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Since the advent of the Li ion batteries (LIBs), the energy density has been tripled, mainly attributed to
the increase of the electrode capacities. Now, the capacity of transition metal oxide cathodes is
approaching the limit due to the stability limitation of the electrolytes. To further promote the energy
density of LIBs, the most promising strategies are to enhance the cut-off voltage of the prevailing
cathodes or explore novel high-capacity and high-voltage cathode materials, and also replacing the
graphite anode with Si/Si—-C or Li metal. However, the commercial ethylene carbonate (EC)-based
electrolytes with relatively low anodic stability of ~4.3 V vs. Li*/Li cannot sustain high-voltage cathodes.
The bottleneck restricting the electrochemical performance in Li batteries has veered towards new
electrolyte compositions catering for aggressive next-generation cathodes and Si/Si—-C or Li metal
anodes, since the oxidation-resistance of the electrolytes and the in situ formed cathode electrolyte
interphase (CEl) layers at the high-voltage cathodes and solid electrolyte interphase (SEI) layers on
anodes critically control the electrochemical performance of these high-voltage Li batteries. In this
review, we present a comprehensive and in-depth overview on the recent advances, fundamental
mechanisms, scientific challenges, and design strategies for the novel high-voltage electrolyte systems,
Received 10th May 2021 especially focused on stability issues of the electrolytes, the compatibility and interactions between the
DOI: 10.1039/d1cs00450f electrolytes and the electrodes, and reaction mechanisms. Finally, novel insights, promising directions
and potential solutions for high voltage electrolytes associated with effective SEI/CEI layers are proposed
rsc.li/chem-soc-rev to motivate revolutionary next-generation high-voltage Li battery chemistries.
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1. Introduction

Li ion batteries (LIBs) have revolutionized the energy storage
area since their advent in the market in 1991." Currently, LIBs
based on LiCoO, (LCO)/LiNi,Mn,Co;_,_,0, (NMC)/LiNi,g-
C00.15Alp,050, (NCA) as a cathode and graphite as an anode
not only monopolize the small battery market for portable
electronic devices, but have also been successfully utilized in
electric vehicles, as well as for stationary energy storage, in
which NCA and NMC can be considered as the second-
generation cathode materials for LIBs.” With the fast advance-
ment of the cathode materials, a key issue that needs to be
tackled is the anodic stability of the electrolytes, which not only
determines the highest potential that can be charged for the
cathodes and hence the reversible capacities, but also determines
the cycling performance of the cell.?

The conventional EC-based carbonate electrolytes possess
inferior anodic stability of >4.3 V vs. Li'/Li,** which renders
them highly unstable against high-voltage cathodes. Solvent
molecules such as EC could undergo oxidation and polymeri-
zation on the highly catalytic surface of the NMC/NCA layered
cathode materials, thus forming a protective polycarbonate
species.” However, these polycarbonate species are still not
stable enough at high voltage. Even Li,COj, a relatively stable
component in the solid electrolyte interphase (SEI) layer, could
be oxidized over 3.5 V, releasing O,/CO, gases.6 The low anodic
stability of the commercialized EC-based electrolytes has highly
restricted the commercialization of these high voltage cathode
materials. Even within the voltage limits of the electrolytes, the
overcharge and the increase of the resistance during cycling
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could also easily raise the potential of the cathode into the
unstable zone of the electrolyte and induce safety concerns.
In addition, conventional EC-based electrolytes cannot build a
robust SEI on Li anodes either, as evidenced by a low cycling
Coulombic efficiency of <95%.”

The energy density (E) is a critical parameter for recharge-
able batteries and directly related to the electrode specific
capacity (Q) and cell voltage (V). It can be calculated based on
eqn (1) and (2),® where the thermodynamic cell voltage is
defined by the electrochemical potential difference between
the cathodes and the anodes (V. — V,).

111
0 a0 W
E=(Ve— V,)Q ()

Q. and Q. are the anode and cathode specific capacity, respec-
tively. To achieve a high voltage cell, the potential window of
the electrolyte should be as wide as possible, because this
stable window defines the selection of the cathodes and
anodes, and thereby determines the voltages of the paired cells.
Fig. 1a presents a timeline of groundbreaking discoveries for
the secondary battery technologies since the 1800s.° Placing the
LIB technology in the reversible battery historical context could
bring us in-depth inspiration and insight into the quest for next
generation batteries with higher energy densities. Before Li
batteries, all of the reversible batteries are based on aqueous
electrolyte systems, restricting the reversible voltage to <2 V
and energy density to <100 W h kg~ '. The breakthrough and
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Fig. 1

(a) Milestones of reversible battery chemistries developed since 1800s until today. (b) Energy density variation of a battery by varying the capacity

of cathode (dark and blue curve) and anode (red curve). The effect of voltage increase on the energy density is highlighted by the blue (4.5 V) and dark
(4.0 V) curves. (c) The approximate reversible capacities and working voltage windows of the commercialized and intensively investigated intercalation
cathode materials. The gravimetric energy density is calculated merely based on cathode materials. (d) Schematic illustration of electrolyte working
mechanisms in LIBs. (b) Reprinted with permission from ref. 89. Copyright 2018 American Chemical Society.
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commercialization of non-aqueous liquid electrolytes success-
fully hoisted the electrolyte working potential range over 4.0 V
and realized reversible LIBs with a voltage of >3.0 V and energy
density of >200 W h kg '. In recent decades, LIBs with
graphite as the anode and layered NMC as cathode have further
enhanced the energy density of LIBs. Because of the lowest
potential of Li'/Li among all of the redox couples and high
capacity of Li metal, Li batteries will still hold the highest
voltage and highest energy density among the batteries in the
forthcoming future.

Besides the energy density, another important parameter for
the cell is the power density. The energy quality released at
higher potential V is superior to that released at lower V
because of the square relationship between the electrical power
P and the potential V (eqn (3)).°

P= (Ve — VIR 3)

Therefore, increasing the cutoff voltage of the commercial
cathodes or developing novel high-voltage and high-capacity
cathodes and meanwhile selecting low potential anodes could
essentially improve the energy and power densities of the
battery. Among the cathodes with moderate operation voltage,
Ni-rich layered cathodes stand out, because of the optimal
electrochemical performance with a high specific capacity of
>200 mA h g~ ', high average discharge voltage of 3.8 V,
and high electrode density of >3.2 g em >."'""* Other high
energy layered cathodes are Li-rich cathodes,"™*® which can be
defined as xLi,MnOj;-(1 — x)LiMO, (Ni,Mn,Co) composites,'*°
employ oxide anion redox for Li storage in addition to transi-
tion metal redox and need to be charged to over 4.6 V to trigger
the anion redox, and therefore call for highly anti-oxidized
electrolytes.>** The anion redox in the Li-rich cathodes will
induce the formation of highly oxidative species such as per-
oxide 0,> ions, superoxide O, , and molecular O,, which can
significantly react with the electrolytes chemically.'®*° On the
high voltage cathodes, a number of good reviews/perspectives
have been published recently and the operation principles
of these cathodes have been described in detail.'>'%?"23730
Although the layered cathodes possess these merits, the capa-
city and energy density are largely restrained by the commercial
electrolytes due to the serious side reactions between the
conventional EC-based electrolytes and the catalytic surfaces
of the delithiated NMC,**3* which could accelerate the transi-
tion metal dissolution into the electrolytes and the pulveriza-
tion of the cathode structures.®®> The most effective strategy
for achieving high energy density of LIB is to increase the
capacity and potential of the cathode rather than increasing the
anode capacity as shown in Fig. 1b, which can also be deduced
by eqn (1) and (2). In addition to layered cathodes, 5 V high
voltage cathodes such as spinel LiNi,sMn; 50, (LNMO),**!
inverse spinel LiNiVO4,**™** olivine LiCoPO, (LCPO),**** and
post-5 V ultra-high voltage cathodes such as olivine LiNiPO,
(LNPO),>**® spinel LiCoMnO, (LCMO),**** and orthorhombic
Li,CoPO4F (LCPOF)*~°” have also been extensively investigated
in the past decade (Fig. 1c).
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Until now, the origins for the degradation of the high-
voltage cells could be mainly attributed to four reasons:**7°
(1) progressive oxidation of the electrolytes on the high voltage
cathodes,”"”? (2) surface reconstruction of the cathodes;*”>
(3) transition metal dissolution at the cathode-electrolyte inter-
face;’®®® (4) cracks and pulverizations of cathode materials
due to the large volume change during lithiation/delithiation
processes.®” These four degradation mechanisms are funda-
mentally correlated. Surface reconstruction of the cathodes
substantially occurs simultaneously as the parasitic reactions
between the delithiated cathodes and the electrolytes with a
cutoff voltage of >4.2 V,**°' which have been extensively
documented for almost all of the high voltage cathode materials.
The reconstruction of the surface layer principally reduces the
transition metal valences, induces dissolution of some transition
metal species, increases the charge transfer resistance of the
cathode, and eventually results in the degradation of the electro-
chemical performance of the cell upon cycling.*”°*% On the
dissolved TM ions, they will not only lead to the capacity decay
of the cathodes, but also diffuse to the anode sides due to the
concentration and electric gradient, and are in situ reduced,
resulting in the malfunction of the SEI and avalanche degradation
of the cells.””798%8%%49% The cracks and pulverization induce the
continuous parasitic reactions between the cathode and electro-
Iytes due to the exposed fresh surfaces. The oxidizable electrolyte
could readily seize the oxygen from the delithiated cathode, and
therefore accelerate the surface reconstruction and side reactions
at high voltages. In contrast, the oxidization-resistance electro-
Iytes, such as fluorinated electrolytes, effectively suppress the
surface reconstruction and the T™ dissolution.”"'* Therefore,
exploring high voltage electrolytes to block the parasitic reactions
between the highly reactive delithiated cathodes and the electro-
Iytes is one of the most effective methods to further enhance the
electrochemical performance of the high energy cells."**

The oxidation process is complicated, during which the
electrolyte salts will be involved,'®>*** however the solvents
are believed to be the major component in the commercial
electrolytes responsible for the catalytic decompositions on the
highly oxidized delithiated cathode surfaces. For the SEI on the
anode, the reduction of both salts and solvents contributes to
the SEI. The compact and electron-insulating SEI/CEI could
effectively passivate the electrodes and block the possible side
reactions between the electrodes and the electrolyte. Therefore,
two fundamental strategies could be utilized to widen the
electrochemical windows (Fig. 1d): (i) expand the intrinsic
electrolyte stability window thermodynamically by replacing
the conventional EC-based electrolyte with more stable solvent
electrolytes; (ii) by forming more compact and effective SEI/CEI
layers to widen the working stability window kinetically. More
often than not, it is difficult to distinguish these two strategies
intentionally, because some related passivation layers are
always formed in the battery operations because of the wide
working voltage and the catalytic effect for the delithiated
cathode.’

In this review, we focus on the recent progress on the liquid
electrolytes with wide-potential windows. The design principles
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were discussed and highlighted. Since the SEI/CEI layers, which
are in situ formed from the electrochemical/chemical reactions
between the electrodes and the electrolytes, play a critical role
in the electrochemical performance of the cell, a significant
part of this review will be devoted to their chemistry, the
reaction mechanisms, as well as the correlations between the
electrochemical performance and the interphases. We mini-
mally discuss the Li metal anodes with the electrolytes, as
several good reviews have summarized the Li metal anodes
and electrolytes in the past few years.'® % Solid state electro-
lytes (ceramic/glassy) will not be covered in this review either,
since a number of related reviews/perspectives on the solid-
state electrolytes are available recently.’®*™" Besides, it is
believed that the LIBs based on the high voltage cathodes
(NMC, NCA, LCO, and 5 V LNMO etc.) and graphite/Si-C anodes
using liquid electrolytes will still dominate the commercial
Li batteries in the near future. Even plenty of the so-called
“solid-state electrolytes” contains some indispensable liquid
electrolytes to ensure their proper functionality.'*® Therefore,
differing from the solid-state electrolyte reviews, herein we
mainly focused on the voltage widening principles of the liquid
electrolytes, placing the emphasis on the compatibility and
reaction mechanisms between the electrolyte and electrodes,
which should be of extensive interest to a broad audience
working on rechargeable batteries to maximize the electro-
chemical performance.

2. Degradation of carbonate
electrolytes on high voltage cathodes

113 and

Thanks to the pioneering work conducted by Dahn
Tarascon et al.,'**''*> who unveiled the fundamental difference
between EC and PC solvents on the Li ion interaction into the
graphitic anodes, EC has become an indispensable component
in the commercialized Li electrolytes since the 1990s.>*1¢17
Recent investigations indicate that EC solvent is a double-edged
sword in LIBs, which exhibits an excellent protecting effect
toward the graphite anodes due to the good SEI-formation
capability at the graphite/electrolyte interface,''” however,
meanwhile as one of the least oxidation-resistant carbonate
solvents,"'**' EC also exerts an actually adverse effect on the
electrochemical properties for high voltage cathodes by form-
ing a less robust CEI layer."'*"2%'?>"127 Almost all of the
electrolyte decomposition species including inorganic and
oxygenated organic compounds on the cathode surfaces are
related to EC or solvated EC decomposition."”*"** Several
mechanisms were proposed to explain these adverse effects,
such as nucleophilic attack,>"**"*? electrophilic attack,">*'**
dehydrogenation reactions,"?*'**'*® and ring opening
reactions,'*®'®” which lead to the cathode reconstruction
and transition-metal dissolution®>**®13° at the high-voltage
delithiated cathodes.

