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Abstract: Solid-electrolyte interphase (SEI) layer formed on the electrode by electrolyte decomposition has been considered

to be one of the most important factors affecting the battery performance. We discover that the metal ion solvation structure can also

influence the performance, particularly, it can elucidate many phenomena that the SEI cannot. In this review, we summarize the im-

portance of the metal ion solvation structure and the derived metal ion de-solvation behaviors, by which we can build an interfacial

model to show the relationship between the interfacial behavior and electrode performance, and then apply to different electrode and

battery systems. We emphasize the influences of ionic and molecular interactions on electrode surface that differ from previous

SEI-based interpretations. This review provides a new view angle to understand the battery performance and guide the electrolyte

design.
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1 Introduction
Metal ion batteries have become the most appeal-

ing energy storage and conversion technology in

portable electronic devices and electric vehicles

(EVs) due to their high energy density, long lifespan,

and environmental sustainability[1-4]. To improve the

battery performances, engineering the solid elec-

trolyte interphase (SEI) that is formed on the electrode

surface by tuning electrolyte decomposition has be-

come the most commonly used strategy in practical

application[5-9], as the formed SEI is considered to be

effective for stabilizing the electrode and electrolyte.

This viewpoint is popular and has become the main

principle for guiding the electrolyte design, such as in

the development of lithium-ion batteries (LIBs) in the

past two decades[10-21]. The most successful case is the

utilization of ethylene carbonate (EC)-based electro-

lyte instead of propylene carbonate (PC)-based elec-

trolyte, as a good SEI can be formed on the car-

bon-based anode by the decomposition of EC solvent,

enabling a reversible Li+ (de-)intercalation within car-

bon layers[22]. This discovery enabled the final com-

mercialization of LIBs in the 1990s by Sony Compa-

ny.

However, many issues in SEI still need to be ad-

dressed, such as how to in-situ characterize the dy-

namic variation of SEI, and then how to build a sci-

entific relationship between the SEI and the electrode



Figure 1 Revisit the role of SEI on graphite electrodes. (a) Development history of SEI formed on the graphite electrode. (b) Con-

troversial influences of the SEI and solvation structure on the graphite electrode performance. (c) Schematic diagram and (d) the

varied graphite performance examined by exchange experiment. ((b, d) Reproduced with permission of Ref. 33. Copyright 2018

American Chemical Society.) (color on line)

performance[23-26] . A bunch of advanced techniques

have been developed to study the effect of SEI on

electrode performance, including X-ray photoelec-

tron spectroscopy (XPS)[27], time-of-flight secondary

ion mass spectrometry (TOF-SIMS)[28, 29], and cryo-

transmission electron microscopy[30, 31]. These methods

can only study the products of electrolyte decomposi-

tion, but cannot clarify the specific role of SEI. In

particular, the commonly believed effect of SEI is be-

ing also challenged, as the metal ion solvation struc-

ture has been discovered recently to be critical in in-

fluencing the battery performance, while the SEI ef-

fect is not dominant, such as for the graphite anode

that is used for storing the lithium (Li) [32]. It was

found that the SEI-coated graphite anode cannot mit-

igate the electrolyte decomposition and Li+-solvent

co-insertion (i.e., which may cause graphite exfolia-

tion) if an incompatible electrolyte was used instead

of the compatible one[33, 34]. This phenomenon is rea-

sonable because changing the electrolyte composition

can also alter the Li+ solvation structure and the spa-

tial arrangement of cation-solvent-anion complex on

the electrode surface. This process can indeed affect

the metal ions that are extracted from the cathode

and/or intercalated into the anode, influencing the

battery performance[35-40]. As a result, more and more

researchers have realized the crucial role of metal ion

solvation structure and its derived (de-)solvation pro-

cess for battery performance, by which a relationship

was also studied to correlate with the battery perfor-

mance[32,41-46]. Nonetheless, the improved performances

have been artificially attributed to the specific SEI

again, which is believed to be formed by the decom-

position of the specific solvation structure[18, 47-52]. In

stark contrast, the influences of metal ion solvation

and the derived (de-)solvation process become equal-

ly important. But these factors are still elusive on a

molecular scale, as these molecular behaviors are dy-

namic, abstract, and non-quantitative, and hard to be

correlated with the battery performance[33, 34, 53].

In this review, we will summarize our recent re-

search on metal ion solvation structure and the de-
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rived metal ion de-solvation behaviors, by which an

interfacial model is presented to interpret the elec-

trode and battery performances. We aim to discuss

which factors dominate the battery performance, that

is, metal ion solvation structure-derived interfacial

behaviors or solid electrolyte interphase (SEI) layer.

This issue has become a hot and controversial topic

in the battery community. This review is timely, as

discerning the influence difference between the inter-

facial behaviors (i.e., interfacial chemistry) and SEI

(i.e., interphasial chemistry) is urgent and significant

for understanding the battery performance and guid-

ing the electrolyte design. We hope this review could

elucidate the importance of metal ion solvation struc-

ture, complementing the knowledge of SEI and also

facilitating electrolyte design for metal-ion batteries.

2 Emerged Solvation Structure and
Interfacial Model

2.1 Raising Controversial Issue of SEI and
Solvation Structure Influences

All the stories in this review begin with the SEI

formed on the graphite electrode, thus we summarize

the development history of the SEI on the graphite

anode in Figure 1a [54-57]. The SEI was reported first

time on the graphite electrode in 1970, and the con-

cept of SEI on lithium metal was then proposed in

1979 by E. Peled et al[58]. In 1983, in-situ characteriza-
tions have been developed to monitor the formation

of SEI on the electrode surface, where a rough SEI

model was presented[59]. In 1997, the classic 野mosaic
model冶 was finally built[60]. During the period of this
time, the most successful case of forming SEI on the

electrode is the carbon-based anode (e.g., graphite)[61].

For example, a good SEI can be formed on the

graphite anode by employing EC-based electrolyte,

and then enables a reversible Li+ (de-)intercalation

with the graphite, thereby achieving the final com-

mercialization of the LIBs[22]. In contrast, an inferior

SEI could be formed on the graphite anode in the

PC-based electrolyte, in which the Li+ (de-)intercala-

tion cannot be guaranteed[62]. Based on these discov-

eries, it was concluded that a good SEI is a necessity

for a reversible Li+ (de-)intercalation within graphite,

while an inferior SEI may cause the Li+-solvent co-

intercalation (i.e., graphite exfoliation). Afterwards,

many researches about the quantum chemical calcu-

lations have been carried out to engineering the SEI

by electrolyte design since 2000[63]. The introduction

of additives such as the vinylene carbonate (VC)

additive in 2002 in the electrolyte to form better SEI

on graphite anode is another achievement[64], as the

formed SEI can enhance Coulombic efficiency and

the stability of the electrode significantly. Later, engi-

neering the SEI by designing and adding additives in-

to the electrolyte has become mainstream in the bat-

tery community. As a counterpart, the SEI formed on

the cathode (i.e., CEI) has been also studied[65]. In ad-

dition, a bunch of techniques have been also devel-

oped to study the SEI, including the advanced cryo-

transmission electron microscopy, by which we can

observe the varied morphologies of the SEI[30, 31, 66, 67].

