
REVIEW
www.advancedscience.com

Electrolyte Solvation Structure Design for Sodium Ion
Batteries

Zhengnan Tian, Yeguo Zou, Gang Liu, Yizhou Wang, Jian Yin, Jun Ming,*
and Husam N. Alshareef*

Sodium ion batteries (SIBs) are considered the most promising battery
technology in the post-lithium era due to the abundant sodium reserves. In
the past two decades, exploring new electrolytes for SIBs has generally relied
on the “solid electrolyte interphase (SEI)” theory to optimize the electrolyte
components. However, many observed phenomena cannot be fully explained
by the SEI theory. Therefore, electrolyte solvation structure and
electrode–electrolyte interface behavior have recently received tremendous
research interest to explain the improved performance. Considering there is
currently no review paper focusing on the solvation structure of electrolytes in
SIBs, a systematic survey on SIBs is provided, in which the specific solvation
structure design guidelines and their consequent impact on the
electrochemical performance are elucidated. The key driving force of solvation
structure formation, and the recent advances in adjusting SIB solvation
structures are discussed in detail. It is believed that this review can provide
new insights into the electrolyte optimization strategies of high-performance
SIBs and even other emerging battery systems.

1. Introduction

Sodium ion batteries (SIBs) have become one of the most ap-
pealing and viable battery technologies due to the abundant
and widely-distributed sodium reserves compared to lithium
used in lithium ion batteries (LIBs).[1–5] Moreover, SIBs can use
the widely available and lighter aluminum, rather than copper,
current collector and hard carbon from renewable sources as
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anode, thus reducing the overall cost.[6,7]

During the past decade, tremendous efforts
have been exerted in the development of
electrode materials for sodium ion storage,
including new anodes (e.g., hard carbon,
phosphides, metal oxides, and intermetallic
materials)[2,8–12] and cathodes (e.g., sodium
layered oxides, sodium layered phosphates,
sodium layered sulfates).[5,13,14] However,
similar to LIBs, the electrolyte engineer-
ing in SIBs has received disproportion-
ately small attention compared with elec-
trode materials.[15–18] The reason why elec-
trolytes in SIBs have not been extensively
studied is the difficulty in establishing re-
lationships between the molecular scale
electrolyte kinetics with macroscopic bat-
tery performance. For instance, various
electrolyte additives (e.g., FEC (fluoroethy-
lene carbonate), TMP (trimethyl phos-
phate)) show great battery performance

enhancement,[19,20] but the root causes for such enhancement
remain inconclusive. Likewise, how the interactions between
cations, anions, and solvent molecules improve rate and cycle
performance is still not fully understood. Fortunately, the emer-
gence of solid electrolyte interphase (SEI) theory afforded a feasi-
ble avenue to analyze the micro-dynamics of electrolyte compo-
nents.

The SEI concept was proposed in 1979 as a layer consist-
ing of insoluble products of the reaction between metal anode
and electrolyte solution. The SEI theory bridges battery macro-
performance and electrolyte micro-behavior well.[21] The physi-
cal and chemical properties of SEI (such as mechanical strength,
porosity, HOMO level and LOMO level, etc.) can be successfully
adjusted by introducing different functionalized electrolyte in-
gredients, in turn optimizing the voltage window, cyclic stability,
and rate performance.[22,23] Nevertheless, very recently reports in-
dicate that SEI theory alone sometimes cannot fully explain spe-
cific experimental phenomena; for instance, even after the for-
mation of SEI, some graphite exfoliation,[24] capacity decay of
alloying anode (e.g., Sn,[25] Sb[26]), or low Coulombic efficiency
of metal plating/stripping[27] can still be observed once the used
electrolyte become incompatible. Therefore, an older concept was
revived to explain the battery electrolyte behavior, including sol-
vation and interface theories. The earliest research on solvation
theory dates back to 1981, when Miertus et al. first proposed the
continuum model, based on electrostatic interactions, to describe
the solvation behavior in solution (Figure 1a).[28]
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Figure 1. a) Key developments of sodium ion battery electrolytes and year in which the achievement was reported. b) Scheme showing the electrolyte
solvation design issues for sodium ion batteries (SIBs) (Green: cations; yellow: anions; purple: solvents; blue: solvents).
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However, for SIBs the earliest research on solvation theory in
SIB electrolyte was conducted in 2015. Shakourian et al. investi-
gated the Na+ ion solvation in alkyl-carbonate electrolytes.[29,30]

Subsequently, Pham et al. reported that Na+ ion generally ex-
hibits a weaker interaction with the same solvents compared to
Li+ ions, in turn inducing different dynamics in 2017.[31] How-
ever, most reports focus on theoretically discussing the proba-
ble influence of solvation structure on SIB performance, with
relatively few experimental verifications. Recently, “concentrated
electrolytes” (employing the superhigh concentration electrolyte
to modulate the interaction between cations and solvents) were
used in SIBs, and successfully opened the door of optimiz-
ing battery performance using solvation theory combined with
SEI theory.[32–35] In addition, in 2018, Ming et al. re-examined
the role of solvent molecules, anions, and additives in the elec-
trolyte from the perspective of solvation theory, and provided sev-
eral experimental demonstrations showing how solvation struc-
ture and interfacial behavior can be used to optimize battery
performance.[36–39]

Although, the electrolyte solvation design is very important
and has aroused extensive research interest, there is no article
that summarizes the solvation design principle and direction in
the electrolyte engineering area for SIBs. Therefore, in this we
provide the first summary of SIB behavior from the perspective of
electrolyte solvation behavior. We first illustrated the driving force
behind the solvation (coordination bond, dipole interactions, hy-
drogen bond), where the properties of the basic components of
electrolyte (i.e., metal salts, solvents, additives) and their interac-
tions (e.g., the coordination between Na+ ions and anions, the
coordination between Na+ ions and solvents, the interaction be-
tween solvents and solvents) are analyzed in detail. Then, the sol-
vation structure of Na+ ion is depicted, including the geometric
parameters and thermodynamic descriptors. More importantly,
the correlation between solvation structure and observed perfor-
mance is explained. Finally, the strategies that can be used to
adjust the solvation structure to optimize battery performance
are summarized (Figure 1b). We believe this review presents a
fresh perspective combining both theoretical and experimental
approaches to leverage electrolyte solvation design to improve
SIB and other mobile ion battery performance.

2. Requirements of Ideal Electrolytes

2.1. Sodium Salts

Metal salts, as the dominant constituents of the electrolyte, play a
significant role in determining the electrochemical performance
of SIBs. The role of metal salts in the electrolyte of SIBs includes
the following aspects: 1) The metal salts serve as part of charge
carriers being transported between the two separated electrodes.
These carriers determine the electrolyte ionic conductivity; a poor
ionic conductivity can degrade many battery parameters (e.g., it
can dramatically increase the electrochemical polarization). 2)
The sodium salts can affect the composition of the SEI, which
compositions may be dissolved and destructed during cycling,
thereby reducing the stability of SIBs. 3) The sodium ions aris-
ing from sodium salts participate in the intercalation (deinter-
calation) reactions within the electrode materials. Accordingly,
the solvation structure of sodium ions, including the geomet-

ric morphology and delocalized electron density, could signifi-
cantly impact diffusion of sodium ions, especially through the
electrode/electrolyte interface. Likewise, in the bulk electrolyte,
the chemical and thermal stability of electrolyte is influenced
by the solvation structure of sodium ions to some extent.[25,40]

4) Aside sodium ion conductivity, SEI composition, and solva-
tion structure of sodium ions, the thermodynamic HOMO ener-
gies of anions upon oxidation could limit the potential window
of electrolytes to a certain extent, thus limiting the total energy
density of SIBs. 5) The chemical toxicity and corrosive nature of
most sodium salts has important ramifications for battery safety
in practical applications.

In view of the considerations mentioned above, an ideal
sodium salt should exhibit several characteristics. First, it is high
solubility, which could achieve favorable ionic conductivity. The
conductivity depends on two parameters, including number of
free-moving ions and their speed. As for the former, the total
number of ions is determined by the solubility the sodium salt.
For the latter, the properties of the solvent control the speed of
moving cations and anions in salts (for example, dielectric con-
stant and viscosity of solvents). Apart from dielectric constant of
solvents, it is worth noting that the valence of cations and anions
present in the electrolyte also influences the mobility to a certain
degree. Nevertheless, owing to the monovalent nature of Na+ ion,
the valence or oxidation state of the cations/anions is not impor-
tant. Therefore, we focus on the solubility of the salts.

Generally, the dissolution process of various sodium salts
could be divided into two individual processes, encompassing the
dissociation (splitting) of the lattice determined by lattice energy
(U) and solvation with solvents determined by solvation energy
(∆Hh). The simplified Born–Haber cycle of dissolution process is
shown in Figure 2, where ∆H =−U + ∆Hh and ∆S = ∆S1 + ∆S2.
According to this cycle, the smaller Gibbs free energy (∆G) rep-
resents that the dissolution process is easier to proceed. In this
regard, higher lattice energy decreases solubility of the salt, while
higher solvation energy increases its solubility. For instance, in a
typical aprotic solvent, sodium salts such as NaCl and NaF, are
almost insoluble. The reason for this is the very large U resulting
from the strong ionic bonds between the two atoms with great dif-
ference in electronegativity. On the contrary, the enhanced polar-
ization of ionic crystals (reduction of the difference of electroneg-
ativity) will result in the transformation of ionic bonds to covalent
bonds, which is beneficial for the dissolution of salts in aprotic
solvents.[41]

Another widely accepted concept involves weakly coordinating
anions (WCAs),[42,43] such as [CF3SO3]–, [BF4]–, [ClO4]–, [AlX4]–,
[MCTFSI]–, or [MF6] (X = Cl–I; M = P, As, Sb, etc.). In such an-
ions, the negative charges are delocalized over the anions, which
allow us to regulate the electronegativity via utilizing electron
withdrawing substituent to replace the atoms in anions. There-
fore, the interaction of charge delocalized anions and cations will
be significantly reduced, and the U will be reduced, thereby im-
proving solubility.

The second desired characteristic of sodium salts is electro-
chemical stability. In theory, for maintaining the thermodynamic
stability of an SIB, the electrochemical window (ESW) of elec-
trolytes should extend beyond the redox potential of the anode
and cathode. ESW is defined as the difference between the low-
est unoccupied molecular orbital (LUMO) and the highest occu-
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Figure 2. Energy parameters that are considered during the dissolution process. They include the salt lattice energy (U) and solvation energy (ΔHh).

pied molecular orbital (HOMO). In view of this, the variety of
anions in sodium salts has a significant effect on the ESW of elec-
trolyte. For instance, in a mixture solvent of EC/DEC, the oxida-
tion potential follows the sequence NaPF6 > NaClO4 > NaTFSI >
NaFTFSI > NaFSI,[44,45] which means that the PF6

– ion exhibits
the lowest HOMO level (−11.67 eV) and is not easy to lose elec-
trons and decompose. As for ClO4

– ion, the HOMO level locates
at −7.89 eV, representing the poor chemical stability upon the ox-
idation process. However, the chemical stability is relative, which
denotes the absolute stable anions that do not exist in an SIB. In
addition, according to the previous reports, the anions of sodium
salts can participate in SEI formation. For example, the decom-
posed product of PF6

– ion during the reduction process, NaF, is
the main component of SEI.[46] In brief, the anions in sodium salt
can influence the chemical stability of electrolytes in two ways:
one is that the HOMO level of anions limits the highest electro-
chemical window of SIBs; the other one is that the LUMO level
of anions promotes the formation of SEI to preclude further elec-
trolyte decomposition.

Another desired feature of the ideal sodium salt is the good
thermal stability and low toxicity. For practical applications,
where a large number of SIBs are expected to be deployed, safety
is very important. Thus, sodium salts should have excellent ther-
mal stability. Eshetu et al. investigated the thermal stability of
sodium salts, which showed the following thermal stability trend:
NaClO4 > NaBF4 > NaTFSI > NaPF6 > NaFTFSI > NaFSI.[47]

Obviously, NaClO4 exhibits the highest thermal stability. Never-
theless, NaClO4 is rarely utilized practically because of the strong
oxidation properties (trend to give electrons) and explosive nature
in the dry state. In addition, it is imperative to take the toxicity
into account for the widespread implementation of SIBs. For in-
stance, AsF6

– and SbF6
– based sodium salts are hardly used due

to the toxic side products.
In short, the relative parameters of common sodium salts are

summarized in Figure 3. For the six metal salts, in general, the
crystal with smaller lattice energy exhibits the highest conduc-
tivity (NaPF6 > NaClO4 > NaTFSI/NaOTf/> NaBF4). In addi-
tion, the HOMO level of the sodium slats follows the trend:
NaOTf > NaClO4 > NaTFSI > NaBF4 > NaPF6, which shows
that NaOTf and NaClO4 are more prone to be oxidized limiting
the voltage window of SIBs. Therefore, the requirement of dis-
solution in organic solvent screens the majority of sodium salts.
When taking the oxidation, reduction, thermal stability and toxi-
city into account together, the most suitable sodium salts can be

narrowed down. Our analysis shows that NaPF6 offers the best
compromise.[48]

2.2. Organic Solvents

Solvents provide an essential medium for the transport of ions
arising from the dissociation of sodium salts. As same with LIBs,
the low reduction potential of metal Na and high oxidation poten-
tial of cathode materials, precludes the use of protic solvents in
the electrolyte. Therefore, aprotic solvents such as organic sol-
vents, ionic liquid and solid ceramic electrolytes are considered
more suitable candidates in SIBs. In this review, we focus on the
most widely used liquid organic solvents. The organic solvents
could affect the battery performance through the following fac-
tors: 1) As the medium of soluble sodium salts, the conductivity is
greatly influenced by solvent chemistry. 2) The solvent could par-
ticipate in the formation of functional SEI, which could impact
coulombic efficiency and cycle durability. 3) More importantly, or-
ganic solvents determine the solvation structure of sodium ions,
which then controls the de-solvation behavior at the interface be-
tween the electrolytes and electrodes. 4) Likewise, the electro-
chemical stability of solvent molecules can limit the voltage win-
dow of SIB similar to sodium salts. 5) Since the organic solvent
is the sole liquid component in an SIB, its instability (volatility,
flammability) and toxicity can affect practical applications.