Understanding the parasitic between the
delithiated cathodes and the carbonate electrolytes is critically
important to further improve the high voltage and high-energy

reactions
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Li batteries. The passivation film on the cathodes was first
reported by Goodenough et al. in the LCO systems.'*° Then,
intensive investigations were devoted to unveiling the origin
and its formation mechanism using XPS, XAS, MS, FTIR,
Raman spectra etc.>>'*"'*> As the pioneer who focused on the
surface phenomena between the electrode and the carbonate
electrolytes, Aurbach et al>>'**"'* thoroughly investigated
different cathode systems in the non-aqueous electrolytes,
including LCO, LNO, LMO and LNMO cathodes, and pointed
out that the active cathodes are always covered by the passiva-
tion films once aged in the carbonate electrolytes. Similar to the
Li" intercalation processes into the graphite anodes, the Li
ions have to migrate through this surface films before inter-
calating into the Li,MO, cathodes.'*® Therefore, a number of
researchers utilized the same term of “SEI” to also depict this
passivation layer on the cathode surfaces,"*®'*” while others
adopted the “CEI” (cathode electrolyte interphase),"***°
“EEI” (electrode electrolyte interphase)®®**®'>* or “SPI” (solid
permeable interface)'®* to describe these passivation layers.
To distinguish the “SEI” formed on the cathode surface from
that formed on the anode, we will use “CEI” to denote the
passivation layers on the cathodes in this review. Surprisingly,
the compositions of the CEI formed on the cathode surface are
generally similar to the SEI layers on the anodes,'>*4%1537155
although the CEI layers mainly result from oxidation reactions
between the delithiated cathode and the organic electrolytes
and are apparently much thinner.”* "% Compared with ten
to hundred nanometers of the SEI layer on the anodes," ** "%
the thicknesses of most CEI layers are generally less than
5 nm'158,159,164

The oxidation behaviors of the carbonate electrolyte are
highly related to the cathode surfaces. The carbonate electro-
Iytes can withstand a high voltage of ~5.0 V without obvious
oxidations on the inert metal surfaces, which have been proved
by theoretical calculations and electrochemical tests such as
linear-sweep voltammetry (LSV) techniques,”®'®* yet it could
be easily oxidized at a much lower voltage catalyzed by the
delithiated cathodes."®®'*® A consensus exists in the commu-
nity on the compositions and some protective natures of the
CEI on the high voltage cathodes, however, the underlying CEI
formation mechanisms are still in debate, and even in contrast.
In this section, we summarized the prevailing CEI formation
mechanisms on cathode surfaces in the carbonate electrolytes,
which can shed light on the exploration of the novel high
voltage electrolytes.

Nucleophilic reaction mechanism

As the solvents in the commercial electrolytes, the alkyl carbonate
molecules generally possess electrophilic characteristics."”®
Aurbach et al.**?**'*> compared the oxidation phenomenon of
three different electrolytes, LiPFs, LiC(SO,CF;); (LiTFSI) and
LiAsFg in a mixture of the conventional EC/DMC solvents on
layered LNO, layered LCO, and spinel LiMn,0, (LMO) cathodes.
The impedance increase and oxidizing reactivity of these three
cathodes are in the following trend LNO > LCO > LMO, which
is probably due to the strongest nucleophilic nature of oxygen

This journal is © The Royal Society of Chemistry 2021
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on the delithiated LNO surface. Besides the periodic influence
on the reactivity, the crystal structure of cathodes also highly
impacts the reactivity of the cathode surface even through with
the same central transition metal atoms. The nucleophilicity or
basicity of the O atoms in the delithiated layered Li,MO, is
higher than that in the spinel Li,M,0, and olivine Li,MPO,
compounds,'”" therefore, the Li,MO, exhibits a more aggres-
sive reactivity to the carbonate electrolytes than Li,M,0, and
Li,MPO, compounds. In the olivine compounds, the P atoms
with the +5 valence could partially shield the nucleophilic
nature of the O atoms.'”* Hence, to maximize the ion trans-
port kinetics, nanosized olivine and spinel materials can be
utilized as cathodes without serious side reactions at the
surfaces,’”>*”> while for the layered NMC cathodes the
assembled spherical particles with a size of microns to minimize
the surface areas monopolized the market.>**'”® Micro-sized
single-crystal NMC cathodes are also intensively developed to
further lower the surface reactivity.**'””"'®! The basicity or the
nucleophilicity of the O in the layered Li,MO, cathodes enhances
with higher covalency and higher electronegativity of O-M bonds,
which is related to the feasibility of the electron donations from
the O atoms to the electrolyte solvents. Shao-Horn et al.®> sug-
gested that the capability of the electron donation in the layered
Li,MO, from the O p band to nucleophilically attack the electro-
lyte solvent is increased from early to later metal ions in the first
transition metal row as the O p band energy increases. Based on
this hypothesis, the Lewis basicity or the nucleophilicity of O in
Li,NiO, should be higher than in Li,CoO,, which is partially
supported by the higher reactivity of the delithiated LNO in the
carbonate electrolytes.’®>'%3 and higher impedance resistance of
the cycled LNO."® The nucleophilic reactions between the O on
the surface of the delithiated cathodes and electrolytes leads
to the decomposition of the electrolyte solvents and the formation
of Li alkoxides and semicarbonates.

Dehydrogenation reaction mechanism

The most widely utilized descriptors for the electrolyte stability
are the lowest unoccupied molecular orbital (LUMO) and high-
est occupied molecular orbital (HOMO) of the free solvent
molecules.?>*#1! However, the presence of the salts, solva-
tion structures, impurities, and interactions between the
cathode surface and the electrolyte critically affect the redox
potentials of the solvents, leading to offset as high as 4 eV from
the HOMO energies."*®'%*'* For example, Zhang et al'®*
calculated the oxidation potentials of eleven solvent molecules
including 1,2-dimethoxyethane (DME), 1,3-dioxolane (DOL),
tetrahydrofuran (THF), EC, propylene carbonate (PC), dimethyl
carbonate (DMC), diethyl carbonate (DEC), ethyl methyl carbo-
nate (EMC), vinylene carbonate (VC), butylene carbonate (BC)
and catechol carbonate (CC) via DFT assuming a one-electron
transfer oxidation process from the solvent molecule to an inert
electrode to form a radical cation. The absolute values of the
calculated thermodynamic potentials for the solvent oxidation
show relatively large uncertainty and significantly higher
(>1.0 V) than the experimental values, which should be due
to the simplified solvation model, the neglect of the specific

This journal is © The Royal Society of Chemistry 2021
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solvent-ion and solvent-ion-cathode surface interactions, and
the different reaction pathways.'®* Recent computations
showed that the EC-based electrolytes could be chemically
dehydrogenated and oxidized on delithiated high-voltage
cathode surface, especially with increasing Ni content.'>'%®
Borodin et al.®*'919%19 gcreened almost all of the polar
solvents in Li electrolytes such as carbonates, ethers, sulfones
and phosphates by quantum chemistry (QC) calculations and
molecule dynamic (MD) simulations. The results showed that
the intrinsic oxidation potentials of these solvents are much
higher than the experimental values for the electrolytes if the
dehydrogenation reactions (H-transfers) are not considered.
Shao-Horn et al.'®” compared the energetics of four different
chemical reactions between EC molecules and Li,MO, layered
and MO rocksalt cathode surfaces using DFT calculations. EC
dehydrogenation was energetically more favorable on the
layered cathodes than electrophilic attack, nucleophilic attack,
and EC dissociation with oxygen extraction from the cathode
surface. As shown in Fig. 2a, the delithiation reaction of
Li,CoO, exerts negligible effects on the electrophilic reaction.
In contrast, EC dehydrogenation becomes energetically favor-
able upon decreasing lithium content in Li,CoO,, reaching a
lowest reaction energy <—2.5 eV for the fully delithiated state.
The increased reactivity of the delithiated cathode surface with
higher degree of delithiation promotes the accumulation of
decomposition products such as the polymeric and salt-derived
(PF;0, Li,NiO,F,, Li,PF,0,) species in the CEI layer, which was
validated by online electrochemical mass spectrometry,"®®
Raman,’®® FTIR spectroscopies,'*® nuclear magnetic resonance
(NMR),"**?% and XPS on the layered delithiated cathode
surface upon charging,'*>148:199,201-205

Similar to the effect of the delithiation state on the electro-
philic reaction, the M** in LiMO, possesses a similar electro-
philic reactivity to EC with weak exothermic energies in the
range of —0.5 to 0 eV (Fig. 2b). By contrast, the tendency of EC
dehydrogenation is highly material dependent and increases
from early to late transition metal in the periodic table, which
can ideally explain the formation of interfacial reduced phases
and the higher reactivity of NMC cathodes with increased Ni
content.'®7>183206214 The more O-M covalency or more O p
states pinned Fermi level in the Ni-rich cathodes induces
higher driving force for the surface O to oxidatively dehydro-
genate or dissociate more carbonate solvents such as EC
to generate surface proton species and concurrently reduce
transition metal jons."**'%¢

Resorting to in situ FT-IR measurements, Shao-Horn et a
detected the EC dehydrogenation on a Ni-rich cathode at
relatively low voltage of ~3.8 V, even though EC could be
stable against oxidation on a Pt surface up to 4.8 V.>'*> The
reactions were also confirmed by DFT calculations, and the
degradation species include De-H EC, VC and dehydrogenated
oligomers. As shown in Fig. 2b, upon charging NMC811 from
open circuit voltage (OCV) to 4.4 V vs Li'/Li, significant VC
signals at ~1830 cm™ " were detected with two hydrogen atoms
removed from EC to form a C—C bond in the ring, which were
in good agreement with the attenuated total reflection (ATR)
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decomposed products at ~1813 cm™ (de-H EC), 1830 cm ™ (VC), ~1820 cm™? (oligomers with EC-like rings) during delithiated, potentiostatic holding
and OCV rest. (c) In situ FTIR spectra (C—=O stretching region, in red) on NMC811 surface during delithiation to 4.4 V, and (d) potentiostatic holding
at4.4V, and (e) resting at OCV in a 1.5 M LiPF¢ EC electrolyte, and ATR (attenuated total reflection) spectra for 1.5 M LiPFg EC and 1.5 M LiPFg EC/VC (5:1)
electrolyte (in black). (f) Diagram of EC dehydrogenation on the LiNiO, surface and its energetics. Reprinted with permission from ref. 136. Copyright

2020 The Royal Society of Chemistry.

spectrum of VC + EC + LiPFg electrolyte (Fig. 2c) and the
calculated VC spectra (Fig. 2a). The increased intensity ratio
of the VC to EC (~1800 and 1773 cm™ ') from 3.8 V to 4.4 V
demonstrates the significant oxidation of the EC by a dehydro-
genation reaction mechanism on the surface of the Ni-rich
cathode. Meanwhile, the broad peaks centered at ~1815 cm™"
and ~1763 cm™ " (black arrow in Fig. 2c) can be assigned to the
oligomers with EC-like rings.>'®*'” Besides, the feature around
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1813 cm ™, which starts showing up at ~3.8 V vs Li/Li", also

contain C=O0 stretching of de-H EC with one hydrogen atom
removed from EC, whose formation was energetically favorable
with driving force of about —2.6 eV (Fig. 2f). In contrast, the
dehydrogenation reactions were not observed on the Al,O;
coated NMC or in highly concentrated electrolytes, indicating
that the ex situ formed protecting layers or the in situ formed
salt-derived CEI layers could effectively block the parasitic
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reactions of the electrolytes and the delithiated cathodes, which
theoretically explained the highly improved electrochemical
performance for the coated NMC*'® %% and the merits of the
concentrated electrolytes.'**?*¢724% [t should be pointed out
that the coupling of the H-transfer during carbonate oxidation
was also confirmed by electron paramagnetic resonance,”*!
Raman spectroscopy and ex situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS)."*”

Ring opening reaction mechanism

Resorting to the DFT calculations, Musgrave et al."*® revealed
that the Lewis acid-base complexation between the EC mole-
cule and either delithiated LCO or PF5; weakens the C-O bonds
of the EC ring and accordingly reduces the barrier of EC ring-
opening reactions. This ring opening reaction catalyzed by the
delithiated cathode surface and PF; Lewis acid leads to the
formation of CEI layers composed of an organic and organo-
fluorine film. In the reaction, the EC molecules first adsorb
onto two neighboring surface Co sites, as shown in Fig. 3a,
which is thermodynamically favored by about 1.07 eV. Then,
the adsorbed EC (EC,qs) molecules donate 0.12e~ to the LCO
surface, eventually resulting in the ring opening reaction of
EC,qs molecules via the following equation (eqn (4)):

Co*(s) + EC + PFs~ — Co-OCOOCH,CHF ™ + PF5  (4)

In addition to reacting with the traces of H,O to form HF and
POF;, the in situ formed PF5 Lewis acid further reacts with the
free EC molecules in the electrolytes, forming a Lewis acid-base
complex as shown in Fig. 3b, in which the reaction equation
(eqn (5)) could be:

2EC + PF5 —» PF5~OCOOCH,CH,-OC(OCCH,), (5)

This proposed mechanism was partially echoed by Lucht
et al.”* who analyzed the surface of LNMO polarized at
different voltage ranges (4.0-4.3 V, and 4.7-5.3 V) in 1 M LiPF,
EC/DMC/DEC electrolyte by XPS and FTIR spectra. They found
that at the voltage of <4.3 V vs. Li, the leakage current is
relatively low and the electrolyte decomposition products are
limited (Fig. 3c and d). As the voltage increases to >4.7 V, the
leakage current dramatically surges with a poly(ethylene-
carbonate) passivation film formed on the LNMO surface,
indicating that the organic-based CEI cannot effectively block
the continuously parasitic reactions between the delithiated
cathode and the electrolytes at high voltages. Based on first
principles calculations, Kumar et al.**® proposed a two-step
reaction mechanism for the EC decomposition on the pre-
dominant surface (111) of the charged LiMn,0, (LMO) cathode
despite its relatively mild operating potential. The first step is
the proton transfer from EC to the LMO(111) cathode surface
(dehydrogenation) with higher energy barrier, followed by the
ring opening of the dehydrogenated EC molecules. A highly
charged cathode with low Li content prompts EC ring opening
degradation via a dehydrogenation reaction. Interestingly,
these authors also found that different lattice planes can alter
the reaction route, for example, on the LMO (100) surface the
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reaction is initiated with EC’s ring opening process and then
the dehydrogenation starts.