However, the viewpoint of the SEI effect that dom-

inates graphite performance has been questioned in

2008. Ming et al found that the metal ion (i.e., Li+) sol-

vation structure could dominate the graphite anode

performance, that is, reversible Li+ de-intercalation or

Li+-solvent co-intercalation (Figure 1b) [33]. This new

discovery was also proved by an exchange experi-

ment. In detail, a good SEI was pre-formed on the

graphite electrode first by several cycles in a compati-

ble electrolyte, such as 1.0 mol窑L-1 LiPF6 in EC/DMC

(1/1, V /V). Then, such a SEI-coated graphite electrode
(i.e., graphite@SEI) was taken out and used to as-

semble a new battery by employing another kind of

electrolyte (Figure 1c-d). It was found that this

graphite@SEI cannot sustain the cycle performance

when the incompatible electrolyte was used (e.g., 1.0

mol窑L -1 LiTFSI, 0.4 mol窑L -1 LiNO3 in DOL/DME,

1/1 in volume ratio), where the electrolyte decompo

sition and Li+-solvent co-intercalation (i.e., graphite

exfoliation) occurred immediately (Figure 1c). This

result demonstrates that the pre-formed SEI cannot

mitigate the Li+-solvent co-intercalation (i.e., graphite

exfoliation) and electrolyte decomposition if the elec-

trolyte is incompatible with the graphite. In stark
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contrast, such a graphite@SEI electrode can continu-

ally sustain the cycle performance in a new cell when

the compatible electrolyte was used (e.g., 2.5 mol窑L-1

LiTFSI, 0.4 mol窑L-1 LiNO3 in DOL/DME, 1/1 in vol-

ume ratio). In particular, the high Coulombic effi-

ciency of the graphite@SEI electrode in the first cy-

cle demonstrates that the SEI could be well pre-

served, which can mitigate the electrolyte decompo-

sition effectively (Figure 1d). Thus, herein the issue

of SEI that could be damaged and/or dissolved in the

exchange experiment can be excluded. The same

graphite@SEI electrode was used, but different per-

formances were obtained in different kinds of elec-

trolytes. These results demonstrate that the electrolyte

compositions (i.e., Li+ solvation structure) could also

affect the graphite performance significantly, while

whether the SEI effect that could be delivered may

depend on the electrolyte properties (i.e., compatible,

or incompatible).

2.2 Construction of Solvation Structure
Model

The question about the SEI effect is further veri-

fied by employing the electrolyte with film-forming

additives. It is a common belief that the electrolyte

additive (e.g., vinylene carbonate (VC), fluoroethy-

lene carbonate (FEC), and vinyl sulfate (DTD), etc.)

can participate to form a better SEI, making elec-

trolyte more compatible with the graphite anode (e.g.,

high Coulombic efficiency, reversible Li+ (de-)inter

calation) (Figure 2a)[68-74]. For example, Ming et al.

found that the PC-based electrolyte modified by 6wt%

DTD can become compatible with the graphite ,

enabling a reversible Li+ (de-) intercalation within

graphite. According to the film-forming features of

DTD and the common belief of SEI, the formed

better SEI should be the main reason for the attained

reversible Li+ (de-)intercalation for the graphite. How-

ever, in the exchange experiment, the graphite@SEI

cannot sustain the cycle performance when the DTD

was removed from the electrolyte[34], implying that the

formed SEI cannot mitigate the Li+-solvent co-inter-

calation. The conclusion is the same as that in the last

part, the SEI effect cannot be delivered well if the

electrolyte is incompatible with the graphite. Until

2019, this discovery reminds the researchers to re-

consider one question, that is, what the function of

additive is, forming a better SEI, changing the Li+

solvation structure, or both (Figure 2b).

To make this point clearly, Ming et al. presented a

solvation structure model to show the varied Li+ sol-

vation structures in the electrolyte with and without

DTD additive. The Li+ solvation structure model is

described by the formula of Li+[solvent]x[additive]y
[anion], where the values of x and y can be calculated
by the molar contention of the electrolyte. In the

electrolyte of 1.0 mol窑L-1 LiPF6 in PC, the formula of

Li+ solvation structure is Li+[PC]12.56[PF6
-], in which

4-5 units of PC molecules coordinate with the Li+ to

form the first layer of the solvation structure while

the other PC molecules locate the outer solvation lay-

er (Figure 2c). The anion locates between the first

and the outer layers of the solvation structure. In the

PC-based electrolyte without DTD additive (i.e., 1.0

mol窑L-1 LiPF6 in PC, Li+[PC]12.56[PF6
-]), the strength

of Li+-PC interaction is strong, which leads to the

Li+-PC co-intercalation into the graphite, making the

electrolyte incompatible with the graphite (i.e.,

graphite exfoliation). When the 6wt% DTD was

added to the PC-based electrolyte (i.e., 1.0 mol窑L-1

LiPF6, 6wt% DTD in PC, Li+[PC]12.56[DTD]0.67[PF6
-]),

the DTD can compete with the PC solvent to coordi-

nate with the Li+ and then dominate the first layer of

solvation structure due to its high binding energy

(Figure 2d). Then, the Li+-PC interaction can be

weakened significantly, enabling the electrolyte com-

patible with the graphite (i.e., reversible Li+ (de-) in-

tercalation). All the conjectures can be confirmed by

the varied chemical shift of 1H NMR and simulation

(Figure 2e), where the DTD can dominate the Li+ sol-

vation structure and weaken the Li+-PC interaction,

thereby mitigating the Li+-PC co-insertion within the

graphite, in turn suppressing the gas production from

PC decomposition between graphite layers (Figure

2f).

The model of the Li+ solvation structure is further

demonstrated by using the additives with different

电化学渊J. Electrochem.冤 2022, 28(11), 2219012 (4 of 23)



coordination capabilities. It was found that the addi-

tive 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 elec-

trolytes compatible with graphite. This is because the

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. This viewpoint can be further identified in

ether-based electrolytes with or without DTD addi-

tives. It was found that the DTD additive can also

weaken the Li+-solvent interaction and then make the

electrolyte compatible with the graphite in DOL/DME-

based electrolyte (Figure 2g-h). In addition, the amount

of DTD additive and the coordination capability of ad-

ditives are demonstrated to be crucial, as these fac-

tors determine the changed degree of the Li+ solva-

tion structure (i.e., Li+-solvent interaction), then af-

fecting the graphite performance (Figure 2i). Thus, it

was concluded that a strong Li+-solvent interaction

may cause a Li+-solvent co-insertion, while a weak

Li+-solvent interaction is helpful for achieving a re-

versible Li+ (de-)interaction (Figure 2j). This is the

reason why we observe different graphite perfor-

mances when the electrolyte compositions are

changed, as discussed before.

