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High-voltage lithium metal batteries (HVLMBs) have been arguably regarded as the most prospective solution to ultrahigh-
density energy storage devices beyond the reach of current technologies. Electrolyte, the only component inside the HVLMBs
in contact with both aggressive cathode and Li anode, is expected to maintain stable electrode/electrolyte interfaces (EEIs) and
facilitate reversible Li" transference. Unfortunately, traditional electrolytes with narrow electrochemical windows fail to
compromise the catalysis of high-voltage cathodes and infamous reactivity of the Li metal anode, which serves as a major
contributor to detrimental electrochemical performance fading and thus impedes their practical applications. Developing stable
electrolytes is vital for the further development of HVLMBs. However, optimization principles, design strategies, and future
perspectives for the electrolytes of the HVLMBs have not been summarized in detail. This review first gives a systematical
overview of recent progress in the improvement of traditional electrolytes and the design of novel electrolytes for the
HVLMB:s. Different strategies of conventional electrolyte modification, including high concentration electrolytes and CEI and
SEI formation with additives, are covered. Novel electrolytes including fluorinated, ionic-liquid, sulfone, nitrile, and solid-state
electrolytes are also outlined. In addition, theoretical studies and advanced characterization methods based on the electrolytes
of the HVLMBs are probed to study the internal mechanism for ultrahigh stability at an extreme potential. It also foresees
future research directions and perspectives for further development of electrolytes in the HVLMBs.

1. Introduction

With the continuously increasing demand for portable elec-
tronics and electric vehicles, higher requirements have been
placed on rechargeable batteries. Due to the zero memory
effect and long cycle life, lithium- (Li-) ion batteries (LIBs)
composed of graphite anode and LiFePO,, LiCoO, (LCO),
or LiNi,Mn,Co,_,,O, (NMC) cathodes play an irreplaceable
role in almost every aspect of our life [1-7]. However, the
energy density of LIBs can hardly exceed the upper limit of
300 Whkg™' [8,9]. By contrast, Li metal becomes the preferred
anode for high-energy-density cells for its ultralow redox
potential (-3.040V versus the standard hydrogen electrode)

and incomparable theoretical capacity (3862mAhg™) [6, 10,
11]. As Lianode is used instead of a graphite anode, the energy
density increases by ~50% compared to conventional LIBs [12,
13]. Compared with conversion cathodes, intercalation cath-
odes own more complete production technology and higher
work potential [14-16]. High-voltage Li metal batteries
(HVLMBs) composed of intercalation cathodes and Li anode
at high potential can provide energy density close to
400 Whkg™" and even higher [17, 18], which is honored as a
promising next-generation battery system and attracts the
rapidly growing interest of extensive research (Figure 1).

As known, HVLMBs are composed of four parts: high-
voltage cathode, Li anode, separator, and electrolyte [19, 20].
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Owing to the catalytic nature of high-voltage cathodes and the
infamous reactivity of Li anode, the electrolyte directly con-
tacting with the two electrodes is particularly instrumental
in maintaining the stability of the entire battery system
[21-23]. Moreover, electrochemical reactions at the elec-
trode/electrolyte interphases are triggered during the charg-
ing/discharging with the generation of Li anode-side solid
electrolyte interphase (SEI) and the cathode electrolyte inter-
phase (CEI) counterpart as a result of the initial reduction and
oxidation of electrolyte, respectively [24, 25]. The interphases
generated in the electrolyte are expected to be robust enough
to obstruct the continued side reactions between the electro-
lyte and the electrodes. Furthermore, the electrolyte should
be endowed with rapid Li" transport, sufficient wetting to
the separator, and low flammability to ensure the excellent
rate performance and safety of HVLMBs.

Carbonate-based electrolyte, which is widely utilized in
commercial LIBs, shows high antioxidation stability of
~4.3V. Nonetheless, its poor compatibility with Li anode
brings about severe Li dendrite growth and low Li plating/
stripping Coulombic efficiency (CE) [26]. Ether-based elec-
trolyte exhibits exceptional stability with Li metal, as evi-
denced by elevated CE of ~95%, while oxidation appears
above 4V [27]. When they are applied to practical HVLMBs,
consequently, they tend to decompose accompanied by the
release of O, and CO, at a lower potential [28, 29]. Besides,
although the SEI layers induced by traditional carbonate-
and ether-based electrolytes play a certain role in protecting
Li anode, their loose morphology and nonuniform distribu-
tion fail to suppress the dendrite growth, resulting in inferior
lifespan and safety [30, 31]. On the other hand, the CEI
layers generated in traditional electrolytes are mainly unsta-
ble organic carbides and hence fail to inhibit the continuous
electrolyte oxidation and the dissolution of transition metal
at an extreme potential [32, 33]. Therefore, developing stable
electrolytes is vital for further promotions and applications
of the HVLMBs. Electrolytes account for more than half of
the total published articles on HVLMBs each year, as dis-
played in Figure 1. Extensive optimization strategies and

design principles for the electrolytes have been focused on
(1) various battery systems (LIBs with graphite or silicon
anodes [34, 35], practical LMBs [36], lithium sulfur batteries
[37], and anode-free lithium metal batteries [38]), (2) vari-
ous solvent systems (fluorinated solvent [39], high concen-
tration solvents [40], carbonate-based solvents [41], ether-
based solvents [42], and ionic-liquid solvents [43]), and (3)
special functions (flame retardant [44], film forming [45],
and low temperature [46]). However, optimization princi-
ples, design strategies, and future perspectives for the elec-
trolytes of the HVLMBs have not been summarized in detail.

Herein, the improvement strategies of conventional elec-
trolytes and the design of novel electrolytes have been pro-
posed to enhance the stability and reliability of HVLMBs.
A brief timeline summarizes the development of electrolyte
engineering for HVLMBs (Figure 2). As shown in Figure 3,
in this review, recent reports on the electrolytes for HVLMBs
are reviewed in terms of the improvement of traditional
electrolytes and design of novel electrolytes. The highest
occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) values corresponding to the
different substances in Figure 3 are displayed (Table 1). The-
oretical studies and advanced characterization methods
based on the electrolytes of the HVLMBs are also probed
to study the internal mechanism for ultrahigh stability at
an extreme potential. Furthermore, future hotspot directions
and perspectives for further HVLMB electrolyte processing
are also provided. Our review gives a multidimension per-
spective, which involves high-voltage cathode material sci-
ence, Li metal anode chemistry, theoretical simulation,
novel characterization, comprehensive overview of different
solvents, comparison of various strategies, and perspectives
of future directions.

2. Improvement of Traditional Electrolytes

2.1. High Concentration and Localized High Concentration
Electrolytes. High concentration electrolytes (HCEs) exhibit
unique ion solvation structures and anion-derived interfaces,
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FIGURE 2: Brief timeline summarizing the historical development of electrolyte engineering for HVLMBs. 1999, mixed carbonate solvent for
HVLMBs. Reproduced with permission [47]. Copyright 1999, Elsevier B.V. 2006, solid-state polymer for HVLMBs. Reproduced with
permission [48]. Copyright 2006, Electrochemical Society, Inc. 2012, additive with CEI formation for HVLMBs. Reproduced with
permission [49]. Copyright 2012, The Royal Society of Chemistry. 2013, additive with SEI formation for HVLMBs. Reproduced with
permission [50]. Copyright 2013, Elsevier B.V. 2015, high concentration electrolyte for HVLMBs. Reproduced with permission [51].
Copyright 2015, Springer Nature. 2015, sulfone electrolyte for HVLMBs. Reproduced with permission [52]. Copyright 2015, American
Chemical Society. 2016, solid-state ceramics for HVLMBs. Reproduced with permission [53]. Copyright 2016, The Royal Society of
Chemistry. 2018, fluorinated electrolyte for HVLMBs. Reproduced with permission [54]. Copyright 2018, Springer Nature. 2019, nitrile
electrolyte for HVLMBs. Reproduced with permission [55]. Copyright 2019, WILEY-VCH. 2020, ionic-liquid electrolyte for HVLMBs.

Reproduced with permission [56]. Copyright 2020, WILEY-VCH.

which endows the electrolyte with a wide electrochemical
window, excellent thermal stability, decreased flammability,
and weakened current collector corrosion. The HCE design
is mainly for solvent and lithium salt. For the solvent design,

the carbonate-based, sulfone-based, and nitrile-based elec-
trolyte solvents with strong reactivity and poor film-
formation ability for Li metal are difficult to apply in
HVLMBs. The formation of the anion-derived SEI layer
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FIGURE 3: Schematic illustration of the frame structure of this review. Balls with various colors represent different atoms; color code: red: O;
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TaBLE 1: The HOMO and LUMO values corresponding to the
different substances in Figure 3.

induced in the HCEs can significantly enhance the compat-
ibility between the electrolyte and Li anode. Moreover, the
reduced free solvent number in HCE can improve the

Substance HOMO (eV) LUMO (eV)  high-voltage stability of ether-based solvents, which pro-
HFE -8.42 -0.09 motes their applications in HVLMBs. In terms of lithium
FEC 7.46 0.87 salt design, great success has been achieved on HCEs, pri-
AN 793 022 marily attributed to the LiF-rich SEI layer as derived from
BN . 019 the anion. The big anion size in lithiumbis(fluorosulfonyl)i-
’ ) mide (LiFSI) and lithiumbis(trifluoromethane sulfonyl)
TMB -6.27 0.71 imide (LiTFSI) decreases the Coulombic forces between cat-
TEB -6.39 1.14 ions and anions in the electrolyte, ensuring high solubility in
TTS -6.54 -0.18 the solvents. In HCEs, the interaction between Li* and
MSM -6.99 0.17 anions significantly affects the interface formation and elec-
TMS 6.72 0.11 trode passivation processes. Due to the uniform and dense
PEO 585 0.62 LiF-rich EEIs as infiqced. by TESI' and FST', the interface
PVDE 53 003 can remarkably inhibit Li dendrite growth and tolerate the
. significant volume change of high-voltage/capacity
EMIm -9.94 -3.23 electrodes.
ST -8.33 -2.87 To achieve HCE effects while reducing the viscosity of
LiPFg -8.31 -0.67 the electrolyte, localized high concentration electrolytes
LiFSI -7.73 -1.70 (LHCEs) are developed. The construction difference
LiTESI 7.82 151 between LHCEs and HCE:s is attributed to the diluent intro-
LINO, 6.87 081 fiuction. .The sele.ction.err.inci.ples of the.diluents I.n:jlinly
Mg(NO,) 695 079 include (i) weakening Li" binding energy without participat-
32 ing in the Li" solvent shell to achieve localized high concen-
Mg(TESI), -8.19 -0.53

tration environment, (ii) lowering the viscosity by reducing
the HCE viscosity and increasing the wettability of the elec-
trolyte for electrodes and separators, (iii) lowering the
LUMO energy level and facilitating the SEI layer formation,
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(iv) lowering the cost for promoting large-scale applications,
(v) lowering the combustibility and enhancing battery safety,
and (vi) weakening toxicity and reducing pollution for bat-
tery recycling.

2.1.1. High Concentration Electrolytes. In recent reports, high
concentration electrolytes (HCEs) effectively enhance the Li
metal stability and suppress the transition metal dissolution.
By adding the LiFSI concentration to 10 M, Fan et al. [57]
demonstrated outstanding cycling performance of the
HVLMBs. As shown in Figure 4(a), the LiFSI salt is reduced
to form the LiF-rich layer, which validly suppresses the elec-
trolyte oxidation and impedes the Li dendrite growth. The
superconcentrated electrolyte also stabilizes the high-
voltage NMC cathode at an extreme voltage. As shown in
Figure 4(b), the cycling stability of LiNi, Mn,,Co,,0,
(NMC622) ||Li batteries with 1 M LiPF, in ethylene carbon-
ate (EC)/dimethyl carbonate (DMC) and 10 M LiFSI in EC/
DMC electrolytes is tested. The CE of the battery using tra-
ditional electrolyte owns up to 99% in the first few cycles.
However, this CE steeply drops to only 95% after the first
20 cycles, and the specific capacity decays rapidly. After
100 cycles, the NMC622||Li battery using 1M LiPF, EC/
DMC electrolyte achieves the capacity retention of ~52%,
considerably lower than that in 10 M LiFSI in EC/DMC elec-
trolyte (~86%), which significantly enhances the electro-
chemical performances of the HVLMBs compared with
conventional electrolytes. The CEs of the Li/copper (Cu)
batteries using the two different electrolytes are displayed
in Figure 4(c). A high CE of ~97.5% is exhibited in the bat-
tery with the superconcentrated electrolyte, and the CE
gradually increases to ~99.3% on the 80™ cycle. Density
functional theory (DFT) calculations for LUMO energy
values show that LiFSI owns a lower LUMO value
(-1.70eV) than those of DMC (-0.54eV) and EC
(-0.92eV), which indicates that LiFSI is more inclined to
react with lithium anode as compared with the solvents. In
addition, the prioritized reduction of FSI anions with lithium
anode is significantly increased as the molar ratio between
salt and solvent increases from 0.105 in the diluted electro-
lyte to 1.05 in HCE. Without considering thermodynamics,
the -SO,F groups of FSI anions also own a kinetical advan-
tage over the carbonate solvents. Since the S-C bond is more
stable than the C-F bond, the HCE with the LiFSA salt is
expected to achieve better electrolyte suppression and transi-
tion metal dissolution effect as compared with that with
LiFSI. Wang et al. [58] added an advanced lithium bis(fluor-
osulfonyl) amide (LiFSA) in traditional carbonate solvent to
ultrahigh concentration. The superconcentrated electrolyte
exhibits a dense network between anions and solvent mole-
cules, and the network owns robust coordination with Li*
cations. As shown in Figure 4(d), the linear sweep voltamm-
etry (LSV) confirms that a high concentration strategy can
improve the oxidation potential of the electrolyte. The scan-
ning electron microscopy (SEM) photographs of the polar-
ized aluminum surface indicate the successful prevention
of Al dissolution in such a superconcentrated electrolyte.
The main substances in the LiIFSA/DMC electrolytes are
shown in Figure 4(e). As shown in Figure 4(f), an evident

O-CH, vibration (910 cm’!) is observed in free DMC.
When Li" is coordinated with the DMC molecule, the
O-CH, band rises to 930-935cm™. In the solvent of
LiFSA : DMC =1 : 10.8, most DMC molecules are indepen-
dent as the molar ratio of solvent to salt is far higher than a
conventional four- or five-time coordination amount of lith-
ium ion. As the concentration of the LiFSA gradually
increases, the free DMC molecule decreases and the coordi-
nated 1,2-dimethoxyethane (DME) molecule with Li* cations
increases. Owing to the appearance of aggregate clusters (two
or more Li* cations coordinate with FSA™ anion) and contact
ion pairs (only one Li" cation coordinates with FSA™ anion),
the formation of aggregate clusters is confirmed by a
significant mobile of FSA™ cation band at 700-780cm™.
Figures 4(g)-4(i) show the simulation snapshots of dilute
electrolyte, moderately concentrated electrolyte, and super-
concentrated electrolyte, respectively. For the moderately
concentrated electrolyte, the intensity of the free DMC band
significantly decreases in Raman spectroscopy, indicating
that a large number of DMC molecules participate in the
Li" solvation. It is further confirmed by DFT calculations
(Figure 4(h)), which display that ~90% of DMC molecules
are involved in the Li" solvation. As shown in Figure 4(i),
for the superconcentrated electrolyte, Li* cations coordinated
with FSA™ anions form a robust three-dimensional network,
effectively suppressing the dissolution of transition metal
and anodic aluminum (Al) foil at a high voltage. In addition,
there are two critical reasons for the improved stability of the
electrolyte/cathode interface in HCE: (i) LiFSA exhibits lower
reactivity to generate hydrofluoric acids than LiPF, thus
reducing the electrode corrosion. This effectively decreases
the dissolution of the transition metal; (ii) even if little tran-
sition metal leakage occurs on the high-voltage cathode sur-
face, they are difficult to dissolve and transfer through HCE
with abundant ion aggregates.

