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Abstract

The construction of stable and reliable electrode interfaces is one of the key scientific issues widely encountered by
the battery community. An anion-derived solid electrolyte interphase (SEI) has been recently reported to
outperform the traditional solvent-rich SEI in inhibiting side reactions, motivating ion transport and regulating
electrode reactions in working Li batteries. Here, we first explicitly introduce the fundamental characteristics of
anion-derived SEls and then concisely present novel developments in electrolyte chemistry involving highly
concentrated, localized highly concentrated and weakly solvating electrolytes, which facilitate the formation of
anion-derived SEls on anodes. The critical significance of these SEls for building fast-charging and stable Li
batteries is particularly highlighted. Finally, we outline the future challenges of designing Li metal interfaces to
further enhance the cycling reversibility and lifespan of working batteries.

Keywords: Lithium metal anode, solid electrolyte interphases, highly concentrated electrolytes, weakly solvating
electrolytes, anion-derived SEls

INTRODUCTION

Human activities have resulted in significant climate change'. Global warming and frequent extreme
weather events, such as high temperatures and heavy rainfall, have highlighted the urgent need for
sustainable development™”. Sustainability has become a top priority in modern society and is highly
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associated with the exploitation and further storage of renewable energy'**. Advanced energy storage
devices, particularly lithium-ion batteries (LIBs) facilitate the high-efficiency storage and conversion of

[7]

renewable energy” and also boost electrification by promoting the booming development of electric

vehicles and novel electronic devices'™*

. To further unlock the upper limit of conventional LIBs with regards
to energy density, the Li metal anode has recently been revived for building next-generation high-energy-
density batteries (> 350 Wh kg™)"**?. However, the practical deployment of Li metal batteries is significantly
hampered by their short lifespan and poor safety"”, which are inherently triggered by the unstable solid

electrolyte interphases (SEIs) formed on Li anodes"*'?.

As the locations where electrode reactions occur, electrode interfaces play an important role in dominating
battery performance"*'®. Given the generally low working potential of anodes, electrolyte components,
including the solvent and anion, become readily reduced to constitute the solid products at the interface,
i.e., the SEI". A native SEI is featured with chemical and structural heterogeneity due to a variety of
intricate factors™. From the perspective of thermodynamics, the highest occupied molecular orbital and
lowest unoccupied molecular orbital (LUMO) of the electrolyte components determine the ease of their
decomposition against oxidation and reduction, respectively”’. Dynamically, the adsorption behavior of
electrolyte components at the electrode interfaces predominates the formation of the initial SEI*”, while the
solvation behavior of the electrolyte further affects its subsequent evolution"”. These factors are closely
linked with each other. For example, the complexation with electron-withdrawing Li* reduces the LUMO
energy of electrolyte components, making it thermodynamically easier to be reduced by anodes™.
Furthermore, the varying electrode potential changes the electrical properties of the electrodes, thereby
further thermodynamically or kinetically affecting the above aspects”*?. On this basis, the complex
reduction pathways of the multiple components in the electrolyte generate random SEIs with intrinsic
heterogeneity”?. More adversely, the huge volume deformation of the electrode during cycling further
introduces stress effects and aggravates interfacial instability™. Such an unstable SEI will undergo
continuous cracking and reconstruction, which not only consumes the active capacity but also gradually
thickens, resulting in an increase in cell polarization"”.

With regards to the above dilemma, extensive research has been focused on the regulation of electrode
interfaces in terms of composition®**, structure®*” and mechanical properties™ " by designing a robust,
uniform and kinetically favorable SEI***?, thereby paving the way for the construction of stable and fast-
charging Li batteries. Recently, anion-derived SEIs have attracted significant research interest and have been
considered as ideal SEIs for enhancing the cycling reversibility of graphite and Li electrodes”. By rationally
adjusting the solvation structure of Li", the decomposition of anions can be promoted and the conventional
interfacial chemistry dominated by solvents can be thus modified“". The as-obtained SEI with multiple
desired characteristics provides feasible outlets to overcome the current dilemma encountered by working
Li metal anodes, such as low Coulombic efficiency (CE), short lifespan and poor safety [Figure 1]

Herein, the critical characteristics of anion-derived SEIs are first presented to provide a comprehensive
landscape. Second, this review summarizes the key progress and basic understanding in constructing anion-
derived SEIs via regulating the solvation structure of the electrolyte. Three typical types of electrolyte
chemistry, namely, highly concentrated electrolytes (HCEs), localized highly concentrated electrolytes
(LHCEs) and weakly solvating electrolytes (WSEs), for facilitating anion-derived SEI formation are
specifically introduced. Finally, future research challenges in designing stable Li metal interfaces are
discussed.