In this section, besides the proposed Li+ solvation

structure, at least two functions of additives could be

found: one is the film-forming effect, the other one is

changing the Li+ solvation structure. Both of them

can influence the electrolyte properties and electrode

performance, where the amount and the coordination

capability of additives can affect and then determine

their specific roles. For example, a strong coordination

Figure 2 Revisit the role of additive and introduction of solvation structure. (a) Traditional viewpoint of the additives爷 effect on

graphite. (b) Controversial role of additives between the film-forming agent and changing the Li+ solvation structure to affect the

graphite performance. Schematic diagram of the varied Li+ solvation structure (c) without and (d) with 6wt% DTD in PC-based

electrolyte. (e) Comparative NMR spectra and (f) schematic view of the first layer of the Li+ solvation structure. Schematic diagram

of the varied Li+ solvation structure (g) without and (h) with 6wt% DTD in the ether-based electrolyte. (i) Varied voltage versus ca-

pacity profiles of the graphite by using different amounts of DTD additives. ((b-i) Reproduced with permission of Ref. 34. Copy-

right 2018 American Chemical Society.) (j) Schematic mechanism of additives on affecting graphite performance. (color on line)
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capability of additives is a precondition that enables

the additives coordinate with the Li+ and then to be

reacted to form the SEI layer on the electrode sur-

face. In this way, such kind of additive can be con-

sumed first in the initial cycles to form the SEI to sta-

bilize the electrode, while the residual additive (i.e.,

supposing the amount of additive is sufficient) can be

kept in the electrolyte to change the Li+ solvation

structure (i.e., Li+-solvent interaction) continually.

This is the reason why a very small amount of addi-

tives can also change the battery performance, even

these additives could be depleted in the initial cycles

and disappear in the following cycles. In stark con-

trast, suppose that the additive has a weak coordina-

tion capability, it means that such additive cannot co-

ordinate with the Li+ and then is hard to be polarized

by the Li+ on the electrode surface to be reacted to

form the SEI. In this latter case, such kind of additive

can also change the Li+ solvation structure, but the

coordination capability is too weak to weaken the

Li+-solvent interaction sufficiently, as discussed

above. Briefly, different amounts and kinds of addi-

tives may have different functions in the different

electrolytes. Thus, it is challenging to reconsider the

roles of additive and SEI in influencing battery per-

formances, at least for the most commonly used

graphite anode.

2.3 Construction of Solvation Structure
Derived Interfacial Model

The SEI effect can neither interpret the varied

graphite performance in different ester- or ether-based

electrolytes[75, 76]. Although the presented factor of the

Li+-solvent interaction in the Li+ solva tion structure

can interpret whether the electrolyte is compatible

with the graphite or not, it is insufficient to interpret

the varied capacity and electrolyte stability in Figure

3a-d. For example, when 1.0 mol窑L-1 LiPF6 was used,

why the linear DEC-based electrolyte is incompatible

with graphite, while the other linear ester-based elec-

trolyte (e.g., DMC, or EMC) is compatible (Figure

3a). Besides, why a large polarization exists in the

voltage versus capacity profile when the EC is used

as the single solvent in the electrolyte? In addition,

the EC and DEC electrolytes are both incompatible

with the graphite, why EC/DEC-based electrolyte be-

comes compatible (Figure 3b). Moreover, why the

cyclic ester solvent with different substituents has

different compatibility with graphite electrodes, and

also why most ether-based electrolytes are incompati-

ble with graphite (Figure 3c-d) . These phenomena

are difficult to be explained neither from the influ-

ences of different SEI layers nor from the Li+-solvent

interaction only. We have to figure out the difference

from the interfacial chemistry and then correlate it to

the graphite electrode performance (Figure 3e).

Ming et al. have constructed an interfacial model in

2019 based on the Li+ de-solvation process, which can

correlate to the graphite performance (Figure 3f). [53]

Based on the interface model, the parameters of L
and B are presented (Figure 3g). The L represents the

conformation and strength of the Li+-solvent interac-

tion, these properties are related to the dielectric con-

stant of the solvent and the coordination ability with

the Li+. While the B represents the solvent steric in-

teractions between the molecules, these properties

are related to the size of solvent molecules and inter-

molecular interaction. For example, the L value of

EC molecules is high and the B value is low, demon-

strating the high binding energy of the Li+-EC pair

and also a tight stacking form of EC molecules on the

electrode surface. In addition, the Li+-solvent-anion

complex in the interfacial model is also presented, as

its properties can correlate to the kinetic, thermody-

namic, and electrochemical stabilities of electrolytes

(Figure 3g). Then, Ming et al. further summarize the

relationship between the L, B values and the graphite

performance in different single solvent-based elec-

trolytes. It was found that a compatible (i.e., the yellow

regions) and an incompatible region (i.e., the blank re-

gions) can be divided in the coordinate system (Fig-

ure 3h). In this way, the compatibility of the elec-

trolyte can be tuned readily by tuning the L and B
values in the interfacial model. These values can be

tuned by varying the kinds of solvent, types of metal

salts, and electrolyte concentrations. And also, the

varied graphite performance can be interpreted based

电化学渊J. Electrochem.冤 2022, 28(11), 2219012 (6 of 23)



Figure 3 Molecular interfacial model on graphite electrode. (a-d) Unexplained graphite performances in different electrolytes.

(e) Correlation between interfacial chemistry and graphite performance needs to be explored. (f) Constructed interfacial model and

(g) typical meaning of the parameters of L and B using EC molecule as an example. (h) Correlation between the L and B values in

the interfacial model and graphite performance. ((a-h) Reproduced with permission of Ref. 53. Copyright 2019 American Chemical

Society.) (color on line)

on the interfacial model, which seems more reason-

able than the SEI-based interpretation.

For example, in an EC-based electrolyte, a strong,

symmetric interaction of Li+-EC (i.e., L) and the tight-
est stacking form of EC-EC (i.e., B) exists in the in-
terfacial model, which makes the Li+ difficult to be

de-solvated, leading to a large polarization. In a

DEC-based electrolyte, the DEC solvent that coordi-

nates with the Li+ has a low electrochemical stability,

resulting in the easy decomposition of DEC on the

graphite electrode surface. In stark contrast, when the

EC/DEC mixed solvent is used in the electrolyte, the

Li+-EC pair can dominate the interfacial model due to

its higher binding energy compared to that of Li+-DEC.