2.1.2. Localized High Concentration Electrolytes. By adding
diluent into the HCEs, LHCEs are further developed, which
enhances the wettability with the separator and electrode
and reduces the use of Li salt to decrease the cost.
Zhang et al. [59] enhanced the oxidation potential of
LHCE to 4.9V and achieved outstanding cycling perfor-
mance of LiNij, Mn,,Co,,0, (NMC811)||Li battery in
2.5-44V. Figures 5(a)-5(c) show the simulation snap-
shots of LiFSI/DMC/1,1,2,2-tetrafluoroethyl-2,2,3,3-tetra-
fluoropropyl ether (TTE), LiFSI/DMC/vinylene carbonate
(VC)/TTE, and LiFSI/DMC/EC/TTE electrolytes, respec-
tively. The simulation results indicate that the LiFSI salt is
associated with DMC and EC as well as VC molecules in dil-
uent TTE solvent. The radial distribution function (g(r)) is
conducted to further research the distances between different
solvents and Li* cations in the LHCEs. As shown in
Figures 5(d)-5(f), strong peaks of the Li"-Opy are all
~1.95A, a bit smaller than Li"-Ogg, demonstrating the
excellent coordination between DMC molecules and Li* cat-
ions. For the LHCEs with EC or VC solvents, a new peak of
Li*-Opc/Li*-Oyc also appears at 1.95 A, indicating that the
EC and VC fully participate in the Li" cation solvation. The
stronger intensity of Li*-Op/Li"-Oy pairs than that of
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Li"-Oppe pairs demonstrates the better coordination
between Li" cations and EC/VC molecules in the LHCEs.
Likewise, the coordination between VC and Li* is weaker
than EC. In addition, TTE molecules have no association
with Li* cations in the three LHCE systems, suggesting that
the TTE solvent as diluent shows no interaction with Li" cat-
ion in the LHCE. To find out why the LHCEs in NMC811||Li
batteries exhibit outstanding electrochemical performances,
the NMC811 electrodes after cycling and cathode electrolyte
interphase (CEI) on their surface are characterized by SEM
and high-resolution transmission electron microscopy
(HRTEM). The cross-sectional focused ion beam (FIB)/
SEM images of the pristine and cycled cathodes are shown
in Figures 5(g)-5(k). Many cracks appear on the NMC811
cathode after cycling in a traditional E-baseline electrolyte.
In contrast, the electrodes after cycling in the three LHCE
systems are well protected. As shown in Figure 5(i), a clean
surface is observed at the fresh NMC811 cathode. A CEI layer
with 15-21nm thickness is unevenly distributed on the
cycled cathode surface (Figure 5(m)). However, the
NMCS811 cathodes using the LHCEs exhibit more uniform
and thinner CEI layers, specifically, =5 nm for LiFSI/DMC/
TTE electrolyte (Figure 5(n)), ~4nm for LiFSI/DMC/VC/
TTE electrolyte (Figure 5(0)), and =3 nm for LiFSI/DMC/
EC/TTE electrolyte (Figure 5(p)). Despite the smaller thick-
ness than the traditional electrolyte, the CEI layers in three
LHCE systems exhibit better durability and mechanical
strength, originating from the less transition metal dissolu-
tion than the traditional electrolyte. These results demon-
strate that the advanced interfacial chemistry in the LHCEs
efficiently protects the high-voltage cathode, further reducing
the transition metal escape and electrolyte oxidation. In addi-
tion to the carbonate-based LHCEs, the ether-based LHCEs
with an excellent affinity for lithium metal are also pro-
foundly investigated. Ren et al. [60] developed an ether-
based LHCE that can maintain the stability of NMC811 cath-
ode under a high voltage of 4.5 V with the LiF-rich interface.
Combined with the outstanding stability for Li metal in the
LHCE, the NMC811||Li cells exhibit significantly enhanced
cycling performance. In the LHCE system, FSI” replaces the
DME molecule in the Li" solvation structure, and the addi-
tion of TTE diluent does not destroy the interaction between
FSI” and Li*. To research the Li dendrite growth behavior in
the conventional electrolyte, HCE, and LHCE, the digital
photos of the Li metals after cycling in Li||Cu batteries using
various electrolytes are shown in the insets of Figures 5(q)-
5(s). For the traditional electrolyte, an extremely uneven
layer is observed, indicating a severe parasitic reaction at
the anode-electrolyte interface. In contrast, flat Li layers are
deposited in LHCE and HCE, suggesting uniform Li" trans-
mission in the two electrolytes. Large and smooth Li deposits
are observed in SEM characterizations of these two electro-
lytes. However, apparent Li dendrite growth can be observed
in the carbonate electrolyte. As shown in Figures 5(t)-5(v),
for the LHCE, the cross-section picture of the anode
exhibits a denser and uniform deposition layer with a
thickness of 32mm, considerably lower than those in the
HCE (40mm) and the carbonate electrolyte (45mm).
The Li deposit owning a larger contact area with carbon-
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ate electrolyte will induce a more severe parasitic reaction
to cause a lower CE.

Except the TTE diluent, 1,2-difluorobenzene (1,2-dfben),
fluorobenzene (FB), and bis(2,2,2-trifluoroethyl) ether
(BTFE) with weak Li* binding energy and strong fluorine-
donating ability own huge potential as diluents. Yoo et al.
[61] reported that 1,2-dfben could be used as a diluent sol-
vent in the electrolyte to realize the LHCE effect. The low
LUMO energy level and strong fluorine-donating ability of
1,2-dfben enhance the concentration influence at a relatively
low lithium salt concentration of 2M and achieve LiF-rich
SEI composition. Jiang et al. [62] found that the introduction
of FB diluent not only enhances the physical properties of
the electrolyte but also modifies the Li* solvation shell,
which promotes the formation of LiF-rich electrode/electro-
lyte interfaces (EEIs). Beneficial from these improved fea-
tures, the Li/LCO cell with the high-loading cathode
(20.4 mgcm) using the LHCE shows stable cycling perfor-
mances and high rate capacities at an extreme potential
(4.6 V). Notably, the Li/LCO pouch battery delivers an
energy density of 400 Whkg' under harsh conditions
(50 ym Li, 2.7 gAh'1 electrolyte amount). Chen et al. [63]
reported a fire-retardant LHCE with the lithium salt of LiFSI
and the nonflammable solvents of triethyl phosphate (TEP)
and BTFE. The LHCE can sustain stable and dendrite-free
cycling of HVLMBs with an average CE of 99.2%. Further-
more, it shows outstanding anodic stability up to 5V and
significantly enhances the electrochemical performances of
HVLMBs. Table 2 shows the cycling performance of the
HVLMBs with different HCEs and LHCE:s.

2.1.3. Section Summary. In this section, recent development
in the HCEs and LHCEs has been discussed, including car-
bonate-in-salt, ether-in-salt, and other organic solvent-in-
salt electrolytes, such as 5.5M LiFSA in DMC, 1.7 M LiFSI
in DME/TTE, and 3.5M LIiTESI in DMC/[C,mpyr][FSI].
Through increasing the salt concentration, the ion transfer
mechanisms in HCEs and LHCEs are remarkably different
as compared with traditional electrolytes. In conventional
electrolytes, a big solvation structure is formed through
coordination between Li* and solvent, which seriously
decreases Li* mobility. However, the anion almost does not
enter the solvation shell. Therefore, the conventional electro-
lytes own low Li* transference numbers (<0.4), leading to
abundant anions gathering on the cathode, generating severe
concentration polarization and large overpotential [64]. On
the contrary, for the distinctive solvation structure of the
HCEs, Li cations can drag more anions into the solvation
structure, which dramatically limits the anion mobility while
less affecting the cation mobility, resulting in an extremely
high Li* transference number (>0.6) [65, 66]. This leads to
a large mass transfer flux of Li cation, promoting the uni-
form and rapid substance exchange at the surfaces of high-
voltage cathode and Li metal anode. It can also prevent the
spatial charge layer induced by the anion consumption at
EEIs. This decreases the electric field driving force and exac-
erbates the uneven deposition of Li*. In addition, the rival
coordination of solvent and anion with Li cation controls
the solubility of the lithium salt in the electrolyte and the
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generation of aggregates and ion pairs universally existing in
the HCEs and maintaining the stability of the two electrodes
in HVLMBs. Moreover, the reorganized Li* solvation struc-
ture in the HCEs not only involves more anions but also
reduces accessible free solvents, which enhances the electro-
chemical window of the electrolyte and optimizes the forma-
tion pathways of SEI and CEI layers to increase the
mechanics and the electrochemical stability of EEIs. Overall,
besides the widely received cancellation of free solvent at
high concentrations, the contact ion pair and aggregate clus-
ter formation facilitate the involvement of anions in the pas-
sivation layer formation and thus essentially enhance the
inorganic substances in the SEI/CEI layers and increase the
electrolyte oxidation resistance. The distinctive solvation
structure and the anion-derived interface endow the electro-
lyte with surprising properties, such as enhanced oxidation
potential, improved thermal stability, decreased flammabil-
ity, and intensive compatibility with the current collector.
Therefore, the electrochemical performances of HVLMBs
can be significantly enhanced using HCEs and LHCEs.

2.2. Additives with CEI Formation. The high voltage leads to
continuous decomposition of conventional carbonate-based
electrolytes at cathode surfaces, often generating an unstable,
nonuniform, and nonprotective CEI layer, impeding the Li*
migration and decreasing the electrochemical efficiency.
Various side reactions, such as irreversible structural change,
leakage of transition metals, and release of lattice oxygen,
also emerge and considerably deteriorate battery perfor-
mances. Compared with other strategies of enhancing the
electrochemical performances of HVLMBs, the strategy of
using CEI additives owns less dosage, simple method, low
cost, and prominent effect. Thus, it has attracted widespread
concerns. The HOMO energy value of most CEI additives is
lower than that of solvents, so they can preferentially partic-
ipate in the electrochemical reactions on the electrolyte/
cathode interface, forming a robust and uniform film on
the cathode surface to suppress the decomposition of elec-
trolytes and decrease the effect of various side reactions.
The higher voltage pursuing in the high-energy-density Li
batteries has exceeded the anodic limits of the commercial
electrolytes, therefore adding CEI additive to form a protec-
tive layer that blocks the electron transport and meanwhile
enables efficient Li* access is one of the most effective
strategies.

By forming a stable and even CEI layer, the additives
alleviate the continuous degradation of electrolytes and
inhibit the transition metal dissolution, enhancing the
cycling stability of HVLMBs. Choudhury et al. [78] demon-
strated that the CEI composed of preformed supramolecules
and anionic polymers achieves an advanced strategy for
enhancing the stability of ether electrolytes at an extreme
voltage. As shown in Figures 6(a) and 6(b), the charged
glyme-bis (oxalate)borate (BOB) oligomers, which are
incredibly stable at a high voltage, form a dense CEI by
robust noncovalent interactions. The oligomer CEI effec-
tively reduces the side reaction between the electrolyte and
the high-voltage cathode. As shown in Figure 6(c), the semi-
crystalline polymer with the following three advantages is
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studied. First, the solutions of Li" cations in aprotic alcohol
and carbonate ester exhibit low viscosity for the successful
transportation of the polymer to the pores of the prefabri-
cated cathode through the liquid carrier. Second, the Li"
coated interfaces are previously studied to indicate that the
effective electrostatic shielding is formed by the negative
charge centers generated by the dissociation of the sulfonate
groups. The shield inhibits the migration of negatively
charged substances on the surface of the electrode without
compromising the transport of cations. It induces high inter-
facial ionic conductivities and Li" transference numbers.
Finally, the hydrophobic and hydrophilic domains coexist
in the Li* cation separator, which means that the strongly
polarized molecules will be slowed down in solvent.
Figure 6(d) displays the only coupling product and the cor-
responding free energy change. The simulations show that
the negatively charged substances are thermodynamically
prone to be formed compared with their neutral analogs.
Thermodynamically, the C-C produced by the CO, release
is preferable (AG = -0.64eV). To evaluate the generate pos-
sibility of supramolecules, oligomers, or polymers, the reac-
tion energies for these species are calculated (Figure 6(e)).
These results demonstrate that the generation of negative
charge and neutral trimer is thermodynamically difficult,
along with the higher-order polymers. The anion and neu-
tral form of the trimer formed by the dimer are endothermic
peaks of 1-4 eV, and the formation of higher-order coupling
products is very difficult owing to the high AG. As the poten-
tials increase, the trimers may appear, but further polymeri-
zation seems impossible. Higher-order oligomers with
multiple charges are unstable owing to the easy dissociation
into lower-order charged dimers or trimers. Based on this
situation, Figure 6(f) displays the calculations of the redox
potentials of the diglyceride molecule, as well as the oligomer
with the BOB molecule. In particular, the measured and
computationally predicted infrared (IR) spectra all confirm
that the oligomer is stable at an extreme voltage. The LSV
in a 3-electrode setup and the more rigorous electrochemical
floating-point examination show the enhanced oxidation
potential with the existence of the oligomer. The cyclability
of Li||[NCM cell utilizing the diglyme-LiNO,-tris (hexa-
fluoro-iso-propyl)phosphate (HFiP) electrolyte is studied,
as displayed in Figure 6(g). The battery exhibits a CE of up
to 98%, and the capacity decays only 20% after 200 cycles
at 0.2 C. As shown in Figure 6(h), the improvement of oxida-
tion potential is observed in several electrolyte systems. The
enhanced oxidation of anionic Li" cation coating is univer-
sal. The introduction of F on the basis of B-containing addi-
tives can further enhance the stability of the electrolyte/
cathode interface. Yue et al. [79] demonstrated that tris(pen-
tafluorophenyl) borane (TPFPB) additive with CEI forma-
tion stabilizes the LNMO cathode at elevated potentials
and the Li anode. SEM is conducted to study the CEI gener-
ation on the LNMO cathode. The HOMO value of TPFPB
(-7.89¢eV) is higher than those of EMC (-8.16eV) and EC
(-8.44eV). The LUMO energy level of TPFPB is -3.54¢eV,
considerably lower than those of EMC (0.82eV) and EC
(0.54eV). Such a large energy landscape ensures the early
redox reaction of TPFPB over the carbonate solvents,
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FIGURE 6: (a, b) A pictorial illustration of the mechanism by which oxidation of ethers is inhibited at a high-voltage CEI containing a layer of
immobilized anions. (c) Schematic illustration of the structure of lithiated Nafion™ (Lithion) utilized to form the CEL (d) Structures of
plausible coupling products of BOB*> and diglyme. Calculated reaction-free energies for forming anionic (green) and neutral (red color)
dimers. (e) Optimized geometries and respective charges for the dimer and higher-order coupling products of BOB and diglyme. (f)
Table of calculated redox potentials for diglyme and its oligomers with BOB molecules. (g) Cycling performance for a Li|[NCM cell with
diglyme-LiNO,-HfiP-lithium bis(oxalate) (LiBOB) electrolyte. (h) Bar chart comparing the oxidative stability of different electrolytes
with (black) and without (red) lithion coating. Reproduced with permission [78]. Copyright 2019, Springer Nature. SEM (left) and TEM
(right) images of the LNMO cathodes under the conditions of (i-1) pristine LNMO cathode and after 200 cycles in (m-p) STD and (q-t)
TSTD electrolytes. Reproduced with permission [79]. Copyright 2019, The Royal Society of Chemistry.
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promoting the stable EEI formation on the electrodes and
inhibiting the decomposition of EC and DMC. For the pris-
tine LNMO electrode, octahedral crystal shape and spherical
secondary particles are observed (Figures 6(i) and 6(j)). The
LNMO cathode after 200 cycles in the standard electrolyte
(STD) is damaged (Figures 6(m) and 6(n)). On the contrary,
both types of cathodes in the STD with 1wt.% TPFPB
(TSTD) are relatively intact after 200 cycles (Figures 6(q)
and 6(r)). The transmission electron microscope (TEM)
characterizations are used to further evaluate the CEI in var-
ious electrolytes. For the fresh LNMO cathode, no CEI layer
is observed (Figures 6(k) and 6(1)). As shown in Figures 6(o)
and 6(p), the nonuniform CEI layer with a thickness ranging
from 59 to 178 nm is formed on the surface of LNMO parti-
cles in the STD electrolyte. It is because of the electrolyte
decomposition on the cathode. By-products of the decom-
position are electronically insulating and can cause these
LNMO particles to inactivate [80]. Therefore, the impedance
continues to increase to cause difficulties in delithiation and
lithiation. As shown in Figures 6(s) and 6(t), a thin and uni-
form CEI ~10 nm is generated in the TSTD electrolyte. This
thin CEI prevents side reactions between the electrolyte and
the LNMO cathode and ensures fast Li" transmission.