Xiao et al. Energy Mater 2021;1:100013 | https://dx.doi.org/10.20517/energymater.2021.17 Page 3 of 22

Voltage windo™

Figure 1. Schematic diagram of the design strategy for anion-derived SEls by solvation structure regulation. SEI: Solid electrolyte
interphase; LHCE: localized highly concentrated electrolyte; HCE: highly concentrated electrolyte; WSE: weakly solvating electrolyte.

CHARACTERISTICS OF ANION-DERIVED SEIS

The characteristics of anion-derived SEIs determine the function of electrode/electrolyte interfaces, which
in turn affects the overall performance of batteries. The relevant characteristics of anion-derived SEIs are
presented from the perspectives of nucleation pattern, chemistry and structure and kinetic properties,
thereby providing general insights for understanding interfacial effects.

Nucleation and growth

Different from the formation scenario of solvent-derived SEIs, the nucleation and early growth of anion-
derived SEIs on graphite anodes can be well described with a surface reaction-controlled two-dimensional
progressive nucleation and growth model**. Such a unique nucleation feature can be captured from the
voltage pit detected during galvanostatic operation exclusively in electrolytes favoring anion decomposition.
This behavior is similar to the nucleation process of Li in Li||Cu cells and Li,$S in Li-S cells"”, which has
been explained from the perspective of the poor solubility and weak affinity of the anion decomposition
products with the electrolyte. The chemistry and structure of atomically distributed anion-derived SEIs can

be clearly verified via atomic force microscopy [Figure 2A]"*.

Chemistry and structure
Generally, anions with a larger radius, such as hexafluorophosphate (PE,), difluoro(oxalato)borate (DFOB"),
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Figure 2. Characteristics of anion-derived solid electrolyte interphases (SEls). (A) Abnormal voltage pit and comparison and schematic
diagram of the two-dimensional (2D) progressive nucleation and growth of anion-derived SEls. Reproduced with permission™*®
(copyright 2021, Wiley VCH GmbH). (B) Reductive decomposition products of various lithium salts in the process of forming an SEI.
Reproduced with permission[‘r’” (copyright 2020, Wiley VCH GmbH). (C) Lithium growth modes under the influence of different
interfaces. Adapted with permission™? [copyright 2018, the author(s)]. (D) Reduced activation energy (E,) for Li" desolvation and
diffusion across an SEI. Reproduced with permission™* (copyright 2019, Elsevier).

bis(fluorosulfonyl)imide (FST') and bis(trifluoromethane)sulfonimide (TFST'), with negative charges that are
more dispersed and thus prone to dissociation with Li*, are selected in order to ensure reasonable solubility
of the lithium salt in non-aqueous solvents”. The decomposition products of the anions are almost

inorganic substances, as shown in Figure 2B*".

Lithium fluoride (LiF), lithium nitride (Li,N), lithium sulfide (Li,S), lithium oxide (Li,O) and so on are
typical constituents in anion-derived SEIs, which are present in a mosaic structure with polycrystalline
domains". Compared with the organic oligomers mainly resulting from solvent reduction, these inorganic
components generally feature larger bandgaps, higher mechanical stiffness and lower reduction reactivity
[Figure 2C]"”. For example, LiF has a wide bandgap of 8.9 eV and a Young’s modulus of 55 GPa"*".
Numerous methods for constructing LiF-rich SEIs have been employed to stabilize the interface, including
gas phase reactions"™ and the use of additives”™’ and artificial interfaces””, which can simultaneously inhibit
continuous electrolyte decomposition and the growth of dendrites™. Li,N with a high ionic conductivity
(~10° S cm™) is also regarded as a favorable SEI component to passivate the interface and accelerate the
interfacial dynamics'". With a bandgap of 4.7 eV and a Young’s modulus of 108 GPa*>*”, Li,O has an
excellent ability to suppress electron tunneling and stability against Li, resulting from the low oxidation
state!*.



Xiao et al. Energy Mater 2021;1:100013 | https://dx.doi.org/10.20517/energymater.2021.17 Page 5 of 22

A variety of inorganic components can complement each other and bestow excellent properties to
inorganic-rich SEIs*. These properties synergistically equip the anion-derived SEIs with enhanced electron
insulation at a relatively thin thickness, modulus and uniformity to mechanically resist dendrite penetration,
as well as improved chemical compatibility against Li metal to improve the interfacial stability.
Furthermore, the robust and uniform SEI structure is highly beneficial to the homogeneous release of stress
so that the interfacial integrity can be better maintained. As described by Shen et al.”*”), a moderate elastic
modulus of 3.0 GPa with high structural uniformity can enhance the mechanical stability of SEIs.