Therefore, the optimal organic solvent should have the follow-
ing characteristics. i) High dielectric constant, low viscosity, and
moderate Lewis’s acidity/basicity, which could achieve favorable
conductivity. According to the discussion in the section of sodium
salts, the conductivity is determined by both of the number of
free-moving ions and the ion mobility. The former is decided by
the solubility of sodium salts which is influenced by both U and
∆Hh. Unlike U, which is mainly affected by the inherent struc-
ture of the salts, ∆Hh is mainly affected by the interaction be-
tween solvent molecules and solute ions. The dielectric constant,
which is a macroscopically measured parameter defined as the
capacity to separate the ion pairs in electrolyte, shows a posi-
tive correlation with ∆Hh. Thus, for salts with the same U, the
solvents with higher dielectric constant result in better salt sol-
ubility, in turn achieving favorable conductivity. The Lewis acid-
ity/basicity (electron acceptor/donor ability) of solvent molecules
is another parameter that can influence ∆Hh. In theory, solvent
molecules with strong Lewis’s basicity should promote the sol-
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Figure 3. Chemical and physical properties of common sodium salts. a) Geometric configuration. The 3D structure is originated from Material Project
database. b) Lattice energy and decomposition temperature. c) Ionic conductivity. d) HOMO level (Purple: Na; orange: P; red: O; pink: B; blue: N; grey: C;
yellow: S; for NaPF6, NaBF4, NaTFSI, NaFSI, and NaOTf, the green color is F; for NaClO4, green is Cl) (NaTFSI, sodium bis(trifluoromethanesulfonate)
imide; NaFSI, sodium bis(fluorosulfonyl)imide; NaOTf: sodium trifluoromethanesulfonate).

vation process of sodium salts. This is because of the possible
coordination between the Na+ ion (with empty orbit) and sol-
vent molecules with lone pair, thus increasing the solubility of
salts. However, if the interaction between the Na+ ion and solvent
molecules is too strong, it might result in a difficult de-solvation
process, in which could lead to the co-intercalation of Na+ ion
with solvent molecules. Apart from impacting solubility, the sol-
vents also play a significant role in the ion mobility. The sol-
vent viscosity, which incarnates the inherent attraction between
molecules, has a pronounced effect on the ion mobility. Accord-
ing to the report of An et al.,[49] the decrease of viscosity would
produce as much as an order of magnitude increase in conduc-
tivity.

Another desired property of solvents for SIB is elevated elec-
trochemical stability. Analogous to the anions in sodium salts,
the oxidation and reduction of solvent molecules upon the
charge/discharge process compete with the redox reactions of
the electrode. The HOMO and LUMO of the solvents determine
the stable ESW, that is, at electron energies higher than LUMO,
the solvent is reduced and at electron energy levels lower than
HOMO, the solvent is oxidized. More accurately speaking, we
used the difference between oxidation and reduction potential of
solvents to express the ESW according to the opinion of Peljo
et al.[50] In a word, the solvent potential difference is required
to be large. However, a more general opinion suggests that the
decomposition of solvents is not all notorious. The reduction of
solvents near the anode could be beneficial for the formation of

functional SEI. The reduced solvent molecules decompose into
chemically active radicals that form new chemical entities coated
on the surface of anode.[51,52]

Other desired organic electrolyte properties include high safety
with low melting point, high boiling point, high flash point, low
toxicity, and low pollution impact. The solvent melting point is
particularly important because the temperature of the battery can
be extreme. The condensation of the solvents will cause the bat-
tery to fail when the surrounding temperature is lower than the
melting point. For instance, EC solvent has a melting point of
36.4 °C, which is hardly used alone because it is solid at room
temperature. The boiling point influences the volatility of elec-
trolyte, in turn affecting the durability of an SIB due to the drouth
of solvents. Moreover, the flash point is important due to the risk
of spontaneous combustion of batteries. Finally, nontoxic and
environment-friendly solvents are essential for successful com-
mercialization.

Figure 4 summarizes the physical chemical parameters of
several organic solvents used in SIBs, encompassing the com-
mon carbonate ester-based solvents (such as EC, PC, DMC,
DEC, EMC, and GBL) and ether-based solvents (DME, diglyme,
triglyme, and THF). Also, heteroatom-based solvents such as sul-
fur coordinated solvent molecules (DMSO) and phosphorus co-
ordinated solvent molecules (TMP) are listed. As shown in Fig-
ure 4c, EC as a typical carbonate ester-based solvent, exhibits the
highest dielectric constant indicating is strong dissolving abil-
ity for sodium salts. However, it is solid at room temperature,
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Figure 4. Structure and properties of organic solvents used in SIBs. a) Geometrical structure. b) Melting point, boiling point and flash point. c) Permittiv-
ity and viscosity (EC: ethylene carbonate; PC: propylene carbonate, DMC: dimethyl carbonate; DEC: diethyl carbonate; EMC: ethyl methyl carbonate; DME:
dimethoxyethane; Diglyme: diethyleneglycol dimethylether; Triglyme: triethylene glycol dimethyl ether; DMSO: dimethyl sulfoxide; GBL: 𝛾-butyrolactone;
THF: tetrahydrofuran; TMP: trimethyl phosphate).

meaning elevated viscosity thus restraining the ion mobility. On
the contrary, DEC and EMC display relatively low viscosity but
low dielectric constants. Hence, reconciling two or three differ-
ent solvents to optimize the electrochemical properties of elec-
trolytes generally is a widely implemented strategy. For instance,
Ponrouch et al. added low-viscosity DMC into binary EC/PC
solvent synthesizing the ternary EC0.45/PC0.45/DMC0.1 solvent,
which significantly improved the ionic conductivity from 6.2 to
10 mS cm−1.[15] According to the investigation of Bommier et al.,
the most discussed electrolyte solvents in published papers are
EC/DEC, EC/PC, PC, EC/DMC.[53] Nevertheless, the most fre-
quently utilized solvents mentioned above seems do not repre-
sent the optimal solvent candidate.

One great advantage for choosing solvent in SIBs is that there
is no Na+-solvent co-insertion occurred in carbonate ester-based
solvent, where the graphite-like layer exfoliation can be inhib-
ited even in PC-based electrolyte.[54] Likewise, the Na+ cannot be
(de-)intercalated within graphite anode due to the slow kinetics
neither.[55,56] This is the reason why the hard carbon was used
in SIBs, rather than the graphite anode. The first attempt to use
ether-based solvents in SIBs by Jache et al. found that the graphite
is compatible in diglyme based electrolyte, which was credited to
the co-intercalation of Na+ ion and diglyme molecules forming
thermodynamically stable ternary Na(diglyme)2C20 product.[57]

Furthermore, glyme combinations such as triglyme, tetraglyme,
di(propylene glycol)methyl ether, diethylene glycol dibutyl ether
(Butyl-2G), and 1,5-dimethoxypentane (1,5-DMP) were devel-
oped recent years.[54,58] Apart from the ester-based and ether-
based solvents, the phosphorus-based TMP solvent exhibits a
broadened liquid temperature range, which frequently is applied
as nonflammable electrolyte in SIBs.[20]

In summary, developing optimal solvents is a crucial objec-
tive for achieving an SIB with favorable electrochemical per-
formance. Choosing the optimal solvents requires comprehen-
sive consideration encompassing slat dissolution, solvation/de-
solvation characteristics, compatibility with electrode materials,
practical working environment such as the extremely low tem-
perature or high temperature and working voltage window.

2.3. Additives

Analogous to LIBs, electrolyte additives can be used to tune
the electrochemical performance of SIBs. These additives can
affect SIB in various ways: 1) Significant impact on the elec-
trode/electrolyte interface. According to the commonly accepted
opinion, the additives participate in the SEI formation which
influences the electrochemical performance.[19,59–62] Recently, in
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Table 1. Electrolyte additives and their role in SIBs.

Function Additive Beneficiary

Promoting SEI formation FEC (fluoroethylene carbonate)[19]

PST (prop-1-ene-1,3-sulton)[59]

DTD (1,3,2-Dioxathiolane-2,2-dioxide)[59]

VC (vinylene carbonate)[60]

TMSP (tris(trimethylsilyl) phosphite)[69] Rubidium and cesium salts[70]

water (in ionic liquid electrolyte)[71]

NaNO3
[61]

SbF3
[72]

Hard carbon and alloy anode
Hard carbon anode
Hard carbon anode

MoO2 anode
Sn4P3 anode

Hard carbon anode
Na metal anode

Na metal anodeNa metal anode

Promoting CEI formation AND (adiponitrile)[62]

NaNO2
[73]

Na0.76Ni0.3Fe0.4Mn0.3O2

Na0[Co0.05Mn0.95]O2

Flameretardant F-EPE (2,2,3,3-tetrafluoropropyl ether), EFPN (ethoxy(pentafluoro)cyclotriphosphazene)[67] Na0.44MnO2 cathode and Na metal anode

Conductivity enhance EMImFSI (1-ethyl-3-methylimidazolium bis(fluoromethanesulfonyl)imide)[74] Hard carbon anode

Scavenger H-ZSM-5 zeolite[64]

TMSPi (tris (trimethylsilyl) phosphite)[75]

NaaMO2 cathode and hard carbon anode
Na3V2(PO4)2F3 cathode and hard

carbon anode

Overcharge protection Biphenyl[65] Na0.44MnO2 cathode and Na metal anode

stark contrast to the SEI effect, Ming et al. proposed an alterna-
tive innovative view in which additives are able to change the de-
solvation process of cations near the interface (see more detail in
the next section).[38,60,63] 2) The additives can change the solvation
structure of Na+ ions, which can change ionic conductivity of the
electrolyte, electrochemical stability of solvents and sodium salts,
and viscosity.[59,64] 3) Functional additives are aimed at mitigating
some specific drawbacks of primary electrolytes, such as resist-
ing overcharging,[65] suppressing flammability,[66,67] and main-
taining working at extremely low temperature.[62]

Hence, introducing additives into the electrolyte should take
the following considerations into. i) Small amount. Generally,
the weight ratio of additives should be maintained below 5% be-
cause a higher ratio would influence the original electrolyte com-
position, meaning the additive could dominate the electrochem-
ical behavior.[68] ii) The additive should facilitate the forming of
a durable SEI. In other words, the decomposed products of ad-
ditives at low potential should participate in SEI formation to
reduce the irreversible capacity and side reactions. iii) Specific
function additives have unique requirements. For example, anti-
overcharge additives require the additive molecules to be oxidized
reversibly at slightly higher potentials than the normal end-of-
charge potential of the positive electrode; flame retardant addi-
tives require the additive molecules is capable to terminate rad-
ical chain reactions responsible for the combustion reaction in
the gas phase and viscosity diluter additives, etc.

Table 1 summarizes heterogeneous electrolyte additives which
have been applied in SIBs. Surprisingly, the fluoroethylene car-
bonate (FEC) additive is the most widely-used among the vari-
ous functional additives since its first successful investigation by
Komaba et al. in 2011.[19] The main reason for this success is the
stable SEI formation on the surface of hard carbon due to the de-
composition of FEC. However, in stark contrast to LIBs, the diflu-
oroetyhene carbonate (DFEC), ethylene sulfite (ES), and vinylene
carbonate (VC) additives (already widely applied in LIBs) have
a detrimental impact on SIB performance. Nevertheless, Zhang
et al. found that VC is effective in inhibiting interface polariza-
tion in SIB, thus forming a more robust SEI on the MoO2 an-

ode surface.[60] Besides additives added to promote more stable
SEI, other additives target the cathode–electrolyte interface (CEI).
For example, adiponitrile (APN) has been used because it has a
stronger electron donating ability compared with carbonate sol-
vents, thus it is easier to be oxidized on the surface of the cathode
material to form stable CEI.[62] Moreover, additives with flame
retardant ability, conductivity enhancement, scavenger, and over-
charge are listed in Table 1. It is worthy to note that reports on
electrolyte additives in SIBs are sporadic compared with the ex-
tensive literature on LIBs additives.

In the previous sections, we have discussed sodium salts, or-
ganic solvents, and additives in SIBs. The ideal design require-
ments of these electrolyte constituents must take several factors
into account. In the next section we discuss interaction of these
electrolyte components and solvation structure formation.