Li et al. [81] manipulated the electrode/electrolyte inter-
phase with a LiBOB additive to enhance the cycle life of
LiNi, 4,C0, 06O, |Li cell at an extreme potential. Figure 7(a)
shows a 3D view of the distribution of BO-segments in the
time of flight secondary ion mass spectrometry (TOF-SIMS)
sputtering volume collected near the surface of the cycled
cathode with or without LiBOB. The BO™ signal on the
LiNi; 4,Co, 06O, cathode in 1.5% LiBOB electrolyte is more
evident and uniform than the baseline electrolyte. Therefore,
LiBOB salt initially oxidizes and changes the original CEI
composition. Figure 7(b) displays the charge-discharge
curves of various electrolytes at the initial cycle for the
LiNij 4,C0y 06O,||Li batteries at 0.1 C. The discharge and
charge capacities of the cell with the baseline electrolyte are
228 and 258mAhg’, corresponding to 88.2% CE. The
charge capacities of the cells with the 0.3% LiBOB and 1.5%
LiBOB electrolytes are 260 and 263 mAhg™, respectively,
with CE of 86.8% and 85.6%. The initial oxidation of BOB"
anions causes lower CE. Besides, the corresponding differen-
tial capacity (dQ/dV') curve offers a more direct and detailed
comparison (Figure 7(c)). The battery using baseline electro-
lyte exhibits an apparent peak at 3.0V, ascribed to the
decrease of EC when the electrolyte-anode interphase is
formed on the anode surface. Overall, this study demon-
strates that B,O, groups are introduced in the EEIs by the
sacrificial decomposition of LiBOB, which enhances the
interfacial Li* diffusivity and gives rise to superior electro-
chemical stability of the high-voltage cathode. Compared
with LiNij 4,Co0, 5O, the stable CEI construction of Co-
free LiNiO, is more difficult due to the continuous Ni disso-
lution, structural disordering, and particle cracking. Deng
et al. [82] developed a fluorinate-rich electrolyte with lithium
difluoro(oxalate)borate (LiIDFOB) salt to generate a strong
fluoride- (F-) and boron- (B-) rich CEI layer. The capacity
retention of LiNiO,||Li cell reaches as high as 80% after 400
cycles under an extreme potential of 4.4 V. The cycled LiNiO,
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cathodes in 1M LiPF, in EC/DMC=1/1, v/v and 1M LiP
F, +2wt.% LiDFOB dissolved in FEC/FEMC/HFE = 2/6/2,
w/w/w (F-262A) electrolyte are tested by TOF-SIMS to study
the surface compositions (Figures 7(d)-7(i)). As shown in
Figure 7(d), the Ga" ions sputter the crater to form the edge
surface. Plentiful F and B signals are generated on the LiNiO,
cycled in the F-262A electrolyte. The ion intensity of Liand O
elements remains unchanged from the depth profile
(Figure 7(g)), suggesting a strong and thin CEI layer with
high-ratio F and B elements on the cycled LiNiO, with the
F-262A electrolyte. With the F-262A electrolyte, the LiNiO,
cathode exhibits a superior capacity of 216 mAhg™" with
lower capacity decay of <20% after 400 cycles at 0.5C. The
significantly improved cycling performance originates from
the following two aspects: (i) the CEI with high-ratio F and
B elements effectively inhibits the continuous side effects on
the LiNiO, cathode, and (ii) the SEI with high-ratio F and
B elements suppresses the parasitic reaction for the preserva-
tion of the Li anode. Figure 7(j) shows that a small amount of
HF corrosion helps form a uniform CEI layer. Table 3 shows
the cycling performance of the HVLMBs with CEI formation
using different additives.

2.2.1. Section Summary. In this section, recent development
in the CEI additives has been discussed, including boron
additive, phosphorus additive, nitrile additive, fluorine addi-
tive, unsaturated carbonate derivatives, and silane additives,
such as HFiP, TPFPB, LiBOB, LiDFOB, and TMSPO. Elec-
trolyte additive for CEI formation provides a practical and
facile method to enhance the electrochemical performances
of HVLMBs by in situ managing the chemical/physical
properties/structures of CEI The ideal CEI structure must
be compact, continuous, uniform, and thin, accelerating
Li" conductivity, suppressing the leakage of transition metals
and lattice oxygen, and separating high-voltage cathode and
electrolyte to suppress the side reactions. Also, the CEI
should balance flexibility and mechanical strength to tolerate
the morphology changes of cathodes. Furthermore, it should
be electrochemically stable in the extreme voltage environ-
ment. The abovementioned properties and component ele-
ment types of the film generated on the cathode surface
are variant, and the reaction mechanism is different. There-
fore, it is worth exploring their internal mechanism of action
and integrating various functions into one additive.

2.3. Additives with SEI Formation. Apart from regulating Li
salts and solvents, improving the electrolyte with SEI addi-
tives is another efficient strategy to stabilize the SEI layer
and thus inhibits the growth of Li dendrite in HVLMBs.
For the additives for SEI improvement, electrolyte additives
are developed to be sacrificial to facilitate stable SEI forma-
tion during the initial activation cycles, retaining the SEI sta-
bility and inhibiting the electrolyte decomposition in the
subsequent cycling of HVLMBs. Therefore, the effective
SEI additive should participate in the reactions with Li
anode before electrolyte solvents, forming an extremely sta-
ble film with large Li* conductivity to ensure the interfacial
stability in HVLMBs in the repeated charging/discharging
process.
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Uneven Li" deposition and severe parasitic reaction hin-
der the development of the HVLMBs with high energy den-
sity. Developing additives to stabilize the SEI layer is
essential for the issues above. A mechanically robust, chem-
ically inert interface can avoid the continuous reaction
between electrolyte and lithium metal, inhibiting capacity
loss and CE attenuation [95]. Xiao et al. [96] developed a tet-
raglyme (TEGDME) additive to adjust Li" solvation for a
robust SEI layer while maintaining a voltage window suit-
able for the high-voltage cathodes. As shown in
Figures 8(a) and 8(b), the TEGDME participates in the Li"
solvation in ester electrolyte for the SEI generation. The
TEFDME solvent remarkably enhances the LUMO energy
levels of Li* solvation to prevent electrolyte decomposition.
As shown in Figures 8(c)-8(e), to choose the best cosolvent
for LiINO, dissolved in the ester-based electrolyte, several
cyclic and linear ethers are studied. The TEGDME solvent
shows a 30 wt.% solubility of LiNO, salt, considerably higher
than other cyclic and linear ethers (Figure 8(c)). As shown in
Figure 8(d), the electrochemical windows of 1M LiPF, in
EC/DMC=1/1,v/v (EC+DMC) and 1M LiPF, in EC/
DMC/TEGDME = 2.4/5.6/2, w/w/w (E-LiNOj;) electrolytes
are studied by LSV. The traditional carbonate electrolyte
shows an oxidational potential of 4.4V, and the E-LINO,
electrolyte is stable at 4.3 V. Besides, the TEGDME solvent
remarkably enhances LUMO energy levels of both the Li*-
DMC and Li*-EC, suggesting a reduced electrolyte decom-
position and enhanced reduction stability (Figure 8(e)).
The partial H atoms in ether additives are replaced with F
atoms, which can effectively promote the LiF-rich SEI layer
on the lithium anode surface. Cao et al. [97] reported an
advanced electrolyte with tris(2,2,2-trifluoroethyl)orthofor-
mate (TFEO) solvent alleviating the Li depletion and pulver-
ization. TFTO owns a high boiling point of 145°C, which is
beneficial for improving the safety and working temperature
of the battery. In addition, TFEO does not own unstable
organic groups (such as carbonyl, sulfonic, and cyano
groups) that are strongly reactive with the lithium metal
anode but only owns lithium-friendly ether groups. TFSO
also contains the CF; groups with powerful electron-
withdrawing effects, which widen the electrochemical win-
dow. The SEI layer generated in this electrolyte shows over-
all characteristics, which can cause uniform Li* stripping/
plating and slow depletion of electrolyte and Li anode.
Figures 8(f)-8(h) display the Li metal anodes after the depo-
sition in the TFEO electrolyte tested by high-resolution
cryoelectron microscopy (cryo-EM). As illustrated in
Figures 8(f) and 8(g), a uniform and thin SEI layer is
observed on the deposited Li metal cycled in the TFEO elec-
trolyte. We can clearly observe the composition of the SEI
layer and Li deposition direction when the magnification
of cryo-EM is raised to the atomic level. As shown in
Figure 8(h), the SEI layer ~10nm is shown in the dashed
line. Moreover, energy dispersive spectroscopy (EDS)
inserted in Figure 8(h) shows that the SEI layer generated
in the TFEO electrolyte mainly consists of inorganic sub-
stances, which are high-ratio S-, O-, and F-containing com-
pounds from LiTFSI decomposition. More importantly,
these inorganic substances are amorphous instead of crystal-
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lized, which is proved by electron diffraction inserted in
Figure 8(f) and the simplified fast Fourier transform inserted
in Figure 8(h). This structure is entirely different from the tra-
ditional perception of the SEI structure. For the multilayer-
and mosaic-type structures for the SEI layer, enriched inor-
ganics are highly crystallized at the SEI layer. Therefore, these
SEI layers are usually nonuniform. In contrast, a highly amor-
phous structure is shown in the SEI layer using the TFEO elec-
trolyte even if it has a high-ratio inorganic species. As shown
in Figure 8(i), a pictorial illustration showing the expansion
and depletion of Li metal after cycling is provided. In 1M
LiFSI/DME-TEFEO electrolyte, the inhibition of Li depletion
and volumetric expansion reveals enormous potential for
the practical application of the HVLMBs.

Wang et al. [98] developed advanced amide-based
electrolyte-induced interface products. The time-dependent
change of Li" plating/stripping density is studied from the
operating neutron depth profile (NDP) in the first cycle of
the Li||Cu cell using fluoroethylene carbonate (FEC) + 2, 2,
2-trifluoro-N, N-dimethylacetamide (FDMA) (Figures 9(a)
and 9(b)) and EC+DMC (Figures 9(e) and 9(f)) electrolyte.
FDMA owns the lowest LUMO energy value among all elec-
trolyte solvents, indicating excellent electron affinity, which
can be preferentially decomposed and assist the interface
formation. In addition, the FDMA as an N-containing com-
ponent generates LiNO; in the interface, which is widely
considered to be beneficial in forming a uniform and dense
SEI layer. As shown in Figure 9(b), a thinner and denser Li
layer is deposited in the FEC+FDMA electrolyte. On the
contrary, a thicker and looser Li layer is observed in the car-
bonate electrolyte. It is worth noting that apparent asymme-
try occurs in plating and stripping. The time derivative of
the Li density verifies such phenomenon more visibly
(Figure 9(g)), demonstrating the deep research of the plat-
ing/stripping behavior. The stripping of Li is evenly distrib-
uted throughout the deposited thickness with the carbonate
electrolyte, while compared to plating, the stripping activity
in the FEC+FDMA electrolyte moves back to the current
collector symmetrically. Uniform stripping contributes to a
morphology full of pores, accelerating the generation of high
contact regions and lithium metal domains falling apart
from the current collector, thus forming a dead Li layer.
Conversely, as shown by the FEC+FDMA electrolyte in
Figure 9(c), stripping from the top indicates a highly revers-
ible plating/stripping mechanism. As shown in Figures 9(d)
and 9(h), the top-down plating/stripping mechanism is the
origin of high reversibility. As displayed in Figure 9(i), the
thickness variation of Li anode plating/stripping with two
different electrolytes proves the more uniform and denser
deposition in the FEC+FDMA electrolyte. In addition to
amide-based additives, LiINO, can also inhibit the produc-
tion of dead Li. Tan et al. [99] reported a nitriding interface
by adding LiNO; in organic phosphate electrolytes (MOPFs)
to enhance combability between Li anode and organic phos-
phate electrolytes (OPEs). As displayed in Figure 9(j), the Li
metal surface in OPEs is very rough with scattered particles
of different sizes. In contrast, a uniform layer comprises an
approximately flat quasicircular structure with a 400-
500nm diameter in MOPEs (Figure 9(k)). The uniform
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E-LiNO; electrolytes. (¢) LUMO energy levels of Li*-EC, Li"-EC-TEGDME, Li*-DMC, and Li"-EC-TEGDME. Reproduced with permission
[96]. Copyright 2020, WILEY-VCH. (f-h) Cryo-EM images of Li deposited on a TEM grid at different scales. Inset in (f): corresponding
selected-area electron diffraction pattern. Inset in (h): corresponding reduced fast Fourier transform (top) and energy dispersive
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FIGURE 9: Depth profiles during Li metal plating/stripping on a Cu working electrode cycled at a current density of 1 mA cm™ to a capacity
of lmAhcm™ of (a) 1 M LiTESI in FEC/FDMA and (e) 1 M LiPF in EC/DMC electrolytes. Evolution of Li* plating/stripping density vs.
time from operando NDP during the first cycle at 1 mAh cm? in Li||Cu pouch cells for (b) 1 M LiTFSI in FEC/FDMA and (f) 1 M LiPF
in EC/DMC electrolytes. Evolution of Li* plating/stripping activity for (c) 1M LiTFSI in FEC/FDMA and (g) 1 M LiPF, in EC/DMC
electrolytes, which is obtained from the change in Li* density upon each time step of (b, f), respectively. (d, h) Schematic representation
of the plating/stripping mechanism in the two electrolytes. (i) The evolution of thickness for the deposition during Li plating/stripping.
Reproduced with permission [98]. Copyright 2020, Springer Nature. 2D and 3D Atomic Force Microscope (AFM) images of Li surface
in (j) OPEs and (k) MOPEs. N 1s X-ray photoelectron spectroscopy (XPS) spectra of Li anode after immersion in (I) OPEs and (m)
MOPE:s for 4h. (n) N 1s XPS spectra for OPEs and (0) N 1s, (p) P 2p, (q) F 1s, and (r) C 1s spectra for MOPEs after formation process.
(s) N 1s spectra for MOPEs after 150 cycles. Reproduced with permission [99]. Copyright 2019, WILEY-VCH.
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SEI without dead Li is essential for fast and uniform Li depo-
sition. As displayed in Figures 9(1)-9(s), the SEI components
in different electrolytes are studied. The Li;N compounds
(398.5eV) are generated on the interface using MOPEs
(Figures 9(1) and 9(m)). For the Li metal with OPE, the N-S
band is only found in the N 1s spectrum (Figure 9(n)) and
may be derived from LiNO, salt. As shown in Figure 9(o),
the amount of Li;N enhances, and LiN,O, emerges in