Then, the DEC can arrange behind the EC, which not

only can weaken the Li-EC interaction to facilitate

the Li+ de-solvation and (de-)intercalation, but also

can enhance its electrochemical stability, as the DEC

can keep far from the electrode surface to avoid the

polarization by the Li+ (Figure 4a). In addition, the

electrolyte additive can also change the L and B val-

ues in the interfacial model by changing the Li+ sol-

vation structure (Figure 4b). For example, in the PC

or VEC-based electrolytes, the strong and asymmet-

ric interaction of Li+-PC or Li+-VEC (i.e., high L val-

ue) in the interfacial model can be weakened by the

DTD additives, making the electrolyte become com-

patible (i.e., a reversible Li+ (de-)intercalation) (Fig

ure 4b). Herein one may consider how 6wt% DTD

can tune the L value of Li+-PC in PC-based elec-

trolytes, moving to the yellow region when the L val-

ues of Li+-DTD and Li+-PC are both below the yellow

region in Figure 2h. This should be ascribed to the in-

teraction between PC and DTD in the interfacial

model (i.e., the value of B) as it can also affect the

Li+-solvent interaction. Moreover, the excellent com-

patibility of the high-concentrated electrolyte can be

also explained by the interfacial model. Taking the

DME-based electrolyte as an example (Figure 4c), the

DME solvent is prone to be co-inserted with the Li+

into the graphite due to its strong and symmetric

Li+-DME interaction (i.e., high L value). This issue

can be addressed by increasing the Li salt concentra-

tion (e.g., LiTFSI), as the Li+-DME interaction can be

weakened by the TFSI- when the amount of TFSI- is

increased to a certain value (Figure 4c)[53]. This expla-
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Figure 4 Interface model interpreting the varied graphite performance. Cases of regulating the L and B values in the interfacial

model by varying the kinds of (a) solvent, (b) additive, and (c) concentration. ((a-c) Reproduced with permission of Ref. 53. Copy-

right 2019 American Chemical Society.) (color on line)

nation can be further applied to other kinds of con-

centrated electrolytes, where only a 1-3-unit solvent

was used in most cases[38, 47, 77]. In this way, the solvent

is insufficient, the anions can weaken the Li+-solvent

interaction effectively in the interfacial model and

then enable a reversible Li+ (de-)intercalation (Figure

4c). In brief, according to the interfacial model, we

can interpret the electrolyte compatibility and

graphite performance readily, and the influences of

SEI on electrolyte compatibility and graphite perfor-

mance readily, where the influences of SEI are found

to be not dominant.

2.4 Interface Model on Graphite Electrode
in Potassium Ion Battery

The universality of the as-proposed interfacial

model can be further verified by the graphite anode

in potassium ion batteries (KIBs). Two competing re-

action paths of K+-solvent-anion complex are pre-

sented, as these reaction paths can be expected on the

graphite surface: one is the de-solvation of K+ on the

graphite surface, where the K+ can be de-solvated

readily and intercalated into the graphite, indicating

the compatibility of electrolyte; the other one is the

K+-solvent co-insertion within the graphite, indicating

the incompatibility of electrolyte with the graphite

(Figure 5a)[78]. The latter case is always caused by the

strong K+-solvent interaction (i.e., high L value), by

which the K+-solvent could be co-inserted into the

graphite and/or K+-solvent-anion complex could be

decomposed, resulting in the graphite exfoliation

and/or electrolyte decomposition on the graphite sur-

face. In this way, by varying the concentration of
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Figure 5 Designing electrolytes compatible with graphite electrode in KIBs. (a) Competitive reaction pathways for K+-solvent struc-

ture on the graphite surface. Interfacial model of (b) 1.0 mol窑L-1 and (c) 3.0 mol窑L-1 KFSI in PC-based electrolyte. (d) Varied graphite

performance in PC-based electrolyte by using different concentrations. (e) Requested potassium salt concentrations for the different

solvents to make the electrolyte compatible with the graphite. ((a-e) Reproduced with permission of Ref. 78. Copyright 2020 Ameri-

can Chemical Society.) Varied K+ solvation structure and interfacial model (f) without and (g) with DTD additives in TMP-based

electrolyte. (h) Comparative snapshot of the first layer of the K+ solvation structure without and with DTD additives. Exchange ex-

periment of the graphite electrode (i) from compatible to incompatible electrolyte and (j) from incompatible to compatible elec-

trolyte. ((f-j) Reproduced with permission of Ref. 79. Copyright 2020 Wiley-VCH.) (color on line)

potassium salt and/or the type of solvent, we could

tune the properties of K+-solvent-anion (e.g., the val-

ue of L) and the conformation of solvent-solvent

stacking form (i.e., B), achieving a de-solvation of

the K+, in turn making the electrolyte compatible with

the graphite. This conjecture is confirmed in the

PC-based electrolyte. We found that the PC-based

electrolyte is incompatible with the graphite when the

KFSI concentration was lower than 3.0 mol窑L-1, where

the K+-PC co-intercalation, graphite exfoliation, and

electrolyte decomposition can be induced due to the

strong K+-PC interaction (Figure 5b). In stark contrast,

when the KFSI concentration increased to 3.0 mol窑L-1

(i.e., K+[EMC]2.4[FSI-]), the FSI- anion could appear

around the K+ on the graphite electrode surface,

which can decrease the polarization of K+-solvent and

also weaken the K+-PC interaction, thereby facilitat-

ing the K+ de-solvation and (de) intercalation within

the graphite, inhibiting the co-intercalation of K+-PC

(Figure 5b-d). In this way, when a different solvent

is used in the electrolyte, the L and B values can be

tuned readily by the concentration of potassium salt,

achieving an appropriate interfacial model for a re-

versible K+ (de-) intercalation within the graphite

(Figure 5e).

The interfacial model can be further tuned by

adding additives with strong coordination capacity,

such as the DTD. Ming et al. found that 6wt% DTD

can make the electrolyte of 1.0 mol窑L-1 KFSI in

trimethyl phosphate (TMP) compatible with the gra-

phite anode, without the need of employing the con-

centrated electrolyte strategies (Figure 5f-g) [79]. This

is reasonable, as the DTD can regulate the solvation

structure of K+ from K+[TMP]8.7[FSI-] to K+[TMP]8.7
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[DTD]0.58[FSI-], in which the DTD can weaken the

K+-TMP interaction significantly (i.e., low L value)

(Figure 5h). Thus, K+ can be de-solvated from the in-

terfacial model and (de-) intercalated within the gra-

phite reversibly. Herein, we would like to note that

the reason why increasing the KFSI concentration in

TMP electrolyte can make the electrolyte compatible

with the graphite is also the weakened K+-PC interac-

tion[78], which is the same as that adding DTD additive.

One may consider that the variation may come from

influences of SEI. Ming et al. employed the same ex-

change experiment to confirm that the root cause

comes from the difference in the K+ solvation struc-

ture and interfacial model. It was found that the

graphite@SEI (i .e . , pre-formed in the TMP-based

electrolyte with DTD) cannot sustain the cycling per-

formance when it was reassembled in a new battery

using the TMP-based electrolyte without DTD (Fig-

ure 5i). In stark contrast, the exfoliated-graphite

@SEI (i.e., pre-cycled in TMP-based electrolyte with-

out DTD) electrode could re-attain a high capacity of

225 mAh窑g-1 by employing the TMP-based electro-

lyte with DTD (Figure 5j). The comparative results

demonstrate that the strength of K+-TMP interaction

determines the electrolyte compatibility with the

graphite, rather than the SEI formed on the graphite

electrode. In this section, the importance of the metal

ion solvation structure and the derived interfacial

model is further confirmed by employing the graphite

anode in KIBs, while the effect of the formed SEI is

not a dominant factor to affect the graphite perfor-

mance.