3. Molecular Interaction and Solvation

3.1. Typical Interactions between Electrolyte Components

3.1.1. Coordinate Bond

Short-range interaction is considered to be an intensive force
between the sodium ion and the center of solvent molecules,
dramatically decreasing with distance. In general, coordinate
bond, as a typical short-range force, is taken into account, which
describes a dative covalent bond where both of the electrons arise
from the same atom (Seeing in Figure 5a). By the electrostatic at-
traction of nuclei and electron pairs, the coordinate bond shows
high strength similar with covalent bond. It is possible to exist
between the salts and solvents in the electrolyte. Cations such as
Na+ ion have empty 2s orbitals after losing the outermost elec-
trons, while some of the organic solvent molecules are extreme
electron donors being able to donate lone electron pair (e.g.,
adiponitrile). On the basis of the electron sharing of coordinate
bond, the capability to donate lone electron pair of solvents
determines the strength of coordinate bond. In other words,
the Lewis base of organic solvents determines the strength of
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Figure 5. Schematic depicting interaction and bonding present in the electrolyte. a) Coordinate bond. b) Hydrogen bond. c) Dipole to dipole interaction
(the gray shadow represents the electron cloud of atoms). d) Dipolar moments (𝜇) of the typical solvent molecules (the arrow points from the center of
positive charge to the center of negative charge).

the coordinate bond where a higher Lewis base leads to tighter
interaction.

In addition, the coordinate bond is commonly present between
anions and cations in sodium salts based on various WCAs. The
delocalization of electrons on the anions by the presence of elec-
tron withdrawing groups induces significant weakening of the
coordinate bond strength between the Na+ ion and anions. In this
regard, the coordinate bond formation capability can be altered
by choosing different electron withdrawing groups to change the
donor number of anions, in turn altering the degree of electron
delocalization.

3.1.2. Hydrogen Bond

A hydrogen bond also is a short-range interaction but much
weaker than the coordinate bond. It describes an electrostatic
attraction between a hydrogen atom, which is covalently bound
to a more electronegative atom or group (X), and another elec-
tronegative atom (Y) bearing a lone pair of electrons. As shown
in Figure 5b, the hydrogen bond originates from the dipole ori-
entation on H atoms due to the strong electron attraction ability
of X atoms, thus resulting in the electrostatic force between H
atoms and Y atoms. The formation of hydrogen bond between
anions from sodium salts and solvent molecules was proposed
by Schroder et al.[76] Particularly, for fluorinated ions or species
with at least one lone pair (tributylamine, bis(oxalato)borate), the
strong interaction with solvent hydrogen atoms (e.g., the hydro-
gen atoms of the propylene group in PC) is observed. Besides,
the hydrogen bonding could be established between the organic
solvent molecules and additive molecules, thereby inducing the
distinguishing solvated structure to influence the electrochemi-
cal performance of SIBs.

3.1.3. Van der Waals Forces

The van der Waals forces (denoted as electrostatic interaction
sometimes) are fairly ubiquitous among sundry electrolytes

arising from the electrostatic attraction or repulsion between the
adjacent positive and negative charge centers. Therefore, these
bonds are weaker than the coordinate bond. The typical van der
Waals forces can be divided into three different interactions: i)
Dipole–dipole force, which arises from the permanent dipoles of
the two adjacent molecules or atoms. It mostly stems from the
balance of electrostatic attraction and repulsion forces, usually
produced in two polar molecules. For the aprotic solvents used
in the electrolytes of SIBs, the dipole–dipole force is related
to the dielectric constant of solvents. As shown in Figure 5,
the solvents are considered to be nonpolar for 0 < 𝜖 < 5, such
as DMC, DEC, and EMC. The solvents are considered to be
medium polar when 5 < 𝜖 < 30, such as DME, Diglyme, and
Triglyme. The solvents are considered to be polar when 𝜖 > 30,
such as EC, PC, and DMSO. Due to the strong dipole effect, the
dipole–dipole forces dominate the van der Waals interactions
in the polar solvents.[77] ii) Dipole-induced force is similar to
the dipole–dipole force but one of the dipoles is induced by
the near permanent dipole owing to the deformation of the
electron cloud by the attraction of positive charge center. This
bond type is widely observed between polar molecules as well
as between polar molecules and non-polar molecules. iii) Dis-
persion force, is a universal interaction among all the atoms
and molecules, originating from the instantaneous dipole for-
mation attributed to the uneven electron distribution at a given
moment.

It is worth pointing out that the three different van der Waals
forces could be influenced by different factors. For instance,
dipole–dipole force mainly is disturbed by the dipole moment
which is determined by bond and electron density. In addition,
dipole-induced dipole force is dominated by both dipole moment
of polar molecules and deformation of nonpolar molecules. As
for the dispersion force, it is considered to be related to ionization
energy and molecular deformability. Considering that the three
interactions frequently occur at the same time in the electrolyte,
typical analysis of the van der Waals forces do not distinguish be-
tween them.
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A sketch of the dipolar moments (μ) present in common sol-
vents (such as cyclic ester: EC and PC; linear ester: DMC, EMC,
and DEC; ethers: DME) of SIBs is shown in Figure 5d. Typi-
cally, in EC and PC, the strong dipolar moments occur on the
carboxyl oxygen atoms, arising from the high electronegativity
of oxygen atoms compared with carbon atoms. The electron de-
flection near the double bond engenders a net negative charge
(𝛿–) on oxygen atom and a net positive charge (𝛿+). Likewise, the
ether oxygen atoms also exhibit a net negative charge due to the
dipole effect, but the interaction is weaker due to the decreased
sharing of electron cloud density. This effect could be validated
by the DME molecules, which exhibit a lower dipolar moment
of 1.71 D. It is worth noting the carboxyl carbon atom shows a
relatively high electro-positivity in this case, which makes them
prone to interacting with the anions or the molecules with lone
pair electrons invoking the hydrogen bond effect. Compared with
EC and PC, linear esters DMC and DEC display a weaker dipolar
moment (1.18 D and 1.07 D, respectively). This weak dipolar mo-
ment is likely due to the highly symmetric steric configuration.
The dipolar moments correlate well with the statistic permittiv-
ity as shown in Figure 5. The higher dipolar moments result in
higher permittivity indicating favorable interaction between the
molecules.

Due to the existence of dipolar moments originating from the
van der Waals’ force, the interactions between the cations and an-
ions, cations and solvent molecules, as well as solvent molecules
and solvent molecules, are considered to be an electrostatic in-
teraction. As an example, the electrostatic force between oxygen
atom as the net negative charge center and Na+ ion as the pos-
itive charge center is the dominated drive force of solvated pro-
cess. The classic physical model gives the typical potential energy
of the three electrostatic force[78,79]

Uion−ion =
−(z1z2e2)

4𝜋𝜀0r
(1)

Uion−dipole = −ze𝜇cos𝜃
4𝜋𝜀0r2

(2)

Udipole−dipole = −
2𝜇1

2𝜇2
2

(
4𝜋𝜀0

)2
3Tr6kB

(3)

where U is the electrostatic potential energy, 𝜖0 is the dielectric
constant, ze is the charge of the ion, and r is the distance between
positive charge center and negative charge center. The 𝜇 is the
dipole moment, where 𝜃 is the dipole angle relative to the line
joining the ion and the center of the dipole, kB is the Boltzmann
constant, and T is the absolute temperature. Obviously, the elec-
trostatic interaction depends on the dipolar moment of molecules
and the bond length, bond angle. This interaction can be modu-
lated by two approaches. One approach is strengthening or weak-
ening the dipole effect of the molecules. For instance, replacing
the carbon atoms with the more electronegative fluorine atoms,
would cause a decrease in electron density on the adjoining oxy-
gen atoms, thereby impairing the electronegative charge center.
A second approach to modulate the electrostatic interactions is
the distance between the solvent molecules and Na+ ions. The
size of solvent molecules impacts the steric resistance directly,

Figure 6. A model showing the solvation structure of the cations in SIB
electrolyte.

which in turn causes perturbation to the van der Waals bond
length.

3.2. Solvation Structure

3.2.1. Solvation Shell

Taking the typical interactions such as coordinate bond and van
der Waals force into account, a possible solvation structure model
is shown in Figure 6. Aiming at simplifying the model, an iso-
lated cation is located at the center. In this case, the interac-
tions between the cations and anions are neglected. The model is
drawn as a sphere as we regard solvent as a continuous and uni-
form medium wrapping the solute ion. There are two solvation
shells. The first solvation shell (shown by the inner circle) forms
due to the strong electrostatic forces arising from the dipole (sol-
vent molecules A) with the cation. Some solvent molecules with
extensive Lewis’s alkalinity (discussed in the prior section) also
exhibit a strong coordinate interaction with the cations. Owing
to the synergy between electrostatic forces and coordinate bonds,
the attraction and repulsion reach an equilibrium thus forming
the first solvation shell. It is worth pointing out that the “coordi-
nated solvation shell” mentioned in some literature is based on
the same concept as the first solvation shell. The forceful inter-
action and compact connection between the cations and solvent
molecules cause the cation to move within the first solvation shell
instead of migrating by itself.

Compared with the first solvation shell, the secondary solva-
tion shell is less compact; it includes the partially restrained sol-
vent molecules, the attracted anions, and even the ion pair. Like-
wise, the free solvent molecules and free anions are also con-
tained in the secondary solvation shell. Notably, the proposed sol-
vation structure is based on the assumption that the ion pairs can
be separated by the solvents. Nevertheless, according to Griffiths
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Figure 7. Geometries of the first solvation shell of Na+ ion in different solvents (including single solvents and mixture solvents); a, b, c, d, e, and f
represent different bond lengths. Reproduced with permission.[30] Copyright 2015, American Chemical Society.

and Wijayanayake,[80] the permittivity of solvents has a remark-
able influence on the ion pairs and the free ions or molecules.
Typically, if the permittivity is less than 5, only the contact ion
pairs are expected to be present. However, if the permittivity is
larger than 23, the free ions and solvation shells are present.[80]

Both of the ion pairs and solvation shells exist for solvent per-
mittivity between 5 and 23. Moreover, aside from considering
the capability of the solvents, the extremely compact interactions
between the cations and anions, such as the coordinated bonds,
would sharply increase the amounts of ion pairs, thereby reduc-
ing the amounts of free ions. In short, the solvation structure
is complicated encompassing electrostatic attraction (repulsion),
coordination, polarization, and dispersion processes. The actual
battery behavior observed in practice is the sum of all these in-
teractions, where building a model is necessary to help us under-
stand their behaviors and interactions.

3.2.2. Geometrical Parameters

Two key parameters are necessary to describe the geometrical ar-
rangement of solvent molecules. One is the coordination num-
ber, which represents number of solvents molecules surrounding
the cation in the first solvation shell. The second is the average
bond length, which measured the distance between the centered

sodium atom and the oxygen atom of solvents. Fard et al. pro-
posed the solvated geometries of Na+ ion in different solvents
based on the optimized theory of M06-2X/6-311++G(d,p) level
(shown in Figure 7).[30] The primary solvation spheres exhibit
distinct characteristics with different solvent molecules. For in-
stance, in EC solvents, five solvent molecules surround each Na+

ion; in comparison, three VC solvents molecules surround each
Na+ ion due to the larger size of VC molecules. In addition, the
average bond length of Na+–O decreases from 2.359 Å (EC) to
2.195 Å (PC) due to the decreased steric hindrance between the
solvent molecules. The steric hindrance can be understood as the
repulsion force between adjacent solvent molecules in the first
solvation shell due to the dipoles pointing in the same direction.
As shown in Figure 6, the steric hindrance (F, red arrow) can be
divided into two forces, one is along the direction tangent to the
circle (F2, blue arrow), and the other along the centrifugal direc-
tion (F1, purple and orange arrows). Obviously, the F2 is coun-
teracted by the adjacent solvents. However, the F1 forces are su-
perimposed (they add up), which keeps the solvents away from
the cations. Therefore, the large solvent size or high coordination
number in the first solvation shell would result in large steric
hindrance, thereby increasing the bond length between Na+ ions
and solvents. Moreover, the simulations shed light on that with
the addition of EC into PC, two PC and three EC molecules would
stay in the first solvation shell. For EC/DMC mixture, two DMC

Adv. Sci. 2022, 9, 2201207 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2201207 (10 of 29)



www.advancedsciencenews.com www.advancedscience.com

and four EC molecules occupy the first solvation shell. Likewise,
both the EC/EMC and EC/DEC solvents show similar behavior,
which indicates that EC exhibits a more compact interaction with
Na+ ions compared with the DEC, DMC, and EMC (which usu-
ally have a fairly weak dipole). The average bond length (distance
between the centered sodium atom and the oxygen atom of sol-
vents) is also changed upon addition of EC. The bond length
in EC:PC solvent mixture increased from 2.233 to 2.321 Å due
to the increased steric hindrance. On the contrary, the EC/DEC,
EC/DMC, and EC/EMC show decreased bond length due to the
decreased steric hindrance arising from the replacement of large
sized DEC, DMC, and EMC by smaller sized EC molecules.

Apart from the impact of solvent molecules, the centered
cation itself can exhibit profound effect on the geometrical solva-
tion structure. Pham et al. analyzed the first solvation shell of dif-
ferent cations (Li+ ion, Na+ ion, and K+ ion) in EC solvent.[31] The
simulation displayed that the Li+ ion exhibits a well-defined first
solvation shell while the larger Na+ ion and K+ ion show more
disordered and flexible solvation structures. These results illus-
trate that both the coordination number and average bond length
increase with increasing cations size. According to Equation (1),
the interaction between cations and solvent molecules is mainly
electrostatic. Thus, the larger radius of cations should result in
weaker force between the cations and the oxygen atoms of the
solvents, which in turn induces disordered and flexible structure
(including the increased coordination number and bond length).