MOPEs. In MOPEs, the SEI consists of Li;N, LiF, ROCOOLI,
ROLi, and LixPOy compounds (Figures 9(q) and 9(r)). Nota-

bly, the Li;N owns a Li* conductivity of up to 10*Scm™,
which effectively inhibits the dead Li formation and reduces
the interfacial resistance. After 150 cycles, the SEI compo-
nents in MOPE remain stable (Figure 9(s)). Summarily, the
nitriding interface is successfully formed in MOPE, and the
robust SEI layer with high-ratio Li;N compound is more con-
ductive, which accelerates the ion transmission of the inter-
face. It ensures stable cycling performance and uniform
plating/stripping. Table 4 shows the cycling performances of
the HVLMBs with SEI formation using different additives.

2.3.1. Section Summary. In this section, recent development
in the SEI additives has been discussed, including boron
additive, phosphorus additive, nitrile additive, and fluorine
additive, such as HFiP, TEGDME, TFEO, FDMA, LiNO,,
CTAG, and TTS. The SEI additives are of great importance
in maintaining the stability of the electrolyte/anode interface
and enhancing the cycling performances of HVLMBs. Nev-
ertheless, owing to the small dose of additives and the intri-
cate electrochemical reaction process in the HVLMBs, it is
difficult to construct an interfacial layer with homogeneous
and controllable composition and structure by introducing
additives into electrolytes. Therefore, integrating the SEI
additives with other modification strategies, such as CEI
additives, HCEs, LHCEs, and novel solvents, can realize
improved effects on stabilizing Li metal anode and high-
voltage cathode.

3. Design of Novel Electrolytes

3.1. Fluorinated Electrolytes. Fluorinated compounds have
received considerable attention in the electrolytes for
lithium-based batteries due to their desirable features,
including excellent antioxidation stability, low flammability,
low melting point, and enhanced wettability for electrode
and separator, along with the easy generation of a robust
and uniform interfacial layer between electrolyte and elec-
trode. Furthermore, partially fluorinated organic solvents
own a stronger polarity than their perfluorinated counter-
parts and are miscible with other polar electrolyte solvents.
Therefore, fluorinated solvents exhibit completely different
physical features as compared with their nonfluorinated
analogs and are suitable candidates for high-voltage applica-
tions. In terms of the fluorinated electrolyte design, the posi-
tion of the fluorinated group in the molecular structure has a
profound effect on the capabilities of LiF formation and Li"
coordination. Moreover, the combination of excellent oxida-
tive stability and high ionic conductivity of the electrolyte is
also significant for the fluorinated electrolyte design.

Research

By introducing fluorine (F) into the electrolyte structure,
remarkable progress in battery chemistry can be achieved.
Fan et al. [54] developed a fluorinated electrolyte that
realizes the stable function of high-voltage cathodes in LIBs.
The solvent composition leads to a huge difference in
stability between the different electrolytes on the surfaces
of high-voltage cathodes and Li anode. The F content in these
electrolytes is the most apparent difference, 0 M, 1.8 M, and
22 M, for EC+DMC, FEC+DMC, and all-fluorinated electro-
lytes, respectively. As shown in Figures 10(a) and 10(b), the F
content ultimately affects the robustness and composition of
SEI and CEL As shown in Figure 10(c), XPS is conducted to
study the components of both SEI and CEI. Each component
in the all-fluorinated electrolyte is an F donor, where ultra-
high LiF content (~90%) is found, inducing a more uniform
and robust interphase. LiF has two essential functions here:
(i) LiF acts as an excellent electronic insulator and prevents
electrons from passing through the SEI layer, which has been
the primary reason for the continuous capacity loss and con-
sumption of electrolyte; (ii) LiF owns high interfacial energy
of up to 73.28 meV/A?, which constraints Li* cation diffusion
along with the interface and promotes the development of
deposited Li in a direction parallel to, not perpendicular to,
the electrode plane. It is worth noting that, unlike the SEI
layer, the CEI formation relates not only to the electrolyte
but also to active substances in the positive electrode. This
involves solvent hydrogen abstraction, transition metal leak-
age, and oxygen-layer reaction into peroxides or superoxides.
For the LiCoPO, (LCP) electrode at the high voltage, DFT
calculations show the migration of hydrogen (H) in all sol-
vents to the cathode surface (Figures 10(d)-10(k)). And the
reaction energies are the least favorable for 1,1,2,2-tetrafluor-
oethyl-2',2",2"-trifluoroethyl ether (HFE) solvent and the
most favorable for EC solvent. EC solvent is a poor CEI layer
former, because there is only a 0.91 eV barrier to release CO,
when EC' ;) radicals decompose, leaving only a small part of
EC'( ) radicals to the second H extraction and further lead-
ing to polymerization. This eventually causes aggregation,
while the polymer with high-ratio H is still prone to further
decomposition. Due to the larger energy barrier for FEC
solvent opening compared to EC solvent, FEC solvent will
exist longer than EC solvent and have a chain reaction
with FEMC and HFE solvents on the surface LCP cathode,
resulting in F-rich interphase. Besides, the oxygen in the
LCP cathode is banded with fluorinated radicals to sup-
press the formation of OH", which effectively prevents
the dissolution of transition metal. With the exception of
the abovementioned nonflammable electrolyte system, a
new type of nonflammable fluorinated solvent is designed
based on EC and TEP. Zheng et al. [21] fabricated a fluori-
nated solvent, 2-(2,2,2-trifluoroethoxy)- 1,3,2-dioxaphospho-
lane 2-oxide (TFEP), applicated in HVLMBs. As displayed in
Figure 10(1), by imitating the structure of EC molecule, com-
bining the incombustibility of the phosphate group, and add-
ing an F part, a fluorinated solvent named TFEP is
synthesized to realize reversible Li" transmission and high
security. As displayed in Figure 10(m), TFEP solvent forms
the CEI when the phosphorus center of the cyclic phosphate
is nucleophilically attacked by O on the surface of O-rich
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metal (M-O). Pursuant proton transfer initiates the polymer-
ization of TFEP solvent through a ring-opening reaction,
resulting in polyphosphate formation on the NMC cathode.
For the SEI formation, the process can be divided into the fol-
lowing three stages: (i) first, the TFEP solvent is predomi-
nantly reduced at ~1'V to form the initial SEI layer (LiPO,,
Li,O, LiF, and polyphosphate); (ii) then, the further reduc-
tion of the FEMC at ~0.65V leads to polycarbonate and
Li,CO;; (iii) at last, the FSI anions are reducted to produce
LiSON, LiS, Li,SO;, and Li,S,0;,. As shown in
Figure 10(n), the 0.98 M LiFSI in FEMC and 0.95M LiFSI
in TFEP/FEMC electrolytes exhibit an oxidation voltage as
high as ~4.9V, considerably higher than conventional car-
bonate electrolyte (~4.4 V).

Yu et al. [109] reported a fluorinated 1,4-dimethoxybu-
tane (FDMB) as an electrolyte solvent by properly incorpo-
rating -CF,- parts. The ether backbone is selected here due
to the excellent compatibility with Li metal to target the
required electrolyte solvent. But ether-based electrolyte is
intrinsically unstable above 4V, limiting the cell perfor-
mance at an extreme potential. Therefore, the following
two pivotal design concepts are proposed to guarantee oxi-
dation stability and high CE. First, the alkyl chain 1,2-
dimethoxyethane (DME, Figure 11(a)) in the middle of the
commonly used ether solvent structure is lengthened to
obtain 1,4-dimethoxybutane (DMB, Figure 11(b)). The lon-
ger alkyl chain owns sufficient stability and enough ability to
conduct Li" and dissolve lithium salts. Second, the introduc-
tion of F groups can further enhance the oxidation potential
and Li anode compatibility. However, it is well known that
the solvation ability of the ether can be kept only when the
-F group is far away from the -O- group. Therefore, the
-CF,- group can only replace the center of DMB to achieve
the purpose of being far away from the -O- group
(Figure 11(c)). As a result, the FDMB solvent is expected
to be stable to both high-voltage cathodes and Li anode. As
shown in Figures 11(d)-11(f), the interaction of the Li-F
band is evaluated using electrostatic potential (ESP) simula-
tions, which are closely related to noncovalent interactions.
For DME and DMB molecules, the negative charges are all
distributed around the O atoms. The FDMB molecule
exhibits different electron distribution, where the negative
charge concentrates not only around O atoms but also on
F atoms. To further prove the solvation structures, molecular
dynamics (MD) calculations for different electrolyte solvents
are studied (Figures 11(g)-11(i)). The coordination of DME
molecule and Li* cation is like the “clamping” of two -O-
groups. For DMB molecules, most Li"-solvent structures
are “linear,” in which there is only one -O- group combined
with one Li" cation. Unlike DME or DMB molecules, a five-
membered ring is observed in the LiFSI/FDMB electrolyte,
where the Li" cation is simultaneously bonded to O and F
atoms. Based on the above molecular design strategy, a
new class of fluorinated ether electrolytes that combine the
oxidative stability of HFEs with the ionic conductivity of
ethers in a single compound are synthesized [110]. At room
temperature, the ionic conductivity can reach 2.7 x 107*S/
cm with a high oxidation potential of 5.6 V. MD calculations
are conducted to study the solvation structure in these fluo-
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rinated solvents. g(r) for Li* cation and FSA™ anion in fluo-
rinated triethylene glycol (FTriEG) and tetraglyme is studied
in Figures 11(j)-11(m). The O atoms on the -OCH,- group
in the tetraglyme compound are most likely to be adjacent to
the Li" cation (Figure 11(j)). Comparing g(r) of Li* cation in
Figures 11(k)-11(m), the ether group adjacent to the Li" cat-
ion can be found. As displayed in Figures 11(k) and 11(1), as
the methylene group moves to the ethylene spacer, the inter-
ference of carbon in the first solvation shell is smaller, and
the possibility of carbon in the next solvation shell increases.
The g(r) results also show that both H and F atoms from
solvent molecules contribute obviously to the interaction
with the FSA™ at 1 M conventional concentration. Therefore,
the fluorinated segment in the molecule interacts with the
fluorinated anion by “fluorous effect,” which suppresses
anion migration. Moreover, Figure 11(m) shows that as
the length of the ether increases, the probability of the
appearance of -OCF,- in the Li" solvation shell decreases.
This also explains why longer ether chains have higher
ionic conductivities.

Zhao et al. [111] developed a novel fluorinated electro-
Iyte with an advanced solvation structure to restrain Li
dendrite generation and maintain stable interphase of
high-voltage cathodes. As displayed in Figure 12(a), the
novel electrolyte is fabricated by adding a high-ratio nonsol-
vent TTE to the traditional ether-based solvent. The specific
composition is 1 M LiTFSI salt in DOL/DME/TTE with a
90% mass proportion of TTE (DOL/DME, v/v=1/1). The
unique solvation structure of 1M LiTFSI in TTE/DME/
DOL with TTE/(DME/DOL, 1/1, v/v) mass ratio of 9/1
(FME-0.9) electrolyte endows it with outstanding oxidative
stability. As shown in Figure 12(b), the LSV shows that the
FME-0.9 electrolyte with 1M lithium salt concentration
remains stable until 4.5V, which can support high-voltage
cathodes. The high oxidation potential is mainly due to the
following two main reasons. First, the highly coordinated
Li" keeps the lone pair of electrons in the O atom of the solvent
molecule away from the cathode’s capture, thereby decreasing
its HOMO energy level. Second, the lower HOMO of the TTE
solvent exhibits outstanding Li metal stability, which is attrib-
uted to the F substituent with strong electron-withdrawing
reducing the electron density. As shown in Figure 12(c), the
LiNi, sMn,, ,Co, 50, (NCM532)|[Li cell achieves excellent
capacity retention of 80% with 50 um Li metal and 45uL
FME-0.9 electrolyte at 1/2 C. Conversely, the capacity quickly
decays to only 15% of the initial capacity in the 1 M LiPF in
EC/DMC/EMC = 1/1/1, v/v/v (LB003). Then, as the amount
of electrolyte reduces to 15uL, the NCM532||Li cell using
FME-0.9 electrolyte still exhibits high capacity retention of
81% after 60 cycles (Figure 12(d)). Nevertheless, the battery
utilizing the LB003 undergoes rapid capacity degradation
and fails at the 20" cycle. Moreover, there is also a distinctive
function of the fluorinated ether, which plays as a destabilizer
to change the Li* solvation structure and reduce the reci-
procity between Li" ions and carbonyl in traditional elec-
trolytes. Deng et al. [112] reported that a fluorinated
ether as a destabilizer facilitates the recrystallization of
LiPO,F, (LiPOF) from the electrolyte for concurrent surface
protection on both the anode and the cathode (Figure 12(e)).
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FIGURE 11: Design scheme and molecular structures of three liquids studied in this work: (a) DME, (b) DMB, and (c¢) FDMB. ESP
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As shown in Figure 12(f), the conventional carbonate elec-
trolyte keeps clear and transparent when 2wt.% LiPOF is
introduced. However, after further adding 8F solvent, the
electrolyte becomes turbid, indicating the precipitation of
LiPOF. In Raman spectra (Figure 12g), the original electro-
lyte displays a classical enlarged peak at 891.6cm™ related
to the Li* solvation structure. In comparison, the pure LiPOF
shows a distinct peak at 893.5cm™ on the Li-related PO,F,”
anions without a solvation structure. As the F concentration
in fluorinated ether increases, the major peaks slightly trans-
fer, which means that more Li is coordinated with PO,F,’,
and the Li" solvation structure has been disturbed. As shown
in Figure 12(h), the DFT calculations are conducted to study
the interaction between additives and EC solvent. The bind-
ing energy of DE-EC is only -0.09 eV, considerably lower
than those of 1-ethoxyl,1,2,2-tetrafluoroethane (4F)-EC
(0.264eV) and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoro-
propylether (8F)-EC (-0.315eV), indicating stronger interac-
tion between fluorinated ether with EC solvent compared
with that of diethyl ether (DE). Therefore, it is apparent that
the attraction ability from fluorine to carbonyl sites on EC
solvent increases along with the number of F atoms. In addi-
tion, the level of salting out of LiPOF is only affected by the
solvent type rather than the lithium salt, indicating that the
solvent competition influences the shell structure around
Li". As shown in Figure 12(i), after adding 4F and 8F solvent,
the signals of '”O correspond to ethereal (O2 or O4 site) and
2 equiv of carbonyl (O1 or O3) in EC+DMC electrolyte
migrating to the large position, which demonstrates a shield-
ing influence on Li* ion. As displayed in Figure 12(g), when
fluorinated ether is added to the original electrolyte, it will
participate in the Li" solvation structure. Robust F-O interac-
tion between EC+DMC and fluorinated ether is formed.
Table 5 lists the cycling performance of the HVLMBs with
different fluorinated electrolytes.