Kinetic properties

Anion-derived SEIs with inorganic-rich polycrystalline domains have abundant grain boundaries.
Compared with bulk lattice conduction, the energy barrier of Li diffusion through grain boundaries was
calculated to be lower and the migration rate is faster®!. The interfaces between different inorganic phases
also represent imperative routes for ion transport. Based on the systematic analysis of interfacial kinetics in
model systems, inorganic-rich anion-derived SEIs were discovered to decrease the activation energy for
both Li* desolvation and diffusion [Figure 2D]". Aside from the intrinsic kinetic characteristics, the
reduced thickness at the whole SEI scale also contributes to expedited kinetics for the interfacial ion
transport step. The fast interfacial transport kinetics increase the available concentration of Li* beneath the
SEI and the Li deposition turns into a reaction-controlled process, which was deduced as the origin of the
spherical Li deposition morphology*. In addition, inorganics have a higher surface energy than organics,
which facilitates lateral diffusion while restricting vertical dendrite growth*. The related parameters of
different SEI components are presented in Table 1. Collectively, these favorable properties of anion-derived
SEIs fundamentally promise the fast-charging function and high stability of working batteries.

SOLVATION REGULATION IN ANION-DERIVED SEIS

Despite the attractive features of anion-derived SEIs, SEI formation in conventional dilute non-aqueous
electrolytes is predominately controlled by solvent decomposition. This is ascribed to the preferential
solvation of strong electron-donating solvents around Li" in these electrolytes. Generally, solvation involves
complex electrostatic interactions among cations, anions and solvent molecules. The competitive
coordination of anions and solvents with Li* determines the solubility of lithium salts, as well as the
structure of the solvation clusters [Figure 3A]".

The salt concentration is a critical factor in determining the Li* solvation structure. In traditional dilute
solutions, the dipole-ion interaction between the solvent molecules and Li" separates the cations from
anions to form solvent-separated ion pairs, which govern the Li* solvation environment””. As the salt
concentration increases, less free solvent is available to occupy the solvation sheath, thereby allowing anions
to interplay with Li'". Solvated clusters containing anions such as contact ion pairs (CIPs) and aggregates
(AGGs) appear, in which the anion is coordinated with one, two or more cations”. Furthermore, once the
intrinsic solvating power of the solvents towards Li is rationally designed, anions can also largely
participate in the Li* solvation shell, although the salt concentration is maintained at a relatively low level
[Figure 3B]"*. The aggregation of anion in the solvation structure of Li* builds the basis for the anion-
derived SEI formation. These strategies regarding solvation regulation in HCEs, LHCEs and WSEs are
specifically introduced in this section. The basic physicochemical properties of these electrolytes are
compared in Table 2.

HCEs
The common concentration of aprotic electrolytes is ~1.0 M given the tradeoff between conductivity,
solubility and viscosity””. When the solution concentration exceeds 3.0 M, although the viscosity and ionic
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Table 1. Comparison of bulk (E,, ) and surface (E,, ) Li* migration energy barriers and calculated interfacial energies of different
compounds

Compound E,, (eV) E,.(eV) ¥ (meV A?)
LiF 0.729%" 0.197% 73.28""

LisN 0.007-0.038"" - 7757

Li,S 0.270"4 - 19.01"

Li,O 015257 0317 38701
Li,EDC 0.6407 - -

Table 2. Physicochemical properties of conventional electrolyte, HCE, LHCE and WSE

Electrolyte (C:Igdcl::g‘i)vity X:;;OSHV '(\:::3;::2 16 T{ia;lsference number I()geg;i_
Conventional >107® <582 > 583 <0.4%4 <128
electrolyte

HCE < 10[85'87] > 10[88'90] < 5[75,85,91] > 0.5[81] > 1.2[88,91]
LHCE 1_10[92-94] 5_10[94-96] > 3[97,98] S 0.5[99] S 1'2[98]
WSE 2_10[80] < 5[100,101] > 5[102] > 0.5[101] "“IUOO]

LHCE: Localized highly concentrated electrolyte; HCE: highly concentrated electrolyte; WSE: weakly solvating electrolyte.
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Figure 3. Solvation interaction and structure. (A) Interaction between solvents and anions with Li".Reproduced with permission’’®
(copyright 2019, Wiley VCH Verlag GmbH & Co. KGaA, Weinheim). (B) Solvation structures in conventional electrolyte, HCE, LHCE
and WSE. Reproduced with permission™ (copyright 2019, Wiley VCH GmbH). LHCE: Localized highly concentrated electrolyte; HCE:
highly concentrated electrolyte; WSE: weakly solvating electrolyte; DME: dimethoxyethane; FSI: bis(fluorosulfonyDimide; PF,:
hexafluorophosphate; DEC: diethyl carbonate; TFSI": bis(trifluoromethane)sulfonimide.

conductivity of the electrolyte are sacrificed to some extent, the altered solvation structure and the resulting
interfacial chemistry bring a series of unexpected functionalities”.