3.2.3. Thermodynamic Descriptors

Another approach to describe the solvation behavior in SIB elec-
trolyte uses thermodynamic variables. These variables include:

1) Binding energy (ΔEb), which reflects the strength of the in-
teractions between cations and solvent molecules. It could be
calculated based on the difference in energy between the sol-
vation complex and the constituents that make the complex
(solvent molecule (SM) and Na+ ion):

ΔEb = E(complex) − (n ⋅ E(SM) + E(Na+ion)) (4)

2) Free energy of solvation (ΔGsol), which refers to the part of
the reduced internal energy that can be converted into exter-
nal work in a certain thermodynamic process. The solvation
process is easier to occur for ΔGsol < 0.

For the solvation process, ΔGsol could be calculated using the
following equation:

ΔG(sol) = G(complex) − (n ⋅ G(SM) + E(Na+ion)) (5)

3) LUMO and HOMO energy levels (LUMO/HOMO), which de-
note the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of the solvated
Na+ ion-solvents. The energy difference between the HOMO
and LOMO is defined as band gap.

These thermodynamic descriptors are summarized for
sodium ions in different carbonate solvents in Table 2, which
is based on the simulations done by Fard et al.[30] Obviously,

Table 2. Thermodynamic descriptors of different Na+ ion-solvent com-
plexes.

Solvents ΔEb [kcal mol−1] ΔGsol [kcal mol−1] LUMO/HOMO
(pure solvents) [eV]

Na-EC −115.73 −71.63 −2.44/−12.7 (−0.38/−10.45)

Na-VC −79.22 −56.60 −2.83/−11.7 (−0.24/−8.82)

Na-PC −101.16 −69.36 −2.31/−12.77 (−0.37/−10.34)

Na-BC −88.08 −64.13 −2.52/−12.97 (−0.36/−10.29)

Na-DMC −97.71 −45.59 −2.76/−13.36 (−0.04/−10.3)

Na-EMC −88.68 −50.37 −2.87/−13.19 (−0.06/−10.22)

Na-DEC −74.08 −46.07 −1.84/−15.69 (−0.07/−10.14)

the binding energy between the Na+ ions and EC molecules
is largest (−115.73 kcal mol−1) among all single-component
solvents, denoting the strong interactions during the solvation
process. In contrast, DEC exhibits the smallest binding energy
of −77.02 kcal mol−1, indicating a weak solvation process. The
simulation results are consistent with our previous analysis
that solvation interactions show explicit dependency on the
dipole moments of solvent molecules. In addition, the ΔGsol also
illustrates a similar result where the solvation process is easier
to occur for Na+ ion in EC solvents (−71.63 kcal mol−1). Fard
et al. further clarified that ΔGsol is proportional to permittivity
in most solvents. This means that improving the permittivity
of the solvents would benefit the solvation process of Na+ ions.
Interestingly, the VC molecules do not fit such correlation due
to their extremely large permittivity.

Moreover, on the basis of orbital energy and density of state
(DOS) calculations, the HOMO and LUMO energy levels of sev-
eral solvents (after solvation) are given in Table 2. It is worth not-
ing that all Na+-solvent complexes exhibit a negative shift (i.e.,
the lower HOMO compared to the isolated or bare solvent) after
forming the solvation structure. This shift indicates that the sol-
vent molecules become more resistant to oxidation after solvation
with the Na+ ions. Also, we see that the Na+-DEC complex shows
a good thermodynamic stability with a large band gap of 13.85 eV,
while the Na+-VC shows inferior thermodynamic stability with a
small band gap of 8.87 eV.

Aiming at investigating the solvation process, Okoshi et al. uti-
lized the different simulation method (B3LYP/cc-pVDZ(-PP)) to
calculate the solvation energy of Na+ ion (∆Esol) in various or-
ganic solvents.[81] In fact, the solvation energy is equal in magni-
tude but opposite in sign to the binding energy, as mentioned
before. The results indicate that the ∆Esol of Na+ ion is: APN
(186.3 kJ mol−1) > DMSO (169.1 kJ mol−1) > PC (157.3 kJ mol−1)
>EC (151.9 kJ mol−1)>DEC (147.5 kJ mol−1)>ATN (acetonitrile,
137.4 kJ mol−1)>NM (nitro methane, 118.1 kJ mol−1). Obviously,
the common carbonates demonstrate a moderate solvation en-
ergy which is considered to be the favorable solvent candidates for
both solvation and de-solvation process. By fitting and analysis,
Okoshi et al. further concluded that there is a linear relationship
between the chemical hardness (𝜂), electrostatic potential (𝜎) and
the ∆Esol.

ΔEsol = −24.7𝜂 + 286.6 (6)

ΔEsol = 0.37𝜎 + 114.3 (7)
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Figure 8. Illustration of the impact of solvation process on the electrochemical performance.

These relationships indicate that increasing the electro-
static potential or decreasing the chemical hardness of solvent
molecules confers a feasible avenue to improving the solvation
energy.

4. Impact of Solvation Process on the
Electrochemical Performance

Based on the previous discussion, the solvation process can be di-
vided into three separate steps (Figure 8). These include the dis-
solution and solvation process of sodium ions in organic solvents
(step I); this step has a clear impact on the electrolyte conductivity,
as discussed in the section titled “sodium salts.” The next migra-
tion process of sodium ions in organic solvents occurs (step II);
this step is also critically important for determining electrolyte
conductivity. The third step is the de-solvation process of sodium
ions at the interface between electrolyte and electrode (step III);
this process greatly influences the ion intercalation behavior. It
is worth pointing out that all three steps are driven by the inter-
action between cations, solvent molecules, and anions. For in-
stance, in step I, the interaction of anions and cations in salts de-
cides the lattice energy of salt and the interaction of cations and
solvent molecules decides the solvated energy. In this regard, on
the one hand, the week coordinated anion-based sodium salts are
developed to enhance the solubility. On the other hand, the sol-
vents with high donor number are investigated to improve the
solubility of salts.

In step II, the mobility of sodium ion also is subject to the
interaction between cations and anions as well as solvents and
solvents. The strong coordination between the cations and an-
ions would inhibit the transport of solvated sodium ions. Like-
wise, the intense interactions, such as hydrogen bond, between
solvent molecules would result in the elevated viscosity, in turn
suppressing the ion mobility. However, both the step I and step II
only influence the electrolyte conductivity, thereby inducing the
rate performance of SIBs decrease. On the contrary, the step III
is a more intricate process, which encompasses the de-solvated
process, the decomposition of solvents and anions on the sur-
face, striding across the energy barrier and passing through the
SEI. These processes become the rate determining step, signif-
icantly affecting the capacity, rate performance, voltage window,
coulombic efficiency, and cycle stability.

From the above discussion, it is clear that the solvation struc-
ture plays a crucial role in the electrochemical behavior of batter-

ies. In the next section, several cases of modulating the solvation
structure to optimize sodium ion battery performance are dis-
cussed.

5. Modulating the Solvation Structure to Optimize
Battery Performance

The solvation structure of electrolytes essentially consists of
cations, solvent molecules, and anions, as has been discussed in
detail in Section 3. Therefore, the solvation shell could be mod-
ulated by adjusting these three ingredients to change the inter-
actions between the different components, in turn having an im-
pact on the step I, II, and III of electrochemical processes. Before
analyzing various modulating strategies in detail, it is necessary
to emphasize the difference between SEI theory and solvation
theory.

5.1. SEI and Solvation Structure

As mentioned above, SEI is defined as the solid electrolyte in-
terface, which was first proposed by Peled in 1979.[21] Generally,
SEI is composed of insoluble products of the reaction of metal
anode with the electrolyte solution (Figure 9a). This reaction is
a thermodynamically spontaneous process, meaning that once
the metal is immersed in the electrolyte, the metal surface will
be covered with the SEI layer. The thickness of the layer is de-
termined by the electron tunneling range. The SEI is typically
electronically insulating but ionically conducting. Thus, once the
initial SEI is formed, these characteristics suppress further de-
composition of solvents and salts at the interface and extend
the LUMO and HOMO levels as shown in Figure 9a. Subse-
quently, Smith. et al. revealed the dynamics of SEI formation
process.[82] They pointed out that the SEI is not constant, but
rather the solvents and salts undergoes decomposition during
the charge and discharge process to continuously replenish SEI.
Since the SEI layer is not completely electronically insulated,
electron-tunneling or transfer can still occur across these inter-
phases under certain conditions, such as reaching a sufficient
polarization potential, as evidenced by the use of redox shuttle
chemicals for the purpose of over-charge protection. In addition,
a more compact SEI structure can suppress the decomposition of
the electrolyte, and the SEI is a natural barrier to prevent the co-
intercalation of solvent molecules and cations, thereby avoiding
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Figure 9. SEI theory and solvation theory. a) Illustration of SEI in a battery. b) Schematic view of the two proposed models to explain the stability of
a graphite anode in an Li ion battery. c–f) SEI mediated electrochemical performance. g) Raman spectra of S-N-S bending motions for TFSI− in an
electrolyte using I) DME, II) DOL, and III–VI) DOL/DME as solvents. h) Top: RDF of Li+ to the oxygen of DME and DOL; Bottom: RDF of Li+ to the
oxygen of TFSI− in the electrolytes with (red) and without (black) NO3. i,j,k) Schematic view of the first shell of Li+ in different solvents, where DME is
the dominant solvent component. Reprinted with permission.[24] Copyright 2018, American Chemical Society.

the incompatibility of electrolyte and electrodes. The SEI theory
has been widely accepted in the metal ion batteries, such as LIBs,
SIBs and PIBs.[3,18]

Recently, some findings show that SEI can be influenced
by the electrolyte solvation structure. The SEI derived from
different solvation structure exhibits significant variation in
its composition, film thickness, and morphology.[83–86] For in-
stance, the cation solvation structure in ultrahigh concentra-
tion electrolytes will lead to the formation of an anion-derived
SEI.[34] Such anion-derived SEI shows great advantages com-
pared with the traditional solvent-derived SEI, such as stability
and sodiation−desodiation kinetics.[35] However, the influence of
electrolyte solvation structure may not entirely control SEI prop-
erties. It is just another viewpoint the complements, not replaces,
the traditional SE theory.

Hence, Ming et al. proposed a new concept to explain the
graphite anode stability in LIBs.[24] They argued that Li coordi-
nation in the electrolyte can explain the graphite anode stabil-
ity instead of the conventional SEI theory (Figure 9b). Their ex-
perimental results showed that the graphite anode could be cy-
cled stably in carbonate-based electrolyte (e.g., 1.0 m LiPF6 in
EC/DMC (v/v, 1/1)). Normally the reason for this observation is
attributed to the SEI formation on the surface of graphite (Fig-
ure 9c). However, if the SEI coated graphite (formed after cycling
battery in the carbonate-based electrolyte) is assembled in a new
battery using ether electrolyte (e.g., 1.0 m LiTFSI, 0.4 m LiNO3
in DOL/DME (v/v, 1/1), abbreviated as 1.0 m/0.4 m), graphite
exfoliation was observed, which indicated that Li+-solvent co-
insertion had occurred. However, in a higher salt concentration

(2.5 m/0.4 m), the graphite anode could work normally in ether,
indicating that no Li+-solvent co-insertion had occurred (Fig-
ure 9d). This result indicates that the SEI layer was unable to pro-
tect the graphite anode effectively in ether electrolyte. On the con-
trary, the concentration of metal salts (1.0 m/0.4 m vs 2.5 m/0.4 m)
had a relatively significant impact on the graphite exfoliation be-
havior. Furthermore, Figure 9e tested the graphite in high con-
centration ether electrolytes, where Figure 9f shows the electro-
chemical performance of SEI-coated graphite in ether at low con-
centration (1.0/0.4 m) and in carbonate electrolytes. According
to the comparison, the graphite anode in the low concentration
ether was not stable. These observations cannot be explained by
the conventional SEI theory: how can SEI-coated graphite anode
exhibit exfoliation (i.e., Li+-solvent co-insertion) if the SEI can
stabilize the graphite anode? Additionally, how can the concen-
tration of salts and solvent type used in the electrolyte have such
strong influence on graphite performance (i.e., reversible Li+ (de-
)intercalation versus Li+-solvent co-insertion causing graphite ex-
foliation)?