3.1.1. Section Summary. This section discusses recent devel-
opment in fluorinated electrolytes, including FEC, FEMC,
HFE, TFEP, FDMB, FTriEG, and TTE. Overall, the C-F
bonds in organic compounds possess considerable effects
on the LUMO and HOMO energy of the solvent molecule
and positively influence the interfacial chemistry in
HVLMBs. In addition, these fluorinated solvents are weakly
flammable and even nonflammable, which can effectively
improve thermal stability and increase electrode passivation.
In the future, systematically enhancing the interfacial elec-
trochemical/chemical compatibility between fluorinated sol-
vents and high-voltage cathode/Li metal anode is conducive
to further guaranteeing the long-time cycling life. Moreover,
the specific energy density, CE, and cycle life of practical
pouch cells using fluorinated electrolytes are expected to be
further explored under commercial conditions.

3.2. Ionic-Liquid Electrolytes. Ionic liquids have exhibited
stupendous potential for applications in lithium-based cells
and acted in multifunctional roles because of their highly
different physicochemical features from inorganic salts and
molecular solvents. They can be used as electrolyte solvents
to substitute conventional carbonate-based solvents to
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enhance battery safety due to their nonflammable and non-
volatile properties. In particular, FSI'/TFSI"-based ionic lig-
uids with efficient ion transfer have attracted widespread
attention. First, the highly delocalized charge distribution
remarkably decreases the interaction between cations and
anions, enhancing the Li* fluidity in the ionic-liquid electro-
lyte. Then, the small ion sizes of FSI" (0.26 nm) and TESI’
(0.38nm) anions enable the decrease in the viscosity of
ionic-liquid electrolytes, accelerating the Li* transfer in the
electrolyte.

Ionic liquid has been considered a member of the most
prospective electrolyte candidates for the HVLMBs due to
its low volatility, excellent flame retardancy, and wide elec-
trochemical window. As displayed in Figure 13(a), Sun et al.
[56] reported an advanced ionic-liquid electrolyte for
HVLMBs. This electrolyte is comprised of bis(fluorosulfony-
Dimide (FSI) anions and I-ethyl-3-methylimidazolium
(EMIm) cations, with the additive of sodium bis(trifluoro-
methanesulfonyl)imide (NaTFSI), denoted as EM-5Li-Na
IL electrolyte. The EM-5Li-Na IL electrolyte owns a viscos-
ity as low as 125mPa s at room temperature, half of the
Pyl3-based ILs electrolyte. As shown in Figure 13(b), the
EM-5Li-Na IL electrolyte exhibits an ion conductivity of
~2.6mScm™ at 25°C, considerably higher than other ionic-
liquid electrolytes (1.0-1.2mScm™) for LIBs. Due to lower
viscosity at high temperatures, the ionic conductivity is fur-
ther enhanced to over 10mScm™. Compared with tradi-
tional carbonate electrolytes, the EM-5Li-Na IL electrolyte
exhibits high safety owing to its superhigh thermal stability
and nonflammability. As shown in Figure 13(c), the LiCoO,
(LCO)||Li cell utilizing the EM-5Li-Na IL electrolyte exhibits
excellent capacity retention and high average CE at 0.7 C. On
the contrary, the cell with traditional carbonate electrolyte
undergoes rapid CE and capacity decay, indicating the fast
loss of active Li in the organic electrolyte. Overall, the EM-
5Li-Na IL electrolyte is novel for the following points. First,
the EMIm cations are vital for accomplishing high rate
capacities under high-loading conditions. Then, the high
concentration of LiFSI salts in the EM-5Li-Na IL electrolyte
is relevant to excellent battery performances. At last, NaTFSI
is first exploited as a novel additive for improving the LMB
performances. The ionic-liquid electrolyte based on the
poly-ILs can support HVLMBs to work at a higher voltage
as compared with that based on the EMIm. Wang et al.
[123] mixed polymerized poly-ILs and poly(ionic liquid)s
as well as electrospun fiber carrier to prepare an electrolyte
with high-ratio ionic liquid, contributing to a dramatic
enhancement of Li" transference number. With this electro-
lyte, the Li metal cells with NMC and LiNi; . ,Mn,Al,O,
(NMA) cathodes exhibit excellent cycling performances
under a high voltage of 4.5V. Polyvinylidene fluoride
(PVDEF) nanofibers can be used as an outstanding mechani-
cal skeleton to prepare flexible and thin composite polymer
electrolyte (CPE). As shown in Figure 13(d), the CPEs are
synthesized by solvent pouring. Figure 13(e) displays the dif-
fusion coefficients of each component tested by the pulsed-
field gradient nuclear magnetic resonance (PFG-NMR)
methods, and Figure 13(f) exhibits the voltage profiles dur-
ing charging and discharging of the LCOI|Li battery. The
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specific capacity of the first cycle for the cell using the double
CPE (CPE-D) electrolyte is 170mAhg™. The CE of the bat-
tery exceeds 94% after 2 cycles. Within 50 cycles, the specific
capacity decays very slowly to 150mAhg”, as shown in
Figure 13(g). The low CE in the first cycle indicates irrevers-
ible capacity, which is ascribed to the degradation of electro-
lyte, the consumption of active Li, and the formation of the
SEI layer. Table 6 shows the cycling performances of the
HVLMBs with different ionic-liquid electrolytes.

3.2.1. Section Summary. In this section, recent development
in the ionic-liquid electrolytes has been discussed, including
TESI, FSI', EMIm®, C3mpyr", and NTf,". Ton conductivity
is regarded as one of the most critical indicators of ionic-
liquid electrolytes used in HVLMBs [124]. Ionic liquids are
constituted of anions with decreased charge density and tiny
size and the cations with electron-donating functional
groups and delocalized unsaturated chemical bonds [125,
126]. This distinctive composition significantly weakens the
interaction between anions and cations, resulting in large
conductivity. Nevertheless, the ion transfer in ionic-liquid
electrolytes is deeply influenced by viscosity. Higher viscous-
ness of the ionic-liquid electrolyte leads to slow transfer of Li
cations in the electrolyte. Apart from viscosity, the ion radius
and carrier distribution density of ionic-liquid electrolytes
also affect ion transfer. The ion transfer rate is inversely pro-
portional to the ion size and proportional to the distribution
density of the charge carriers. Because the ionic-liquid elec-
trolyte is fully constituted of cations and anions, the amount
of charge carriers is adequate, but the carrier number
decreases due to the uncontrollable ion association, leading
to reduced ion conductivity. In the future, several issues hin-
dering the industrial commercialization of ionic-liquid elec-
trolytes are urgent to solve, such as expensive cost, large
viscosity, and inferior electrode affinity.

3.3. Sulfone Electrolytes. Sulfone is an inexpensive by-
product by numerous chemical manufacturers, as produced
by tons and generally used in high-temperature industry for
organic and inorganic compound preparation as reaction
and extraction solvents, and for fungicide treatments
[138-140]. Compared with the carbonyl group in carbonate
solvents and the ether group in ether solvents, the sulfonyl
group with more significant electron-withdrawing effect
provides a lower HOMO energy value, causing higher oxida-
tion stability. In addition, sulfone as an electrolyte solvent
candidate owns several advantages such as low flammability,
large dielectric permittivity, and excellent cathode compati-
bility. However, the commercial application of the sulfone
electrolytes is prevented by large viscosity, high melting
point, and low affinity for Li anode, which can be resolved
by grafting functional groups and mixing with other sol-
vents/additives.

Sulfone is low-cost, with an electrochemical window
exceeding 5V, and is considered a potential electrolyte for
the HVLMBs. Yu et al. [141] introduced tetramethylene sul-
fone (TMS) solvent to PVDF-polyvinyl acetate-based
(PVAC) for safe and efficient HVLMBs. This interaction
between the molecules in SPE remarkably improves Li* con-
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ductivity and wetting behavior at the electrolyte-electrode
interface. As displayed in Figure 14(a), PVDF/PVAC/
Lig JLa,Zr, ;Ta, O,, (LLZT) wetted by TMS solvent is pre-
pared for 4.5V LCO||Li cell. As shown in Figure 14(b), the
oxidation potential of PVDF-based CPE is ~4.75V. How-
ever, it turns out that the addition of PVAC enables the
CPE to maintain steady at 4.85V, as verified by the lower
and stabler current of the modified CPE. This is due to excel-
lent interfacial compatibility and high stability of the PVAC
and TMS. The LCO||Li cells using the two electrolytes are
tested to compare the electrochemical performances at the
high voltage. As displayed in Figure 14(c), the LCO||Li cell
with the PVDF-based CPE electrolyte undergoes rapid
capacity decay and only survives 50 cycles. Comparatively,
the LCO||Li battery with PVDEF/PVAC-based CPE electro-
lyte exhibits a modest capacity decay of 15% after 200 cycles.
The charge-discharge curves of the LCOI|Li cell with this
electrolyte demonstrate a capacity of 190.8 mAhg™ at the
initial circle and maintain over 160mAhg" after 200
cycles due to the low polarization. Conversely, remarkable
polarization results in a severe decrease in the initial spe-
cific capacity of the cell using PVDF-based CPE
(164.4mAhg"). In particular, the coordination between
TMS and Li" can also contribute to interfacial formation.
Ren et al. [142] developed a concentrated sulfone-based
electrolyte to achieve a high CE of over 98%. In addition,
by introducing a fluorinated ether TTE, low viscosity and
high wettability are obtained in the LHCE, which further
enhances the CE and cell stability at an extreme potential.
As shown in Figure 14(d), after TTE solvent addition, the
evolution of the Li" solvation structure is studied through
NMR. The signal of O atoms in FSI' ion migrates from
172.4 to 171.8 and 170.1 ppm as the LiFSI salt/TMS sol-
vent enhances from a molar ratio of 1:16 to 1:8 and
1:3. This is because the ion-dipole interactions between
O atom and Li" ion gradually increase when the concen-
tration of LiFSI salt improves. The signal of O migrates
from 164.9 to 162.6 ppm with TMS as the solvent, suggest-
ing the number of TMS associated with Li* cation
increases. For the HCE, the signal of the O atoms in TMS sol-
vent has shifted more obviously from 138.0 to 158.0 ppm,
which represents different Li" solvation structures. The O
atoms in FSI” anion exhibit a significant migration to 170.1
from 168.1 ppm. In addition, with TMS as the solvent, the
O signal at 156.7 ppm gets more evident as TTE solvent owns
low interaction with both FSI" anion and Li" cation but
exhibits strong coordination ability with TMS solvent.
Figures 14(e)-14(j) show the simulation snapshots of the
three electrolyte systems. For all systems, the LiFSI salt is
associated with TMS molecule instead of TTE molecule.
g(r) for Li"-Oppg and Li*-Ogy pairs is studied by ab
initio molecular dynamics simulations. Regarding the three
electrolytes, the peak of Li"-Opy remains at 1.95A°
(Figures 14(f), 14(h), and 14(j)), suggesting that TMS sol-
vent becomes the first coordination structure for the Li"
cation. This is attributed to the robust interaction between
LiFSI salt and TMS solvent. In addition, the TTE solvent
is not associated with Li" cation in the LHCE. Bader
charge analysis is conducted to investigate the possible
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FiGURE 14: (a) Schematic illustration of the different interface characteristics between PVDF-based CPE and PVDF/PVAC-based CPE. (b)
LSV plots of PVDF-based CPE and PVDF/PVAC-based CPE. (c) Cycling performance of LCO/PVDF/PVAC-based CPE/Li and LCO/

PVDEF-based CPE/Li batteries. Reproduced with permission [141]. Copyright 2020, WILEY-VCH. (d) Natural abundance 70-NMR

spectra of different solvents and electrolytes collected at 60°C. AIMD simulation snapshots of (e) LiFSI-8TMS, (g) LiFSI-3TMS, and (i)
LiFSI-3TMS-3TTE. Radial distribution functions g(r) of Li-Opg, Li-Oppge and Li-Opqg pairs in (f) dilute electrolyte, (h) HCE
electrolyte, and (j) LHCE electrolyte. Reproduced with permission [142]. Copyright 2018, Elsevier B.V.
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charge transfer between the lithium salt and solvents.
Compared with LiFSI, TMS, and the TMS/LIiFSI pair, the
interaction between TTE and the anode surface is low,
demonstrating that the TTE molecule is inert and is not
reduced. However, TMS/LiFSI pair and TMS are slightly
reduced by obtaining the fractional charges of 0.40 and
0.22 |e|, respectively. This means that both are possibly
reduced and form interfacial compositions.