Resorting to DFT simulations, Leung™** proposed an EC
decomposition mechanism on the (100) surface of LiMn,0,
under vacuum conditions, which consists of essential multi-
steps as shown in Fig. 3e-j. An intact EC molecule first
physically absorbs on the (100) surface with carbonyl oxygen
strongly coordinated to the surface Mn*" ions (Fig. 3€). Then,
the carbonyl carbon (C¢) nucleophilically attacked by the oxy-
gen atom on the LMO surface, transforms into a 4-coorinated
configuration (Fig. 3f). Immediately, the Cc—Og bond is broken
(Fig. 3g). Both of the C; and Og on the broken bond are
coordinated to the LMO surface, while the carbonyl oxygen
(Oc¢) is detached (Fig. 3g). Then the proton on the CE atom
migrates to the LMO surface oxygen (Fig. 3h). Without further
electron transfer, configuration Fig. 3h will self-regulate into
Fig. 3i during simulation. Among these steps, it is believed that
the rate-determining step of the Cc-Og bond breaking process
is the bonding formation between the cathode surface oxygen
atoms Ogyrace With the C¢ atoms. To resolve the EC decom-
position enigma, not only the surface structure of the cathode
but also the adsorbed species on the surface termination
should be seriously considered. Following Leung’s work,"**
Xu et al.'® analyzed the EC reaction pathways on different
NMC surface terminations using DFT-based ab initio calcula-
tions. The EC ring-opening process under ultrahigh vacuum
(UHV) conditions can be divided into two steps (Fig. 4a). The
first step is the formation of Ogyface and Cc bonds with a
relatively high energy barrier of 290 meV (from intermediate #0
to #2). Then, the Cc-Og bond breaks with a low energy barrier
(from intermediate #2 to #4). This reaction mechanism is in
good agreement with Leung’s work and possesses the same
rate-limiting step. Compared to Tebbe’s reaction pathway,'*® in
which all of the reaction energy barriers are higher than 1 eV,
the reaction route proposed by Xu et al.»** is kinetically feasible
with a lower reaction energy barrier of 290 meV. If the real
electrolyte condition, i.e. EC molecules solvated with Li', is
considered, this rate-determining reaction barrier is further
lowered to only ~17 meV (Fig. 4b). Once EC molecules coordi-
nate with Li", the electron charge of the C¢ will be reduced by
0.2e, making the Cc atom more electron deficient and reactive.
Therefore, the EC molecule ring-opening process is a funda-
mentally fast chemical reaction independent of the potential.
The surface passivated by the hydroxyl -OH and fluorine -F
species (Fig. 4c) can critically raise the energy barrier of the EC
ring-opening reactions; for example, the TM-F bond can raise
the energy barrier from 17 to 490 meV, which poses a positive
effect on the electrochemical performance of the NMC in the
EC-based electrolyte. This mechanism can well explain the
superior electrochemical performance of fluoride-coated high
voltage cathodes®>!1%:243-246

It should be pointed out that these proposed EC degradation
mechanisms are not isolated but intertwined to some extent,
each of which highlights some aspects of decomposition
reactions. For example, the spontaneous Cc—Osyrface bond
formation between EC molecule and cathode surface before
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Fig. 3 (a) Ring-opening reaction of EC,4s molecules activated by the LCO surface. (b) Ring-opening reaction of EC molecules activated by PFs Lewis
acid. The atoms shown in different colors are C (brown), O (red), H (white) Co (blue), F (light blue), P (orange) and Li (green). Variation of charge (Q, solid
line) and current (I, dash line) vs time for the Li-free NigsMn; 503 electrode (c) and FTIR-ATR spectra of the LNMO cathodes (d) polarized at different
voltages in the 1 M LiPFg EC/DMC/DEC electrolyte. The EPDM represents ethylene propylene diene monomer binder. (€) An EC molecule physisorbs on
the LigegMn,O4 surface (100); (f) intermediate B; (g) intermediate C; (h) intermediate D; without further electron migration, configuration (h) will
reorganize to (i). (j) LisMn,pO40 (100) surface slab with most stable Li distribution structure viewed along the (011) direction. (a and b) Reprinted with
permission from ref. 128 Copyright 2016 American Chemical Society. (c and d) Reprinted with permission from ref. 242 Copyright 2010 IOP Publishing,
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the EC ring-open reaction is probably related to the electro-
philic Li" binding with EC, which prompts the nucleophilic
attack by the exposed oxygen atoms on the NMC surface.'**
Apart from these discussed reactions between the delithiated
cathodes and electrolytes, some side reactions between the
carbon black, impurities in the electrolytes or on the cathode
surface, and the electrolyte solvents at high voltages are also
possible and even dominate the oxidation reactions in the
formation process and first several cycles in the cells."*?
Besides, considering the inevitable H,O generation during the
anodic decomposition of the EC electrolyte,”*” H,O-driven
degradation of the high voltage cells cannot be excluded either.

Further strict experimental characterization and rigorous
calculations are needed on the model cathodes to bridge the
understanding of the formation of the CEI layers (Li,COs, LiF,
Li,PF,0,, ROCOF, ROCO,Li, RCOOR, polymeric species etc.) on
the cathode surface and released gases (CO, CO, etc.), and
evaluate the proposed reaction mechanisms. For example,
resorting to in situ surface-enhanced Raman spectroscopy
(SERS) Liu et al**® investigated the compositions of CEIs
on the NMC111 in the conventional EC/DMC electrolyte and
quasi-quantitatively assessed the CEI evolutions during a
delithiation/lithiation process. Yu et al.** correlated the electro-
chemical performance of NMC622 with the composition and

This journal is © The Royal Society of Chemistry 2021

properties of CEI using XPS and synchrotron soft XAS. Yet, one
conclusion can be drawn that the conventional EC-based electro-
lytes, which have been commercialized for about 30 years,""”
cannot satisfy the higher voltage cathode developments, and the
ongoing push on the higher voltage and higher energy Li
batteries call for exploration of the novel electrolyte systems.

As one of the most important species in SEI/CEI, LiF
significantly changed the stability of SEI/CEL® Tremendous
efforts have been conducted in recent years to investigate
the formation mechanisms,?*°?** distributions in the inter-
phases,>*>3>?357261 " mechanical properties,”®>*** Li ion
conductions,***2%® and electrochemical effects.?>*23%261 with
the explosive investigations on the Li metal anodes recently,
more and more researchers believe that LiF could at least play
a significant role in the elimination of the Li dendrites and in
the enhancement of the Coulombic efficiencies of Li plating/
stripping,”'?*>?¢12%°27> thanks to the high interfacial energy
between the LiF and the Li metal anodes."***”"?”® LiF weakly
bonds to Li surface due to the high interface energy, which
promotes the Li diffusion along Li/LiF SEI interface, while the
high interface energy at Li/LiF suppresses the Li penetration
into LiF SEI as dendrites. One concern for LiF-rich SEIs is
the low ionic conductivity of crystalline LiF,"***”7*” which
could critically increase the interfacial resistance. It should be
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emphasized that LiF also has the widest band gap, which could
sufficiently block the electron transport within only two or
three atomic layers,”’®**® and expand the electrochemical
stability window.?®* Therefore, the area specific resistance
(ASR) of LiF SEIs is still smaller than other types of SEI due
to the extremely thin thickness of LiF. In addition, a recent
study demonstrated that the ionic conductivity of LiF could
exponentially enhance by the reduction of the crystalline size
and doping with other insulator species, such as Li,CO;3; and
Al,0;,282728% [n addition, LiF in the CEI enhances the robust-
ness of the CEI on the cathode side.?*°

3. EC-free electrolytes
3.1. EC-free carbonate electrolyte

As the most intensively explored solvents, alkyl carbonates have
dominated the electrolyte solvents since the birth of the Li battery
because of the excellent overall physicochemical properties, such
as high dielectric constants, low viscosities, favorable ionic con-
ductivities, relatively wide liquid-range temperature windows etc.
Therefore, elimination of less-stable EC from the carbonate
solvents and meanwhile maintaining the linear carbonates as
the skeleton solvents seems a most viable and practical solution
for the established high-voltage Li battery infrastructures.""®

In retrospect, profound efforts were devoted to exploring
film-forming additives to enable the functionality of the
PC-based electrolyte at the nascent era of Li-ion chemistry.**”*%®
With the success of EC-based electrolytes, effects gradually veered
to reinforcing the SEI/CEI on the electrodes hoping to extend the
cell life.>** In 2012, Amatucci et al.”® re-opened the door for the
EC-free carbonate electrolytes by mixing selected linear alkyl
carbonate solvents such as EMC with some film-forming enablers
like fluoroethylene carbonate (FEC) and vinylene carbonate (VC)
for the 4 V LIBs. Immediately, Dahn et ql''®!191257127,290-295
systematically investigated different linear carbonate solvent com-
binations with various film-forming enablers and compared
the electrochemical performance of graphite|NMC pouch cells
for higher cut-off voltage of >4.4 V, which are summarized in
Table 1. With the optimized enablers such as FEC, VC, (4R,55)-4,5-
difluoro-1,3-dioxolan-2-one (DFEC), methylene-ethylene carbo-
nate (MEC), prop-1-ene-1,3-sultone (PES), succinic anhydride
(SA) and pyridine phosphorus pentafluoride (PPF), low rates of
parasitic reactions, low impedance, favorable ion conductivity
and high Coulombic efficiency were achieved.''®''?>*> The
elimination of EC effectively improved the high voltage perfor-
mance of graphite|NMC cells at both room temperature and
high temperatures.’®'*> As shown in Fig. 5, the cells in the
EC-free electrolytes with enablers demonstrate much better
cycling performance, higher capacity retention and smaller
polarization for long-term cycling. Among the tested film
enablers, FEC (Fig. 5g) and DFEC (Fig. 5h) possess a better
suppressing effect on the polarization growth. With the
enablers optimization, an extremely high capacity retention of
85% was achieved for graphite||[NMC532 pouch cell even after
3000 cycles with a high 4.4 V cut-off voltage,'*’ representing a
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Table 1 Additives and their capability to passivate the graphite anode in
1 M LiPFg EMC without EC

Ability to passivate

Additives Abbreviation the graphite Ref.
Ethylene carbonate EC Yes 113 and 296
Vinylene carbonate VC Yes 118 and 293
Prop-1-ene,1,3,- PES Yes 118

sultone

Fluoroethylene FEC Yes 118 and 294
carbonate

(4R,55)-4,5-Difuoro- DFEC Yes 118
1,3-dioxolan-2-one

Methylene-ethylene MEC Yes 118
carbonate

Succinic anhydride  SA Yes 118 and 292
Maleic anhydride MA No 118
Diphenyl carbonate DPC No 118

Vinyl ethylene VEC No 118
carbonate

breakthrough of the EC-free carbonate electrolyte for NMC
full cells.

EC-free electrolytes exert an even better compatibility with
the ultrahigh-Ni layered cathodes such as LiNig ¢4C0¢0602.">*
Using LiPFe/LiFSI-EMC electrolytes with VC as an additive,
a high capacity retention of 81% was achieved after 1000 cycles
at 25 °C, while the capacity retention is only 56% for the
conventional EC electrolyte. To unveil the surface reaction
mechanism and the CEI compositions on the cathodes,
Manthiram et al.'** visualized the CEI layer via °Li labeling
with a TOF-SIMS technique. The aged cathode is covered by
decomposed species of the “Li abundant electrolyte in the
baseline EC-based electrolyte (Fig. 5I and j), which could
benefit the electrochemical performance of the cathode to
some extent. However, the high concentration of °Li,F" species
indicates that the delithiated cathode also suffers from severe
interaction with the electrolytes, leading to the transition-metal
dissolution and capacity decay in the cycling. While in the EMC
acyclic carbonate electrolyte, transition-metal dissolution is
highly depressed (Fig. 5k). Based on these results and previous
studies,"*®"*° the authors"®* proposed the possible reaction
mechanism: EC chemically decomposes in the presence of
singlet oxygen released from the delithiated layered cathode
and generates hydrogen peroxide, which further reacts with
LiPF,, and prompts the transition-metal dissolution. In contrast,
the acyclic carbonate solvents such as EMC are more stable
against these side reactions. Moreover, thermal abuse tests show
that the delithiated cathode could react with an EC-based
electrolyte at a much lower temperature, while the exothermal
reactions were sufficiently subsided in an EMC-based electrolyte.
The transition-metal dissolution associated with non-reversible
phase transition catalyzed by EC at the delithiated layered
cathode surface promotes thick resistance surface layers, leading
to larger cell impedance and fast capacity decay in EC-based
electrolytes. With the elimination of EC, the electrolyte possesses
high stability on the aggressive cathodes, and therefore gives a
considerable boost on the electrochemical performance of the
high-energy Li cells."***” Further advances on the diversified
SEI enablers and their combinations could further promote the
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high-energy Li ion batteries and possible commercialization of
EC-free carbonate electrolytes.
3.2. Fluorinated electrolytes

The C-F bonds in organic molecules have significant effects on
the HOMO and LUMO level of the solvents and positively affect
the interfacial chemistry for the Li ion and Li metal batteries. In

This journal is © The Royal Society of Chemistry 2021

addition, these fluorinated solvents are flame-retardant and even
non-flammable, 7123298303 which can enhance the electrode
passivation, as well as the thermal stability.>%30039239439 gome
fluorinated solvents have been utilized as the additives or
co-solvents for the electrolyte for over ten years, and typical
examples are the FEC,***?°°3% and 3,3 3-trifluoropropylene
carbonate (TFPC).>*°
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Fluorinated molecules possess several interesting features
compared to the nonfluorinated counterparts, including highly
reduced melting points, increased surface tension, and high
stability at high temperatures, therefore the fluorinated elec-
trolytes are excellent candidates for the extreme batteries with
wide-temperature window and high-voltage window. A highly
fluorinated phosphate ester (tris(hexafluoro-iso-propyl)phosphate,
HFiP) was synthesized by Xu et al.,*'° and was identified as being
effective to stabilize the spinel LNMO 5V cathodes even with only
1 wt% in the carbonate electrolytes. Arai et al.****''*'* and Naoi
et al.*'**'* demonstrated that introducing the highly fluorinated
ether into the electrolyte could effectively suppress the flamm-
ability of the carbonates, therefore critically improve the safety
of the batteries. Fig. 6 compiles the molecular structures of
some reported fluorinated solvents for non-aqueous electrolytes,
which can be classified into three groups, fluorinated carbonates,
fluorinated carbamates, and fluorinated ethers. Among these
three fluorinated solvents, the fluorinated ethers possess lowest
dielectric constant, but have a good wettability to both the
separators and the electrodes.’**?"> Therefore, the fluorinated
ethers cannot be utilized as the solo electrolyte solvents, and are
always coupled with other high-dielectric solvents to ensure an
acceptable ion conductivity.*'>*'® Taking advantage of this
unique feature, novel electrolyte systems ‘“localized high-
concentration electrolytes” or ‘‘pseudo-concentrated electro-
lytes”” were developed by Zhang et al*'”'° and He et al.,**°
which possess the merits of high-concentrated electrolytes and
the dilute electrolytes simultaneously.>*" These features of
novel electrolytes will be discussed in the concentrated electro-
lyte section.