HCEs were initially discovered to inhibit the co-intercalation of propylene carbonate (PC) in graphite due
to the optimized interfacial properties [Figure 4A]"*, which expanded the choice of electrolyte systems
beyond ethylene carbonate*. This is of paramount significance, especially for the exploitation of low-
temperature and fast-charging LIBs. By combining experiments and theoretical calculations,
Yamada et al.”* revealed the correlation between the unique solvation structure in HCEs and the interfacial
chemistry formed at the electrode surface. Using Raman spectroscopy and X-ray photoelectron
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Figure 4. Performance comparison of HCEs and dilute electrolytes. (A) Initial charge/discharge curves of natural graphite in electrolytes
with different concentrations. Reproduced with permission”®* (copyright 2002, IOP Publishing). (B) Projected density of states of dilute
and concentrated LITFSA/AN electrolytes. Insets display the interface between the graphite electrode and electrolyte. Reproduced with
permission™**’ (copyright 2019, Springer Nature Limited). (C) Rate performance of natural graphite||Li cells using a highly concentrated
electrolyte (HCE) and commercial electrolyte. Reproduced with permissionm%] (copyright 2013, Royal Society of Chemistry). (D)
Solvation structures in dilute electrolyte and HCE from -80 to 100 °C. Adapted with permission®” [copyright 2021, the author(s)].

spectroscopy (XPS), the bulk structure of a 4.2 M LiTFSI/acetonitrile (AN) HCE, with few free solvent
molecules and more coordinated anions, and the anion-dominated interfacial chemistry were clearly
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identified, respectively. Density functional theory (DFT)-based molecular dynamics revealed a correlation
where anions supplied electrons to Li" due to the enhanced interaction between them, resulting in a
decrease in their own orbital level. This transfers the LUMO energy from the AN solvent to the TFSI" anion
at high concentrations [Figure 4B]"*?. Accordingly, the lithium salt anion was preferentially reduced to form
an anion-derived SEI, which further prevented the decomposition of vulnerable AN and enhanced the
electrochemical performance of the HCE.

Furthermore, an increase in the equilibrium potential of electrode reactions caused by the higher Li* activity
in HCEs also contributes to the mitigation of solvent reduction"*. The anion-derived interfacial chemistry
intensively enhanced the rate capacity at up to 5 C, highlighting the crucial role of interfacial kinetics
compared to the bulk transport properties. An enhanced rate performance compared to a commercial
carbonate electrolyte was also demonstrated in LIBs using a 3.6 M LiFSI/1,2-dimethoxyethane (DME) HCE,
despite the reduced ionic conductivity and increased viscosity of the bulk electrolyte [Figure 4C]"*.
Wang et al."” reported a 4.0 M LiFSI/dimethyl carbonate (DMC) electrolyte that could afford better rate
performance at low temperatures and normal operation at high temperatures [Figure 4D]. The
establishment of a stable Li"-conductive interface compensated for the inferior bulk conductivity, while the
thermal stability of the HCE itself combined with the robust anion-derived interface prevented battery
failure resulting from gas evolution and the collapse of cathode structures.

Therefore, an interfacial transport rate-determining step can be recognized. The interfacial transport
journey of a solvated Li* involves desolvation, interfacial mass transfer and charge transfer processes'*’.
HCESs boost the interfacial kinetics from three possible aspects: (1) a high pre-exponential factor due to the
high interfacial Li" concentration; (2) a kinetically favorable SEI for fast ion transport; and (3) a distinct
desolvation behavior of Li* from CIP and AGG structures compared to that from solvent-separated ion
pairs. However, the bulk ionic conductivity of the electrolyte becomes a critical factor for the fast charging
of energy-type cells where thick porous electrodes are employed".

Similar to the protective SEI generated by EC"*", an anion-derived SEI is sufficiently dense and compact to
effectively suppress the co-intercalation and decomposition of solvents, guaranteeing the high reversibility
of Li* intercalation/deintercalation in graphite"*). By simply increasing the salt concentration, Wang et al.”™”
demonstrated that the incompatibility between flame-retardant trimethyl phosphate and a carbon anode
could be largely overcome [Figure 5A]. This resulted from the spontaneous formation of a robust inorganic
passivation film on the anode. In addition, such a dynamic stability may come from the alleviated
dissolution of SEI components in HCEs with a reduced solvent activity™™, as some researches have reported
that the anion-derived SEIs formed in HCEs cannot function well in the corresponding dilute solution"".
Ming et al"" proposed that the solvation structure also contributed to the stable cycling of graphite
electrodes other than the effect of the SEI, because they found that the as-formed SEI could not prevent the
solvent co-intercalation once the film-forming additive was removed. The introduction of additives
weakened the Li*-solvent interaction and promoted a facile desolvation process, thereby inhibiting the co-
intercalation of solvents. The intercalation of naked Li* is subjected to the desolvation step"'”. From the
perspective of free solvent activity, Moon et al.""” elucidated that Li* intercalation had a higher electrode
potential than co-intercalation in concentrated electrolytes with a low solvent activity, so that solvent co-
intercalation in concentrated electrolytes could be avoided.

