF6

− and the positively charged cathode (Figure 12a),
enabling the EMC-PF6

− pair to keep far from the cathode
surface and then avoid its oxidation. Besides, the oxidation
stability of free EMC solvent molecules is also improved,
because the free EMC can coordinate with Li+ to form a Li+-
EMC pair when Li+ is extracted from the cathode upon the
charging process. More importantly, PF6

− is also difficult to be
desolvated in the initial Li+ solvation structure to move close to
the “newly” formed Li+-EMC pair. Thus, the detrimental effect
of PF6

− that reacts with EMC solvent to produce HF could be
maximally mitigated.
In contrast, in the MA electrolyte, PF6

− has a low frequency
that appears around Li+ (i.e., f 2) in the solvation structure due
to the high dielectric constant of MA (vs EMC) (i.e., ε = 6.68)
(Figure 12b), and then a weak interaction exists between the
MA-PF6

− pair and Li+ (i.e., f 2′). Thus, MA-PF6
− moves closer

to the cathode surface due to the strong Coulombic interaction
between the PF6

− and the positively charged cathode, making
the electron transfer from MA-PF6

− to the cathode easier and
thus leading to a lower oxidation stability of MA-PF6

−. The
oxidation stability of the free MA solvent cannot be improved,
because the PF6

− can be desolvated from the initial Li+

solvation structure readily and then move closer toward the
newly formed Li+-MA pair. Fortunately, in the E/M73
electrolyte (i.e., 1.2 M LPF6 in EMC/MA (7/3 in v/v),
Li+[MA]3.14[EMC]5.68[PF6

−]), PF6
− has a medium frequency

(i.e., f 3) that appears around Li+ (Figure 12c), and thus a
medium interaction exists between the Li+−solvent and PF6

−.
In this way, a safe distance can be maintained between the
PF6

− and the positively charged cathode owing to the medium
Coulombic interaction, giving rise to a high oxidation stability
of the E/M73 electrolyte.
Besides the cathode side, Ming et al. also constructed the

corresponding interfacial model on the anode side. For
example, in the EMC electrolyte, the high binding energy of
Li+-EMC results in a difficult desolvation, and then the
resultant high polarization causes the growth of lithium
dendrites on the graphite anode (Figure 12d). In the MA
electrolyte, the lithium could be plated due to the low
desolvation energy of Li+-MA, but MA that is close to the
anode surface can react with lithium metal easily (Figure 12e).
In the EMC/MA-based electrolyte, the Li+-EMC is weakened
by MA solvent, while the PF6

− could also keep far from Li+

compared to that in the EMC electrolyte (Figure 12f). Then,
Li+ desolvation becomes easier, and the intercalation of Li+

into the graphite anode is preferable compared to the
formation of lithium dendrites. Finally, Ming et al. have not
only built a new interfacial model on the cathode side for the
first time but also constructed the dynamic mutual interaction
interfacial behavior on the cathode and anode simultaneously
in a battery to interpret the battery’s performance (Figure
12g). The presented interfacial model enables us to interpret
the reason why regulating the solvent-depleted electrolyte with
metal−organic framework (MOF) materials could suppress the
electrolyte decomposition/side reactions on the cathode.188

Besides, we believe that the high capacity and stability of the
NCM811|Li cell can be also interpreted by different cathode
interfacial models when the difluoroethylene (DFEC)-based
electrolyte was compared to ethylene carbonate (EC)- and
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fluoroethylene (FEC)-based electrolytes (Figure 12h).189 The
success of constructing the interfacial model on cathodes and
anodes and studying their interactions opens a new avenue to
understand battery performance from the molecular scale,
besides the CEI and SEI concepts.
4.6. Improve the Performance of Polyvalent Ion Batteries

and Beyond by Solvation Effect. The solvation effect is being
widely studied in polyvalent ion batteries (e.g., Zn2+,190−194

Mg2+,195−199 Ca2+,200,201 Al3+202,203) and other fields such as
electrocatalysis.204−206 This research trend was promoted in
2018 by Ming et al., based on their viewpoint that the solvation
structure and interfacial model (vs SEI) can influence the
electrode’s performance significantly.24−26 For example,
DMSO replaced H2O in the first Zn2+ solvation sheath in
ZnCl2−H2O electrolyte and then effectively suppressed H2O
decomposition; meanwhile, the modified solvation structure
induced the formation of an inorganic-rich SEI on zinc to
guarantee a high CE and a long cycle life over 500 cycles
(Figure 13a).191 This viewpoint was further demonstrated by
introducing a bulky cation (e.g., 1-ethyl-3-methylimidazolium
chloride) into ZnSO4−H2O electrolyte to construct an anion-
type water-free solvation structure, ZnCl4

2−, in order to drive
water out of the Zn(H2O)6

2+ solvation structure and then
suppress Zn dendrite growth and hydrogen evolution reaction
(HER) (Figure 13b).194 In addition, a new kind of eutectic
solvent based on acetamide and Zn(TFSI)2 was designed by
Cui et al., where TFSI− coordinated with Zn2+ to form an
anion-containing Zn complex (i.e., [ZnTFSIm(Ace)n]