Ming et al. further analyzed the salt concentration effect on
graphite stability. The Raman S-N-S bending frequency in TFSI−

can be shifted depending on the interaction with Li+ ions (Fig-
ure 9g). Typically, it can be divided into a few peaks associated
with different aggregation states including “free ion” (FI) (737
cm−1),“loose ion pair” (LIP) (741 cm−1), “intimate ion pair” (IIP)
(745 cm−1), and “aggregated ion pair” (AIP) (747 cm−1). Obvi-
ously, higher salt concentration strengthens the interaction be-
tween salt ion pairs, leading to the formation of aggregated ion
pairs. Such interaction between the cations and anions weakens
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Figure 10. Electrochemical performance of electrolytes using different anion-based salts. A) Cycling performance of Sn anode in 1.0 m NaPF6, NaCF3SO3,
or NaClO4 in DME. b) Sn@SEI electrodes in different electrolytes. c) Sn@SEI electrodes in the 1.0 m NaPF6 in DME electrolyte. Reproduced with
permission.[25] Copyright 2020, American Chemical Society. d) Coulombic efficiency in different electrolytes. e) The voltage–time curves of Na | Na
symmetrical cells in different electrolytes. Reproduced with permission.[36] Copyright 2020, American Chemical Society.

the interaction between cations and solvent molecules signifi-
cantly (Figure 9g). Figure 9h shows the radial distribution func-
tion (RDF) of Li ion to the oxygen of solvents (DOL and DME, the
top figure) and the Li ion to the oxygen of the TFSI– anions (bot-
tom figure) with and without the addition of NO3

–. The results
show the DME molecules tended to occupy the first solvation
shell compared with the DOL molecules. In addition, the addi-
tion of NO3

– changes the solvation structure to replace the TFSI–

anions. Finally, combining with the molecular dynamic simula-
tions (Figure 9i–k), the addition of NO3

– introduced a negatively
charged region, which interacted with more adjacent Li+ ions to
form larger aggregates, in turn weakening the Li+-solvent inter-
action.

In short, the mainstream strategies to optimize the elec-
trolytes, such as adding additives, using multiple solvents and
changing the anions have been considered to help the forma-
tion of better SEI according to the conventional SEI theory. How-
ever, the effect of solvation structure in the electrolytes should
not be ignored. The internal interactions between additives and
cations, cations and solvents, additives and anions, anions and
cations can alter the solvation structure, which has strong ef-
fect on the electrode performance, such as the strength of Li+-
solvent interaction affecting the graphite performance, that is,
reversible Li+ (de-)intercalation versus Li+-solvent co-insertion
causing graphite exfoliation.

5.2. Adjusting the Anions

One of the most effective ways to optimize the solvation struc-
ture is to adjust the anions in electrolytes. Strong electrostatic
interaction between anions and cations leads to the formation of

ion pairs, thus inhibiting the mobility of cations. Also, ion pairs
can promote the formation of ion clusters, leading to a tighter
solvation shell and inhibiting the de-solvation process of cations.
Thus, modulating the anions to break up the strong interaction
between ion pairs serves to improve the electrochemical perfor-
mance.

5.2.1. Impact of Anions on Solvation Structure

In order to confirm the impact of anions on solvation struc-
ture, Ming et al. investigated the solvation behavior of different
anions in SIBs.[25,36] First, the authors researched Sn alloy an-
odes in the three different anion-based electrolytes, including
NaPF6, NaCF3SO3, and NaClO4 in DME solvents. As shown in
Figure 10a, Sn anode displays a durable cycling performance in
electrolytes containing PF6

– anions; however, the Sn anode is in-
compatible with electrolytes containing CF3SO3

– and ClO4
– an-

ions. In addition, Figure 10b,c shows that the SEI formed on Sn
anode in the NaPF6 electrolytes cannot protect (stabilize) the Sn
anode when cycling in incompatible electrolytes. On the contrary,
after undergoing several cycles in incompatible electrolytes (e.g.,
NaPF6 in PC, NaClO4 in DME), the Sn anode can work well (re-
mains stable) in the compatible NaPF6. These results show that
the electrolyte composition (e.g., solvation structure) dominates
the anode performance rather than the formed SEI. Furthermore,
the influence of anion type on electrochemical performance was
confirmed by Na plating/stripping process in the Na | Cu half
cells and Na | Na symmetrical cells (shown in Figure 10d,e). Ob-
viously, the Sn anode demonstrates a more stable performance
in electrolytes containing PF6

– anions. These electrochemical re-
sults show that electrolyte composition, especially the type of an-
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Figure 11. Reported examples effect of anion on the solvation structure. a) Typical model of anion, demonstrating the Na+-anion/solvent binding
energy (L) and the half distance between the adjacent anion/solvent (B). Anionic interfacial model describing the electrolyte-sodium anode interface.
The model for 1.0 m DME-based electrolyte using different metal salts including b) NaPF6, c) NaCF3SO3, and d) NaClO4, respectively. Reproduced with
permission.[36] Copyright 2020, American Chemical Society. e) The solvation structure change induced by addition of NO3

− anions. Reproduced with
permission.[83] Copyright 2019, American Chemical Society. f) The influence of TMP for TFSI− anions (Zn, violet; O, red; N, blue; C, gray; S, yellow; F,
cyan; H, white). Reproduced with permission.[87] Copyright 2020, Wiley VCH.

ions, has a profound impact on the electrochemical performance
by changing the dominant solvation behavior.

To this end, the specific impact of anions on solvation structure
was studied further. The authors utilized two parameters to de-
fine the stability of solvation structure: i) B value, which reflects
the half distance between adjacent ions or molecules and can de-
scribe the arrangement of the anions and solvent molecules. A
higher B value means a looser stacking arrangement (i.e., loose
binding) in the solvation shell. ii) L, as the binding energy be-
tween cations and anions, which denotes the strength of inter-
action between cations and anions. As shown in Figure 11a, the
ClO4

– anions show low binding energy with Na+ ion and small
stacking volume (low B value). This result implies that ClO4

– an-
ions exhibit a high degree of freedom and can move freely to es-
cape the solvation shell, thereby inducing side reactions. In con-
trast, CF3SO3

– anions seem more confined due to the strong in-
teraction with Na+ ion. In this regard, the side reactions can be
decreased compared with the ClO4

–. However, the compact in-
teraction with Na+ ion inevitably brings CF3SO3

– anions to the
electrode surface during the de-solvation process. The PF6

– an-

ions (Figure 11a) show a moderate binding energy and B volume
with the Na+ ions by virtue of the DME solvents. Therefore, the
simplified solvation structure and its arrangement near the an-
ode surface are depicted in Figure 11b–d. Unlike the CF3SO3

–

anions, the PF6
– anions are located at a place far away from the

interface, which effectively reduces the interface side reactions
and promotes the de-solvation process. Zhang et al. also eluci-
dated the role of NO3

– anions in Li ion solvation sheath.[83] They
found that the solvation structure of original FSI− anions in the
solvation sheath is altered by the introduction of NO3

– anions,
promoting the complete decomposition of FSI− and forming a
stable SEI on the Li metal anode (Figure 11e).

Recently, Chen at al. also introduced the strongly electron-
donating solvent, TMP, into the TFSI-EMC electrolyte, achiev-
ing a stable Zn/graphite cell.[87] The adding of TMP can weaken
the interaction between TFSI– and EMC because of the preferen-
tial sequestration of anions into solvating TMP domains around
the metal cations. Thus, the anions are confined far way with
the electrode interface, in turn decreasing the side reactions (Fig-
ure 11f). In brief, it is now recognized that anions play critical role
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Figure 12. Design of new WCAs for SIBs. a) Synthesis route of Na+[MCTFSI]−. b) 3D molecular structure of Na+[MCTFSI]− salts. Reproduced with
permission.[90] Copyright 2019, Wiley VCH. c) Synthesis route of Na+[TDI]− and Na+[PDI]−, where the R represents –CF3 (TDI−) or –CF2CF3 (PDI−).
d) Extended view of coordination environment of the sodium cation in Na+[TDI]−-PC. e) Extended view of coordination sphere of the Na+ cation in
Na+[PDI]−-PC. f) View of 3D square grid supramolecular network of Na+[TDI]−-PC projected onto the (1 0 0) plane. g) View of the 1D ladder-like
coordination polymer running along [010] direction in Na+[PDI]−-PC. h) TG curves with derivative signal of NaTDI (left) and cyclic voltammograms of
NaTDI-PC electrolytes vs Na/Na+ electrodes. Reproduced with permission.[91] Copyright 2014, American Chemical Society.

in the solvation process, and SEI formation theory, while impor-
tant, may not be the only factor that can be used to tune electrode
stability. Therefore, there is huge room to optimize the battery
performance by modulating the anion behavior.

5.2.2. Weakly Coordinating Anions

As mentioned in Section 2, the WCAs exhibit a significant feature
of negative charge delocalization over the anions. This feature
makes the coordinated bond between cations and anions much
weaker. On the one hand, the weaker coordinated bond results
in the higher solubility of salts with reduced lattice energy. On
the other hand, from the perspective of solvation, the weaker co-
ordination would reduce the ion pairs and favor loose solvation
shells in the electrolytes. According to Riddlestone et al.,[88] the
design principles for a good WCA are relatively rigorous. First,
the WCA charge should be low and at best univalent to weaken
the electrostatic interaction with cations. In this regard, a large
size anion would minimize residual coulombic attraction and fa-
cilitate dissolution in low polarity solvents. Second, the charge
has to be highly delocalized over the entire entity and no ba-
sic (thermodynamics) or nucleophilic (kinetics) sites should be
available, as they are typical coordination sites and might repre-
sent the first step toward ion pairing and further WCA degrada-
tion. Third, the WCA should only be constructed from chemi-

cally robust moieties to withstand partnering with very reactive
cations/intermediates. Finally, the polarizability of the WCA sur-
face should be low. These basic requirements often lead to the use
of fluorinated entities as construction units of a WCA, as these
typically fulfill all the requirements.

There are a series of WCAs which has been reported, such
as the typical [PF6]–[CF3SO3]–, [BF4]–, and [ClO4]–. In addi-
tion, the prominent amongst alternative anions are sulfonyl
substituted bis-imides, such as [TFSI]– and its smaller ana-
logue [FSI]–, which have relatively favorable ion conductivity
and electrochemical stability. Subsequently, a hybrid between
FSI and TFSI. Other notable asymmetric sulfonyl-imide anions
are nona-fluorobutanesulfonyl(trifluoromethanesulfonyl)imide
and fluorosulfonyl(pentafluoroethanesulfonyl)imide (FPFSI).[89]

Recently, Gunderson-Briggs et al. report a new asymmet-
ric sulfonylimide anion which represents a hybrid between
triflamide and carbonate, which is named methylcarbon-
ate(trifluoromethanesulfonyl)imide (MCTFSI).[90] The relative
sodium salt was synthesized according to Figure 12a. The three-
dimensional molecular structure diagram of the sodium salts
was shown in Figure 12b. Obviously, the conformational arrange-
ment is different from the TFSI anions which adopts a cis con-
formation in alkali-metal salts, attributed to the trigonal pla-
nar carbonyl group replacing the tetrahedral sulfonyl group and
the resulting unique coordination environment around Na. The
proton affinity energies were further calculated, which reached
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−565.5 kJ mol−1. This is in the −650 to −550 kJ mol−1 range on
the proton affinity scale, and is similar to commonly used highly
charge-delocalized anions.

However, a challenge with the imide-based salts is the
formation of a passivation layer on Al current collectors,
which complicate the synthesized process of the imide-
based salts. In 2004, Plewa-Marczewska et al. reported two
imidazole fluorine derivative sodium salts: 4,5-dicyano-2-
(trifluoromethyl)imidazolate (NaTDI) and sodium 4,5-dicyano-
2-(pentafluoroethyl)imidazolate (NaPDI).[91] Compared with
the imide based WCAs, the aromatic WCAs exhibit a simpler
synthesis route, which is shown in Figure 12c, where the R
groups represent –CF3 (TDI–) or –CF2CF3 (PDI–), respectively.
The solvation structure of NaTDI and NaPDI in PC solvents
was shown in Figure 12d and e. In Figure 12d, the coordination
sphere around the Na+ centers comprising four TDI– anions
and one PC molecule. Two of the dicyanoimidazolato ligands
are coordinated through the nitrogen atom of the imidazole
ring, and the remaining two are bound by the cyano groups.
Additionally, the solvation shell is completed by one coordinated
PC molecule. Noting that the TDI– anions act as a four dentate
N-donor bridging ligand linking adjacent sodium ions, which
results in a metal–organic framework as shown in Figure 12f,
while PC molecules occupy cavities of 3D framework. Similar
with the TDI– anions, the solvation structure of NaPDI in PC
solvents encompasses three PDI– anions and two PC molecules.
Two of the PDI– anions are coordinated with the cyano groups,
and the third one chelates metal with the imidazole nitrogen
and fluorine atoms. In addition, the PC molecules capture two
coordination sites of the Na+ cation; in this regard, one of four
imidazole donor centers remain uncoordinated, and dicyanoim-
idazolate anions in crystal lattice of NaPDI acts as tridentate
ligand. This results in formation of ladder-like coordination
polymer propagating in the direction of the Y axis, as depicted in
Figure 12g. PC molecules are located above and under the plain
of the ladder constituting isolated rods arranged in the form of
close-packed columnar structure. Aside from the structure infor-
mation, the ionic conductivity of these two salts in PC solvents
was evaluated (for NaTDI: 0.5 m, 3.71 mS cm−1; 1 m, 3.78 mS
cm−1 and for NaPDI: 0.5 m, 3.79 mS cm−1; 1 m, 3.83 mS cm−1).
It is worth considering that the ionic conductivity is significantly
low compared with the market available sodium salts, such as
NaPF6, NaClO4, and NaTFSI in PC (which is between 6 and
8 mS cm–1 at room temperature).