Spaeth et al. [143] developed a dimethyl sulfoxide
(DMSO) electrolyte to generate the advanced interface
between the solvent adsorbate and high-voltage LCO cath-
ode. Figure 15(a) shows the valence band spectrum of the
fresh LCO and the spectrum after 8 Langmuirs of DMSO
adsorbed. For the fresh LCO, a composition of about
1.5eV is distributed to the Co 3d state. The features from 3
to 8eV can be distributed to the overlap of the O 2p and
Co 3d states and the pure O 2p state. The offset between
the valence band of fresh LCO and the HOMO of DMSO
mainly comes from the valence band spectrum: after DMSO
exposure, in addition to the energy migration caused by
band bending, the change in signal shape is also found,
and the change in signal is mainly contributed by the
physically absorbed DMSO in 8 Langmuirs (inset in
Figure 15(a)). Since no change in the oxidation state of
cobalt is observed during the experiment, it can be con-
cluded that after the initial reaction, Li is deintercalated from
the volume of the fresh LCO film. This effectively inhibits
the transportation of Li, probably at the grain boundary of
the (0 0 3) textured film, as shown in Figure 15(b). As dis-
played in Figure 15(c), 4 Langmuirs of DMSO after exposure
is displayed. The negative charge is distributed on the sur-
face of the LCO cathode, while the positive charge remains
in the internal reaction layer. As compared with the DMSO,
the sulfolane (SL) can dissolve more lithium salts, which
makes it promising to be applied in HCEs and LHCEs. By
introducing HFE and LiNO; into the concentrated sulfone-
based electrolyte, Fu et al. [144] developed a novel LHCE
to inhibit the growth of Li dendrite and achieved an excel-
lent CE of ~99% for both high-voltage NMC811 cathode
and Li metal anode. The Li" solvation structures of various
electrolytes are studied by Fourier-transform infrared
(FTIR), as displayed in Figure 15(d). The apparent peak at
1144 cm™ is associated with the SO, band of free sulfone sol-
vent in the 1160~1080 cm™* of the FTIR. As LiTFSI salt con-
centration increases, a new peak at 1130 cm™' can be found,
which corresponds to the solvated sulfone solvent. For the
various LiTFSI salt concentration electrolytes with or with-
out 0.IM LiNO; salt, the peak intensities of 1130 and
1144 cm™ are studied in Figure 15(e). This enables the analy-
sis of the degree of solvation of Li" cation and sulfone solvent.
As shown in Figures 15(f) and 15(g), Raman spectroscopy
and FTIR in the electrolytes of various salt concentrations
are tested. As the concentration of LiTFSI increases from
1 M to 3.25 M, the upward shift of the S-N band peak to high
wavenumber suggests that more TFSI- participates in the Li*
solvation structure assigned to the S-N band. After adding
LiNO; salt to the electrolyte, the position of the S-N band peak
is further upward shift than 3.25 M LiTFSI-SL, indicating that
the NO;™ group strengthens the interactions of Li* cation and
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TESI” anion. MD simulations are also conducted to analyze
the Li* solvation shell. The calculation results exhibit that
each Li" in 3.25 M LiTFSI-SL electrolyte is solvated by ~3.44
SL molecules and 1.03 TFSI’, and the solvation sheaths are
linked with SL solvents. After adding 0.1 M LiNO; into
3.25M LiTFSI-SL electrolyte, the concentration of TFSI'
anions increases around NO;™ anions, and more TFSI™ links
to the Li" solvation sheaths, which enriches the combining
sites for Li* hopping motion in the concentrated electrolytes.
By theoretical calculation, Kong et al. [145] reported a pro-
gressive electrolyte to remarkably improve the electrochemi-
cal performances of the HVLMBs. This electrolyte solvent
comprises four solvents: FEC/DMC/HFE/dimethyl sulfone
(MSM). Figures 15(h)-15(j) show the SEM pictures of the
pristine and cycled LCO cathodes at 4.55V. The surface of
the pristine LCO cathode is very flat, but the surface is very
rough in the EC+DMC electrolyte. However, regarding the
MSM electrolyte, the cathode displays a smooth and uniform
surface. By the HRTEM (Figures 15(k)-15(n)), the cathode
cycled in the EC+DMC produces a 10-20 nm deposited layer
on the surface of LCO. On the contrary, the LCO cathode
has a flat surface in the MSM electrolyte. Table 7 shows the
cycling performance of the HVLMBs with different sulfone
electrolytes.

3.3.1. Section Summary. In this section, recent development
in the sulfone electrolytes has been discussed, including
TMS, DMSO, SL, MSM, and MPS. Overall, sulfone-based
solvents own high dielectric constant (>40) and high oxida-
tion potential (>5V wvs. Li/Li"), exhibiting stability with
high-voltage cathodes. Nevertheless, sulfone-based solvents
show poor wettability and inferior compatibility with Li
metal anode. In the future, developing novel sulfones by
grafting functional groups is expected to own low viscosity
and high affinity with Li anode. Moreover, mixing with other
solvents/additives, such as FEC, HFE, DMC, and LiNO;, can
achieve the same improvement under the guidance of theo-
retical calculations.

3.4. Nitrile Electrolytes. As proved above, the excellent anti-
oxidation stability of the sulfones can be attributed to the
powerful intrinsic stability of the sulfone group against oxi-
dation at an extreme potential. On the contrary, the antiox-
idation stability of nitrile-based electrolytes is attributed to
the prioritized decomposition on the surface of the high-
voltage cathode, generating an effective protective layer of
-C=N/transition metal complexes to avoid the intimate con-
tact between other species and catalytic surfaces of the cath-
ode. In addition, similar to carbonate functional groups in
alkyl carbonate molecules with large dielectric constants
and dipolar moments, the terminal -C=N functional groups
are excellent nucleophilic sites for coordinating Li".

There are a lot of advantages to nitriles, such as high
thermal stability, excellent anode stability, and wide liquid
temperature range. The most prominent feature is the wide
electrochemical window. The oxidation stability of mononi-
trile can reach 7V, which enables the full support of the
HVLMBs. Zhao et al. [152] reported tris(trimethylsilyl) phos-
phate (TMSP) and 1,3,6-hexanetricarbonitrile (HTCN) as
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FIGURE 15: (a) Valence band spectra for pristine LCO and after adsorption of 8 Langmuirs of DMSO. (b) Illustration of the processes at the
LCO/DMSO interface. (c) Energy level diagram of LCO in contact with DMSO. Reproduced with permission [143]. Copyright 2016,
American Chemical Society. (d) FTIR spectra of SL’s symmetric SO, stretch with different electrolytes. (e) Relative intensities of FTIR
peaks at 1144™" and 1130 cm’’ in the LiTFSI-SL electrolytes. (f) FTIR spectra of TESI”’s S-N stretch with different electrolytes. (g) Raman
spectra for TESI” of various electrolytes. Reproduced with permission [144]. Copyright 2020, WILEY-VCH. SEM images of (h) the fresh
LCO cathode and 4.55V high-voltage cycled LCO cathodes with (i) the EC+DMC electrolyte and (j) MSM electrolyte. TEM images of
the high-voltage cycled LCO cathodes with (k, 1) EC+DMC electrolyte and (m, n) the MSM electrolyte. Reproduced with permission

[145]. Copyright 2019, American Chemical Society.

electrolyte additives to generate robust CEI, which supports
high-performance Li, ;;Mn 51,Ni 556C00 09,0, (LLO) elec-
trode. The HOMOs of EC, DEC, HTCN, and TMSP are
-8.44, -8.21, -9.08, and -7.94 eV, respectively, demonstrating
the excellent high-voltage stability of HTCN and the priori-

tized oxidation of TMSP. HTCN owns three -C=N groups
with lone-pair electrons to combine with transition metal
atoms and thus can anchor surface transition metal atoms
even at an extreme potential as a stable CEI framework. In
addition, the prioritized decomposition of TMSP can provide
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beneficial groups to participate in the in situ formation of the
CEL As shown in Figure 16(a), HTCN and TMSP as binary
additives are introduced into the conventional electrolyte
(1 M LiPF, in EC/DEC). A synergistic effect is realized to gen-
erate the CEI layer, alleviate irreversible side reactions, and
inhibit transition metal dissolution. Both TMSP and HTCN
take precedence in covering the cathode surface to separate
electrolyte and electrode, which effectively prevents side reac-
tions between the two components. The three -C=N groups in
HTCN solvent are firmly attached to the electrode interface to
prevent transition metal dissolution. In addition, owing to the
high oxidation potential of HTCN solvent, the electrolyte
exhibits a wide electrochemical window. As displayed in
Figures 16(b), 16(c), 16(e), and 16(f), the binding energy of
HTCN-Li,MnO; (0 0 1) and HTCN-LiMnO,, (0 0 1) is calcu-
lated. For either LiMnO, or Li,MnOj,, the charge density
exhibits the accumulation of electrons in the region between
Mn and N atoms. In contrast, the C atom in the -C=N group
shows reduced electron density, indicating that the electrons
move from the -C=N group to the Mn atom. The binding
energy of HTCN-LiMnO, is -2.83 eV, remarkably larger than
that of HTCN-Li,MnO; (-0.68eV). As shown in
Figures 16(d) and 16(g), using the conventional electrolyte
for LLO cathodes has several main disadvantages, including
the dissolution of transition metal, the degradation of LLO
structure, and the severe side reactions, which are proved by
the nonuniform and thick CEI. These issues can be signifi-
cantly solved by introducing HTCN and TMSP additives to
generate uniform and thin CEI. Compared with the HTCN,
acetonitrile (AN), with a much lower cost, is promising for
practical applications. Peng et al. [153] reported an AN-
based electrolyte with HCE strategy and VC additive to pre-
vent the depletion of Li" ion at large current densities. As
shown in Figure 16(h), the electrolyte with a molar ratio of |
LiFSI): [AN]: [VC] =0.23 : 1: 0.09 is 2.18 cP, which is com-
parable to commercial electrolytes (2.19cP). As a rule, the
larger viscosity is attributed to the enhanced electrostatic
interaction among ion pairs, which may increase the difficulty
of ion transportation and thus lead to lower conductivity, as
displayed in Figure 16(i). Highest CE at a molar ratio of |
LiFSI): [AN]: [VC] =0.52 : 1: 0.09 (LAV) is achieved for dif-
ferent LiFSI salt concentrations, as shown in Figure 16(j). For
the LAV electrolyte with lower salt concentration, side reac-
tions between AN solvent and Li metal predominate. For the
LAV electrolyte with higher salt concentration, although the
side reactions are inhibited by decreased free AN solvent,
the SEI formation is also suppressed. Figure 16(k) schemati-
cally illustrates the change of the Li metal interface with the
salt concentration in the LAV electrolyte. Table 8 shows the
cycling performance of the HVLMBs with different nitrile
electrolytes.

3.4.1. Section Summary. In this section, recent development
in the sulfone electrolytes has been discussed, including
TMS, DMSO, SL, MSM, and MPS. The oxidation voltage
of nitrile-based solvents is up to ~5V, which can cover the
operating voltage window of the existing mainstream battery
cathodes. Furthermore, they present high dielectric con-
stants, low viscosities, and good dissociation effects. There-
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fore, after further improving the compatibility with Li
anode, nitrile electrolytes are believed to have the potential
to replace the existing commercial electrolyte system.

3.5. Solid-State Electrolytes. Solid-state electrolytes (SSEs)
have aroused great interest due to their transference number
and high mechanical strength, which can physically inhibit
Li dendrite growth. Outstanding antioxidation stability
endows SSEs with good compatibility with high-voltage
cathodes. SSEs are divided into solid-state electrolytes
(ISSEs) and quasi-solid-state electrolytes (QSSEs). ISSEs
without liquid include inorganic solid electrolytes (ISEs),
solid polymer electrolytes (SPEs), and composite polymer
electrolytes (CPEs). QSSEs contain a small number of liquid
components fixed inside the solid matrix. Among ISSEs,
SPEs with inhibition of transition metal ion escape from
cathodes, prevention of Li dendrite growth, excellent safety,
and reduction of EEI reactions can potentially realize supe-
rior electrochemical performances and safety characteristics
at a high voltage [162]. However, the stability requirement
for solid electrolytes against electrodes has still not been fully
satisfied under high-voltage conditions. Thus, introducing
advanced materials and designing efficient structures are
necessary. Accordingly, some antioxidation substances
(PP,FSIL, LEP, LiPVFM, and SN) or a layered architecture
can be possible solutions to enhancing stability.

Sun et al. [163] combined the “garnet-at-interface” layer
and “polymer-in-separator” matrix to prepare a solid elec-
trolyte. As displayed in Figure 17(a), under an electric field,
in the SPE complexed with lithium salt and polyethylene
oxide (PEO), the polar groups of the polymer chain interact
with active ions, which jump over the entire chain segment
(amorphous region) through thermal motion. Under contin-
uous electric field stimulation, there will be many polariza-
tion regions due to the intermolecular forces between
chains, orientation crystallization, and cross-linking. There-
fore, the free volume for the thermal movement of the chain
is shrined, and then, the ion transmission is inhibited,
destroying the stability of the cell. As displayed in
Figure 17(b), PVDF owns lower HOMO energy, which
means that the PVDF-based matrix has a higher high-
voltage resistance and dielectric constant than PEO. There-
fore, to enhance high-voltage stability, PVDF is selected as
the skeleton of the polymer electrolyte. The high-ratio LLZT
is introduced into the polymer to increase the shielding
effect for inhibiting Li dendrite growth. Besides, this combi-
nation can act as an electronic and anionic filter. However,
Li" cation can migrate through the LLZT percolation and
the interface between polymer and filler (Figure 17(c)). As
shown in Figure 17(d), the strong electric field can be allevi-
ated by packing the vulnerable polymer electrolyte into the
porous PVDF separator, further alleviating to serve electro-
chemical polarization. This design helps ensure a good inter-
face to Li metal and improves the high-voltage performance
of the electrolyte. The electric potential can achieve uniform
distribution in the EEIs. The embedded PVDF skeleton
(high-dielectric parts) and LLZT layer jointly guarantee the
uniform distribution of the electric field inside the electrolyte
bulk. Regulated by the electric field, the Li" ions transport
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FIGURE 16: (a) Schematic illustration of the synergistic effects of HTCN+TMSP on adjusting the CEI structure and cathode electrochemistry.
(b, ¢) The configurations of -C=N binding with the Li,MnO, crystal domain in LLO upon the electrochemical evolution from the pristine to
the monoclinic manganese-based LiITMO, structure. The differential charge densities of -C=N binding with (e) the pristine Li,MnOj crystal
domain and (f) the evolved monoclinic manganese-based LiTMO, structure. (d, g) Schematic illustrations of the mechanism of BE-induced
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Copyright 2020, WILEY-VCH.
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FIGURE 17: (a) Schematic illustration for the electrochemical attenuation of SPEs under the electric field. (b) Orbital energy levels of the PEO
and PVDF polymer matrices. (c) The sketch for the multifunctional effects of the LLZT shield layer. (d) Schematic illustration for
superiorities of modified solid electrolytes in this work. Reproduced with permission [163]. Copyright 2020, WILEY-VCH. (e) The
corresponding discharge voltage curves of the 1st, 100th, 300th, 500th, and 700th cycles of the LCO||Li cell using PMM-CPE at 60°C. (f)
EIS spectra of the 4.45 V-class LCO||Li cell with PMM-CPE after 50, 100, 400, and 700 cycles at 1 C (60°C). Reproduced with permission

[164]. Copyright 2018, The Royal Society of Chemistry.
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through the electrolyte bulk and homogeneously deposit on
the electrode surface. Accordingly, the electric potential can
be well distributed, which further sustains the stable cycles of
batteries. Compared with PEO and PVDF, bacterial cellulose
as the substrate owns higher mechanical strength and anti-
oxidation stability. Dong et al. [164] combined poly(methyl
vinyl ether-alt-maleic anhydride) P(IMVE-MA) and bacterial
cellulose to form a polymer electrolyte for the HVLMBs. The
LCOI|Li battery using P(MVE-MA) membrane with 1M
LiODFB/PC (PMM-CPE) electrolyte exhibits excellent
capacity retention of 85% of the initial capacity after 700
cycles (Figure 17(e)), remarkably superior to the LCO||Li
battery using LIODFB/PC electrolyte (14%). Furthermore,
the LCO||Li battery using PMM-CPE electrolyte exhibits a
high and stable CE. As shown in Figure 17(f), electrochem-
ical impedance spectroscopy (EIS) of LCO||Li batteries using
the carbonate electrolyte and PMM-CPE electrolyte is tested.
Two semicircles stand for the bulk electrolyte resistance and
interfacial resistance, respectively. For the PMM-CPE elec-
trolyte, interface impedance increases slowly within 700
cycles, indicating outstanding interfacial combability in the
PMM-CPE electrolyte. Zheng et al. [165] developed an inter-
penetrating network (IPN), including a basal PEO-contained
network and a linear poly(acrylonitrile) (PAN) secondary
network. The chemical and architectural properties of IPN
markedly enhance the oxidative stability of the electrolyte
from 4.1V to over 5.1V by adding 2wt.% PAN. The IPN
electrolyte is promising to be applied in HVLMB:s.