(2−m)+),
leading to a preferential reductive decomposition of TFSI−

before Zn deposition.190 Then, an anion-derived SEI layer rich
in mechanically rigid ZnF2 and Zn2+-permeable organic (e.g., S
and N) components was formed, enabling the long-term

cycling of dendrite-free zinc plating/stripping reactions (>2000
cycles, high CE of 99.7%) (Figure 13c−e).
Regulating the solvation structure and interfacial model

could also improve the Mg plating/stripping process,
addressing the major challenge of severe capacity decay in
magnesium-ion batteries (MIBs). For example, the perylene
diimide−ethylene diamine (rPDI) additive in the electrolyte of
Mg(TFSI)2-MgCl2 in DME exhibited higher adsorption energy
than that of TFSI− on Mg electrode surface, preventing the
decomposition of TFSI− and passivation of Mg anode (Figure
13f).198 In addition, Wang et al. found that adding
methoxyethylamine chelates with a high affinity into the
DME-based electrolytes (e.g., 0.5 M Mg(TFSI)2) not only
promoted the interfacial charge-transfer kinetics but also
suppressed the side reactions on the electrode surface.197

This is because the chelant-rich solvation sheaths bypass the
energetically unfavorable desolvation process through reorgan-
ization, thus reducing the overpotential and suppressing the
concomitant parasitic reactions for both the anode and the
cathode in MIBs (Figure 13g). Likewise, a similar method and
results were also validated in calcium-ion batteries. For
example, regulating the Ca2+ solvation structure by adding 1-
methoxy-4-butylamine (M4B) to 0.5 M calcium tetrabis-
(hexafluoroisopropyloxy)borate−DME electrolyte enhanced
the CE of Ca plating/stripping to 96%.197

Besides the solvation structure in bivalent cations, a “water-
in-salt” aqueous electrolyte (AlCl3·6H2O) in aqueous alumi-
num-ion batteries (AIBs) was also proposed to decrease the
number and activity of free H2O significantly by Leung et al.,
where the electrochemical stability window was expanded to 4
V with a high capacity of 165 mAh g−1 at 500 mA g−1 and a
long lifespan of over 1000 cycles in the full aluminum-ion

Figure 13. Improve polyvalent ion batteries’ performance and beyond by solvation effect. (a) Modulated Zn2+ solvation structure and surface
passivation in ZnCl2 aqueous electrolyte by adding DMSO. (Reprinted with permission from ref 191. Copyright 2020 American Chemical
Society.) (b) Anion-type water-free Zn2+ solvation structure. (Reprinted with permission from ref 194. Copyright 2021 Wiley-VCH.) (c)
Schematic diagram of the interplay among Zn2+, TFSI−, and acetamide (Ace) to form eutectic solutions. (d) Molecular electrostatic potential
energy surface of [ZnTFSI(Ace)2]

+. (e) Illustration of the representative environment of active Zn species within the Zn(TFSI)2-based
eutectic solvent. (Reprinted with permission from ref 190. Copyright 2020 Springer Nature.) (f) Passivating and non-passivating adsorption
of TFSI− on the Mg anode. (Reprinted with permission from ref 198. Copyright 2021 American Chemical Society.) (g) Reorganizing the
Mg2+ solvation sheath in the 0.5 M Mg(TFSI)2 in DME−1-methoxy-2-propylamine electrolyte to concert the ion and electron transfer in the
Mg0.15MnO2 cathode. (Reprinted with permission from ref 197. Copyright 2021 The American Association for the Advancement of Science.)
(h) Regulating the Zn2+ solvation structure in NaClO4/H2O electrolyte by DMSO to inhibit the HER. (Reprinted with permission from ref
204. Copyright 2021 American Chemical Society.)
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battery.202 However, very few researchers reported the Al3+

solvation structure due to the high ion valence and relatively
large ion radius of Al3+, the effects of which can be additionally
studied. Note that the effect of the solvation structure can be
further applied in the field of electrocatalysis and beyond. For
example, Chen et al. found that DMSO directly entered the
Na+ solvation sheath, replaced part of the coordinated water
molecules, and also bonded to all the hydrogen atoms in water
molecules in the DMSO−H2O H-bond network after the
DMSO was added into NaClO4−H2O electrolytes (Figure
13h).204 In this way, the activity of water molecules was
reduced, thus suppressing the HER side reactions effectively
and expanding the HER potential from 0.6 to 1.6 V (vs Ag/
AgCl with saturated KCl). Herein, although greater perform-
ances have been achieved by tuning the solvation structure,
most interpretations are conventionally ascribed to the
solvation-structure-derived SEI that has good stability. We
would like to emphasize that more efforts need to be dedicated
to the study of the solvation-structure-derived interfacial
model, since the cation desolvation step can also affect the
performance. In many cases, the effect of the interfacial model
may be dominant, as summarized in the above sections.
5. Summary and Outlook. The effects of metal-ion