3 Interfacial Model on Lithium Met鄄
al Electrode in Lithium Batteries
The proposed interfacial model can be also affect-

ed by the electrode properties, which is feasible to

apply in lithium metal batteries to interpret the varied

lithium plating/stripping behaviors[80]. For example, in

the typical ether-based electrolyte of 1.0 mol窑L -1

LiTFSI, 0.4 mol窑L-1 LiNO3 in DOL/DME (i.e., Li+

[DME]4.83[DOL]7.19[TFSI-]0.91[NO3
-]0.09) (Figure 6a), Ming

et al. reported that the Li could be plated uniformly

on the 3D Cu2O and Cu nanorod arrays (3D Cu2O/Cu)

electrode with a high Coulombic efficiency of 98.6%,

while a serious electrolyte decomposition and lithium

dendrite growth were obtained on the 3D Cu/Cu elec-

trode. The different phenomenon can be elucidated

by the different interfacial models relating to the

electrode property effect, rather than the spatial struc-

ture effect. In detail, in the discharge process, a layer

of Li2O can be formed on the electrode by the reac-

tion between the Li and 3D Cu2O/Cu electrode, facil-

itating to form a stable interfacial model and also re-

ducing the electron-donating capability of the elec-

trode (Figure 6b). In contrast, on the 3D Cu/Cu elec-

trode, the formed interfacial model 渊layer冤 is not sta-
ble, and also the electron-donating and catalytic ca-

pability of Cu is high, leading to a serious electrolyte

decomposition and Li dendrite growth (Figure 6c).

Note that this is the first time to show that the elec-

trode properties can affect the validity of interfacial

model, that is the arrangement of Li+-solvent-anion

complex, which can determine the electrolyte stabili-

ty and electrode performance.

Ming爷s interfacial model can also interpret the dif-
ferent Li plating phenomena when the solvent was

changed in the electrolyte[81]. For example, in the elec-

trolyte of 1.0 mol窑L-1 LiPF6 in EC (i.e., Li+[EC]15.56

[PF6
-]), the Li is hard to be plated on the Cu foil due

to the strong interaction of Li+-EC and the tight stack-

ing form of EC molecules (i.e., low B value) in the

interfacial model (Figure 6d). In the electrolyte of 1.0

mol窑L-1 LiPF6 in EMC (i.e., Li+[EMC]9.73[PF6
-]), the

electrolyte was severely decomposed due to the low

electrochemical stability of Li+-EMC cluster (Figure

6e). In stark contrast, in the electrolyte of 1.0 mol窑L-1

LiPF6 in EC/EMC (i.e., Li+[EC]7.78[EMC]4.87[PF6
-]), the

EC can occupy the electrode surface due to the

stronger Li+-EC interaction than the Li+-EMC, and

then the EMC tends to be distributed behind the EC

molecules. In this way, the Li+-EC interaction can be

weakened by EMC, making Li+ de-solvate easily and

deposit on the electrode (Figure 6f). Meanwhile, the

polarization of the EMC induced by the Li+ can be also

mitigated by the EC in the interfacial model, then the

EMC shows the improved electrochemical stability.
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Finally, a uniform Li plating/stripping can be ob-

served in the EC/EMC-based electrolyte . This ex-

planation is similar to the previous one why EC/DEC-

based electrolytes are compatible with graphite elec-

trodes while EC or DEC-based electrolytes are in-

compatible.

Based on the interfacial model, it is easy to under-

stand why a low Coulombic efficiency (CE) (i.e., less

than 20%) is always obtained in Li ||Cu asymmetric

cell when a single DMC, EMC or DEC solvent was

used in the electrolyte. This is because the electro-

chemical stabilities of DMC, EMC or DEC solvent in

the interfacial model can be reduced significantly

when the solvent is induced by the Li+, then leading

to a severe electrolyte decomposition. When the EC

molecule is used as a single solvent in an electrolyte,

a unstable CE value fluctuates in a wide range, as the

Li+-EC interaction becomes too strong in the interfa-

cial model to be deposited uniformly (Figure 6g). In

stark contrast, when the EC is added as a co-solvent

into the single linear ester-based electrolyte, the CE

value could become stable and also increased to more

Figure 6 Interfacial model interpreting the varied lithium plating/stripping performances. (a) Schematic Li+ solvation structure of

the Li+[DME]4.83[DOL]7.19[TFSI-]0.91[NO3
-]0.09. Comparative interfacial models on (b) 3D Cu2O/Cu and (c) 3D Cu/Cu current collector

surface. ((a-c) Reproduced with permission of Ref. 80. Copyright 2021 American Chemical Society.) (d-f) Interfacial model of Li+

[EC]15.56[PF6-], Li+[EMC]9.73[PF6-] and Li+[EC]7.78[EMC]4.87[PF6-] on Cu current collector surface. Comparative Coulombic efficiency of

the Li || Cu asymmetric cell in the electrolytes of using (g) single solvent and (h) mixed solvents with the EC. ((d-h) Reproduced with

permission of Ref. 81. Copyright 2021 American Chemical Society.)(color on line)
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than 90% (Figure 6h). The improved performance is

ascribed by the specific interfacial model, which is

similar to that in Figure 6f. The linear ester-based

solvent can weaken the Li+-EC interaction, while the

EC can improve the electrochemical stability of lin-

ear ester-based solvent by its separation effect (Fig-

ure 6h). All these results show the feasibility of the

interfacial model to interpret the performance in Li

metal batteries, which differs from the SEI-based in-

terpretation. In this study, Ming et al. also in the first

time showed the new effect of EC which can stabilize

the electrolyte by dominating the interfacial model[81].

This result also demonstrates that we have to be very

prudent when we design the EC-free high voltage

electrolyte, as it may be less compatible with the

graphite anode from the EC-free interfacial model. In

other words, we have to tune the electrolyte composi-

tion in a good manner to get a stable and fit in the

EC-free interfacial model, otherwise, a severe elec-

trolyte decomposition could be observed at the anode

side.

4 Interfacial Model on Sodium or
Potassium Metal Electrode in
Metal Batteries
The same progress has been made in sodi-

um/potassium metal battery, where the proposed sol-

vation structure and interfacial model are also helpful

to address the issues of electrolyte incompatibility

with sodium or potassium metal electrodes. Ming et

al. have presented that two competing reaction path-

ways can occur on the metal electrode during the Na+

or K+ de-solvation [82]. which is similar to those oc-

curred on the graphite surface in lithium or potassi-

um ion batteries (Figure 5a)[78]. In the first pathway,

when the M+-solvent-anion (M+ = Na+, K+) is thermo-

dynamically stable, the M+ can be de-solvated from

the M+-solvent-anion complex and then plated on the

electrode after accepting one electron. This process

means that the electrolyte is compatible with the

electrode, enabling stable cycling of the battery. In

contrast, when the M+-solvent cluster is thermody-

namically unstable, the electrons can be transferred

from M+ to the solvent-anion cluster, leading to a

continuous decomposition of electrolyte (Figure 7a).

This latter pathway means that the electrolyte is in-

compatible.

Ming et al. also indicated that the priority of the

two pathways is determined by the molecular orbital

energy levels of M+-solvent-anion in the interfacial

model. The parameter of 驻E, that is the energy dif-
ference between the highest occupied molecular or-

bital' (HOMO') and the lowest unoccupied molecular

orbital (LUMO), is proposed to evaluate the stability

of the M+-solvent-anion cluster. Herein, the LUMO is

used to represent the frontier orbital of the K+-sol-

vent-anion cluster, which becomes HOMO' (i.e.,

K0-solvent-anion) after gaining an extra electron. The

higher 驻E is, the more stable is the electrolyte, as the

large orbital difference leads to difficulty in electron

transfer from M+ to solvent-anion cluster (Figure 7b).