Zhang and co-workers'°**?>*4 blended several fluorinated
electrolytes, and tested the anodic stability in the 3-electrode
electrochemical cells, and the electrochemical performance of
the LTO|LNMO and graphite|LNMO full cells. All of the
commercial Gen2 (1.2 M LiPFs in EC/EMC) and fluorinated
electrolytes remain stable at 5.3 V with limited leakage current
density (Fig. 7a). However, when the potential increases to 5.7
V, the commercial Gen2 exhibits a ten times higher leakage
current density than the fluorinated electrolytes (Fig. 7b), indi-
cating the much higher oxidation of the conventional carbo-
nate solvents on the Pt electrode. The high initial Coulombic
efficiency and the high capacity retention for LTO| LNMO cell
at high-temperature test confirmed the excellent anodic stabi-
lity of the fluorinated electrolytes.**” Besides, the fluorinated
electrolytes endow the cells with high rate capability although
their ion conductivities are lower than that of the carbonate
electrolytes,'**?* indicating that the passivation layers formed
in the fluorinated electrolyte are thin and compact with good
Li ion conductivity. Fan et al.,'*>**” designed a fully fluorinated
electrolytes using LiPF as salt, and FEC, fluorinated linear
carbonate (FEMC) and fluorinated ether 2,2,2-trifluoroethyl-
3/,3/,3',2',2'-pentafluoropropyl ether (HFE) as the solvents with
a weight ratio of 2:6:2. In the electrolyte solvents, HFE with
the highest fluorine content produces the most LiF in SEI/CEI
per solvent molecule during reduction, while FEC has the
highest dielectric constant and highest affinity to Li ions, which
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is responsible for salt dissolution. The FEMC has a compromised
salt solubility and high anodic stability on the delithiated
cathodes.**>??¢ This all-fluorinated electrolyte not only signifi-
cantly enhances the cycling Li plating/stripping Coulombic effi-
ciency to ~99.2%, but also dramatically improves the anodic
stability on the aggressive cathodes including 4.4 V NMC811 and
5V LCPO cathodes. The all-fluorinated electrolyte leads to a highly
stable Li|LCPO cell with a capacity retention of ~93% for over
1000 cycles, and the record-high CE of 99.81%, surpassing
the conventional carbonate and FEC-added electrolytes (Fig. 7c).
Calculations indicate that the fluorinated solvents are more stable
at the delithiated Li,CoPO, surface (Fig. 7d-h). Combined with
the XPS results, the authors speculate that the in situ formed thin
fluorine-rich CEI deactivated the catalytic activity of the aggressive
cathode surfaces, leading to the high electrochemical perfor-
mance. Soon afterwards, Zhao et al.**” prepared a 1.2 M LiPF,
FEC/DMC/HFE electrolyte with 0.15 M LiDFOB as additive and
applied it to high-voltage Li||LCO cells, entailing a high capacity
retention of ~ 84% after 300 cycles even with a high cutoff voltage
of 4.5 V. In contrast, the Li|LCO cell in conventional 1.2 M LiPF,
EC/DMC electrolyte only exhibits less than 150 cycles in the same
cycling protocols. It should be pointed out that these fluorinated
electrolyte concepts also work in the Na ion batteries.>**73%°

Because of the high SEI formation capability for the fluori-
nated electrolytes, the fluorinated electrolyte shows a good compa-
tibility to the graphite and Li metal anodes.”'?**7>?76331 Dahn
et al.**'3 tested the graphite | NMC442 pouch cells with a high
cutoff voltage of 4.5 V using the fluorinated electrolyte (1 M
LPF¢ FEC/TFEC + x% prop-1-ene-1,3-sultone (PES)). Compared
to the cells with the commercial carbonate or sulfolane-based
electrolytes with additive blends, the cells with FEC/TFEC-
based electrolytes exhibit much better capacity retentions
(Fig. 8a and c), smaller polarizations (Fig. 8b and d) in the
prolonged cycling and smaller voltage drop (Fig. 8e), indicating
that the fluorinated electrolytes generate a dense and compact
SEI/CEI layer on the electrodes. Plenty of additives have been
explored in the past decade to enhance the anodic stability of
the carbonate electrolytes, in which VC, PES, methylene metha-
nedisulfonate (MMDS), 1,3,2-dioxathiolane-2,2-dioxide (DTD),
and tris(trimethylsilyl) phosphite (TTSPi) stand out.*®* Surpris-
ingly, the FEC/TFEC electrolyte entails a much better electro-
chemical performance for the graphite|NMC442 pouch cell
(Fig. 8c and d) even than the optimized carbonate electrolytes
with combined additives such as EC/EMC + PES/MMDS/TTSPi
(PES-211) or EC/EMC + 2%PES + 2%TAP electrolytes.***?%
At high cutoff-voltage 4.5 V and 40 °C, the graphite | NMC442
pouch cell in FEC/TFEC electrolyte maintains a capacity reten-
tion of over 80% for 800 cycles, which represents one of the
best electrochemical performance for the graphite| NMC cells
in such harsh conditions. The relatively large resistance for
the cells in the fluorinated electrolytes could be mitigated
by adding some promising additives such as ES, MMDS, or
TTSPi (Fig. 8f).

Smart et al.** synthesized a series of fluorinated carbo-
nate solvents and revealed that these fluorinated carbonates
could effectively improve the low-temperature electrochemical

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Chemical structures of some representative fluorinated carbonates,

performance of the full cells. Recently, all-temperature batteries
that could operate at any place on earth were developed by
Fan et al.>™ based on the fluorinated electrolytes with non-
polar fluorinated ether solvents, representing an encourage
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carbamates and ethers for high-voltage Li ion battery electrolytes.

path towards creating safe Li batteries with a sufficiently
wide operational temperature window. For the fluorinated
ether solvents, exceptions were recently achieved by Bao
and co-workers,

who covalently grafted an ether to the
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(@ and b) Reprinted with permission from ref. 322 Copyright 2013 The Royal Society of Chemistry. (c—k) Reprinted with permission from ref. 123 Copyright
2018 Springer Nature.

hydrofluoroethers and realized a balance between ionic con- gel electrolytes are grafted with fluorinated branches to increase
ductivity (~2.7 x 10°* S em " at room temperature) and the anodic stability,>*” which follow similar mechanisms to the
oxidation stability (~5.6 V vs. Li*/Li) for the fluorinated ether liquid electrolytes.

as the single solvent electrolytes. The new class of fluori-
nated ether electrolytes can support the NMC811 cathode for
>100 cycles with a current density of 0.2C.>*® To broaden the Sulfone is an economical byproduct by many chemical manu-
voltage window, some skeleton polymer solvents in polymer or factories, produced by tons and commonly utilized in high

3.3. Sulfone electrolytes

Chem. Soc. Rev. This journal is © The Royal Society of Chemistry 2021
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(e and f) Reprinted with permission from ref. 332 Copyright 2016 Elsevier.

temperature industry for organic and inorganic preparation as
an extraction and reaction solvent, and metal and fungicide
treatments.**®**° Compared to carbonyl in carbonate mole-
cules and ether-groups in oligoethers, the stronger electron-
withdrawing sulfonyl group serves to lower the energy level of
the HOMO, leading to higher oxidation stability.> Angell and

This journal is © The Royal Society of Chemistry 2021

co-workers®*°** were the pioneers to introduce the sulfones

(SL) into the solvent repertoire for the Li electrolytes, which
show an remarkable electrochemical stability of >5.5 V vs.
Li/Li" even on the high surface activated charcoal, representing
a leap towards the maximization of the anodic stability for the
non-aqueous electrolytes.
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Xu et al.**! synthesized a series of cyclic
and acyclic sulfones and compared their physical and electro-
chemical properties. No oxidation reactions were detected
before 5.5 V vs. Li'/Li for any sulfone electrolytes, while the
compatibility between the sulfones and graphite could be
altered by changing the functional groups of the sulfones.
The impressive anodic stability of the sulfone electrolytes
has been verified by various scenarios.****° For example,
Dahn et al.**® realized the reversible intercalation/deintercala-
tion of PF¢~ into the graphite layers with a high-cutoff voltage
of 5.6 V, while for the EC-based electrolyte, high solvent-
oxidation reactions were detected at voltage of >4.8 V. It
should be pointed out that batteries based on the anion
intercalation into graphite were initiated by McCullogh and
Carlin in 1994,**° and are flourishing in recent years benefiting
from rapid progress of the innovative electrolytes.>***® Amine
et al.**” paired the 5 V LNMO cathode with an LTO anode,
which exhibits a stable cycling performance for over 1000 cycles
under 2C rate. The high anodic stability of the SL electrolytes
and good compatibility with the LTO are the main reasons
behind the outstanding electrochemical performance for the

347,357

high-voltage LNMO spinel cathode.’

and Sun et al.3**3*3

In virtue of high

(a)

32 kecal/mol

w

P ;’3‘3\ e e
) o

-44 keal/mol

(c)

——EC:DMC =1:2.25
—&—TMS:DMC =1:2
—0—TMS:DMC = 1:1
—#—TMS:DMC = 2:1

o
J
-
o

IS
"
-
N

w
s

o

©
.

N
h
e
o

e
w

Cumulative density (#/nm?)

)
=t
°

Ratio of TMS: DMC & EC:DMC
n

o

N

View Article Online

Chem Soc Rev

anodic stability, ethyl methyl sulfone (EMS) electrolytes were
adopted to unveil the delithiation reaction mechanisms of
layered cathodes in the wide potential range up to 5.4 V vs.
Li'/Li.>®

To unveil the mechanism of high anodic stability for the SL
electrolytes, Jiang et al’*>*%° computed the electrochemical
oxidation potentials for experimental tested SL electrolytes at
HF (Hartee-Fock), B3LYP, PBE, and MP2 (Moller-Plesset per-
turbation theory to the second order) levels of theory for three
solvation models (PCM, SMD and IPCM). It showed that the
calculated oxidation potential of the four linear SL molecules
using the MP2/PCM method are generally in good agreement
with the experimental results. Orbital analysis revealed that the
sulfone group dominantly contributes to the HOMO orbitals for
the nonfunctionalized sulfone molecules. Fig. 9a depicts the
electronic static potential map on the isosurface (0.001 a.u.) of
electronic density for an ethylmethoxyethyl sulfone (EMES)
molecule, which is a representative ether-functionalized sulfone.
The large negative electrostatic potential on the sulfone oxygen
(—43.5 keal mol ") and strong positive potential (31.2 keal mol )
along the branches for the EMES molecule lead to the large

polarity and high anodic stability. Xing et al**'>% calculated
(b)
‘%" \ » ‘\‘.\ ~ ;7
: i Fheel
messseiisessnne, & ‘.—. *’\4‘ ‘
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Sulfones |

Influence of anion (PF4, BF,, ClOy)
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Fig. 9 (a) Side view (left) and top view (right) of electrostatic potentials for ethylmethoxyethyl sulfone (EMES). (b) Oxidation comparison between the SL
and carbonate electrolytes with or without Li salts. Ratio of cumulative densities of TMS:DMC and EC:DMC in the interfacial layer (c), and the cumulative
density in the interfacial layer of PFs~ (d) and Li* (e) ions as a function of electrode potential. (a) Reprinted with permission from ref. 359 Copyright 2011
American Chemical Society. (b) Reprinted with permission from ref. 362 Copyright 2013 American Chemical Society. (c—e) Reprinted with permission
from ref. 363 Copyright 2012 American Chemical Society.
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and compared the oxidation pathways of three carbonates and
eleven sulfones in the presence of anions and other solvent
molecules by DFT calculations with a polarized continuum model.
Surprisingly, the oxidation potential of isolated SL molecules is
lower than that of carbonates. However, at the presence of anions
and other solvents, the sulfones exhibit a higher stability, which is
the key reason of higher anodic stability of SL-based electrolytes
compared to carbonates (Fig. 9b). This result was echoed by the
Borodin et al.,*** who demonstrated that the presence of most
anions (BF,, PFs~, FSI" and B(CN), ) near the solvents could
significantly decrease the anodic stability of most solvents such as
carbonates (EC, DMC) and alkyl phosphates (TMP) due to the
spontaneous H- and F-abstraction reaction that follows the initial
electron removal step. As for SLs, the barrier of H-transfer is
higher than other solvents, although the oxidation stability is also
lower than the isolated unsolvated SL molecules.

Sulfones as the electrolyte solvent candidates possess several
merits such as high dielectric permittivity, high anodic stability
and low flammability. However, three annoying issues, i.e. high
melting point, high viscosity and poor stability to the Li and
graphite anodes, also persist and should be carefully tackled if
utilized as the electrolyte solvents. Grafting functional groups
in the sulfone molecules®**3%3:339:360,365366 and mixing with
other solvents/additives®*>**7~349,357,3677376 are two most effec-
tive methods to resolve these issues. Table 2 lists over 30
bifunctional SL solvents containing ether, ester, and carbonate
moieties with diversified physical properties. Sun and Angell**?
grafted different oligo ethylene glycol segments onto EMS
(Tm = 35 °C). These new sulfones have a lower melting point
than EMS and possess a wider electrochemical stability window
than carbonate electrolytes but narrower than the non-
functionalized SL. The ether groups in the functionalized SL
molecules are easy to oxidize, resulting in a decreased anodic
potential. This oxidation reaction can be largely mitigated by
the neighbor sulfone group compared to the pure ether
electrolytes,® and fluorination of these side branches could
hoist the anodic potential to almost the level of the non-
functionalized SL.**° However, incorporation of the oligoether
segments increases the viscosity and lowers the electrolyte
conductivities.