Fan et al. [166] reported a LiF-rich SEI layer formation
to inhibit the generation of Li dendrites. The LiF-rich SEI
layer owns low resistance, which is because (i) the in situ-
formed thin interface is closely contacted with both Li,PS,
(LPS) and Li; (ii) the lower energy barrier for Li* surface dif-
fusion on LiF (0.17 eV for LiF and 0.23 eV for Li,CO;) accel-
erates the Li" transfer along the LiF surface rather than the
dendritic plating. Theoretical calculations based on DFT
are conducted to understand the suppression mechanisms
of the Li dendrite of the LiF-rich SEI layer in the SSEs. As
shown in Figure 18(a), Li dendrites must pass through the
passivation layer along the grain boundaries first, where
strain energy remains high. According to the energy analy-
sis, the interface energy increases due to the newly formed
interface at the SEI layer. The strain energy is released with
the generation of Li dendrites (Figure 18(b)). As the length
of Li dendrite increases, the total energy increases and
reaches the top corresponding to the fatal dendrite length
L, followed by a slow drop. As displayed in Figure 18(c),
the relationship between the Li formula number and the
interfacial energies of various SEI constituents is tested.
The intercept of the fitted line represents the interface
energy. As displayed in Figure 18(d), Li,PS, exhibits low
interface energy of -88.92meV/A?, suggesting an unstable
interface between the Li anode and Li,PS,. At the interface,
the cracks are generated because the serve reaction between
the Li anode and the Li,PS, causes the Li,PS, reconstruction
with the Li-P and Li-S band generation derived from the
optimized structure (Figures 18(e) and 18(f)). However,
other SEI components, including LiF, Li,CO,, Li,O, LiCl,
and Li,S, exhibit positive interfacial energy. Furthermore,
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LiF owns the largest interfacial energy of 73.28 meV/A?,
demonstrating its ultrahigh dendrite inhibition capacity.
The interface energy multiplied by the bulk modulus is used
to evaluate the dendrite inhibition ability, as shown in
Figure 18(d). LiF exhibits excellent interface energy and an
outstanding bulk modulus (70GPa). As shown in
Figures 18(g) and 18(h), the energy barrier of the electron
tunnelling from Li to LiF or LPS is calculated. The barrier
of electron tunnelling for Li,PS, is very low, approximately
zero, revealing the incapability of Li;PS, to suppress electron
tunnelling. In contrast, the barrier of electron tunnelling for
LiF is 2 eV, indicating that LiF can effectively prevent elec-
tron tunnelling. The remarkable electronic shielding effect
can effectively alleviate side effects between the Li metal
anode and the Li,PS,. As shown in Figures 18(i)-18(k),
18(m), and 18(n), three interphases can be generated at the
anode-electrolyte interface: (i) inherently stable interphase,
in which electrolyte and Li metal are thermodynamically sta-
ble; (ii) regular SEI, which owns very low electronic conduc-
tivity but high Li* conductivity; and (iii) electronic
conducting interphase with an ultrahigh electronic con-
ducting ability. For the first type of SSE, since Li cannot
wet the SSE, the potential at the interface suddenly declines
from the SSE to Li metal, resulting in higher interfacial resis-
tance (Figures 18(m) and 18(n)). Regarding the second cat-
egory, Li metal can associate with LiPON to generate SEI
with high-ratio Li,O, which effectively prevents electron
tunnelling. The third kind of SSE comprises Li; La,;_ Ti
O; (LLTO), sulfide, and oxide electrolytes owing to the
potential reduction of SSE by Li anode when the potential
is below zero in the Li plating process to form an electronic
conductive substance or an electronic semiconductor sub-
stance. Except for the strategy of in situ forming the LiF-
rich SEI, the introduction to CPEs at the opposite position
of ISE can also effectively stabilize Li metal anode and
high-voltage cathode. Liang et al. [167] designed an SSE by
coating PAN and PEO on both sides of Li, ,Al, ,Ti, ((PO,);
(LATP), respectively, to meet different interface require-
ments. It is essential to offer tailored solutions to outstand-
ing stability with Li metal and the infiltration of high-
voltage cathode assembled in SSE (Figure 18(1)). An SSE
electrolyte with notable improvement is achieved by adding
PEO and PAN on both sides of LATP (Figure 18(0)). As
shown in Figures 18(p) and 18(q), the disparate-polymer
protected ceramic electrolyte (DPCE) exhibits a high oxida-
tion potential of 4.5V and highly reversible Li plating/strip-
ping. In addition, sizeable ionic conductivity (6.26 x 107*
Scm™) and low activation energy (0.46 eV) are achieved in
LATP at 60°C (Figures 18(r) and 18(s)). To further explain
the interfacial stability related to the ion manipulation trig-
gered by the LATP ceramic in DPCE, COMSOL Multiphy-
sics is conducted to explore the ion layer with high-t;*.
With abundant free anions, the charging process leaves a
large concentration gradient field or space-charge layer at
the electrolyte/anode interface and hence increases the Li*
transport barrier and polarization, which induces dendrite
formation, decomposition of polymer electrolyte, and infe-
rior cycling stability. Table 9 shows the cycling performance
of the HVLMBs with different SSEs.



38

000000000000000 150
000000000000000

Solid-state  Li* Li* Lt I

—l __l_|_|

Einter face = 2YLB

Interface enerty (meV/A%)

Eetrain = o 2
strain = EV —ﬁnBL

|
IS}
S

90 | / ]
60 - ]
LPS: y=0.019'nbf88.92

425'm,+73.27 ]
=2.844"n,+19.01

Li,0: y=0.262"n,+38.70 ]
LiCL: y=0.013"n,+37.54 |
Li,COy: y=0.623"m,+59.22

0 10 20 30 40 50 60 70 80 90

Research

Number of Li (n b)
(a) (b) (©
21 201
Compounds | y (meV/A?) |E (GPa) YE Cop 8 »Q O o O o ? o (&) o
(eV/A2+MPa) Oé 93%,%°, 2050 o
: ° T $%,%,° 02020 o
LiF 73.28 70 5129 © . ° o Qo o
°o€ o,g?0°°o° 0800000
Li 38.70 78 3018 o
1,0 0 ?%°°°° Oo§oo ()
LS 19.01 40 760 o X 93y
Li,CO, 59.22 63 3731 QL Os
Li,PS, 8892 22 -1956 or OF
(e) (f)
. 20 . 20
LiCl 37.55 2 1202 % s : % s :
é 1.0 : é Lo :
3 05 : 3 05 !
=] a
0.0 0.0
-2 0 2 4 -2 0 2 4
E-E . (ev) E—Ef(ev)
—— Istlayer —— Istlayer
—— 2nd layer —— 2nd layer

(d) (8 (h)

RO

< FUTSVSUIUSUUTSUSUIUIUNS
Soft contact & Antioxidation
IO I
Inhibition reduction

40 1000

-0.7

w

=3
@
S
3

-14

o
3
3
m~! K)

20 3 -21

-Zim (Ohm)
IS
8

-2.8

S
In(cT) (S

[
S
3

-3.5

Current density (mA cm™?)
2 2 o
Current density (mA cm‘z)

=3

-05 0 05 1.0 1.5 20 25 3 4 5 6
Potential/V (vs. Li*/Li) Potential/V (vs. Li*/Li)

0200 400 600 800 1000 28 30 32 34
Zre (Ohm) 1000/T (K™Y

080°C
@70°C
0 60°C

940°C
030°C
920°C

950°C

P (@ &9} (s)
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3.5.1. Section Summary. In this section, recent development
in the SSEs has been discussed, including LiTFSI/PC/
PMM-CPE, LiFSI/PVH/PP ,FSI, P(CUMA-NPEF,)-GPE,
LiTFSI/PVDF-HFP/LLZO, and LATP/PEO/PAN systems.
The ion transfer mechanisms in the SSEs are entirely differ-
ent from traditional electrolytes. For crystalline solid electro-
lytes, ion transfer dramatically depends on the defects in the
crystal structure, including electron defects, volume defects,
planar defects, line defects, and point defects. In the middle
of these defects, point defects undertake a pivotal part in Li"
transfer mechanisms. The most typical defects are the
Schottky point defects, where the cation vacancies are
accompanied by anion vacancies, and Frenkel point defects,
where cation interstitials accompany anion vacancies. In
particular, the ion transfer mechanisms occurring on point
defects include (i) nondefect mechanisms, which are divided
into  collective mechanism, interstitial-substitutional
exchange mechanism, and interstitial mechanism, and (ii)
defect mechanisms, which are divided into vacancy mecha-
nism and simple vacancy mechanism. For SPEs, Li" transfer
generally happens in the amorphous phase. The free-volume
model and additional theoretical methods are employed to
simulate the Li" conductivity mechanism in the amorphous
phase. In the model, the Li cations distribute in the appro-
priate coordination locations of the polymer section chain.
These chains experience topical segmental movement with
a quasiliquid action. The Li cation leaps from one coordina-
tion position to another through free sites on the same chain
segment or two different chain segments driven by the elec-
tric field force. Overall, the solid electrolytes based on the
combination between inorganic materials and polymers,
the association of different polymers, and the QSSEs with a
small amount of liquid electrolyte have improved the elec-
trochemical stability under high voltage. In addition to
enhancing the high-voltage stability of the SSEs, the interface
between electrode and SSE also needs to be further strength-
ened. Specifically, the issues including large interfacial
impedance, element interdiffusion, lithium dendrite growth,
side reactions aroused by high-voltage decomposition, and
space charge layer especially at the electrolyte/cathode inter-
face are being further concerned. It is believed that develop-
ing strategies such as layered architecture and in situ
gelation can solve these problems to promote the application
of SSEs in HVLMBs.

4. Conclusions and Prospects

The ever-increasing demand for high-energy-density energy
storage devices has put HVLMBs on the agenda in recent
years, which has also sentenced conventional electrolytes
with narrow electrochemical windows to death owing to
their failure of compromising the catalytic nature of high-
voltage cathodes and the infamous reactivity of the Li metal
anode. A host of strategies are developed to overcome the
aforementioned challenges, mainly classified into two cate-
gories: conventional electrolyte modification and novel elec-
trolyte design. The important properties of representative
electrolytes based on conventional electrolyte modification
and novel electrolyte design are displayed in Table 10.

Research

4.1. Advantages and Disadvantages of Various Strategies.
The advantages and disadvantages of the improvement strat-
egies for traditional electrolytes and the novel electrolytes are
shown in Figure 19 and Table 11.

As breakthrough progress, the success of the HCEs can
be attributed to the improved cation aggregation state (sol-
vent-cation and anion-cation coordination conditions),
which provides technical advantages including wide voltage
window, decreased combustion, and advanced interface
chemistry over commercial dilute electrolytes. Nevertheless,
heavy use of expensive lithium salts and significantly
increased viscosity bring cost concerns, low rate capacity,
and inferior compatibility with thick cathodes for industrial
applications. Based on the above issues, LHCEs have been
developed to combine the advantages between HCEs and
conventional concentration electrolytes. The selection of
the diluents that do not participate in the Li* solvation struc-
ture is the key for LHCEs. Future research should pay atten-
tion to the price and flammability of the diluents. To
construct the LHCEs, the blind use of expensive height fluo-
rinated solvents and highly volatile ether solvents is not
applicable to commercial applications. Cost-effective flame-
retardant diluent with low HOMO energy level can be
employed to improve comprehensive performances of the
LHCEs for practical applications. For example, the integra-
tion of phosphate diluent and HCE aqueous electrolytes
gives the opportunity to achieve cost-effective high-security
electrolytes. Moreover, it is sagacious to develop novel dilu-
ents by grafting polar functional groups in annular organic
matters. For the design principles of solvents, carbonate-
based, sulfone-based, and nitrile-based electrolyte solvents
with strong reactivity and poor film-formation ability for
Li metal are difficult to apply in HVLMBs. The formation
of the anion-derived SEI layer induced in the HCEs can sig-
nificantly enhance the compatibility between the electrolyte
and the Li anode. Moreover, the reduced free solvent num-
ber in the HCE can improve the high-voltage stability of
ether-based solvents, which promotes their applications in
HVLMBs. As for the design principles for lithium salts, great
success has been achieved for HCEs, primarily attributed to
the LiF-rich SEI layer as derived from the anion. The big
anion size in LiFSI and LiTFSI decreases the Coulombic
forces between cations and anions in the electrolyte, ensur-
ing high solubility in the solvents. In HCEs, the interaction
between Li" and anions significantly affects the interface for-
mation and electrode passivation processes. Due to the uni-
form and dense LiF-rich EEIs as induced by TFSI™ and FSI,
the interface can remarkably inhibit Li dendrite growth and
tolerate the significant volume change of high-voltage/
capacity electrodes. The design principles for LHCE are
mainly centered on diluents. The selection principles of the
diluents mainly include (i) weakening Li" binding energy
without participating in the Li* solvent shell to achieve local-
ized high concentration environment, (ii) lowering the vis-
cosity by reducing the HCE viscosity and increasing the
wettability of the electrolyte for electrodes and separators,
(iii) lowering the LUMO energy level and facilitating the
SEI layer formation, (iv) lowering the cost for promoting
large-scale applications, (v) lowering the combustibility and
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Improvement of traditional electrolytes

High concentration electrolytes

Additives with CEI formation

Additives with SEI formation

Designment of novel electrolytes

| Fluorinated electrolytes

Tonic-liquid electrolytes

R = Rate capacity S = Safety

Sulfone electrolytes

1 = Interface formation

Nitrile electrolytes Solid-state electrolytes

A = Anti-oxidation stability ~ C = Cost

FiGure 19: The strategies to improve the rate capacity, cost, antioxidation stability, interface formation, and safety.