According to these analyses and parameters, Ming et

al. showed that the concentrated DME-based elec-

trolyte employing KFSI salt (e.g., 5.0 mol窑L-1 KFSI in

DME) demonstrated a low polarization and high CE

in potassium metal battery compared to the elec-

trolyte using ester-based solvent or KPF6 salt (Figure

7b)[82].

Ming et al. also introduced a sodium solvation

structure and an anion-based interfacial model in

sodium metal battery to interpret the varied sodium

plating/stripping behaviors in different electrolytes

(Figure 7c), where the feasibility of the 驻E was also

further confirmed (Figure 7d).[83] It was found that the

ClO4
- and CF3SO3

- can stay close to the sodium metal

anode due to the low steric hindrance of ClO4
- (i.e.,

low B value) or the strong interaction between

CF3SO3
- and Na+ (i.e., high L value) (Figure 7e).

In addition, the 驻E value of Na+-solvent-ClO4
- and

Na+-solvent-CF3SO3
- is also much lower than that of

Na+-solvent-PF6
- , thus showing a severe electrolyte

decomposition, low CE and inferior cycling perfor-

mance (Figure 7f). In contrast, the PF6
- can locate

sightly far from the sodium metal interface in

DME-based electrolytes (i.e., Na+[DME]9.61[PF6
-]) due

to the moderate L and B in the interfacial model,

where the 驻E value of Na+-solvent-PF6
- is also high,
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thus showing a good electrolyte stability, high CE

and long cycling performance (Figure 7g). In this

section, besides the L and B values, the thermody-

namical and electrochemical properties of M+-sol-

vent-anion are discussed, which can complement the

knowledge in the interfacial model. This analysis is

also feasible for the lithium metal batteries in the last

section. Based on the interfacial model, a different

view angle has been proposed for the design of metal

compatible electrolyte, in which the importance of

M+-solvent-anion is emphasized that needs to be pre-

cisely regulated to achieve a good compatibility, high

Coulombic efficiency, and low polarization in metal

batteries. This viewpoint differs from the SEI-based

interpretation, which can be verified by the exchange

experiment.

5 Interfacial Model on Alloying An鄄
ode in Metal Ion Batteries
Ming et al. further applied the proposed interfacial

model to design the electrolyte for stabilizing the

alloying anode (e.g., Sn, Sb, Bi, Si, etc.), aiming to

mitigate the capacity decay and the battery failure.

During the cation de-solvation process, two competi-

tive reaction pathways can be also expected for the

M+-solvent-anion complex on the alloying anode sur-

face (Figure 8a)[84]. When the M+-solvent-anion com-

plex is thermodynamically stable after accepting one

electron, the M+ could be de-solvated to proceed with

the alloying process, under which the electrolyte is

considered to be compatible with the alloying elec-

trode. In contrast, when the M+-solvent-anion com-

plex is thermodynamically unstable after accepting

one electron, the M+-solvent-anion complex could be

decomposed, under which the electrolyte is consid-

ered to be incompatible with the alloying electrode.

In the latter case, the capacity of the alloying anode

will decay fast, and the battery will be expired soon,

as the SEI would accumulate continually on the al-

loying anode by electrolyte decomposition accompa-

nying the pulverization of the electrode until the de-

pletion of electrolyte and the final expiry of battery.

According to the proposed interfacial model, a com-

patible electrolyte with the requested sodium solva-

tion structure and interfacial model were designed by

tuning the kinds of solvent and metal salt. In the elec-

trolyte of 1.0 mol窑L-1 NaPF6 in DME (i.e., Na+[DME]9.6
[PF6

-]), the capacity of the micro-sized Sn alloying

anode can be well stabilized (Figure 8), where a high

capacity of over 650 mAh窑g-1 and high-capacity re-

tention of 85.3% after 200 cycles could be obtained

(Figure 8b-c)[85]. In contrast, in the DME-based elec-

trolyte, the capacity of such Sn alloying anode could

not be stabilized when the PF6
- anion was changed to

CF3SO3
- or ClO4

- (Figure 8d-e), demonstrating the in-

compatibility of the electrolyte. This result is consis-

tent with the high 驻E value of Na+-DME-PF6
-, which

means that the electrolyte has good thermodynamic

and electrochemical stabilities (Figure 7d).

Ming et al. also designed a compatible electrolyte

for the alloying anode in the potassium ion battery. It

was found that the Sb alloying anode became well

stabilized in 4.0 mol窑L -1 KFSI in DME-based elec-

trolyte (i.e., K+[DME]2.4[FSI-]) (Figure 8f), achieving

a high capacity of 628 mAh窑g -1 and stable cycling

performance more than 100 cycles (Figure 8g). In con-

trast, when the other kind of solvent (e.g., EC/EMC),

potassium salt (e.g., KTFSI), or dilute concentration

(e.g., 2.0 mol窑L -1 KFSI) was used, the Sb alloying

anode could not be stabilized (Figure 8g). The good

electrolyte compatibility of the as-designed elec-

trolyte should be ascribed to the high 驻E value of

K+-DME-FSI -, implying high thermodynamic and

electrochemical stabilities. One may still question

that the varied electrode performance may come from

different effects of the formed SEI in different elec-

trolytes. Ming et al. excluded this possibility by the

exchange experiment, by which the importance of the

interfacial model was further verified[84]. For example,

the bulk Sb electrode was assembled in a half cell us-

ing the compatible electrolyte (e.g., 4.0 mol窑L-1 KFSI

in DME) and then cycled for 9 cycles to form an

SEI-coated Sb electrode (i.e., Sb@SEI). Then, such a

Sb@SEI electrode was used to reassemble a new bat-

tery by employing an incompatible electrolyte (e.g.,

0.8 mol窑L-1 KPF6 in EC/DEC) (Figure 8h). It was

found that the Sb@SEI electrode expired fast after 20
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Figure 7 Designing electrolytes compatible with potassium and sodium metal anodes. (a) Two competing reaction pathways of K+-

solvent-anion complex on the K metal anode surface. (b) Varied 驻E, interfacial model, and plating/stripping performance tuned by
the solvent, anion, and concentration. ((a, b) Reproduced with permission of Ref. 82. Copyright 2020 American Chemical Society.)

(c) Solvation structure and interfacial model of Na+ in DME-based electrolyte with different anions. (d) Comparative LUMO, HOMO忆,
and 驻E of the Na+ solvation structure. (e) Simulated Na+-anion binding energy (L) and the half distance between the adjacent anion

(B). (f) Comparative Coulombic efficiency of the Na || Cu asymmetric cell and (g) the voltage-time curves of Na || Na symmetrical

cells using different kinds of electrolyte. ((c-g) Reproduced with permission of Ref. 83. Copyright 2020 American Chemical Society.)