The application of HCEs has also been validated as a feasible strategy to pronouncedly improve the
reversibility of fast-rate Li metal anodes""”. Using a 4.0 M LiFSI/DME electrolyte, Qian et al.* reported the
stable and high-efficiency cycling of Li||Cu cells, which showed a steady CE of 98.4% at 4.0 mA cm” for over
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Figure 5. Electrochemical performance and characteristics of HCEs. (A) Cycling performance of graphitel|Li half cell using a HCE.
Adapted with permission™®” [copyright 2017, the author(s)]. (B) CE of Li||Cu half cells in 4.0 M LiFSI/DME at various current densities.
Adapted with permission™®® [copyright 2015, the author(s)]. (C) Molecular dynamics snapshots of 0.2 M LINO;+2.0 M LiFSI/DME and
2.2 M LiFSI/DME electrolytes (top). Colors correspond to different atoms and solvent states: H-white; Li-purple; C-gray; O-red; N-blue;
F-green: S-yellow; unsolvated solvents-gray. Schematics of Li* solvation structures (bottom). Reproduced with permission™™ (copyright
2019, American Chemical Society).

1000 cycles and 97% even at 10.0 mA cm” for over 500 cycles [Figure 5B]. Such superior Li performance at
high rates can be explained from the flat Li deposition behavior under the thin, uniform and conductive
SEL In such a high concentration regime, the anion constitutions can also be designed to intentionally
regulate the SEI chemistry. Utilizing ab initio molecular dynamics simulations, Alvarado et al."'* revealed
the important role of the competitive decomposition kinetics between FSI" and TFSI anions in the bis-salt
system, i.e., the mutual modulation effect promoted the generation of a uniform and inorganic SEL

Zhang et al."* found that the introduction of 0.2 M LiNO, in 2.0 M LiFSI/DME not only contributed to the
construction of a SEI by its own reduction, but also modulated the coordination mode between the primal
anions and Li", thereby promoting the complete decomposition of polarized FSI" [Figure 5C]. The generated
LiF, Li,SO, and LiN,O, synergistically homogenized SEI and Li deposition, thereby elevating the cycling
reversibility of Li metal anodes. In another work, a dual-salt electrolyte of 2.0 M LiDFOB+1.4 M LiBF,
/FEC:DEC (v:v = 1:2) promoted synergistically tightly packed Li deposition behavior, which not only
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extended the cycling life of anode-free cells, but also significantly improved the battery safety"'*. In addition
to stabilizing the anode interfaces, functional double-salt electrolytes are also beneficial for the stable
operation of cathodes. Using 2.0 M LiTFSI+2.0 M LiDFOB/DME, Jiao et al.* realized the effective
passivation of Li electrodes and high-voltage LiNi, ,Mn,,,Co,,,0, (NCM) cathodes via the formation of thin
and B-induced polymeric interfaces. This provided a promising method to enable ether-based electrolytes
with superior reductive stability for applications in high-voltage Li metal batteries.

Furthermore, HCEs possess other merits in batteries besides promoting the anion-derived SEI formation,
such as widening the oxidation window™ and operation temperature of the cell, resisting the corrosion of
the current collector™™' and alleviating the dissolution of transient metal ions from high-voltage cathodes".

As these aspects are beyond the scope of this review, they are not specifically discussed herein.

LHCEs

HCEs exert compelling performance at the expense of viscosity and cost, which is fatal to their practical
application!. The viscosity of electrolytes affects the wetting to the separators and electrodes. HCEs with
ten times or higher viscosity render a significantly prolonged formation time, especially for the use of thick
electrodes™”. Lithium salts represent the main cost of traditional electrolytes due to their high price and the
cost increase brought by HCEs with a higher proportion of lithium salts makes them unacceptable for
commercial applications. The employment of LHCEs considerably tackles this dilemma. LHCEs are
obtained by diluting HCEs with a low-polarity inert solvent that is miscible with them. Low-viscosity
hydrofluoroethers (HFEs) are often chosen as the diluent, where the -F groups close to the ether bond can
reduce the electron cloud density of oxygen atoms, thereby weakening the ion-dipole interaction'”. On this
basis, LHCE: still retain the solvation structure of HCEs, while the overall concentration and viscosity of the
electrolyte can be largely decreased. Hence, the anion-derived interfacial properties are preserved to a large
extent. Consequently, LHCEs have become promising electrolyte systems for practical applications and
attract tremendous research interest*>*"**.