Demeaux et a pointed out that SL-based electrolytes
could produce a nonstable and resistive layer on the Li metal
surface, and meanwhile generate RSO,  and RSO;  species,
which can diffuse to the cathode interface, and induce a drastic
increase of charge transfer resistance. These drastic side-reac-
tions between the SL-based electrolytes and the Li metal anode
were also confirmed by the serious color change in the cycled Li
metal.’”” Meanwhile, the sulfones are also incompatible with
the graphite anodes. Zhang et al.>”? investigated the effects of
the different Li salts (LiBF,, LiPF,, LiFSI, LiTFSI, LiDFOB, and
LiTDI) on the electrochemical properties of the EC-free SL
electrolytes, and on the performance of the graphite anodes
with carboxymethyl cellulose (CMC) as binders. Out of these
salts, LIDFOB exhibits the best graphite anode cycling, even
better than the commercial 1 M LiPFs EC/DEC (3:7, wt)
electrolyte. It should be pointed out that the cycling

1 377
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performance of the graphite anodes in the electrolyte are also
highly influenced by the binders, and the CMC binders pro-
mote the SEI formations on the graphite anodes.?”®

For the SL-based electrolyte, one important feature that
should be pointed out is that once the SL solvents are mixed
with carbonate solvents, the SL solvents rather than the carbo-
nates dominate the anodic stability.>*>>7303370:37¢ yging
LiPFg-TMS/DMC as a model electrolyte, Xing et al.>*** demon-
strated that the DMC molecules are located approximately
0.8 A further away from the cathode surface than that in the
LiPFs-EC/DMC carbonate electrolyte. The dominant SL mole-
cules and the scarcity of the carbonates (Fig. 9c—e) adjacent to
the cathode surface effectively increase the anti-oxidation sta-
bility of the SL mixed electrolytes, which is consistent with
experimental results. A similar phenomenon was also observed
in the SL-ethyl acetate (EA) system by Watanabe et al.>’° The
mixed-solvent electrolyte shows a high anodic stability, but
slightly lower than that of pure SL, following the order of SL >
SL-EA > EA > EC-EMC. The electrochemical performance
of the 5 V Li||LNMO cells in the SL-EA electrolyte was highly
improved by addition of VC, which is one of the most effective
additives as the enabler for the SL-electrolytes in the
LIBs.>*4348,367,368,370379 pyahn et al.*”® demonstrated that even
1% VC in the 1 M LiPFs SL/EMC 3:7 (w:w) could induce the
LIBs to operate better than in the control-electrolyte (1 M LiPFs
EC/EMC 3:7 (w:w)), while the cells using 1 M LiPFs SL/EMC
without VC do not work at all because of the incompatibility
between the SL and the graphite anodes. Fig. 10a shows the
OCV vs. time of graphite |[NMC442 pouch cells charged to 4.5V
with different amounts of VC stored at 40 and 60 °C. Compared
to the cells with a control electrolyte, all VC-added SL/EMC cells
show smaller voltage drop and the increased amount of VC
leads to better storage performance at 40 °C. As the tempera-
ture increases to 60 °C, 3% VC exhibits a better storage
performance than the control-electrolyte cells (Fig. 10b). Higher
VC addition results in the higher resistance during cycling due to
the continuous reactions of VC at the high-voltage surface of the
delithiated cathode (Fig. 10c and d). Recently, Dahn and Xia**’
demonstrated that the cycling and storage performance of the
graphite| NMC could be further enhanced by adding other elec-
trolyte additives, especially 2% triallyl phosphate (TAP), which
exhibits smaller voltage drop during storage, higher CE and lower
gas evolution during storage at 60 °C and 4.5 V as well as better
capacity retention during long-term cycling (Fig. 10e and f).

Apart from these mentioned additives, other additives tested
effective for the carbonate electrolytes also function well in
SL-based electrolytes. Chen et al®*”' added the p-toluene-
sulfonyl isocyanate (PTSI) as a film-forming additive in TMS-
based electrolytes, which can form an effective SEI layer on the
anode, supporting a good Li* ion intercalation/deintercalation
cycle. Moreover, compared to the pure TMS electrolyte
the electrolyte with PTSI shows lower melting points and
better wettability. Using LiDFOB and TMPSi combinations
in the SL electrolyte, Cui et al>®*" increased the reversible
capacity retention of graphite|LNMO from 64.1% to 80.5%
for 300 cycles.
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Table 2 Representative functionalized sulfones with distinct physical properties3#+1-34%366

Sulfone Structure mp (°C) bp (°C) p (g em™®) n (cP)
O\\S/D
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0\\8,/0
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Table 2 (continued)
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Sulfone Structure mp (°C) bp (°C) p (g em™?) n (cP)
0\ /c>
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o/\/ \/\o/
ox\s//o o
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(o]
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(e]
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MSTFA e )KCFJ 1 260-263 1.94 41.9
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e R e . .
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e
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o]
AP
MSPiPC /S\/\/°\n/°Y 21 281 1.19 >50
(o]
% P 138-142 (0.6 torr)
MCPS AN 45 343-347

@ Reduced bp under atmospheric pressure by nomograph. ? No crystallization and melting peaks observed by DSC even to —70 °C. © The values of

density p and viscosity  are obtained at 60 °C.

3.4. Nitrile electrolytes

As demonstrated above, the high anodic stability of the sul-
fones can be ascribed to the high intrinsic stability of the
sulfone group against oxidation at high voltage when used as
the bulk electrolyte solvents. In contrast, more often than not,
the anodic stability of the nitriles is believed to be due to the
preferential chemisorption on the high-voltage cathode sur-
faces, which generates a layer of -C=N-TM complexes, and
repels other species from the intimate contact with the catalytic
surfaces of cathodes.*®* %9 In 1994, Ue et al.*°° demonstrated
that adiponitrile and glutaronitrile-based electrolytes can sup-
port an electrochemical double-layer capacitor (EDLC) for over
7.8 V vs. Li'/Li. Therefore, if adopting the nitriles as the
electrolyte solvents, the commercialization of 5 V high-voltage

This journal is © The Royal Society of Chemistry 2021

cathodes becomes possible, considering the similarity between
the EDLC and batteries.>*>3°13%2

Similar to carbonate functional groups in alkyl carbonate
solvents, which present high dipolar moment and dielectric
constant, and dissociate types of salts, the terminal electron-
rich nitrile (CN) groups are the high nucleophilic sites for
coordinating Li ions.’®**°® Smiatek and co-workers*** com-
pared the dynamic and solvation structures of the adiponitile
with salts of LiBF, and LiTFSI by MD calculations and
experimental characterization, which demonstrates that
anion species could highly influence the molecular solvation,
ion complex, and ionic conductivities. The ion complex
formation is more evident for LiBF, compared to LiTFSI due
to the smaller size of the BF, anion. Similar phenomena
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were also reported in acetonitrile electrolytes.’***°® Thanks
to the intrinsic high stability of the nitrile-based electrolyte,
Okada et al.*>*” formulated a sebaconitrile-based electrolyte,
1 M LiBF, EC/DMC/SN (25:25:50 vol%), which exhibits
excellent electrochemical stability above 6 V vs. Li*/Li and
supports the reversibility of the 5.3 V Li,NiPO,F cathode.
Abu-Lebdeh and co-workers*°® examined a series of aliphatic
dinitrile single solvent (N=C-(CH,),-C=N, n=3,4,5,6, 7,
8) electrolytes, and compared binary (with EC) and ternary
solvent (with EC/DMC) electrolytes. In the single aliphatic
dinitrile electrolyte, the electrochemical window can be
expanded to a record wide window of over 7 V. With addition
of carbonate solvents, the window narrows, but still main-
tains 6-6.5 V.

As Aurbach et al.**° pointed out that the anodic and cathodic
stabilities of the electrolytes are usually antagonistic. The poor
cathodic stability and impoverished SEI formation capability of
the nitriles crucially restricted their utilization in the graphite
anodes. Therefore, other anodes rather than graphites are usually
adopted to pair the cell in the pure nitrile electrolytes,****°* or
SEI enablers are necessary if utilizing graphite as an
anode,28%:382397:402-404 por ingtance, Ghamouss et al*°%*%!
paired NCM111|LTO cells in the LiTFSI-adiponitrile electrolyte,
which showed an extended cycling stability for over 200 cycles
with a capacity retention of >98% and an extremely high CE
close to 100%. Blending adiponitrile with DMC solvent and

Chem. Soc. Rev.

LiDFOB and LiFSI as salts, Ehteshami and co-workers?8>:103:404
found that LiDFOB induced a more protective SEI layer than
LiFS], and the electrochemical performance of the cell could be
further improved with the addition of FEC.

On the high anodic stability of the nitrile-based electrolytes,
Xing et al.® recently proposed a different mechanism using
the succinonitrile (SN) as a representative solvent. Although
the free SN molecules possess high anodic stability against
oxidation, their interaction with salt anions critically lowers
their oxidizable potential, leading to the formation of
N-containing interphases on the cathode surface. To verify this
mechanism, two different Co;0, electrodes were utilized to test
the stability in the baseline electrolyte (carbonate electrolyte
without SN). One Co30, electrode was pre-soaked in the SN
electrolyte (Fig. 11a), and the other was polarized in the
SN-containing electrolyte at 4.5 V, then washed with DMC
solvent (Fig. 11d). Serious color change of the baseline electro-
Iyte after scanning test demonstrates the serious oxidation
reactions between the pre-soaked Co;0, and baseline electro-
Iyte. In contrast, the oxidation of the baseline electrolyte is
critically suppressed for the pre-scanned Co;0, electrode,
indicating that the formation of the CEI originated from the
SN electrolyte, which effectively blocked the parasitic reactions.
XPS results (Fig. 11c and 11f) further confirmed the formation
of the N-rich interphase on the electrode surface. The compact
and stable CEI layer derived from the nitrile decomposition was

This journal is © The Royal Society of Chemistry 2021
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(g—i) Reprinted with permission from ref. 388 Copyright 2019 Elsevier.

also detected in NMC532 cell for a succinonitile electrolyte
(Fig. 11g-i),>*®*%® which minimized the parasitic reactions
between the electrolytes and the cathodes.?**!41?

The solvent variation fundamentally changes the electrolyte
features, including the HOMO and LUMO energy, and inter-
actions between Li', anions and solvents, which critically
influence the properties of the SEI/CEI layers on the electrodes.
Among these promising EC-free systems, fluorinated electrolyte
stands out in all-round properties such as the extremely high
anodic stability, good passivation capability to most of the
electrodes, favorable ion conductivity, good wettability to the
electrodes and separators, and less-flammability. It is believed
that the fluorinated electrolyte would create a niche market
even through the cost is relatively higher than the commercial
electrolytes. Moreover, the penetration of LIBs into multiple
application areas would further promote the development of
fluorinated electrolytes.

This journal is © The Royal Society of Chemistry 2021

4. Concentrated electrolytes

The concentrated electrolyte concept could be traced back to as
early as 1985, in which Dahn et al*®” revealed that the PC
co-intercalation into ZrS, layered materials could be essentially
suppressed if the LiAsF, concentration was increased to over a
certain threshold (~3 M). In the past decade, this concept
flourished with the expectation to further widen the electro-
chemical window and thereby increase the energy density of the
cells,238:315,318,408-428 oyep though the ion conductivity is deci-
mated because of the increased interactions of Li* and the
anions.”****® The concentrated electrolytes not only allow
high reversible Li-ion intercalation into the graphite without
participation of EC or other film-formation enablers,***39-43*
inhibit the Li dendrite formation in the Li-metal
batteries,'?*317:404413,416:435 byt also notably improve the
anodic electrolytes on high-voltage
cathodes.

stability of the

122,236,237,421,436,437
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In the conventional dilute electrolytes (e.g. 1 M), the mole-
cular structures are predominantly solvent separated ion pair
configurations, i.e. the majority of the solvent molecules are in
a free state and the solvated Li ions and the anions are
uniformly dispersed in these free solvents without formation
of contact dimers (CDs) and contact ion pairs (CIPs, anion
coordinating with one Li ion). As the salt concentration
increases, the population of the free solvent molecules
decreases with the simultaneous formation of CIPs and aggre-
gate clusters (AGGs, anion coordinating with two or more Li
ions).**®**° Inspiring is that these coordinated structures also
effectively improve oxidation-resistance properties owing to
their lower HOMO energies than the free solvent molecules
and significantly improve the Li" transference number to > 0.5
along with the Li ion transport mechanism evolution from
vehicular-type to Grotthuss-type.**°**> Representative calcu-
lated HOMO energies for different concentrated electrolytes
are listed in Table 3. Although the absolute value of the HOMO
energies varies for the same solvation structures calculated by
different models, trend is the same, i.e. as the Li" ions solvated
with less solvent molecules, the HOMO energy substantially
decreases, indicating the increase of the anodic stability.
Besides the universal characteristics of the highly concentrated
electrolytes, the anion species critically affect the structure and
dynamics of concentrated systems.***™*** For example, the Li
transference number in LiTFSI systems is higher than that in
LiFSI systems because of the stronger TFSI-solvent interaction,
even though the ions transport in LiFSI systems is always faster
than that in LiTFSI systems.*** At high concentrations, the

Table 3 HOMO energy levels calculated for different solvents and the
concentrated electrolytes

Composition Atomic unit HOMO energy level Ref.
PC -12.5 421
Li'(PC), -15.3 421
Li'(PC); -15.7 421
Li"(PC), -16.3 421
Li'(PC) -16.9 421
PC —-8.0 463
Li'(PC), -11.0 463
Li'(PC); -11.5 463
Li'(PC), —12.1 463
Li"(PC) -12.7 463
DMC -7.8 463
Li"(DMC), -11.6 463
Li"(DMC); -12.0 463
Li"(DMC), —12.4 463
Li"(DMC), -12.8 463
G3 (all trans) —0.42093 —11.45 459
[Li(G3).]" —0.57001 —15.51 459
[Li(G3),][TFSI] —0.44483 —12.10 459
G4 (all trans) —0.42116 —11.46 459
[Li(G4).]" —0.54742 —14.90 459
[Li(G3),][TFSI] —0.43357 —11.80 459

Note: the HOMO energies of PC and Li*(PC), from ref. 421 are esti-
mated by first-principle calculations using the Gaussian 09W (MP2
6-31G(d)). The HOMO energies of PC, DMC, Li'(PC),, and Li'(DMC),
from ref. 463 are calculated based on Gaussian 09W (B3LYP/6-31G(d)).
The HOMO energies of G3, G4 and related solvated structures from
ref. 459 are calculated based on Gaussian 03 (HF/6-311G**).
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solvent-shared dimers (SSDs), and CDs dominate in the LiPF4-PC
system, while CIPs, CDs, and AGGs prevail in the LiBF,-PC
electrolyte.*** Besides the well-established elimination of “free”
solvent molecules at high concentrations,?*”**¢~**° the CIP and
AGG formation could entail the involvement of anions in the
formation of the passivation layers,****>*> and thereby substan-
tially increase the inorganic components in the SEI/
CEL,'?2236:412413:453  and  improve the electrolyte oxidation
resistance. The unique electrolyte structure and the anion-
derived interphases endow the electrolyte with encouraging
features, such as a wide working potential window,"*>**"3¢
high thermal stability,*"® low flammability,>*”*>> and good
current collector corrosion-resistance.'**37419456  Therefore,
the electrochemical performance of the high-voltage cells could
be remarkably improved using the concentrated electrolytes.
Table 4 compiles the electrochemical performance of represen-
tative cells with concentrated electrolytes or localized concen-
trated electrolytes.