In our view, regardless of NaTDI or NaPDI, the WCAs exhibit a
large amount of various coordinated sites, such as ring nitrogen,
cyano groups, fluorine in the substituent groups and carbonyl
group oxygen in the PC solvents. Therefore, the six-coordinated
Na+ cations could form the complete first solvation shell. On the
basis of this, it is inevitable that ion pairs will form and inhibit
ionic conductivity. Nevertheless, a long-distance framework type
ordering of both TDI− and PDI− anions are beneficial for the
structural stability and electrochemical stability, which possess
a thermal stability over 300 °C and voltage window over 4.5 V
(NaTDI) and 4.2 V (NaPDI) (Figure 12h).

The WCAs are one of the most effective strategies to enhance
the kinetic performance, not only in the bulk electrolyte but also
at the interface. Moreover, apart from the beneficial coordina-
tion properties, some research indicated that most WCAs exhibit

superior oxidative stability,[88,92,93] which allows these salts to be
compatible with high voltage electrode materials. This is because
the anions’ difference in solvation structure can change the inter-
facial model (i.e., interaction between the anion, solvent, cations
and electrode) on the electrode surface.[39] However, thus far, the
development of new WCAs entails is progressing very slowly, due
to the intricate synthesis process and multiple design require-
ments. Therefore, research on designing new WCAs for non-
aqueous electrolytes is needed since, despite the challenges, it
has great potential.

5.2.3. Anion Receptor Additives

In addition to adjusting the coordination structure and electron
delocalization degree of anions, introducing anion receptor addi-
tives is another avenue to modulate the solvation structure and
enhance electrochemical performance. Generally, anion recep-
tors are a class of organic ligand that could efficiently and se-
lectively coordinate with the anions and negatively charged func-
tional groups like carboxylate and phosphate through 𝜋–𝜋 coordi-
nation bonds or hydrogen bonds in the electrolytes.[94] The strong
interaction between receptor additives and anions, weakens the
electrostatic interaction between anions and cations, thereby re-
ducing ion pair formation and improving ionic mobility. How-
ever, a one key drawback lies in the enhanced decomposition of
electrolytes due to the addition of anion receptor additives; such
decomposition thickens the SEI layer, and in turn damages the
rate performance of metal ion batteries. Taking this into account,
an improved formulation is needed to maximize the functional-
ity of the anion receptor additive and minimize its negative effect
on the rate performance.

Although there have been some reports on using anion recep-
tor additives in LIBs,[95–97] there are currently no reports on using
anion receptor additives in SIBs. Therefore, we use the LIB as an
example to clarify this idea. The boron-based anion acceptor addi-
tives are the most widely used in LIBs due to their higher fluoride
affinity to coordinate with the fluorine atoms in the commercial
PF6

–, TFSI–, and FSI–. Lee et al. did substantial work related to
the boron-based anion acceptor additives, including exploring
the new functional anion acceptor additives, investigating the
impact of additives on ionic conductivity, and the negative effect
on interface resistance.[98] For example, Lee and his collaborators
synthesized a series of boronate compounds with different flu-
orinated aryl and fluorinated alkyl groups, shown in Figure 13a.
When these receptors were used as additives in DME solvents,
a striking increase of ionic conductivity was obtained.[98] The
conductivity of three different lithium salts (i.e., LiF, CF3COOLi,
and C2F5COOLi) was studied with the same additive concentra-
tion, as shown in Figure 13b. It is worth noting that the LiF salts
are almost insoluble in bare DME solvents. As for the CF3COOLi
and C2F5COOLi salts, the addition of anion receptor additives
significantly improves the conductivity of the solution by two
orders of magnitude. They further showed that the degree of
complexation is closely related to the structures of the fluorinated
aryl and alkyl groups, which act as electron-withdrawing groups.
Despite the fact that the conductivity was enhanced systemati-
cally, the electrolyte decomposition was accelerated using these
additives.
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Figure 13. Selected examples on using anion acceptors in LIBs. a) Chemical structure of boronate-based anion receptors. b) Conductivity summary of
three salts with the addition of different additives. Reproduced with permission.[98] Copyright 2004, The Electrochemical Society, Inc. c) Cycle performance
with different anion receptor additive adding. d) The corresponding EIS plots of (c). Reproduced with permission.[94] Copyright 2010, American Chemical
Society. e) Scheme of the functioning mechanism of TPFPB: (left) Thick passivation layer formation in baseline electrolyte; (right) significantly reduced
passivation layer formation in TPFPB added electrolyte. Reproduced with permission.[95] Copyright 2014, Elsevier B.V. f) Schematic diagram of the
cathode and electrolyte interphase with and without the additive. For simplicity, only Mn cations are shown on the cathode surface. Reproduced with
permission.[97] Copyright 2017, American Chemical Society. g) Schematic illustration of the structural changes of Li metal anodes and property of
electrolyte: (up) without TTFEB; (down) with TTFEB. Reproduced with permission.[99] Copyright 2018, Elsevier B.V.

Qin et al. investigated the electrochemical performance
of four different anion receptor additives, including 2-(2,4-
difluorophenyl)tetrafluoro-1,3,2-benzodioxaborole (AR01),
2,5-bis(trifluoromethylphenyl)tetrafluoro1,3,2-benzodioxaborole
(AR02), tris(1,1,1,3,3,3-hexafluoroiso- propyl) borate (AR03), and
bis(1,1,1,3,3,3-hexafluoroisopropyl)pentafluorophenylboronate
(AR04).[94] Figure 13c displays the discharge capacity of assem-
bled LIBs that were cycled between 3.0 and 4.0 V with a constant
current of 1C at room temperature. The baseline electrolyte was
1.2 m LiPF6 in EC/EMC (3:7). It was obvious that the addition of
AR01 and AR04 caused drastic decrease of capacity compared to
the case without anion receptor additives. For AR03 and AR04
additives, a slight capacity enhancement was observed. Elec-
trochemical impedance analysis showed that the AR01, AR02,
and AR04 additives can significantly enlarge the impedance,
especially AR02 which increased impedance by more than ten
times (not shown in the Figure 13). In addition, the anion
receptors mostly affected the low-frequency semicircle (in the

range of tens of hertz) in the impedance spectra, which is related
to the charge transfer reaction at the SEI (Figure 13d). These
results show that accelerated decomposition of electrolyte can
cause thicker SEI thicken. Therefore, careful balance between
increased conductivity and increased interface resistance must
be maintained when adding anion additives.

Recently, some new anion receptor additives also
were explored, such as tris (2, 2, 2-trifluoroethyl) bo-
rate (TTFEB),[97] superhalogen based anion recep-
tors (B[C2HBNO(CN)2]3,[96] B[C2HBNS(CN)2]3,[96] and
B[C4H3BN(CN)2]3),[96] tris(pentafluorophenyl)borane ((C6F5)3B,
TPFPB), etc. For instance, Zheng et al. proposed that TPFPB as
an anion additive. They showed that it could effectively confine
the highly active oxygen species released from structural lattice
of the Li-rich, Mn-rich layered composite, attributed to its strong
coordination ability and high oxygen solubility (Figure 13e).[95]

Such coordinated structure mitigated the electrolyte decompo-
sition caused by the oxygen species attack, in turn reducing
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Figure 14. The solvation behavior of different solvent-based salts in SIBs. a) Proposed coordination structure of Na+-solvents pairs, in which the
opportunities of PF6

− to contact the Na+ were presented. b) The interface model of Na+-DME-PF6
−, c) Na+-EC/DEC-PF6

−, and d) Na+-PC-PF6
−.

Reproduced with permission.[25] Copyright 2020, American Chemical Society. e) The solvation structure of Zn2+ with DMSO adding. Reproduced with
permission.[100] Copyright 2020, American Chemical Society.

the amount of byproducts on the cathode surface. Additionally,
the inorganic products (Li2O and LiF) were soluble in TPFPB
containing electrolytes, which caused only a thin layer on the
surface of cathode, reducing the interfacial resistance.

Similarly, Ma et al. utilized a new boron-based anion receptor
(TTFEB), as an electrolyte additive in cells containing an Li- and
Mn-rich layered oxide cathode, Li1.16Ni0.2Co0.1Mn0.54O2.[97] In
the presence of only a small amount of TTFEB additive, LiF and
Li2CO3 were reduced, yielding phosphorus-containing species
such as LiPxFy and LixPOyFz. This likely promotes more free
movement of Li ions and electrons, better utilization of the
cathode material, and overall higher capacity. In addition, the
reduction of tetravalent Mn4+ at the cathode surface was also
minimized, as shown in Figure 13f. Subsequently, the TTFEB
anion receptor additive was applied in a lithium metal battery.[99]

Due to the strong coordination with the PF6
– anions, the lithium

transference numbers could be enhanced significantly. The
increased lithium ions transference numbers on the one hand
induced a larger Sand’s time 𝜏, suggesting longer lifetime of the
cell before the Li dendrite growth that enable uniform Li deposi-
tion on the Li metal anode. On the other hand, such high lithium
ions mobility was beneficial for the rate performance of batteries.
Additionally, the fluorinated groups participated in the forming
of LiF-rich SEI layer on the Li metal surface to some extent, in
turn spurring the uniform dendritic growth of metal lithium
(Figure 13g).

In short, the interaction between the anions and cations can be
modulated by adding anion receptor additives. The altering of sol-
vation structure markedly enhances the ion mobility of cations, in
turn improving the electrochemical performance. Furthermore,
the fluorinated groups in the anion receptors are beneficial for
the favorable SEI to inhibit the metal dendrite. However, there
are still some issues underlying on the anion receptor additives,
such as the accelerated electrolyte decomposition. Additionally,
the detailed mechanism of optimizing solvation structure orig-
inating from anion receptor additives needs is not fully under-

stood, especially from the perspective of interface arrangement
and de-solvation process.

5.3. Adjusting the Solvent Molecules

Regulating the solvent molecules seems to be a more straight-
forward strategy to optimize the solvation structure thanks to
the dominant position of solvent molecules in the first solvation
shell. The coordination ability of solvent molecules targeting the
cations basically determines the de-solvation process. Generally,
a strong coordination interaction (or dipole) inevitably leads to
cation-solvent co-intercalation such as Li+-solvent in the graphite
anode (usually described as the electrolyte incompatibility). The
cation-solvent co-insertion is highly undesirable because it leads
to structure destruction of electrode materials (i.e., graphite exfo-
liation) resulting in degraded electrochemical performance. Fur-
thermore, the intercalated solvent molecules in solid phase are
decomposed upon the charge/discharge process, releasing gases
and aggravating the side reactions, in turn significantly damag-
ing the battery performance. Nevertheless, a very weak interac-
tion between cations and solvents is also harmful to battery per-
formance due to the increased probability of ion pair formation,
thereby precluding cation migration in the bulk electrolytes.

5.3.1. Impact of Solvents on Solvation Structure

The impact of different solvents on cation solvation structure was
first investigated by Ming et al.[25,36] Combining simulations and
spectrum analysis, they proposed a coordination model to ex-
plain the reason that NaPF6 is only compatible in DME solvent
but not EC, PC, or DEC solvents. As shown in Figure 14a, the
NaPF6 in DME shows a stable solvation structure. This means
that PF6

− anions have adequate freedom of movement, and the
PF6

− does not easily make contact with the Na+ ion to form ion
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Figure 15. Solvation and interface model for different electrolyte concentration. a) Conventional electrolytes (1 m). b) Superhigh concentration elec-
trolytes. c) Ultralow concentration electrolytes. d) Localized high concentration electrolytes.

pairs because of the bidentate chelation of Na+-DME. In contrast,
the PF6

− is relatively easy to make contact with Na+ because of
the lower steric hindrance resulting from the monodentate chela-
tion of Na+-EC or Na+-PC, even though the distance of Na+ and
PF6

− might be somewhat large. Such results are in line with the
discussion presented in Section 5.2.1. The different solvents ex-
hibit distinct coordination ability with the cations, which causes
a change in anion position as well as the probability of ion pair
formation. Therefore, as depicted in Figure 14b–d, the DME sol-
vents keep the PF6

− anions far from the cations to avoid inter-
face adsorption, thereby reducing the anion decomposition and
side reactions. In contrast, the EC, PC, DEC solvents have limited
ability to retard the anion migration near the interface, resulting
in electrolyte incompatibility. Therefore, the solvent affects the
compatibility of the electrolyte to a large extent because it affects
the behavior of anions during the de-solvation process. However,
there are not many reports on the influence of different solvent
types on solvation structure in SIBs, and more in-depth research
is needed to further understand the effect of solvents on solvation
structure and the related electrochemical behavior.

5.3.2. Multiple Solvents

Early efforts to optimize solvent components mainly involved
adjusting the solvent type, typically combining various solvents
to form binary and ternary solvents. According to Bommier
et al.,[53] the most commonly used sodium ion battery electrolyte
is EC/DEC. Due to the complementary advantages of the two sol-
vents (high dielectric constant of EC and low viscosity of DEC),
these solvent mixtures can achieve a favorable electrochemical
performance. Unfortunately, there are few reports that explain
the solvation process in SIBs in the presence of multiple solvents.
Recently, Cao et al. proposed a solvation mechanism to explain
the advantage of using binary DMSO/H2O solvents in aqueous
Zn ion battery.[100] As shown in Figure 14e, the DMSO solvents
partially replace the H2O molecules in the first solvation shell
due to the higher Gutmann donor number of DMSO (29.8) com-
pared to that of H2O (18). The preferential solvation of DMSO
with Zn2+ and strong H2O-DMSO interaction inhibit the decom-
position of solvated H2O. In addition, the decomposition of sol-
vated DMSO is beneficial for the formation of good SEI. These

results showed that utilizing multiple solvents can be an effective
strategy to optimize the solvation structure, in turn achieving the
favorable electrochemical performance.