The initial prototype LHCE was first applied to Li-S batteries"". For the pursuit of high-rate capability,
Dokko et al.'* screened out a HFE solvent for a HCE of [Li(tetraglyme),][TFSI], 1,1,2,2-tetrafluoroethyl-
2,2,3,3-tetrafluoropropyl ether (TTE), according to the criteria of high chemical stability, low polarity and
miscibility. The introduction of TTE lowers the electrolyte viscosity and expedites mass transfer, while
retaining the solvation structure of the HCE and its functions [Figure 6A].

A similar electrolyte system was also implemented in LIBs, as manifested in Figure 6B"*’. Solvent activity,
the concentration of free solvents, is considered as a critical factor in determining the oxidative stability of
electrolytes, the corrosion of aluminum current collectors, the intercalation or co-intercalation and the
solubility of intermediates. In 2018, Chen et al.®® explicitly proposed the concept of LHCEs. Two thirds of
DMC solvent by molarity were replaced by a bis(2,2,2-tri-fluoroethyl) ether diluent in the original 5.5 M
LiFSI/DMC electrolyte. A high-voltage Li metal battery using such a LHCE realized stable cycling exceeding
the HCE counterpart and the anion-derived SEI that was rich in LiF and Li,O dedicated to the dendrite-free
deposition morphology. Chen et al.”® successively published several articles on the applications of LHCEs
in Li metal batteries by incorporating functional base solvents and diluents. Benefitting from the increased
wettability and conduction properties compared to HCEs, Li||NCM batteries using a sulfone-based LHCE
exhibited better rate and low-temperature performance [Figure 6C]"*. With the addition of the inert TTE
diluent, the LUMO energy level further shifted to LiFSI, which mitigated the side reaction between solvents
and the Li anode and facilitated the complete decomposition of anions to form a SEI with nitrogen-rich
species [Figure 6D]®*, resulting in uniform and rapid Li deposition behavior.
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Figure 6. Characteristics and electrochemical performance of LHCEs. (A) Rate performance of Li-S batteries using HCE and LHCE, and
the self-diffusion coefficients of each component in the LHCE. Reproduced with permission™’ (copyright 2013, IOP Publishing). (B)
Charge/discharge curve of graphite||Li cells under different solvent/diluent ratios (1 M LiTFSI-xG3-yHFE). Reproduced with
permission?*! (copyright 2015, American Chemical Society). (C) Wettability of dilute electrolyte, HCE and LHCE towards polyethylene
separators. (D) N 1s spectra of SEl in three electrolytes at different sputtering depths. Reproduced with permission™® (copyright 2018,
Elsevier). LHCE: Localized highly concentrated electrolyte; HCE: highly concentrated electrolyte; HFE: hydrofluoroether.

Figure 7A demonstrated the densest deposition morphology in a LHCE composed of plated lithium
chunks". In another work, the SEI structure on the surface of Li anodes in the LHCE was clearly
distinguished with the help of atomic-view cryo-electron microscopy, as revealed in Figure 7B"*?. A
monolithic SEI with a thickness of 10 nm uniformly covered the surface of metallic Li, consisting of
inorganics derived from anions. The amorphous structure of the anion-derived SEI may be the reason for
the highly reversible Li plating/stripping. The LHCE effectively regulates dense and uniform Li deposition,
as described above. Based on this, Cai et al."”” determined that the LHCE increases the safe lithium-plating
boundary in LIBs to 25% of the lithiation capacity. The plated Li was evenly distributed on the surface of
graphite particles and there was scarcely any “dead lithium” signal at the delithiated state according to time-
of-flight secondary ion mass spectrometry results, as depicted in Figure 7C'"*. Recently, Jiang et al.™
probed the fast-charging performance of graphite half cells using a 1.5 M LiFSI/DME:bis(2,2,2-
trifluoroethyl) ether (v:v = 1:2) electrolyte. Benefitting from the lowest interfacial impedance and moderate
bulk resistance among the three electrolytes, the cell containing the LHCE delivered a capacity of

220 mAh g* at 4.0 C, which was over four times higher than that of a routine electrolyte and HCE
[Figure 7D]™.
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Reproduced with permission™® (copyright 2021, Wiley VCH GmbH). (D) Rate capability of graphite||Li cells using different
electrolytes. Reproduced with permission™” (copyright 2020, Wiley VCH GmbH). SEI: Solid electrolyte interphase; LHCE: localized

highly concentrated electrolyte.