TaBLE 11: The advantages and disadvantages of eight improvement strategies for HVLMBs.

Strategies . Paramgters s .

Rate capacity Safety Interface formation Antioxidation stability Cost
High concentration electrolytes Lower Better Better Good Highest
Additives with CEI formation Fair Fair Best Good High
Additives with SEI formation Fair Good Best Fair High
Fluorinated electrolytes Good Better Best Good Higher
Tonic-liquid electrolytes Low Good Good Better Higher
Sulfone electrolytes Fair Fair Lower Better Fair
Nitrile electrolytes Good Good Lower Best Fair
Solid-state electrolytes Lowest Best Fair Good Highest

*The criterion of the grade assessment is based on the classic commercial electrolyte (1 M LiPF, in EC/DMC, v/v=1:1).

enhancing battery safety, and (vi) weakening toxicity and
reducing pollution for battery recycling. If the existing prob-
lems can be fundamentally settled, LHCEs will enable
HVLMBs with larger power and energy densities.

As to additives for EEI formation, the addition of a tiny
dose of adventive molecules is considered one of the simplest
and economical ways to construct strong EEIs, which is
closely correlated with the electrochemical stability of elec-
trodes and electrolytes. The additives chosen for Li anode
and high-voltage cathode should own higher reduction
potential and lower oxidation potential compared with elec-
trolytes. Future research can focus on the evaluation of the
Al foil corrosion induced by additives and the development
of additives with suppression function of lattice oxygen
escaping. In the laboratory coin-cell evaluation system, the
negative impact of the current collector corrosion is weak-
ened. However, for pouch and cylindrical cells, the Al foil

corrosion causes the comprehensive deterioration of electro-
chemical performances. In addition, the foreign additive
under a high voltage is extremely easy to corrode the Al foil.
Hence, for the electrolytes after additive introduction, Al foil
corrosion should be carefully evaluated. The cathode with
oxygen valence activities is often accompanied by irrevers-
ible oxygen loss during charge and discharge, resulting in
structural degradation of cathode materials. It is suggested
that Quantum Chemistry Calculations including G4MP2
calculation and SMD solvation model are employed to filter
the additive firming lattice oxygen. Moreover, an excellent
additive should meet the following design principles: (i) it
should sacrificially decompose before the electrolyte solvent
components to passivate the high-voltage cathode and Li
metal anode, (ii) the gas generation can be effectively inhib-
ited, (iii) the generated SEI and CEI layers should be com-
pact and thin with low electrochemical impedance, and
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(iv) the generated SEI and CEI layers should tolerate the
extreme potential and the significant volume fluctuation of
the electrodes.

For the fluorinated electrolytes, outstanding antioxida-
tion stability makes them promising candidates for the
HVLMB electrolyte. In addition, the fluorinated solvent
owns high thermal stability and even nonflammability. Nev-
ertheless, highly fluorinated solvents with high purity tend to
be expensive, which limits their further development. There-
fore, it is suggested that instead of pursuing highly fluori-
nated solvents, the fluorinated group functions in different
positions of the molecules are analyzed in depth to guide
the molecular structure design for lowly fluorinated solvents.
For example, the position of the fluorinated group in the
molecular structure has a profound effect on the capabilities
of LiF formation and Li" coordination. Moreover, compre-
hension of the influence of the fluorinated electrolytes on
the HVLMB performances requires insights into two corre-
lations: one between electronic distribution and molecular
structure in the fluorinated solvent and the other between
nonfluorinated solvent and fluorinated solvent. At last, a safe
fluorinated-based electrolyte should follow design principles:
(i) high thermal stability, which ensures that the physico-
chemical properties of the electrolyte can be well maintained
at a rapidly increased temperature; (ii) low flammability and
even nonflammability, which can significantly improve bat-
tery safety; (iii) low flash point, which is especially crucial
for the drastic decrease in the flash point with an increasing
degree of fluorination; and (iv) high boiling point, which
prevents the internal air pressure of the battery from being
too large at a high temperature.

For ionic-liquid, sulfone, and nitrile electrolytes, wide
electrochemical window and excellent cathode affinity make
them promising candidates for the new generation of
HVLMB electrolytes. Unfortunately, the inferior compatibil-
ity with Li metal prevents their further development. Cheap
film-formation solvents can be introduced to stabilize the Li
anode, but the distribution of the mixed solvents is random
inside the HVLMBs. It is suggested that DFT calculations be
employed in achieving selective distribution of each solvent
in the mixed electrolyte. For example, nitrile-based com-
pounds are screened to obtain solvents with large absorption
energy to the high-voltage cathode but low absorption
energy to the Li anode. Film-formation compounds are also
screened to obtain the solvents with large absorption energy
to the Li anode but low absorption energy to the high-
voltage cathode. The screened solvents in the mixed electro-
lyte wet the two electrodes, which facilitates bielectrode
affinity. It is noted that the cost of ionic liquid is obviously
higher than those of sulfone and nitrile, so the introduced
proportion of cheap doped solvents should be higher to con-
trol the cost. The excellent antioxidation stability of the sul-
fones can be attributed to the powerful intrinsic stability of
the sulfone group against oxidation at an extreme potential.
On the contrary, the antioxidation stability of nitrile-based
electrolytes is attributed to the prioritized decomposition
on the surface of the high-voltage cathode, generating an
effective protective layer of -C=N/transition metal com-
plexes to avoid the intimate contact between other species
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and catalytic surfaces of the cathode. In addition, similar to
carbonate functional groups in alkyl carbonate molecules
with large dielectric constants and dipolar moments, the ter-
minal -C=N functional groups are excellent nucleophilic
sites for coordinating Li".

SSEs have received abundant attention owing to their
excellent characteristics of robust mechanical strength,
strong antioxidation capability, no risk of leakage, and non-
flammability. Nevertheless, SSEs cannot support HVLMBs
to own satisfactory electrochemical performances due to
the large interfacial resistance, mechanical collapse, and
interfacial side reaction. Future research can focus on the
failure mechanism of the HVLMBs using SSEs. Battery fail-
ure associated with EEI kinetic process is correlated with
Li*/e” transport and combination, chemical/electrochemical
reactions, and pressure change. It is suggested that the com-
plex process that is difficult to touch experimentally should
be simulated through ab initio molecular dynamics, where
electron/ion transport and combination are imitated with
the PAW way, all molecular evolutions are caught in the
NVT ensemble using a Nosé-Hoover thermostat, and the
free energy of the system is obtained by integrating the
position-dependent mean constraint forces. In situ gelation
for solid-state polymer electrolyte owns an in-built interface
with rapid ion transport, which is regarded as one of the
most promising SSE technologies. Future research on this
technology should be centered on simplifying the polymeri-
zation conditions and enhancing the antioxidation stability
after polymerization. In addition, future research focusing
on the design principles should also be highlighted, such as
interfacial characterizations for guiding the design of the
interfacial chemical reaction kinetics and the design of the
interfacial conservation films with antioxidation and reduc-
tion inhibition to widen the electrochemical window for
HVLMBs.

4.2. Future Directions. Although valuable progress has been
made, several critical issues remain to be resolved for the
electrolyte of the practical HVLMBs (Figure 20):

(1) Higher Safety. The catalytic nature of high-voltage
cathodes and the infamous reactivity of Li anode
make the inherently flammable traditional liquid
electrolyte more prone to dangerous accidents. Fluo-
rine introduction is expected to be an effective solu-
tion to alleviate the inflammability of the
conventional electrolyte. In addition, the toxicity of
the electrolyte solvent can also be reduced after fluo-
rination. The applications of ionic-liquid and nitrile
solvents are also a feasible choice regarding their
thermostability and flame retardancy. Of course, in
terms of safety, SSEs far exceed liquid electrolyte. It
is noteworthy that the conclusions drawn from a
simple ignition experiment on the electrolyte are
unreliable. The so-called nonflammable electrolyte
is still dangerous in actual operation. More stringent
inspections must be conducted, such as a nail-
penetration test. Cost-effective flame-retardant dilu-
ents can be employed to improve the comprehensive
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FIGURE 20: Several critical issues of electrolytes for HVLMBs.

performances of the LHCEs for practical applica-
tions. For example, the integration of phosphate dil-
uents and HCE aqueous electrolytes helps achieve
cost-effective high-security electrolytes. Moreover, it
is sagacious to obtain novel diluents by grafting polar
functional groups (-COOH, Ar-OH, -OH, -NHCO-
CH,;, -NH,, -SH, -CHO, and CH;-N-CH,) in annu-
lar organic matters (alicyclic compounds, aromatic
compounds, and heterocyclic compounds).

(2) Lower Cost. In traditional LIBs, the cost of electrolyte

accounts for ~20%, which will be further increased
in the HVLMBs due to the greater demand for addi-
tives with complex functions, large amounts of lith-
ium salts, and novel solvents. Therefore, it is vital
to reduce the electrolyte cost. More detailly, lithium
salt has the highest cost proportion among the com-
positions of the electrolyte. Although the HCEs can
significantly expand the electrochemical window of
traditional electrolytes, the cost is too high for its
large proportion of lithium salts. This issue can be
effectively solved by the LHCEs. Contrary to the
HCEs, low concentration (<1 M) electrolytes (LCEs)
pursue high performance while maintaining low
cost. Herein, it is suggested that strong reduction
additives (CuBr,, BeBr,, MgBr,, CaBr,, LiBr, NaBr,
and KBr) are introduced to reactivate dead Li and
release active Li" for reuse in the LCEs by supple-

menting Li* and suppressing dead Li growth. Fur-
thermore, the systematic research on the
collaborative relationship of solvents, salts, and ionic
aggregate structure undoubtedly facilitates the
breakthrough of the LCE field.

(3) Practical Conditions. It is noted that most of these elec-

trolytes are assessed in coin-cell systems (Tables 2-9)
with thin high-voltage cathodes (<5 mgcm™), flooded
electrolytes (E/A > 10g Ah™"), and thick lithium metal
anodes (>200um), whereas evaluations of them in
commercial pouch batteries display unsatisfactory
energy density and inferior cycle life. Herein, it is sug-
gested that the novel electrolyte should be tested with
high-loading cathodes (=20 mgcm ™), lean electrolytes
(E/IA<3 gAh'l), and thin Li metal anodes (<20 ym).
High-loading cathode and lean electrolyte conditions
require low-viscosity and highly wetting cosolvents,
such as 1-methylpentyl acetate, 1,4-dichlorobenzene,
4-methyl-2-pentanone, and 2-heptanone. Moreover,
the CE test of Li/Cu batteries is one of the most widely
used methods of assessing Li* stripping/plating
reversibility in the interface between the electrolyte
and the Li anode. It is suggested that the thickness
of the Li foil is 50 ym and the amount of the electro-
lyte is 15 uL. During cycling, 4-5mAh cm™ of lithium
(~20-25 ym) plated on the Cu current collector pro-
vides a suitable areal capacity to be matched with
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high-loading cathodes. The CEs of the Li/Cu cells
under this stringent condition are close to the mea-
sured CEs in the HVLMBs with thin Li anodes.

(4) Advanced Interfacial Chemistry. Despite a small part

(5

~

in the HVLMB system, SEI and CEI play a vital part
in preventing the further reaction between electro-
lyte and electrodes to alleviate the transition metal
dissolution and the growth of Li dendrites. In addi-
tion, the EEIs affect the lithiation and delithiation
of Li* on the electrode surface. Electrochemical reac-
tions at the interphases are triggered during charg-
ing/discharging with the generation of Li anode-
side SEI and the CEI counterpart due to the initial
reduction and oxidation of electrolyte. Therefore,
the electrolyte directly determines the composition
of SEI and CEI The ideal interphase is characterized
by the uniform and robust inorganic-organic com-
posite layer. Take the fluorinated interphases gener-
ated in the fluorinated electrolyte as an example, its
high interfacial energy (73.28 meV/A®) and antioxi-
dation stability (6.4V wvs. Li/Li") can facilitate Li"
transport along with the interface and prevent con-
tinuous side reactions between electrolyte and elec-
trode. Similarly, S- and N-rich SEI/CEI have also
been proven to have multiple functions. Herein,
future research for interfacial chemistry can focus
on the following two directions: interfacial layered
construction and quantitative combination ratio of
beneficial substances at the interface.

Theoretical Calculations and Simulations. Theoreti-
cal research assisted by artificial intelligence, large
data sets, machine learning, and supercomputing
power will help to quickly screen and foresee the
next-generation electrolyte systems that support the
HVLMBs. Furthermore, theoretical research will
assist in an overall grasp of what happened to the
EEIs in the HVLMBs at the molecular scale, which
is the area that the experiment cannot touch. How-
ever, the predictive ability of theoretical calculations
is rarely used in the HVLMBs at present. This field
will undoubtedly promote the development of the
HVLMB electrolyte. For example, Quantum Chem-
istry Calculations including G4MP2 calculations
and SMD solvation models are employed to filter
the additive firming lattice oxygen. Furthermore, by
using machine learning and adsorption energy cal-
culations, the film-formation solvent (VC, FEC,
vinyl ethylenecarbonate (VEC), ethylene sulfite
(ES), vinylethylene sulfite (VES), ethylene sulfate
(DTD), 4-propyl- [1,3,2]dioxathiolane-2,2-dioxide
(PDTD), diphenyl disulfide (DPDS), tris(2,2,2-tri-
fluoroethyl) borate (TTFEB), and ionanofluid
(InF)) and antioxidation solvent (ionic-liquid, sul-
fone, and nitrile) in the mixed electrolyte can indi-
vidually wet the two electrodes, which facilitates
bielectrode affinity. Besides, the complex interface
evolution process should be simulated by ab initio
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molecular dynamics, where electron/ion transport
and combination are imitated by the PAW way, all
molecular evolution is caught in the NVT ensemble
using a Nosé-Hoover thermostat, and the free energy
of the system can be obtained by integrating the
position-dependent mean constraint forces.

(6) Novel Characterization Methods. Accurate character-
izations of the electrolyte and interphases are still
very difficult nowadays, which is ascribed to their
low content, sensitivity to electron radiation and
X-ray, and reactivity to water and oxygen. In situ
characterization technology can collect signals from
electrolyte and interphases during battery opera-
tion, which is undoubted of paramount significance
for the accurate and deep research of the internal
changes of the HVLMBs. The application of cryoelec-
tron microscopy in the HVLMBs is groundbreaking,
which minimizes the influence of oxygen and water
during the test. Current in situ characterization tech-
nologies are mainly based on coin-cell configuration.
It is suggested that the progressive characterization
should be further integrated with pouch and cylindri-
cal cells.
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