5.3.3. Adjusting the Amount of Solvents

In addition to using multiple solvents, another widespread strat-
egy to optimize solvation behavior and battery performance, is by
adjusting the number of solvent molecules. The number of sol-
vent molecules can be changed by tuning the concentration. As
shown in Figure 15a, the conventional electrolytes (usually use
1 m concentration) maintain a balanced number of anions and
solvents, which can achieve a favorable ionic conductivity and
a moderate voltage. However, side reactions can occur at high
voltage elevation because of the decomposition of free anions
and solvents near the electrode and electrolyte interface. As the
electrolyte concentration is increased (Figure 15b), the solvation
structure of Na+ ion changes. Due to the insufficient number of
solvent molecules, the cations and anions tend to from ion pairs
and anion aggregation occurs. The reduction of the number of
free solvent molecules extends the potential window due to a de-
creased solvent decomposition near the interface. In addition, if
we considered the de-solvation process of Na+ ions, the highly
concentrated electrolytes improve the diffusion process of Na+

because there is little solvent co-intercalation. Likewise, the SEI
is mainly composed of decomposition products of anions un-
like the conventional electrolytes. Although the highly concen-
trated electrolytes display an extended voltage window and fast
de-solvation process, their high cost and limited ionic conduc-
tivity (high viscosity) are major limitations. Therefore, an oppo-
site strategy of using ultralow concentration electrolytes has been
proposed.

As shown in Figure 15c, the dilute electrolytes exhibit suffi-
cient number of free solvent molecules and the solvation process
of salts occurs easily. Such dilute electrolytes effectively decrease
the cost and extend the working temperature range of batteries.
But due to the surplus of free solvent molecules, the potential
window is reduced. Moreover, the cation-solvent co-intercalation
is hard to avoid. Therefore, localized high concentration elec-
trolytes have been proposed as a compromise. As depicted in Fig-
ure 15d, an inert solvent is introduced to “dilute” the concentrated
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Figure 16. Illustration of superhigh and ultralow concentration electrolytes. a) Solvation behavior and interface model in the electrolyte of 5 m NaFSI
in DME. b) The varied physical and chemical properties of electrolytes changed by the concentration. c) The changed conductivity and viscosity by
decreasing the concentration. Reproduced with permission.[111] Copyright 2020, American Chemical Society.

electrolyte without changing the local coordination environment
of the concentrated electrolytes. Such strategy not only decreases
the total cost and electrolyte viscosity, but also maintains the local
high concentrated coordination environment, achieving a high
voltage window and stable electrochemical performance. In the
next section, some examples of these different electrolytes are dis-
cussed.

Superhigh Concentration Electrolytes: Superhigh-
concentration electrolytes have attracted great attention in
recent years since an improved performance can be obtained by
employing such electrolyte technology. The earliest reports of
superhigh-concentration electrolytes date back to 1985. McKin-
non and Dahn showed that co-intercalation of Li+-PC into ZrS2
layered material can be avoided by using a saturated electrolyte;
in contrast, they observed significant co-intercalation in 1 m
electrolyte.[101] In 2003 Jeong et al. found that graphite can be
compatible with PC solvents as long as the electrolyte concen-
tration was enough high.[102] However, the earliest research on
using highly concentrated electrolytes in SIBs was only reported
in 2014 by Terada et al. investigated the properties of tetraethy-
lene glycol dimethyl ether (tetraglyme/TEGDME) and NaTFSI

mixtures. The authors revealed the formation of a “solvate ILs” in
which [Na(tetraglyme)]+ cationic charge carriers are formed for
equimolar ratio of NaTFSI:tetraglyme. The prepared electrolyte
exhibited an ionic conductivity of 0.61 mS cm−1 (at 30 °C) and
an electrochemical window stability of 4 V versus Na/Na+.[103]

Guo et al. used a high-concentration 4 m NaFSI/triglyme as
electrolyte to fabricate SIBs with excellent performance.[104]

In 2017, Lee at al. presented an ultraconcentrated electrolyte
composed of 5 m NaFSI in DME for Na metal anodes coupled
with high-voltage cathodes.[35] As shown in Figure 16a, the
compact interactions between solvent molecules and Na+ ions
could decrease the number of free DME molecules dramati-
cally, in turn inhibiting Na dendrite formation. Many studies
followed in which highly concentrated electrolytes such as
NaFSI-diglyme,[105] NaFSI-DME,[106] NaFSI-succinonitrile,[107]

NaFSI-DMSO,[108] and NaFSI-TMP were reported.[109] Several
recent reviews have appeared covering the concept of superhigh
concentration electrolytes.[32–34,110] Although the superhigh
concentration electrolytes have shown great advances in battery
voltage and diffusion behavior, the high cost and high electrolyte
viscosity issues remain unsolved.
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Figure 17. Solvation behavior and related electrochemical performance in LHCE. a) The solvation and interface model, b) conductivity, c) viscosity, and
d) electrochemical performance of SIBs in LHCE. Reproduced with permission.[112] Copyright 2018, American Chemical Society. e) The design principle
of nonflammable localized high concentration electrolytes. Reproduced with permission.[113] Copyright 2020, American Chemical Society.

Ultralow Concentration Electrolytes: Decreasing the concen-
tration of electrolytes is an effective approach to reduce battery
cost. Different from Li+ ions, Na+ ions exhibit smaller Stokes
radius and de-solvation energy; thus, it is possible for SIBs to
employ low-concentration electrolytes to obtain enough kinetics
performance. Recently, Li et al. proposed an unusual ultralow-
concentration electrolyte for SIBs to further reduce the cost and
expand the working temperature range. Their favorable perfor-
mance benefited from the low viscosity of a dilute electrolyte and
the formed organic-dominated solid electrolyte interphase.[111]

As shown in Figure 16b, the authors summarized the change of
physicochemical properties showing that with decreasing elec-
trolyte concentration, the cost, ion conductivity, and viscosity im-
proved.

The ion conductivity and viscosity in different concentrations
of electrolytes are given in Figure 16c. It can be seen that the ionic
conductivity exhibits a downward-parabola-like relationship with
concentration; in other words, the higher the concentration is,
the slower the rate of increase in conductivity. At lower temper-
ature, the change in conductivity becomes smaller. More impor-
tantly, the viscosity increases dramatically with concentration at
a lower temperature. This result implies that high concentration
electrolytes suffer from high viscosity at lower working temper-
ature. Therefore, we can conclude that the ultralow concentra-
tion electrolytes benefit SIB performance at low temperature. The
sufficient number of free solvent molecules make it possible to
maintain a moderate electrolyte viscosity even at extreme temper-
atures. However, the poor ion conductivity is still the issue due
to the limited number of free carriers.

Localized High Concentration Electrolytes: The first attempt
using localized high concentration electrolytes (i.e., LHCE) in
SIBs was conducted by Zheng et al.[112] They effectively de-

creased the electrolyte concentration to less than 1.5 m by adding
a hydrofluoroether as an “inert” diluent. As shown in Figure 17a,
the “inert” diluent has minimal or no effect on the solvation
structure of cation−anion aggregates that exist in concentrated
electrolyte. Instead, it can significantly lower the sodium salt
concentration, reduce the viscosity (Figure 17b), increase the
conductivity (Figure 17c), and improve the wettability of the elec-
trolyte. Due to the above advantages, the adding of diluents make
the Na | Na3V2(PO4)3 battery show a favorable cyclic stability
(Figure 17d). Recently, Jin et al. reported a nonflammable LHCE
(sodium bis(fluorosulfonyl)imide-triethyl phosphate/1,1,2,2-
tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (1:1.5:2 in molar
ratio)) for highly reversible SIBs (Figure 17e).[113]

Although the LHCE meet the requirements of low cost and low
viscosity and maintaining the advantages of high concentration
electrolytes, the available component candidates are limited. Ya-
mada et al. clarified the requirements for the inert diluents in a
recent review.[32] They include: 1) low viscosity that can effectively
lower the viscosity of the entire electrolyte; 2) low cost that can
decrease the overall cost of the electrolyte; 3) appropriate permit-
tivity and coordination property that enable a high solubility of
the concentrated electrolyte, while not changing the local coordi-
nation environment of the concentrated electrolyte; 4) sufficient
inertness/stability that does not compromise the electrochemical
window of the concentrated electrolyte; and 5) non-flammability
and low volatility that do not compromise the safety of the con-
centrated electrolyte. Therefore, it is essential that suitable inert
diluents are identified for effective LHCE in SIBs.

In this section, two classical theories are discussed, which en-
compass the SEI theory and solvation theory. Further, we summa-
rized the possible strategies to modulate the solvation structure
and interface model to achieve optimized electrochemical per-
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Figure 18. Raman and FTIR characterization of solvation structure. a) Raman spectra of LiTFSA/AN solutions in 2230−2310 cm−1 (C≡N stretching
mode of AN molecules) and b) 720−780 cm−1 (S–N stretching, C–S stretching, and CF3 bending mode of TFSA−). Points and solid lines denote
experimental spectra and fitting curves, respectively. c) Representative environment of Li+ in a conventional dilute solution (i.e., ≈1 mol dm−3) and a
salt-superconcentrated solution (i.e., 4.2 mol dm−3). Reproduced with permission.[114] Copyright 2014, American Chemical Society. d) Raman spectra of
the NaFSA/SN solutions at various concentrations in the regions of 680−780 cm−1 (vibrational mode of FSA−) and e) 2220−2300 cm−1 (C≡N stretching
mode of SN) at room temperature. The points and lines show the experimental spectra and fitting curves, respectively. Reproduced with permission.[107]

Copyright 2017, American Chemical Society. f) Raman spectra of PF6
− anions in different kinds of solvents. Reproduced with permission.[39] Copyright

2020, American Chemical Society. g) FTIR spectra of Li+ in different kinds of solvents. h) FTIR spectra of PF6
− and Li+–solvent–PF6

− complexes (CIPs).
Reproduced with permission.[39] Copyright 2021, Wiley-VCH. i) FTIR spectra of xm NaFSI-DME (x =0,1, 2,3,4, or 5) and pure NaFSI salt. Reproduced
with permission.[35] Copyright 2017, American Chemical Society.

formance in SIBs. One is adjusting the anions, such as design-
ing different weakly coordinating anions to meet ideal crystallo-
graphic properties and performing anion acceptors to change the
coordination environment of anions. A second avenue is to mod-
ulate the solvent molecules by mixing multiple solvents whose
functionalization is different. Adjusting the number of solvent
molecules is yet another effective and way. Different number of
solvent molecules can be achieved by modulating electrolyte con-
centration. The different concentrations induce changes in the
solvation structure and interface arrangement.

6. Characterization Methodology of the Solvation
Structure

Due to the abstract nature of solvation structures, characteriza-
tion techniques for direct visualization are not yet mature. How-
ever, with the development of spectroscopic techniques as well
as the theoretical simulation, deciphering the solvation struc-
ture is becoming more feasible. Therefore, in this section, we fo-
cus on the applications of some spectroscopic techniques in the

field of solvation design, such as Fourier transform infrared spec-
troscopy (FTIR), Raman spectroscopy, and nuclear magnetic res-
onance (NMR). In addition, the theoretical calculation methods
commonly used in analyzing solvation structures are also briefly
introduced.