Increasing the salt concentration can widen the potential
window of the electrolytes, yet it seems that a threshold
exists with the salt-to-solvent molar ratio of 1:2.%®® Above this
threshold, solvent decomposition was critically suppressed in
all electrolyte systems. To distinguish from the conventional
salt-in-solvent dilute electrolytes, in this section we utilized the
term ‘solvent-in-salt”, which was firstly proposed by Suo
et al.,**"*®* to describe these kinds of highly concentrated
electrolytes.*>>**” Some researchers name the highly concentrated
electrolytes with the specific composition of [Li(solvent)[X as
“room-temperature ionic liquid” or the “quasi-ionic liquid”
because of the electrochemical similarity between the ionic liquid
and these types of super-concentrated electrolytes.>*>*%> The
“quasi-ionic liquid” electrolytes will be discussed in the ionic
liquid section.

195,454

4.1. Carbonate-in-salt electrolytes

In 2003, Ogumi et al®*® realized the Li" intercalation into
graphite in a solo PC electrolyte by increasing the LiTFSI
concentration, unveiling the essential distinctions between
the diluted and concentrated electrolyte for the graphite
anodes. After that, Matsumoto et al.**® demonstrated that the
concentrated LiTFSI EC/DEC electrolyte could effectively sup-
press the Al corrosion at high voltage, which has been regarded
as one of the annoying features for the low-concentrated
LiTFSI/LiFSI electrolytes.**>*** Dahn et al.***** revealed that
even in the conventional LiPFs EC-based electrolyte, higher
concentration of LiPFs (>2 M) can effectively restrict the
impedance growth of graphite|LCO in prolonged cycling if
the cell is charged to over 4.3 V.*®® In 2014, Henderson
et al.*"™ theoretically investigated the physical and electroche-
mical behaviors of EC-LiTFSI systems. Two crystalline solvates
with the composition of (EC),-LiTFSI and (EC);-LiTFSI were
identified in the phase diagram for EC-LiTFSI mixtures, and
between these two solvates a crystallinity gap exists from 1.7-1
to 2.5-1 EC-LiTFSI.

Doi et al.**"**® compared the 5 V LNMO electrochemical
performance in the LiBF,/PC and LiPF¢/PC electrolytes with

This journal is © The Royal Society of Chemistry 2021
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Table 4 Selected cycling performances of high voltage Li cells in concentrated non-aqueous electrolytes or localized concentrated electrolytes

Electrolytes Electrodes and cutoff voltage Cycling performance Ref.
7.25 mol kg™ LiBF, PC Li|LNMO, 5.0 V 92.5%@50th 436
4.27 mol kg~ LiPFs PC Li|LNMO, 5.0 V 92.3%@50th 421
2.0 M LiPFs EC/EMC + 2% VC Graphite| LCO, 4.2 V, 40 °C 98%@50th 464
10 m LiFSI EC/DMC Li|NMC622, 4.6 V 86%@100th 122
5.49 M LiFSI DMC Li|LNMO, 5.2 V 95%@100th 237
8.67 mol kg™ LiBF, DMC Li|NMC811, 4.3 V 93.3%@50th 463
3.0 M LiPF, EC/EMC/DMC (1:1:1 by vol) Li| Li; »Nig 15Feo1Mng 5505, 4.8 V 94%@500th 465
6.5 M LiPFs EC/DMC Li|NMC622, 4.6 V 78%@100th 466
4.0 M LiTFSI + 0.5 M LiDFOB FEC/DMC Li|LNMO, 4.9 V 88.5%@500th 467
5.4 M LiBF, PC/FEC (1:1, n/n) Graphite||Li,COPO4F, 5.2 V 70%@700th 468
7 m LiFSI FEC Li|LNMO, 5.0 V, 94.3%@150th 275
2.5 mol kg~ ' LiBF, PC/HFE (2:1 by vol) Li||LNMO, 5.0 V 96%@45th 316
0.96 mol kg LiPFs DMC/HFE (1:2 by vol) Li|NMC811, 4.3 V 92.4%@100th 469
5 M LiFSI DME Li|[NMC111, 4.3V 92%@500th 470
4.9 M LiFSI DME Li|NMC622, 4.3 V 80%@301th 471
4.6 m LiFSI + 2.3 m LiTFSI DME Li|NMC622, 4.4 V 88%@300th 472
2 M LiDFOB + 2 M LiTFSI DME L|NMC111, 4.3V 80%@500th 473
LiTFSI-triglyme (1:1 by mol) Li|LCO, 4.2 V 77%@200th 459
LiFSI-0.7DME-0.6PEO (1:0.7: 0.6 in mol.) Li|NMC111, 4.3 V, 60 °C 86.7%@300th 474
3.0 m LiFSI sulfolane MCMB|LNMO, 4.85 V 69%@1000th 448
3.25 m LiTFSI + 0.1 m LiNO; Sulfone Li|NMC811, 4.4 V 99.5%@200th 475
LiFSI-1.2DME-3TTE (1:1.2:3 by mol.) Li|NMC811, 4.4V 87%@300th 476
1 M LiFSI DME/TFEO (1.2 :3 by mol.) Li|NMC811, 4.4 V 80%@300th 319
3.0 M LiFSI DME/TTE (8:2 by vol.) + 1wt% FEC Li|NMC811, 4.2 V 99.1%@100th 477
1.5 M LiFSI + 0.15 M LiCO,CF; DME/HFE (3:5 by vol.) Li||NMC532, 4.3 V 83%@250th 478
1.2 M LiFSI TEP/BTFE (1:3 by vol.) Li|NMC622, 4.4 V 97%@600th 479
1.4 M LiFSI DMC/TTE (2.2:3 by mol.) Graphite|NMC811, 4.4 V 100%@400th 480
1.4 M LiFSI DMC/TTE (2.2 : 3 by mol.) Graphite||Li; ,Nig.15C00 1Mng 5505, 4.7 V 91.7%@100th 481
1.2 M LiFSI DMC/BTFE (1:2 by mol.) Li|[NMC111, 4.3V 80%@700th 317
LiFSI-3TMS-3TTE (1:3:3 by mol.) Li|[NMC111, 4.3V 80%@150th 482
2 M LiFSI DMC/1,2-dfBen (3:7 by vol.) Li|NMC532, 4.3 V 80%@140th 483
2.5 M LiTFSI DMC/HFME (1:1 by vol.) Graphite|NMC111, 4.35 V 89.2%@500th 320
3 M LiPFs DMC/FEC/HFPM (6:1:3 by vol.) Li|LNMO, 5.0 V 94%@400th 484
LiFSI-1.5DMC-1.5TTE (1:1.5:1.5 by mol.) Li|NMC622, 4.6 V 93.5%@100th 485
2.5 M LiTFSI + 0.5 M LiDFOB succinonitrile Li|LCO, 4.5V 77%@750th 486
5.3 M LiFSI TMP Graphite| LNMO, 4.8 V 96%@100th 487
LiFSI-2TEP (1:2 by mol.) + 5% FEC + 0.05 M LiBOB Li|LCO, 4.3 V 88%@350th 286
2.8 M LiFSI TEP + 10% FEC Li|NMC811, 4.3 V 95.7%@100th 488
1.2 M LiFSI TEP/FEC/BTFE (1.2:0.13: 4 by mol.) Si/graphite||[ NMC111, 4.2 V 89.8%@600th 489
1.2 M LiFSI TEP/EC/BTFE (1:0.3:3 by mol.) Graphite|NMC811, 4.3 V 85.4%@300th 490
LiFSI-AN-VC (0.52:1:0.09 by mol.) Li|NMC111, 4.3 V 80%@400th 491

varied concentrations. As the salt concentration increases, the
anodic stability of the electrolyte was enhanced, as indicated by
the drops of HOMO energy for PC molecules with lowering the
solvation number (—15.7, —16.3 and —16.9 eV for Li'(PC)s,
Li'(PC),, Li"(PC)), which was validated by LSV tests (Fig. 12a).
The irreversible capacity, which is mainly due to the oxidative
side reactions of electrolyte, was critically suppressed with the
increase of the electrolyte concentration (Fig. 12b). After
50 cycles, a capacity retention of 92.3% was achieved for the
concentrated electrolyte, while for the dilute electrolyte this
value is less than 80% (Fig. 12b). Quite recently, Yamada
et al.*®® optimized the LiBF4PC electrolyte blends with FEC
as an electrolyte additive, realized an extremely wide electro-
chemical stability window of >5.5 V. Using 5.9 M LiBF, PC/FEC
(7:3), the capacity retention for the graphite|Li,CoPO,F cell
was as high as 70% after 700 cycles with an average CE of
~99.6%, representing a breakthrough for the post 5 V Li,Co-
PO,F-based batteries.

Compared to ether electrolytes, carbonate electrolytes were
generally believed to be not compatible with the Li metal

This journal is © The Royal Society of Chemistry 2021

anodes because of the facile reactions between the carbonyl
groups and the Li metal.**® Recently, it was found that on
increasing the LiFSI concentration in carbonate electrolyte to
nearly saturation, the Li plating/stripping CE can reach
>99%, and meanwhile the anodic stability can be further
improved compared to the conventional carbonate and ether-
in-salt electrolytes. The impact of the carbonate-in-salt
electrolyte on the electrodes is schematically illustrated in
Fig. 12c and d. Compared to the uneven and fragile CEI layers
formed on the NMC in a conventional carbonate electrolyte,
the fluorinated compact CEI layers derived from anion
decomposition could effectively protect the cathodes from
attack by acidic species.*>*%>*%” At 5.0 V vs. Li'/Li, the
oxidation current density in the 10 m LiFSI-EC/DMC electro-
lyte is only 1/100 that of 4 m LiFSI-DME or 1/7 that of the 1 M
LiFSI-EC/DMC electrolyte (Fig. 13a). Therefore, the carbonate-
in-salt electrolyte endows Ni-rich Li||[NMC batteries with a
much better electrochemical performance, even though
a harsher charge-discharge protocol with a 4.6 V cutoff
voltage was employed (Fig. 13b-d). Such a high cutoff voltage
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typifies a more rigorous test on the oxidation stability of
the electrolytes on the catalytic delithiated cathode. After
100 cycles, the cell in a carbonate-in-salt electrolyte retained
a capacity of ~86%, possessing an improvement of almost
100% compared to the cell in the conventional salt-in-carbo-
nate electrolyte.

However, solvent-in-salt electrolytes suffer poor wettability
to the separators and the electrodes, increased viscosity, and
decreased ion conductivity, all of which are adverse for the
electrochemical devices. To conquer these intrinsic drawbacks
for the highly concentrated electrolytes, Xu and Zhang
et al.*'”*%° blended a “localized high-concentration electrolyte”
(LHCE) with assistance of the highly fluorinated ether, in which
the LiFSI salts are preferentially coordinated with polar carbo-
nate molecules, independent of the content of the fluorinated
ether bis(2,2,2-trifluoroethyl)ether (BTFE). BTFE serves as the
diluent in the system. The extremely strong peak of Li-Oppc
(DMC-LIFSI) located at 1.95 A together with the two tiny peaks
of Li-OBTFE at 5.63 and 4.65 A in the electrolytes imply that the
Li" ion solvation occurs mainly by the DMC molecules
(Fig. 13e), while the Raman spectra further proved this

Chem. Soc. Rev.

phenomenon (Fig. 13f). The LHCE inherits the good anodic
stability from the highly concentrated electrolytes, and mean-
while critically overcomes the drawbacks of the concentrated
electrolytes, such as the viscosity and wettability
issues.??*4974%8 Therefore, the Li|NMC111 battery in the LHCE
demonstrates a better electrochemical performance than the
conventional 1 M and highly concentrated electrolytes. When
cycled at a slow charge and fast discharge current protocol, the
Li||[NMC111 demonstrates a capacity retention of >80% even
after 700 cycles (Fig. 13g). Almost at the same time, He et al.**°
demonstrated better electrochemical performance of the gra-
phite|[NMC111 pouch cell in the LiTFSI DMC/HFME LHCE
electrolyte than in dilute and concentrated (LiTFSI/DMC =
1:1.5, n:n) electrolytes. Quite recently, several high-perfor-
mance LHCEs were also reported including LiPFs FEC/FEMC/
HFE,'** LiPF, DMC/FEC/HFPM,*** LiBF, DMC/HFE'® and
LiFSI DMC/TTE(HFE)*® electrolytes. In these three electrolyte
systems, HFPM (1,1,1,3,3,3-hexafluoroisopropyl methyl ether)
and HFE (1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl
ether) are two highly fluorinated ethers and act as the diluent
in the electrolytes.