(color on line)

cycles (Figure 8i). In contrast, the pre-formed Sb@SEI

electrode that almost expired in the incompatible

electrolyte (e.g., 0.8 mol窑L-1 KPF6 in EC/DEC) could

demonstrate a high capacity and good cycling perfor-

mance once a compatible electrolyte (i.e., 4.0 mol窑L-1

KFSI in DME) was used (Figure 8j-k), even though

the electrode was slightly pulverized. These results

confirm that the formed SEI cannot stabilize the al-

loying anode if the electrolyte is incompatible, which

means that the properties of the M+-solvent-anion

complex in the interfacial model is the dominant fac-

tor to determine the electrode performance.

This viewpoint has recently been further confirmed

in lithium-ion batteries, where a series of compatible

ether-based electrolytes, such as 1.2 mol窑L-1 LiFSI in

triethyl phosphate/1,1,2,2-tetrafluoroethyl-2,2,3,3-te-

trafluoropropyl ether (TEP/HFE, 1/3 in molar/molar

ratio)[86], 3.75 mol窑L-1 LiFSI/0.5 mol窑L-1 lithium diflu-

oro (oxalato) borate (LiDFOB) in DME[87], 1.5 mol窑L-1

LiFSI/0.2 mol窑L -1 LiDFOB additive in DME/HFE

(4/6 in volume ratio) [88], were designed by Ming et al.

to stabilize the antimony (Sb) anode. This break-

through is hard to be achieved before engineering the

SEI, as the alloying anode is hard to be stabilized in

storing lithium. Particularly, Ming et al. demonstrat-

ed that the SEI can reduce the direct contact between

the electrode and electrolyte, and then mitigate the

electrode爷s electron-donating capability to Li+-sol-

vent-anion complex, which in turn increase the elec-

trolyte stability (e.g., electrochemical stability of Li+-
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Figure 8 Designing electrolytes compatible with alloying anodes. (a) Two competitive reaction pathways for M+-solvent-anion

complex on the alloying anode. (b) Na+ solvation structure and interfacial model on the bulk Sn anode in the electrolyte of

Na+[DME]9.6[PF6-] and the resultant performance by varying other kinds of (c) solvent and (d-e) salt. ((b-e) Reproduced with permis-

sion of Ref. 85. Copyright 2020 American Chemical Society.) (f-g) Designed K+ solvation structure, interfacial model, and perfor-

mance of Sb anode. Exchange experiment of Sb anode electrode (h-i) from compatible to incompatible electrolyte and (j-k) from in-

compatible to compatible electrolyte. ((a, f-k) Reproduced with permission of Ref. 84. Copyright 2021 Wiley-VCH.) (color on line)

solvent-anion ). This is the first time to discern the

roles of the interfacial behavior and SEI layer for sta-

bilizing the electrode in lithium-ion batteries by em-

ploying the Sb alloying anode as an example[87,88].

6 Construction of Cathode and An鄄
ode Interfacial Models in Full Ba鄄
tteries

The importance of the interfacial model is empha-

sized on the anode in the above sections, during this

period rare attention has been paid to the interfacial

model on the cathode side. This is because the cath-

ode electrolyte interphase (CEI) formed on the cath-

ode has been regarded as the dominant factor to sta-

bilize the cathode since 2004, by which the elec-

trolyte oxidation and the corrosion of cathode materi-

als can be mitigated, especially under high-voltage

operation [65, 89-92]. Moreover, it is hard to apply the

molecular behaviors in the anode interfacial model to

the cathode indiscriminately, as the cation (de-)solva-

tion behaviors at the cathode and anode interfaces are

different, let alone discerning their influences from

the CEI.

Until 2021, Ming et al. presented a cathode inter-

face model and constructed the dynamic mutual-in-

teraction interfacial behavior on the cathode and an-

ode simultaneously in graphite || NCM622 battery

(Figure 9a) [93]. This model shows the interaction of
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the Li+-solvent-anion complex at the cathode inter-

face and interprets the root cause of the varied perfor-

mance in different electrolytes. For example, the bat-

tery employing different electrolytes of 1.0 mol窑L -1

LiPF6 in EMC, methyl acetate (MA), and MA/EMC

(3:7, V /V ) shows different performances (Figure 9b).
It was found that the binding energy of Li+-EMC is

higher than that of Li+-MA (Figure 9c), which leads

to the higher de-solvation energy of the Li+-EMC-PF6-

complex (Figure 9d), in turn making the solvent-PF6-

complex difficult to be de-solvated from the Li+-sol-

vent-PF6
- and then keep far from the cathode inter-

face. A cathode interfacial model can be constructed

as below. In detail, in the electrolyte of 1.0 mol窑L-1

LiPF6 in EMC (i.e., Li+[EMC]8.11[PF6
-]), the PF6

- anion

has a high frequency to appear around the Li+ due to

the low dielectric constant of EMC, then a strong in-

teraction exists between the PF6
- and Li+ in the solva-

tion structure (i.e., f1) and interfacial model (i.e., f1').
Then, the PF6

- anion could be kept far from the cath-

ode surface, as the Li+ could neutralize the negative

charge of the PF6
- anion. This situation can mitigate

the decomposition of PF6
- anion on the cathode. In

addition, as the PF6
- cannot be close to the solvation

structure on the cathode surface, the formed Li+-EMC

interaction accompanying the Li+ de-intercalation is

tight, which process can improve the antioxidant ca-

pacity of EMC (Figure 9e). In contrast, in the elec-

trolyte of 1.0 mol窑L-1 LiPF6 in MA (i.e., Li+[MA]10.46
[PF6

-]), the PF6
- anion can be kept far away from the

Li+ due to the high dielectric constant of MA, then a

weak interaction exists between the PF6
- and Li+ in

the solvation structure (i.e., f2) and interfacial model
(i.e., f2'). Thus, the PF6

--MA complex could get close

to the cathode surface, as the Li+ cannot neutralize

the negative charge of PF6
- anion effectively (Figure

9f). This situation can induce the decomposition of

PF6
--MA complex at the cathode interface, producing

HF to corrode the cathode. In the electrolyte of 1.0

mol窑L-1 LiPF6 in EC/EMC (i.e., Li+[MA]3.14[EMC]5.68
[PF6

-]), the PF6- anion appears around the Li+ with a

moderate frequency in the solvation structure (i.e.,

f3) and interfacial model (i.e., f3') (Figure 9g). In this

way, an appropriate interaction can be formed be-

tween the PF6
- anion and Li+-solvent cluster, enabling

the PF6
- anion to keep a safe distance from the cath-

ode side, in turn enhancing the anti-oxidation capabil-

ity of PF6
- anion.