solvation structure and the interfacial model on battery
performances have been summarized in this Focus Review
from the initial discovery, through the rapid development, to
the growing interest in the concept, which is expected to
become the mainstream research trend. Many unexplained
phenomena in electrode performance are rationally interpreted
from the aspects of the solvation structure and the derived
interfacial model (i.e., metal ion desolvation process), which
complements the traditional SEI and CEI interpretation well.
The knowledge of the SEI contributed significantly to the rapid
development of LIBs, particularly the electrolyte design in the
past two decades, and many researchers continue to focus on
characterizing and engineering the SEI, as well as its
relationship with the electrolyte compositions and electrode
performance, aiming to further improve the LIBs’ perform-
ances in safety, energy density, and life-span.
However, the discovered dominant roles of the solvation

structure and interfacial model for the electrode performance
simulate researchers to reconsider the known effect of the SEI.
In other words, we may have already entered a new era of
solvation structure and interfacial modelsi.e., a post-SEI
erasince this knowledge can help researchers to understand
the electrolyte and its behaviors on the electrode surface at the
molecular level. Many more scientific connections can be built
between the solvation-structure-derived interfacial model and
electrode performance, following which the electrolyte can be
designed more effectively and the electrode’s performance can
be predicted. Although the effects of solvation structure and
interfacial model are being verified by changing the electrolyte
decompositions, most of the interpretations are based on
schematic illustrations for the electrolyte microstructure and
desolvation behaviors, which require further convincing
characterizations. This is a complex research topic since it
involves the solution, electrochemistry, and interfacial
chemistry at least, but these theories are significant as they
are needed in many fields to analyze electrolyte performance
once the electrolyte−electrode interface exists. Thus, many
scientific problems need to be addressed to promote the
development of the solvation structure and interfacial model.

(i) Analyzing quantitatively the solvation structure and the
dynamic desolvation process. The basic parameters of a
single solvation structure (e.g., coordination number,
bond length, angle, etc.) and the interactions between
the neighboring solvation structures (e.g., long-range
solvent−solvent and solvent−anion interactions) need
to be characterized since they can shape the electrolyte’s
properties. The dynamic metal ion (de)solvation process
on the electrode interface also needs to be analyzed by in
situ spectroscopy, theoretical simulation, and quantum
chemistry calculation. Empirical parameters, formula,
force field, and so forth need to be constructed to build
the relationship between the (de)solvation behaviors
and battery performance. Moreover, thermodynamic
data of the solvent, salt, and electrolyte (e.g., M+−
solvent−anion complex) need to be studied and
supplemented, making it a scientific knowledge that
can be reproduced, quantified, and learned.

(ii) Balancing the interfacial model of the cathode and the
anode. The metal-ion (de)solvation process on the
cathode and the anode surface occurs simultaneously,
but the reaction is opposite (i.e., oxidation vs reduction),
which can affect the electrolyte stability and battery
performance. The criteria of choosing the appropriate
kind of solvent, metal salt, and concentration need to be
developed to balance the oxidation−reduction reaction
and the (de)solvation process at the cathode and anode
interface simultaneously. Besides, the interaction be-
tween the cathode and anode interfacial models needs to
be clarified based on the full-cell performance, guiding
the design of electrolytes compatible with the cathode
and anode maximally.

(iii) Combining the effect of solvation structure and the SEI.
Significant attention needs to be paid to elucidate the
effects of SEI and CEI, since the solvation structure
effect has been proved. The CEI and SEI may expand
the electrochemical window of the electrolyte and then
improve the electrolyte stability (e.g., chemical stability
of M+−solvent−anion complex). This viewpoint needs
to be further verified by experiments. Building the
scientific connections between the SEI, solvation
structure effect, interfacial model, and the electrode’s
performance is essential to design electrolytes and
improve battery performance more effectively.

(iv) Exploring the solvation structure effect and the
interfacial model in the next generation of lithium−
sulfur (Li-S) and lithium−oxygen (Li-O2) batteries.
Besides the effect on lithium metal electrode as
discussed above, the Li+ solvation structure can be
altered by the dissolution of lithium polysulfides (Li2Sx,
2 < x ≤ 8) in Li-S batteries, while the electrode−
electrolyte (solid−liquid) interfacial behaviors can also
be changed by oxygen in Li-O2 batteries. The relation-
ship between the changed Li+ solvation structure,
interfacial model, and battery performance needs to be
further investigated since we have demonstrated their
influences in metal-ion and metal batteries.

Briefly, besides the SEI effect, understanding the effects of
solvation structure and interfacial model (i.e., (de)solvation
process) can guide functional electrolyte design more
effectively to improve LIB performances and particularly
satisfy the need for LIBs with high voltage, fast charging,
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wide operating temperature range, and so forth to be
competent for specific working conditions. Thus, a new era
is coming that could contribute to the rapid development of
LIBs and beyond from a different perspective.
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