This journal is © The Royal Society of Chemistry 2021
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Fig. 13 Electrochemical performance of the Li| NMC batteries in a conventional dilute electrolyte (1 M LiPFg EC/DMC), carbonate-in-salt electrolyte (10 m
LiFSI EC/DMC) and electrochemical performance of the Li|| NMC cells in the “localized high-concentration electrolyte”. (a) Oxidation comparison between
the 1 M LiPFg EC/DMC, 4 m LiFSI DME, and 10 m LiFSI EC/DMC electrolytes. The scanning rate is 10 mV s~ (b) The initial charge and discharge curves for the
LiINMC622 in the two electrolytes. (c) Charge and discharge curves of the Li||[NMC622 cell in different cycles in carbonate-in-salt electrolyte (10 m LiFSI
EC/DMCQ). (c) Charge and discharge curves of Li||[NMC622 cell in different cycles in conventional dilute electrolyte (1 M LiPFg EC/DMC). The cutoff voltage is
4.6 V. (e) Radial distribution functions of Li-Opmc and Li—Ogree pairs calculated from AIMD (ab initio molecular dynamics) simulation trajectories at 30 °C, with
insets showing the structures of DMC-LIiFSI and BTFE-LiFSI solvent—salt pairs. (f) Progression of Raman spectra with different salt concentrations in pure DMC
and various DMC/BTFE mixtures. (g) Long cycling test of Li|NMC111 in 1.2 m LiFSI/DMC-BTFE (1:2 by mol) at C/2 charge and 2C discharge density.
(@a—d) Reprinted with permission from ref. 122 Copyright 2018 Elsevier. (e—f) Reprinted with permission from ref. 317 Copyright 2018 John Wiley & Sons, Inc.
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4.2. Ether-in-salt electrolytes

The functionality of ether electrolytes is based on C-O-C ether
groups, including ethereal solutions (e.g. dimethyl ether, DME;
tetraethylene glycol dimethyl ether, TEGDME) or polyethers
(e.g. polyethylene oxides, PEO) and its derivatives. The intrinsic
low anodic stability of the ethereal group trammels the utiliza-
tion of ether electrolytes generally in the low voltage battery
systems (<4 V) such as Li-$**° and Li-0O, cells.”*

The extremely high content salts fundamentally changed
the physical and electrochemical performance of the ether
electrolytes.’®* > Pappenfus et al.>"* tested the anodic stability
of the [Li(G4)]TFSI and [Li(G4)]BETI complex, which exhibits a
high anodic stability of >4.5 V vs. Li'/Li on the stainless steel
electrode. Shortly afterwards, Watanable et al.**®**° focused on
this phenomenon and thoroughly investigated the anodic
stability and the related mechanism of different concentrated
ether electrolytes. Compared with the oxidation limit of 4 V for
the LiTFSI-in-glyme, the anodic stability of the [Li(glyme),]-
[TFSI], in which the molar ratio between the LiTFSI and glyme
is 1:1, could be broadened to ~5 V vs. Li'/Li. The authors
speculated that the enhancement of the oxidative stability is
due to the donation of long pairs of ether oxygen atoms to the
Li" ions, leading to the reduction of the HOMO energy level of

© split
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glyme molecules. Thanks to the high anodic stability on the
cathode side and the good compatibility to the Li metal anode,
the Li|LCO cells with [Li(G3),][TFSI] and [Li(G4),][TFSI] can
deliver a reversible capacity of 100 and 85 mA h g~ * even after
200 cycles, respectively, while the cells in the dilute ether
electrolytes can only ensure 10 cycles.

Resorting to LIDFOB, which is generally regarded as one of
the best electrolyte additives because of its capability to form
an insoluble and compact interface layer on the electrode
surfaces,’® % Jiao and co-workers'® designed a dual-salt
(LIDFOB and LiTFSI) concentrated ether-based electrolytes.
Compared to the NMC111 cycled in 3 M LiTFSI DME and 4 M
LiDFOB DME electrolytes, the CEI on the NMC111 cathode
cycled in 4 M dual-salt DME are much thinner, compact
(Fig. 14a-d) and enriched with C-O, B-O, B-F and LiF
species,’”® which empowers the effective protection on the
NMC cathodes, and prohibits the continuous electrolyte oxida-
tion in the prolonged cycles. Therefore, the Li|NMC111 cell
delivers a much better electrochemical performance, achieving
a high capacity retention of >90% after 300 cycles and 79%
after 500 cycles even to a high cut-off voltage of 4.3 V.*”* The
Bi-salt concept in the concentrated ether electrolyte was also
applicable for the combination of other salts, such as
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Fig. 14 TEM analysis of the CEl layers for the pristine and cycled NMC111 in concentrated ether electrolyte: the pristine NMC111 cathode (a); NMC111
cycled for 50 cycles in 3 M LiTFSI DME (b), in 4 M LIDFOB DME (c); in 4 M dual-salt (2 M LiTFSI + 2 M LIDFOB) DME (d). Insets are the fast Fourier transform
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(a—c) Reprinted with permission from ref. 473 Copyright 2018 Springer Nature. (e~g) Reprinted with permission from ref. 472 Copyright 2019. The Royal
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LiTFSI/LiFSI,*">°%°11 LiFSI/LiDFOB,’"* LiFSI/LiFTFSI,>"* and
LiFSI/LiPO,F,.”* Xu et al.*’*> blended a 4.6 m LiFSI + 2.3 m
LiTFSI DME electrolyte and realized the high reversibility of the
aggressive Ni-rich NMC cathodes. Both FSI- and TFSI-anions
contribute to the formation of the CEI layers with lower
concentration of carbon-based moieties from the oxidized DME
(Fig. 14e-g). The anodic stability of the LiTFSI/LiFSI dual-salt DME
electrolyte is even better than that of the commercialized
carbonate electrolyte, presenting an anodic stability of ~5.0 V
(Fig. 15a). The high anodic stability (Fig. 15a) and the high
compatibility to the Li metal (Fig. 15b) of the LiTFSI/LiFSI dual-
salt DME electrolyte actualize an exceptional electrochemical
performance of Li||[NMC622 even at the high cut-off voltage of
4.4 Vvs. Li*/Li (Fig. 15¢ and d).

4.3. Other organic solvent-in-salt electrolytes

Nitrile-based electrolytes are well known for their fast dynamic
behavior and good oxidation resistance at high voltage.
However, because of the high reactivity of the nitriles between
the Li metal and the poor SEI formation capability, as the solo
solvent, nitriles cannot be directly utilized in conventional
LIBs.>™ Yet, one exception does exist if the salt concentration
is highly increased, in which the unique solvation structure
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with high content CIPs and AGGs could induce the formation
of anion-derived SEI layers on the anodes.**”**° Seo and
co-workers®** 3% systematically investigated the solvation
structure of acetonitrile with different concentrated Li salts
including LiClO,4, LiBF,, LiNOj, LiTFSI, LiAsFs, and LiPFe.
Yamada et al>'® unveiled that as the LiTFSI concentration
was increased to >4 M, enhanced reductive stability of the
acetonitrile (AN) electrolyte was achieved, which renders a
highly reversible Li" intercalation into the graphite anode.
The intercalation kinetics is even faster than that in the
commercial carbonate electrolytes (Fig. 16a and b), although
the ion conductivity is decimated and the viscosity is dramati-
cally increased.

Mixtures of dinitriles (succinonitrile, glutaronitrile, and
adiponitrile) and LiTFSI were systematically investigated by
Ugata and co-workers,**" including liquid structures, transport
properties and electrochemical properties. Considerable for-
mation of CIPs and AGGs was detected in the concentrated
nitriles, in which Li" dynamically exchanged coordination with
nitrile and TFSI ™, resulting in an increase in the ratio of the
self-diffusing coefficients of Li" and TFSI". Therefore, the Li"
transference number in these salt-in-nitrile electrolytes could
be as high as 0.74.**" Adopting AIMD methods to a LiTFSA/AN
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Fig. 15 Electrochemical performance for various cell configurations in different electrolytes. (a) Oxidation stability test measured via linear sweep
voltammograms using a Pt vs. Li metal cell; (b) coulombic efficiency of Li plating/stripping in different electrolytes; (c) cycling performance of Li| NMC622
cells in different electrolytes; (d) cycling performance of Cu||[NMC622 anode free cells in different electrolytes. Reprinted with permission from ref. 472
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Fig. 16 Graphite anode performance in concentrated AN and conventional EC electrolytes. (a and b) Li ion intercalation voltage curves and the
corresponding rate performance of the natural graphite with concentrated 4.5 M LIFSI/AN and conventional 1.0 M LiPF¢/EC-DMC electrolytes.
(c) Snapshots of SEI formation processes on the graphite in a 5 M LiFSI/AN electrolyte (blue: Li*; white: hydrogen; red: oxygen; yellow: sulfur; cyan:
carbon; green: fluorine). (a and b) Reprinted with permission from ref. 516 Copyright 2014 American Chemical Society. (c) Reprinted with permission from

ref. 424 Copyright 2018 American Chemical Society.

electrolyte, Sodeyama et al.*"® demonstrated that TFSI™ anions
would preferentially accept the electron in the highly concen-
trated electrolyte and meanwhile hinder the reductive decom-
position of AN, resulting in the improved electrochemical
stability on the anode surface. This surface reaction mecha-
nism was recently echoed by Takenaka and co-workers,*** who
presented a detailed simulation in atomistic reactions using
the Red Moon method for the concentrated LiFSI/AN electro-
lyte. Fig. 16c shows the four typical snapshots of SEI formation
processes on the graphite in a 5 M LiFSI/AN electrolyte. The
FS,0,N™ anions (green) will be generated apart from the
electrode surface during the reduction of FSI" anions at the
beginning. Instantaneously, the AN~ anions (yellow) without
further decomposition are continually formed (500 MC/MD
cycle), which will transfer the electrons to the FSI™ anions
and enhance the formation of the Li salt-based SEI film. These
simulations are in good agreement with the experimental
observations.****'® Quite recently, Cui and co-workers*®®
designed a dual-anion deep eutectic solution (D-DES) electro-
lyte using LiTFSI and LiDFOB as salts and pure SN as the

Chem. Soc. Rev.

solvent, and realized a high reversibility of the Li|[LCO cell for
500 cycles with an extremely high cutoff voltage of 4.7 V.
Meanwhile, the flammability of the electrolyte is fundamentally
suppressed. All of these features represent a great step forward
for the next-generation Li batteries in terms of energy density
and safety.

Different from the ligand structure of the nitrile, in which
Li" coordinated with the terminal nitrile groups, the sulfonyl
group with two O atoms tends to coordinate with two different
neighboring Li ions, and meanwhile the surrounding anions
form ionic clusters with Li* ions.****'” Xu and Meng et al.****"*
make full use of the features of the concentrated electrolyte and
the high anodic stability of the SL solvents. The high concen-
trated LiFSI salt can form an effective and stable SEI layer from
the FSI” anion decomposition, suppressing the solvent
co-intercalation into the graphite interlayers, while the SL
solvent and the salt simultaneously address the interfacial
stability of the LNMO cathode. As all SL molecules are coordi-
nated with Li" ions, the oxidation potential for the LiFSI-SL
complexes significantly increases from 4.65 V (Fig. 17a and b)
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Fig. 17 (a—d) Oxidation potential (E,,) (vs. Li/Li*) from G4MP2 QC calculations with clusters surrounded by SMD(SL) implicit solvent model. (e) LSV tests
for the three electrolytes. H-Transfer reaction from SL (f) and Li—-SL separated from FSI (g) to the NigsMn; 5O, cathode surface from PBE+U DFT
calculations. AE and ETS are the H-transfer reaction energy and barrier, respectively. Reprinted with permission from ref. 448 Copyright 2018 Elsevier.

to 5.52 V (Fig. 17c and d). This characteristic was confirmed by
LSV tests (Fig. 17¢), which show that the concentrated LiFSI-SL
electrolyte exhibits the highest anodic stability for over 5.5 V
among all of the tested electrolytes. DFT calculations demon-
strate that the SL deprotonation reaction energy for the SL-Li"
complex is sufficiently close to zero (—0.01 eV, Fig. 17g), much
lower than the reaction energy for the uncomplexed SL mole-
cules (—0.37 eV, Fig. 17f), revealing the reasons for the extre-
mely low oxidation current for the concentrated LiFSI-SL
electrolytes. Moreover, in the concentrated SL electrolyte, Li"
ions exchange ligands dynamically, id est, hop from one coor-
dination site to another,>” which suppresses the concentration
polarization in Li batteries and leads to improved rate capability
compared to the diluted electrolytes.>'® A high capacity retention
of 70% was retained after 1000 cycles for this 5 V high-voltage
graphite[ LNMO full cell in the SL-in-salt electrolyte, while the
conventional carbonate electrolyte can only support less than 180
cycles."” Similar electrochemical performance enhancement and
mechanism on “localized high-concentrated SL electrolyte” were
also reported by Ren et al.*** recently in Li metal batteries.