Ming et al. also constructed the corresponding an-

ode interfacial model (Figure 9h-j). In the EMC elec-

trolyte, the Li+ is difficult to be de-solvated from the

Li+-EMC-PF6- complex due to the high binding ener-

gy of Li+-EMC and the low dielectric constant of

EMC, where the resultant large polarization may lead

to the Li dendrites growth on graphite. In the MA

electrolyte, the MA solvent polarized by the Li+ could

be decomposed readily on the graphite due to the low

electrochemical stability of MA. In MA/EMC elec-

trolyte, the polarization of MA could be reduced sig-

nificantly as the Li+-EMC could dominate the interfa-

cial model, which is similar to the role of EC in

EC/EMC electrolyte as discussed before (Figure 4a,

Figure 6f). Such arrangement of solvent molecules in

the interfacial model implies that the electrochemical

stability of MA could be much improved by the

EMC. Meanwhile, the PF6
- anion can also maintain a

safe distance from the Li+. In this case, the de-solva-

tion energy of Li+ is lower, thus Li+ is more easily

de-solvated and favors to be intercalated into the

graphite anode, rather than forming the Li dendrites.

By the muti-interactions of the cathode and anode in-

terfacial models, the battery employing the MA/EMC

electrolyte demonstrated higher performance. Note

that this is the first time to construct interfacial model

and study their interactions with the cathode interfa-

cial model, this study opens a new avenue to build

the relationship between the electrolyte interfacial

model and electrode performance, besides the

well-known SEI and CEI. This topic deserves more

attention as it can guide the electrolyte design scien-

tifically.

7 Conclusions and Perspectives
The importance of metal ion solvation structure

and the derived interfacial model are emphasized in

this review, which viewpoints differ from the SEI

when we interpret the improved battery performance.
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Figure 9 Designing electrolytes for full batteries by constructing cathode interfacial model. (a) Solvation structure and interfacial

model of cathode and anode in graphite || NCM622 full battery. (b) Performance of battery by employing the designed electrolyte at

-5 oC under 0.5 C. (c) Comparative binding energy of Li+-EMC, Li+-MA, and (d) de-solvation energy of Li+-solvent-PF6- cluster.

(e-g) Cathode interfacial model, (h-j) anode interfacial model and simulated electrolyte behaviors of Li+[EMC]8.11[PF6-], Li+[MA]10.46

[PF6-] and Li+[MA]3.14[EMC]5.68[PF6-]. ((a-j) Reproduced with permission of Ref. 90. Copyright 2022 Wiley-VCH.) (color on line)

A scientific relationship between interfacial behavior

(i.e., cation de-solvation process) and electrode per-

formance, established by Ming爷s group, is a break-

through in battery community, as more and more re-

searchers have realized the critical role of the solva-

tion structure and then put significant attention on the

electrolyte researches since 2018 [34]. However, this

topic also becomes a controversial issue, as many re-

searchers still believe that the SEI is critical to affect

the electrode and battery performance. Thus, this is

the reason why we would like to contribute this re-

view entitled 野which factor dominates battery perfor-
mance: metal ion solvation structure-derived interfa-

cial behaviors or solid electrolyte interphase?冶. We

hope that more and more researches could contribute

to the development of electrolytes, particularly, design

more functional electrolytes, enabling the batteries to

be operated with a long lifespan, non flammable,

high-voltage, and/or wide-temperature features. But

before that we have to admit that we have entered a

new era of solvation structure and interfacial model,

where the effect of SEI needs to be re-visited. The

conventional electrolyte design, the SEI-based inter-

pretation, may not be competent further, where we

have to understand the relationship between the elec-

trolyte behavior and electrode performance clearly at

the molecular level for electrolyte design. Although

the solvation structure and interfacial model have

been validated in different electrode systems, they are

mostly derived from experiments without specific

theoretical support. The construction of these models

in theory is a complex process that intersects multiple

fields, such as the solution chemistry, solution-solid

interface chemistry, calculation chemistry, physical

chemistry, and organic chemistry at least. Thus,

many scientific questions need to be solved when we

promote the innovation of electrolytes, which are sig-

nificant for the battery development practically.
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i) Accuracy of the solvation structure and interface

model. The parameters of the solvation structure in-

cluding the geometry structure, binding energy, coor-

dination number, interaction, and so on, need to be

studied further. In addition, the interactions including

the anion-solvent and/or solvent-solvent need to be

considered further in the interfacial model, aiming to

build a relationship with the electrolyte properties

and electrode performances. Effective characteriza-

tions and analysis methods need to be developed.

ii) Characterizations of the de-solvation process at

a molecular scale. The de-solvation process of solva-

tion structure is a dynamic process that needs to be

analyzed in conjunction with time-scale testing tech-

niques. For example, the high spatiotemporal resolu-

tion electrochemical microscopy could be used to

capture the molecular interfacial behaviors in the

de-solvation processes. In addition, the arrangements

of the cation, solvent, and anion in the interfacial

model need to be quantified, particularly the varia-

tion upon the (dis-)charge process.

iii) Understanding the interaction between the

cathode and anode interfacial models. The cathode

interfacial model needs to pay more attention, as this

kind of study is significant for designing electrolyte

to stabilize the cathode, particularly at the high-volt-

age operations. The difference of molecular behav-

iors in the cathode and anode interfacial models also

deserves to be investigated, as they can affect each

other, in turn determining the battery performances.

iv) Discerning the influences of SEI and interfacial

model. This is a topic about the interfacial chemistry

and interphasial chemistry, which has become a

mainstream and deserves more attention. More exper-

iments need to be carried out to quantify the influ-

ences of SEI and the interfacial model. Note that dif-

ferent electrolytes and electrodes may have different

conclusions, therefore, we have to figure out the

common and difference.

Briefly, the metal ion solvation structure and the

derived interfacial model provide new opportunities

to understand the battery performance and guide the

electrolyte design. The interfacial model can show

the electrolyte behaviors on the molecular scale and

build a relationship with the electrode performance.

Moreover, this viewpoint deserves to be further stud-

ied in the aqueous batteries, which could be another

view angle to understand the widened electrochemi-

cal stability window (ESW) and also the mitigated

parasitic side reactions (e.g., hydrogen evolution re-

action, etc.)[94]. We believe that these discoveries can

contribute to development of electrolyte design and

also complement the knowledge of the SEI in the bat-

tery community.
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影响电池性能的因素院金属离子溶剂化结构衍生的
界面行为还是固体电解质界面膜钥
程浩然1,2袁马 征1袁郭营军3袁孙春胜3袁李 茜1袁明 军1,2*

渊1.中国科学院长春应用化学研究所稀土资源利用国家重点实验室袁吉林长春 130022曰 2.中国科学技术大学
应用化学与工程学院袁安徽合肥 230026曰 3.湖州昆仑亿恩科电池材料有限公司袁浙江湖州 313103冤

摘要: 通过电解液分解在电极上形成的固体电解质界面渊SEI冤层被认为是影响电池性能的最重要因素遥 然而袁
我们发现金属离子溶剂化结构也会影响其电极性能袁尤其可以阐明许多 SEI无法解释的实验现象遥 基于该综述袁
本文总结了金属离子溶剂化结构和衍生的金属离子去溶剂化行为的重要性袁 并建立了相应的界面模型以展示界
面行为和电极性能之间的关系袁并将其应用于不同的电极和电池体系遥 我们强调了电极界面离子/分子相互作用
对电极性能的影响袁该解释与以往基于 SEI的解释不同遥该综述为理解电池性能和指导电解液设计提供了一个新
的视角遥

关键词: 电池曰电解液曰溶剂化结构曰电极界面模型曰固体电解质界面膜
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