The general recognition of a diluent is that it breaks the three-dimensional solution structure of a HCE and
separates large ion clusters, but it is unclear whether it affects the Li* solvation structure and the formation
of the SEL In some LHCEs, the diluent weakens the coordination of anions with Li"**"*¥, while in other
LHCEs, this situation is reversed™”. The root of these contradictory conclusions lies in the binding strength
distinction of diluents and base solvents toward Li*. The polarity of the diluent needs to be properly
selected, as poor miscibility with the original electrolyte can be expected when the polarity is too low, while
the Li* solvation structure of the HCE will be destroyed when the polarity is too high.
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Cao et al." specifically investigated the solvation structure of various fluorinated co-solvents in a LHCE via
ab initio molecular dynamics simulations. As shown in Figure 8A, the radial distribution of the components
in the LHCE indicates that some diluents can enter the second solvation shell to participate in the
coordination with Li’, thereby interfering with the interaction between the anions and Li" in the HCE, as
well as the anion-derived SEI chemistry. In contrast, Piao et al.”” found that the interaction between anions
and Li* was enhanced when the TTE counter solvent was added to the LiFSI/DMC concentrated electrolyte
(T3). Figure 8B demonstrates the increased proportion of highly FSI'-coordinated Li' (AGG-III, FST
complexing with over 3 Li") based on molecular dynamics simulations, which induces a LiF-rich SEI
compared to the HCE (D7). Recently, Ding et al."* revealed the underlying mechanism of co-solvent
effects in LHCEs. Specifically, the low-polarity diluent provides a low-dielectric environment, where more
anions associate with Li' to form AGG structures. Under the electrostatic attraction of the negatively
charged Li anode"””, the positively charged AGG aggregates can approach the electrode surface and are
preferentially reduced to govern the SEI chemistry [Figure 8C]"**.

Moreover, a solvent diagram was drawn to correlate the relative binding energy and dielectric constant,
providing a guiding criterion for the choice of co-solvents [Figure 8D]"**. The choice of base solvents also
has a crucial influence on the formation of the SEL Li et al."*' systematically compared the discrepancies
between ether- and ester-based LHCE systems in high-voltage Li metal batteries. DFT calculations revealed
that the Li-DME complex had a higher LUMO energy level than that of Li'-DMC, i.e., the Li"-DME
complex was more compatible with Li electrodes due to its higher reductive stability. Therefore, the anionic
decomposition on the surface of the Li electrodes was dominant in the ether-based LHCE, as also proved by
the existence of the complete anion decomposed products found in the SEI according to the XPS results.
Through the screening of low-polarity base solvents with higher LUMO energy levels, Xu ef al."*” designed
a LHCE that could achieve a high CE under demanding conditions (99.7% at 1.0 mA c¢cm?, 3.0 mAh cm?).
This stemmed from the optimized interfacial structure and reduced SEI generation/reconstruction.

WSEs

In addition to tuning the salt/solvent ratio by the increasing salt concentration, reducing the intrinsic
solvating power of solvents is another method used to force anions into the inner solvation shell of Li".
From this perspective, Yao et al.™ proposed the concept of a WSE, where only a solvent with weak
solvation power was adopted. On this basis, abundant CIP and AGG structures in HCEs and LHCEs were
inherited at a considerably low salt concentration (1.0 M), thereby circumventing the cost and intricate
interaction among multicomponents. Figure 9A illustrates the change in binding energy between Li* with
solvents and anions in different solvents acquired from DFT calculations. The relative binding energy
(defined as the difference between the binding energy of Li*-solvent and Li*-anion, Es-E,) is the largest in
the non-polar solvent, 1,4-dioxane, which manifests that anions prevail in the competitive coordination
with Li". Consequently, it can be preferentially decomposed to form an anion-induced SEI

As shown in Figure 9B, such interfacial chemistry results in a lower activation energy of Li* desolvation and
transport through the SEI according to the results of temperature-dependent impedance tests using a three-
electrode setup, which renders rapid interfacial kinetics in favor of the fast-charging performance. Lee and
Pham"" introduced another ether-based solvent of 1,2-diethoxyethane (DEE) with a low permittivity as a
single solvent. Raman spectroscopy illustrated that the low solvation capability of DEE explicitly increased
the ratio of anion ligands, including CIP and AGG structures, at normal concentrations [Figure 9C]"*""*,
contributing to LiF-rich robust passivation layers on both electrodes. In earlier work, Yu et al."”
synthesized a fluorinated 1,4-dimethoxylbutane solvent and identified its low solvation ability with Li",
incurring a high anion/solvent ratio in the solvation sheath. Such a solvation structure induced the anion-
derived SEI, presenting thin, amorphous, inorganic-rich and homogeneous characteristics [Figure 9D]""".
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Under the protection of the superior SEL the Li metal anode achieved highly-efficient cycling with a CE of
99.52%. Industrial anode-free pouch cells achieved a ~325 Wh kg’ single-cell energy density and 80%
capacity retention after 100 cycles.