6.1. Spectroscopic Techniques

The spectroscopic techniques are useful ways to investigate the
interaction between various electrolyte components. The coordi-
nation state on different atoms can be detected by the change
of electron cloud density or bond vibration. Raman spectra have
been widely employed to investigate the interactions between sol-
vent molecules, cations, anions, and additives. As shown in Fig-
ure 18a, Yamada et al. reported unusual reductive stability of a
superconcentrated acetonitrile (AN) electrolyte. They found the
C≡N stretching peak dependency on different AN coordination
states.[114] Pure AN shows a C≡N stretching band (v2 mode) at
2258 cm−1 derived from free AN molecules (i.e., without coordi-
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nating to Li+). With the adding of salt, another v2 band appears
at 2282 cm−1 arising from Li+-solvating AN molecules. Increas-
ing the salt concentration, the free AN molecules are reduced
while the coordinated AN molecules increase. In addition, turn-
ing to the vibration mode of TFSA−(i.e., S–N stretching, C–S
stretching, and CF3 bending) in Figure 18b, a deconvolution anal-
ysis shows that the Raman band consists of three peaks at 740,
745, and 750 cm−1, arising from free anions, contact ion pairs
(CIPs, TFSA− coordinating to a single Li+ cation), and aggregates
(AGGs, TFSA− coordinating to two or more Li+ cations), respec-
tively (Figure 18c). Therefore, the relationship between different
electrolyte concentration and anion aggregated state can be de-
ciphered clearly by Raman spectroscopy. Subsequently, Takada
et al. utilized Raman analysis to investigate the solvation be-
havior in a superconcentrated sodium ion battery electrolyte.[107]

They designed a 50 mol % sodium bis(fluorosulfonyl)amide
(NaFSA)/succinonitrile (SN) electrolyte, which enabled highly
reversible Na+ insertion into a hard carbon negative electrode
without any electrolyte additive. The Raman spectrum of such
electrolyte shows that the of FSA− anions band shifts to higher
wavenumber when the anion is coordinated with one, two,
or three cations to form contact ion pairs (CIPs), aggregates-I
(AGGs-I), or AGG-II, respectively. In addition, the coordination
state of SN is changed with the increase of concentration (Fig-
ure 18d,e). The Raman band ≈2256 cm−1 is assigned to the C≡N
bond of the SN solvent and is shifted to higher wavenumbers
when the C≡N group is coordinated with an Na+ cation. Hence,
Raman spectroscopy can clearly reveal the coordinated situation
of anions and solvent molecules in the bulk electrolytes. In addi-
tion to explore the relationship between solvation structure and
salt concentration, Raman spectroscopy is also used to detect
the coordination environment of cations/anions in different sol-
vents. Zhou et al. confirmed that the cation solvation structure,
particularly the type and location of the anions in the electrolyte,
plays a critical role in SIB alloying anode stabilization.[25] The in-
teractions in different type of anions and solvents are investigated
by Raman spectroscopy (Figure 18f).They found a redshift of the
P–F vibration in the PF6

− anion from 768 to 740 cm−1 during
the dissolution process, which represents the solvation process
of Na+. At the same time, The PF6

− anions have a high degree of
mobility in EC/DEC and PC compared to DME, as confirmed by
the higher wavenumber in DME (at 743 cm−1) compared to 740
cm−1 in EC/DEC and PC. Therefore, Raman analysis is the most
widely employed method for deciphering the solvation structure
related interactions due to the high sensitivity and clear scattering
peaks. Aside from the organic electrolyte (LIBs, SIBs, etc.), it also
has been widely implemented in the field of aqueous electrolytes
to explain the different solvation behaviors.[115–118]

FTIR spectroscopy is an alternative to Raman to investigate
the solvation structure in organic electrolytes. Similar to the Ra-
man technique, it reflects the bond vibration, in turn exploring
the interactions between cations, anions, and solvent molecules.
However, the absorption peak of the target functional group is of-
ten interfered by some other organic groups in similar positions,
making it hard to detect the change in vibration. Therefore, the
choice of Raman or FTIR must be decided according to the ac-
tual situation of the electrolyte system. For instance, Zou et al.
reported a new carbonate-based high-voltage electrolyte employ-
ing a mixture of ethyl methyl carbonate (EMC) and methyl ac-

etate (MA) solvents without adding any additive. The Li+ ion sol-
vation structure was studied by FTIR in detail, as shown in Fig-
ure 18g.[39] They found that the combined peak at 1750 and 1747
cm−1, corresponding to the C═O stretch vibrations of EMC and
MA, had a redshift and was split into two main peaks at 1718
and 1712 cm−1 when the 1.2 m LiPF6 salt was dissolved into the
solvent mixture. It represents the solvation process of Li+ ions,
where the Li+ ions coordinate with the solvents by the Li+–O in-
teractions. Moreover, the solvated anion (PF6

−) can be classified
into uncoordinated (free) PF6

− (at 845 cm−1) and Li+–PF6
− (i.e.,

contact ion pairs, CIPs) at the peaks of 834 and 870 cm−1 (Fig-
ure 18h). This result is similar to the Raman spectrum which
can reveal the aggregated state of anions in different solvents. In
particular, the coordinated number or proportion of each elec-
trolyte species can be quantitatively estimated by deconvoluting
the FTIR spectra. In addition, Lee at al. confirmed the solva-
tion structure of NaFSI-DME electrolytes as a function of NaFSI
salt concentration by FTIR.[35] The characteristic C–O stretching
band of pure DME is located at 1110 cm−1 (Figure 18i). Notably,
the introduction of NaFSI into DME produced a new peak at 1085
cm−1, which indicates that the ion−dipole interactions between
the C–O–C moieties and Na+ ions affect the C–O–C stretching vi-
bration mode of DME with DME solvating Na+ ions sufficiently
to prevent ion pairing. The peak intensity at 1085 cm−1, which
arises from coordination between C–O–C moieties and Na+ ions,
gradually increased as a function of NaFSI salt concentration.

Aside from Raman and FTIR, NMR is an important and ef-
fective method to study electrolyte solvation behavior. It can pro-
vide information on the number of nuclei, their chemical envi-
ronment and geometry. Especially for the light elements (like the
H, C, O, F, etc.), the interaction strength between atoms can be
quantitatively expressed which is suitable for the investigation of
electrolyte solvation behavior. As shown in Figure 19a, the 1H
NMR of CH3/CH2 peaks in DME shows that the 1 m NaPF6
in DME exhibits the most obvious chemical shift compared to
NaClO4 and NaCF3SO3.[25] This means the PF6

− anions show
better coordination with DME molecules compared with ClO4

−

and CF3SO3
− anions. In addition, the 19F-NMR of PF6

− anions
in Figure 19b can give the coordination situation between PF6

−

anions and different solvents.[25] As we know, the chemical shift
reflects the extranuclear electron cloud density. If the electrons
are enriched outside the nucleus, there will be a shielding effect,
resulting in a lower chemical shift. For the PF6

− anions in DME
and PC solvents, the strong coordination between anions and sol-
vents would lead the chemical shift lower. On the contrary, co-
ordination between the branched/linear DEC and the cations is
not so condensed, leading to the peak shift toward higher mag-
netic field. Thus, we can see a medium 19F-NMR peak shift in
the mixed EC/DEC solvent. In addition to the1H spectrum and
19F spectrum, there are some applications of the17O spectrum if
the anions are oxygen-containing. For instance, Zhang et al. mod-
ulated the solvation structure of Li+ ions by adding the NO3

− an-
ions into the electrolyte.[83] They confirmed the change of Li+ ion
solvation structure by the17O NMR combined with the theoret-
ical simulation. As shown in Figure 19c, the chemical shifts at
around 168.0 and −26.0 ppm in LiFSI electrolyte are assigned to
the sulfonyl oxygen atoms (OFSI−)of FSI− and the ethereal oxygen
atoms (ODME) of DME, respectively. More FSI− anions participate
in the solvation sheath in 2.2 m LiFSI due to decreased free sol-
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Figure 19. NMR characterization of solvation structure. a) 1H NMR spectra of different types of sodium salt in DME. b) 19F-NMR spectra of PF6 anions
in different kinds of solvents. Reproduced with permission.[25] Copyright 2020, American Chemical Society. c) Natural abundance 17O NMR spectra of
various electrolytes measured at 50 °C. Reproduced with permission.[83] Copyright 2019, American Chemical Society.

vents, leading to a decreased chemical shift. However, when 0.2 m
NO3

− is introduced to 2.0 m LiFSI electrolyte, the peak of OFSI−
(168.0 ppm) only shifts upfield by −0.2 ppm. Under the same
FSI−/DME ratio in LiFSI/LiNO3 electrolyte, a higher Li+/FSI− ra-
tio induces a smaller shift of the OFSI− peak compared with LiFSI
electrolyte, indicating that NO3

− is involved in solvation instead
of more FSI− anions.

6.2. Theoretical Simulations

Although the spectroscopic characterization can give qualitative
interactions inside the solvation structure, it only reflects the
strength of the interactions in bulk electrolytes. However, some-
times we need to consider the local coordination environment of
the electrolyte components and interface situation. Hence, theo-
retical simulation renders an effective avenue to analyze the sol-
vation structure. Typically, the most common use is the radial dis-
tribution function (RDF) in the field of solvation structure.[119,120]

It is denoted by g(r), which defines the probability of finding a par-
ticle at a distance r from another tagged particle. By virtue of RDF,
the solvation structure of cations can be determined, including
the coordinated number, the occupancy of anions, and the oc-
cupancy of additive molecules. Derived from RDF, the potential
mean force (PMF) is another effective way to express the ability to
obtain solvent molecules or anions into the solvation layer.[121–124]

The coordination strength and energy barrier can be obtained by
the contact minimum in PMF curve. In addition, Buried Volume
can reflect the steric hindrance and interactions in the solvation
structure.[125] Aside from the simulations by molecule dynamics,
the electronic structure of solvated ions is conducted by projected
partial density of states (PDOS), from which we can get the in-

formation about energy level and orbitals, in turn deciphering
bonding information.[126] In addition, thermodynamic parame-
ters, such as desolvation energy, binding energy, HOMO/LUMO,
etc., also are used to confirm the solvation behavior.[26,39,127]

Briefly, this section introduced the common methods used
to characterize the solvation structure, including FTIR, Raman,
NMR, and theoretical simulations. Actually, the analysis of sol-
vation behavior requires us to combine spectroscopy, theoreti-
cal simulations as well as experimental electrochemical perfor-
mance. However, until now we have not yet been able to vi-
sualize the solvation structure. In addition, the dynamic evolu-
tion of solvation structure cannot be observed directly. There-
fore, there is still a huge potential advanced characterized tech-
niques for observing and analyzing solvation structure. For exam-
ple, emerging methods such as ultrafast femtosecond mid-FTIR
spectroscopy and pulsed-field gradient NMR analysis may help
study solvation structure dynamics.[122]

7. Conclusion and Perspectives

Thanks to intensive efforts over the past decade, SIBs have be-
come the battery system closest to commercialization after LIBs.
However, like other alkali metal ion batteries, the electrolyte com-
patibility principle in SIBs is still not fully understood. The rea-
son for this is the intricate interactions among the various elec-
trolyte components. Therefore, electrolyte engineering and devel-
opment have lagged behind electrode material development. For
instance, the most commonly used electrolyte in SIBs is still in-
herited from the electrolyte design used in LIBs. No major break-
through has taken place in the last decade. Recently, the reemer-
gence of “solvation theory” is helping us to better understand
the principles of electrolyte design in SIBs. The role of anions,
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solvents, and additives in the resultant solvation shell (not only
SEI) is used to optimize electrolyte and SIB performance. Hence,
we have summarized the recent developments in electrolytes sol-
vation behavior particularly in SIB. First, the requirements of
ideal electrolytes were proposed. Then the detailed cation–anion,
cation–solvent, and solvent–solvent interactions were presented.
The resultant solvation structure from these interactions was
depicted using physical–chemical descriptors. Finally, we estab-
lished a correlation between solvation structure and electrochem-
ical performance and concluded effective strategies for modu-
lating solvation behavior. Several experimental demonstrations
were discussed to show how adjusting the solvation structure can
optimize battery performance.

The modulation of electrolytes to control solvation behavior
has been at the forefront of electrolyte engineering in recent
years. Even small electrolyte component interactions can lead
to totally different electrochemical performance. In this regard,
electrolyte modification can be an effective strategy to optimize
battery performance. However, there are still some long-standing
challenges that preclude the development of solvation theory.
First, inadequate characterization methods. Currently, we lack
appropriate means to investigate the solvation behavior directly.
The traditional NMR, Raman, and FTIR spectra characterization
can only get the electrolyte bulk phase information; in fact, the
localized electrolyte properties, such as localized coordination
environment and interface ion arrangement, are difficult to
decipher. Second, lack of theoretical models. It is undeniable
that the current solvation and interface models are too simple.
For instance, the solvation structure discussed above does not
involve the solvation effect of anions. Also, only the first solvation
shell is considered which ignores the second and higher order
solvation shells. Obviously, the situation in the actual electrolyte
is much more complex than the first shell. In addition, the ex-
isting interface model ignores several important variables such
as the electric double layer at the interface and concentration
gradients.

Therefore, we proposed some promising solutions to address
the current tough missions of electrolyte solvation theory. 1)
Multiscale characterization methods. To the best of our knowl-
edge, both the solvation process and de-solvation process are
dynamically evolving. Combining the timescale, the dynamic
de-solvation process is possible to be parsed. For example, the ul-
trafast electron diffraction technology and ultrafast time-resolved
X-ray diffraction technology, have not been utilized in the realm
of battery thus far. In addition, combining the space scale, the
detailed interface behavior of cations can be really seen. For
instance, the cryo-transmission electron microscope technology
could achieve the capturing of transient interface information
without damaging the electrode electrolyte interface. Therefore,
combing the time and space scale characterizations, as well as the
spectrum analysis, would benefit to deeply understand the solva-
tion theory. 2) Machine learning and artificial intelligence. The
cutting-edge computer technology, such as the machine learning
and artificial intelligence, allows us to simulate the solvation
behavior of thousands of molecules in the electrolyte, thereby an-
alyzing tendency and summarizing rules. Moreover, the machine
learning technology is likely to screen the optimized anions,
solvents, and additives to design the most compatible electrolyte
system.

All in all, conducting electrolyte engineering by designing the
solvation structure, is gradually attracting more and more re-
search interests. Not only SIBs, other alkali metal ion batteries
and aqueous ion batteries are also suitable for using solvation the-
ory to adjust the electrolyte to optimize battery performance. Sol-
vation theory and SEI theory complement each other, and gradu-
ally become the two carriages of electrolyte engineering to bridge
the macro-electrochemical performance and micro-molecular dy-
namics. Compared to the SEI theory, the solvation structure de-
sign principle can be useful in electrolyte design, but more exper-
imental verification of these principles is needed. We believe that
combing the solvation theory and SEI theory opens a promising
avenue for design compatible electrolyte in SIBs and other ion
battery systems.
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