In addition to the above single-solvent WSEs, some electrolyte systems, where weakly coordinated solvents
are utilized to partially substitute for polar ones, have also been reported. In order to revive the PC
electrolyte system with high-voltage cathode compatibility and a wide liquid range, Liu et al."*! introduced
weak-polarity diethyl carbonate (DEC) into a LiPF /PC electrolyte to decrease the coordination number of
solvents with Li*. As exhibited in Figure 10A, a more negative charge accumulated on the PC molecule (Li*
/PC-DEC = 1:5, molar ratio), which increased the LUMO energy level of PC and enhanced the reduction
endurance. In another work, a low-density monoether, methyl propyl ether (MPE), with appropriate
polarity and stability against Li was added to the electrolyte"*”. Under the function of weakly coordinated
MPE, TESI was subjected to intensive coordination with Li*, which was responsible for the prominently
enhanced LiF peak in the SEI compared with the control sample [Figure 10B]"*. Recently, Kim et al."*”
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Figure 9. Characteristics and derived SEI of WSEs. (A) Binding energy of Li" with solvents and anions based on DFT calculations. (B)
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electrode electrochemical impedance spectroscopy. Reproduced with permission™” (copyright 2019, Wiley VCH GmbH). (C) Raman
spectra and decoupled three-type stretching vibrations environments of FSI” in different electrolytes. Reproduced with permission™™”
(copyright 2021, Wiley VCH GmbH). (D) Cryo-electron microscopy images and F 1s XPS depth profiles of Li anode surface. Adapted
with permission”"” [copyright 2020, the author(s)]. SEI: Solid electrolyte interphase; WSE: weakly solvating electrolyte; DFT: density
functional theory ; FSI: bis(fluorosulfonyl)imide; XPS: X-ray photoelectron spectroscopy.

established the relationship between solvation energy and Li electrode cyclability, which lies in the strong
correlation among Li* solvation structure, interfacial chemistry and the reversibility of Li cycling, as
depicted in Figure 10C. In the weak binding solvent, more anions participate in the solvation structure to
dominate the SEI chemistry. As-formed anion-derived SEIs composed of abundant inorganics are often
conducive to the efficient utilization of Li"*".
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CONCLUSIONS AND PROSPECTS

The development of fast-charging and stable batteries is strongly reliant on the design of advanced
electrolytes. Current commercial ester electrolytes no longer meet the requirements for high-rate, long-life
and safe batteries, let alone for applications under demanding conditions, such as high- and low-
temperature scenarios. By regulating the solvation structure, the properties of the corresponding electrolyte
bulk and electrode/electrolyte interfaces are altered, which is expected to remove the constraints from
traditional electrolyte systems.

HCEs generate a solvated structure with deficient solvents by virtue of a higher salt concentration, which
promotes the coordination of anions and improves the reductive and oxidative stability of the system. The
as-formed anion-derived SEI has an indispensable role in tolerating parasitic reactions and optimizing
interfacial Li* transport. Furthermore, HCEs bestow an extended voltage window and ameliorative safety
upon Li batteries, although they compromise the electrolyte viscosity and bulk ionic conductivity. In this
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regard, the introduction of inert diluents separates the electrochemical properties of HCEs from their
physicochemical characteristics, thereby solving the bulk issue specifically. LHCEs not only improve the
wetting and bulk transport but also further facilitate anions to participate in the solvation of Li".
Consequently, the elaborate bulk properties and anion-dominated SEI with abundant inorganic
components significantly expand the operating temperature range, fast-charging capability and stability of
Li batteries. Another method for anion-derived SEI involves adjusting the intrinsic solvation power of
solvents. The weakly coordinated solvents adopted in the WSEs favor more anions into the solvation sheath,
which facilitates their decomposition, even at low salt concentrations, to form an anion-derived SEI with
fast interfacial kinetics.

The bulk properties and cost of HCEs limit their practical application. In addition, WSEs require a careful
screening for suitable solvents to balance the solvation ability and the dissolution ability of Li salts. In
comparison, LHCEs can be considered as “all-rounders” and have excellent potential as next-generation
cutting-edge electrolyte systems, considering their superior performance and high design flexibility. Related
spectroscopy, nuclear magnetism, cryo-electron microscopy and theoretical calculations have provided a
wealth of information regarding the solvation structure, thermodynamic characteristics and interfacial
composition and structure of electrodes in these emerging electrolytes. It is generally accepted that the
solvation structure predominates in the formation and evolution of electrode interfaces. However, there are
still gaps in the correlation between interfacial chemistry and electrode electrochemical performance in
guiding rational design, and advanced characterization technology, fresh viewpoints and novel theories are
strongly needed to bridge them in order to pursue future research breakthroughs in the battery community.

It is noteworthy that SEIs will undergo rupture and reconstruction during dynamic evolution, especially on
host-free Li electrodes. Consequently, the lithium salt is gradually consumed to repair the anion-derived SEI
and the accumulated SEI also increases battery polarization. A rigid SEI that is rich in inorganics may
poorly withstand the mechanical deformation of the electrode. The combination of organic and inorganic
constituents in an optimized spatial structure is expected to achieve the design of interfaces with high
toughness, stability and ionic conductivity.
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