The phosphates are promising electrolyte solvents because
of high anodic stability and the non-flammable features, which
have been utilized as the flame-retardant additives or the
co-solvents.>'9>2¢ yet, the poor electrolyte/electrode interfacial
contact and electrolyte instability restrict their large-scale
applications.”'*°*>*” Resorting to the high concentration con-
cept, Yamada et al.*®” and Cao et al.>*® realized the stable and
compact passivation layers on the electrodes, respectively,

This journal is © The Royal Society of Chemistry 2021

which allows stable charge/discharge cycling of both anodes
and aggressive cathodes. The concentrated LiFSI triethyl phos-
phate (TEP) electrolyte possesses a wide voltage window of
0-5.5 V via CV test on a Pt microelectrode, and more impor-
tantly is compatible to most of the commercial electrodes,
including Li metal and graphitic anodes,**® and Ni-rich NMC
and LCO cathodes.*®® The commercial LCO electrode delivers a
reversible capacity of 135 mA h ¢~*, high Coulombic efficiency
of 99.7%, and an impressive capacity retention of 88% after
350 cycles in the 1:2 LiFSI-TEP + FEC-LiBOB electrolyte
(Fig. 18a and b). With the high loading of 12.46 mg cm >
graphite and 29.4 mg em™> LCO, the 18650 cell presented a
favorable cycling performance (Fig. 18c and d) and good rate
performance (Fig. 18e), although the ion conductivity of the 1: 2
LiFSI-TEP + FEC-LiBOB electrolyte is only 1/10 of the commer-
cial electrolyte.?®® The cells with the 1:2 LiFSI-TEP passed all
the harsh safety tests, including nail penetration tests (Fig. 18f).
Following these thrilling results, Zhang et al.,”’®**° Yamada
et al.>*® and Dong et al.*®® further optimized these phosphate-
in-salt electrolytes by introducing the fluorinated ethers and
FEC into the electrolytes, and realized a highly reversible Li
metal cell for over 2000 cycles.*®®

4.4. Water-in-salt electrolyte

In 1994, Dahn and co-workers®*®>*° first reported a kind of
rechargeable aqueous Li battery with LiMn,0, and VO,(B) as
electrodes, and 5 M LiNO; aqueous solution as the electrolyte,
which were fundamentally safe and cost-effective with a
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Fig. 18 Electrochemical performance for the LCO cathode and 18650 cells in the electrolyte 1:2 LiFSI-TEP + FEC-LIBOB. (a) The initial charge/
discharge profiles for LCO. The inset is the cyclic voltammetry curve with a scanning rate of 0.1 mV s~ (b) Cycling performance of the LCO at a specific
current of 20 mA g~ (c) The first charge/discharge profile of the 18650 cell. (d) Cycling performance at a rate of 1/20C (1C = 2000 mA). (e) Rate
performance of the 18650 cell. A constant voltage step is performed at 4.2 V with a cut-off current of 40 mA. (f) Nail penetration test for the 18650 cells
using 1: 2 LiFSI-TEP + FEC-LIBOB electrolyte (middle) and commercial electrolyte (1 M LiPFg EC/DEC/EMC (1:1:1 by volume)) (bottom). The top cell is
the blank cell before the nail test. Reprinted with permission from ref. 286 Copyright 2018 Springer Nature.

compatible energy density with lead-acid batteries. However,
the narrow electrochemical stability window of the aqueous
electrolyte (1.23 V), defined by the “Pourbaix limits” of the
aqueous electrolytes, critically restricted the working potentials
and the selections of the anode and cathodes for the aqueous
LIBs.**'>%* Only the materials whose working potentials posi-
tioned in the window of aqueous electrolytes can be utilized as
the electrodes. Therefore, aqueous LIBs are generally recog-
nized as low energy density systems even though with intrinsic
safety features.”*>

Things have been changing since 2015, when Suo et al.**®
ground-breakingly expanded the electrochemical stability
window of an aqueous electrolyte to >3.0 V by reducing the
water activity and in situ generating the protective interphases
on the anodes in the highly concentrated LiTFSI aqueous
electrolyte. The SEI, composed of LiF-rich inorganic species,
was realized for the first time in aqueous media thanks to the

Chem. Soc. Rev.

reduction of the highly concentrated organic salts and low
solubility of LiF.**>***"*%" These in situ formed inorganic-rich
SEI layers and hydrophobic anion absorption on cathodes
fundamentally broadened the working potential windows
of the aqueous electrolytes, which could cover the working poten-
tials of most electrode materials (Fig. 19) and therefore theoreti-
cally boosted the energy density of the aqueous battery to the level
of the non-aqueous counterparts unprecedentedly.>*%4!

A 2.0 V Li ion battery was demonstrated with MoeSg as an
anode and LiMn,0, as a cathode in the water-in-salt electrolyte
(Fig. 20a), which cycled up to 1000 times with nearly 100%
Coulombic efficiency even at a low charge/discharge rate of
0.15C.**® Further increasing the salt concentration by the
bi-salt concept induces easier formation of the SEI layer on
the anodes and stabilizes the aqueous electrolyte to a greater
extent,>*>*** therefore a TiO, anode can be adopted in aqueous
media and the actual energy density can be further increased to
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over 100 W h kg™ *.>**> Almost simultaneously, Yamada et al.>*****
blended a eutectic hydrate melt as a high-voltage aqueous electro-
lyte by optimizing the mixing ratio of two organic Li salts (LiTFSI
and LiBETL;>* LiTFSI and LiPTFSI>*°), which shows a voltage
window larger than 3.1 V and could support a highly reversible
3.0 V LTO| LNMO full cell (Fig. 20b). However, the partial reversi-
bility of the LNMO cathode and poor Coulombic efficiency during
cycling suggest that the H,/O, evolution competes with the Li*
de-intercalation of the anode/cathode during charging.>** Shortly
afterwards, Wang et al.>*® hybridized the aqueous and non-
aqueous solvent-in-salt electrolytes, which inherits the non-
flammability characteristics from water-in-salt electrolyte and
better electrochemical stability from a carbonate-in-salt electrolyte.
The as-prepared hybridized electrolyte demonstrates an apparent
electrochemical window up to 4.1 V, supporting an LTO||LNMO cell
to deliver an energy density of 165 W h kg™ for over 1000 cycles.>*®
Following these breakthroughs, Yang et al.>*® passivated the com-
mercial anodes such as graphite and Li metal with the LiTFSI-HFE
gel, and realized reversible 4.0 V Li batteries in the aqueous system
(Fig. 20c). The pre-coated LiTFSI-HFE gel, which is hydrophobic
and completely immiscible with a water-in-salt electrolyte,>** could
sufficiently block the remaining parasitic-reactions between the
low-voltage anodes with the water-in-salt electrolytes and bridge the
large potential gap between the anodic limit of the water-in-salt
electrolyte and the working potentials of the commercial graphite
and Li metal anodes. Compared to the traditional aqueous LIBs,
the batteries using water-in-salt electrolytes could possess a double
or even triple energy density (Fig. 20d).>*>*

The water-in-salt electrolyte can be regarded as the ultimate
form of the concentrated electrolyte, with a similar voltage-window

This journal is © The Royal Society of Chemistry 2021

widening mechanism to the non-aqueous electrolytes. The key
difference is that the SEI layers in the aqueous system only
originate from the decomposition of anions and side reactions
of dissolved O,/CO, impurities, while the solvents also consider-
ably contribute to the formation of SEI in the non-aqueous
solvent-in-salt electrolytes.>” Similar potential widening pheno-
mena were also detected in the Na,>>'7% K]>®7% Mg >%®
Zn>*”7 and Al aqueous systems.’”*%® One significant differ-
ence between the Li and Na/K aqueous electrolyte is that the
cations could critically influence the stability of the anions in the
aqueous solutions. Therefore, some salts that cannot be utilized
in the Li aqueous medium could be utilized in the Na or K
systems. For example, LiFSI is not stable in the aqueous system
due to the hydrolysis of FSI ", yet NaFSI and KFSI can be adopted
in their aqueous systems.’*®*®*®> Because of the weaker lattice
energy and the higher solubility of the NaFSI, 35 m NaFSI water-
in-salt electrolyte possesses an even wider voltage window than
the 21 m LiTFSI electrolyte.”®® Jiang et al>®** built a highly
reversible aqueous K ion battery with an Fe-substituted Mn-rich
Prussian blue (K Fe,Mn,;_,[Fe(CN)g),-zH,0) as a cathode and
PTCDI (3,4,9,10-perylenetetracarboxylic diimide) as an anode in
the water-in-salt electrolyte, which exhibits an unprecedentedly
electrochemical performance with a high energy density of
~80 W h kg " and a high capacity retention of 90% over
10000 cycles thanks to the wide voltage window (~3 V) and
dissolution-inhibiting feature of the 22 M KCF;SO; water-in-salt
electrolyte.

Although water-in-salt electrolytes were originally developed for
the high-voltage aqueous batteries, these electrolytes can be virtually
utilized in the double-layer capacitors and pseudo-capacitors,

Chem. Soc. Rev.


https://doi.org/10.1039/D1CS00450F

Published on 03 August 2021. Downloaded by University of Maryland - College Park on 8/3/2021 7:57:02 PM.

View Article Online

Review Article Chem Soc Rev
40
ssf(a) LiNig sMny sO4/LisTisOy, (6.8C) (b)
45 LiMn,O, 3rd 2nd
+ 45} >
g 42+ 30 —r G————
39F —~
£ 36 =
~ 36} >
= 33t 2204
) s 2
8 30F > 2
S 27F “——— Mo,S 2
> o8 f——j 1.0 4 3
24} g
21}
18 " " " L " " " Cycle number
0 20 40 60 80 100 120 00 . - x T
Capacity (mAh/g) Cell capacity (mAh/g)
5 100 150 200 250 300 350 Wh/kg
(c) 50th 1st] 4.0 "'~...‘ * LiVPO4F (d)
ol S egraphite
P ; 32 tl?‘ll'n g’l’z“ 504/ L\NwOEMJjw 504/ ™.,
& HTI50¢ *, LiaTisO12",
2/ ol > . 4.5 12,
X % S LvPOE/
T © .. LiVPOaP
S = 244 BiMn204/
g 24 g N Tio,,
- . *. """""
Q 3 !Mm'or/;/ . L|Mn76—3NO7 )
14 O 16 P g
L|Mn70|7“--.! LiMn204 M
LiV20s  TiP207
04+ T T T T T T 0.8 - itiMn204/LiTi2(P04):t .
0 50 100 150 200 250 300 20 40 60 80 100 120
Capacity (mAh/g) Cell capacity (mAh/g)

Fig. 20 Electrochemical performances of agueous Li batteries. (a) The charge/discharge profiles of the LiMn,O,4 and MogSg electrodes in a 21 m LiTFSI
electrolyte at a constant current of 0.2C. (b) Charge—discharge profiles of a 3.1 V LTO||LNMO full cell in the Li(TFSI)g7(BETI)g3:2H,O hydrate-melt
electrolytes at a current of 6.8C (1.0 A g~* for LNMO). (c) Charge/discharge profiles of graphite | LiVPO4F at a current of 0.3C in a LITFSI-HFE-gel-water-
in-salt electrolyte, in which the anode was passivated by the LiTFSI-gel electrolyte. The capacity is based on anode mass. (d) The energy densities of
various Li ion batteries in different aqueous electrolytes calculated based on the total weight of the cathode and anode materials. The conventional
aqueous electrolyte, as represented by the light blue area, can only support a battery with a voltage of less than 1.5 V. In contrast, the water-in-salt
electrolyte could enable a highly reversible battery with a voltage of as high as 3.1 V. If the anodes are passivated by the gel electrolytes, such as LiTFSI-
HFE gel, the cell voltage and energy density are even comparable to the commercial non-aqueous batteries, which is shown as a five-pointed star.
(a) Reprinted with permission from ref. 425 Copyright 2015, American Association for the Advancement of Science. (b) Reprinted with permission from
ref. 543 Copyright 2016 Springer Nature. (c) Reprinted with permission from ref. 538 Copyright 2018 Elsevier. The data in Fig. 20d are from ref. 425, 529,
535, 536, 538, 543 and 546-549.

enhancing the working voltage and Coulombic efficiency.’**>*®  from the anion decomposition, which could block the electron

As compared to the traditional aqueous systems with a working transport between the electrode and electrolyte, further curbing

potential window generally less than 1.6 V,***°" the super- the side reactions between the electrode and the water mole-

capacitors using the water-in-salt electrolytes could provide an cules. The first part of voltage widening could be calculated

extra potential stability of >0.6 V on catalytic electrode based on the Nernst equation and is the thermodynamic factor.

surfaces,’®*>867°88:3927598 which is highly favorable because the In the concentrated electrolytes, water activity is not unity.

energy outputs of capacitors are proportional to the square of the According to the Nernst equation, the thermodynamic stability

operating voltages.® limits of the aqueous electrolytes, i.e. the theoretical potentials
As presented above, the water-in-salt electrolytes critically of the hydrogen evolution reaction (Eygg) and oxygen evolu-

widens the operating window and thereby prompts the energy tion reaction (Eogr), can be determined by the following

density of the aqueous batteries, which represent significant equations:>%°

benefits in both fundamental science and the practical battery RT RT

applications. The voltage window widening origin could be Engr = Eloiz/HzO —2.303 TPH - FIHK (6)

tentatively divided into three parts. (i) The high interaction

between the salts and the water, which disturbs the hydrogen RT R

bonding between water, eliminates the free water molecules Eor = Eloizo/oz —2.303 TPH - ﬁln(“HzO)2 )

and thereby reduces the water activity in the electrolyte.

(ii) Hydrophobic anion (TFSI, OTf™ etc.) absorption on the in which, Ep o and E} o, are the standard potentials of

cathode, which suppresses the water contacting to the cathode, the hydrogen evolution reaction (HER) and oxygen evolution

and extends the anodic limit. (iii) In situ formed SEI derived reaction (OER), respectively. ayo is defined as the water
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activity, F is the Faraday constant, T is the Kelvin temperature,
K is the equilibrium constant of water ionization (H,0 = H' +
OH™), and R is the gas constant. As the water concentration
reduces (the salt concentration increases), the water activity will
be reduced, leading to a rise of the OER reaction potential
according to eqn (7).°*° It should be emphasized that the
impact of water concentration (salt concentration) on the
HER and OER potentials is asymmetrical. This conclusion
was ideally echoed by Pan et al.®°® recently, who demonstrated
that the Eqgr of highly concentrated LiNO; aqueous electrolyte
is highly increased, while the Eygg is not (Fig. 21a). All of the
concentrated electrolytes regardless of the salts types could
result in some extending of the working voltage window, and
this part, id est, the thermodynamic potential window, can be
calculated based on eqn (6) and (7).

The organic-inorganic SEI film on the surface of graphite
promises the highly reversible Li" intercalation/deintercalation
chemistry in the graphite host at 0.1 V vs. Li*/Li, even though
the thermodynamic reduction threshold of a commercial
carbonate electrolyte is as high as >1.0 vV."'**17:°°1 gimilar to
the non-aqueous electrolyte SEI theory, the cathodic potential
widening on the anode is mainly due to the SEI layers derived
from the decomposition of anions in the water-in-salt electro-
lyte, which kinetically stabilizes the electrolytes at potential far
beyond their thermodynamic stability limit. Therefore, this
widening window part can be regarded as a kinetics factor
and highly related to the Li salt type (Fig. 21b and c). The better
the SEI formation capability, the wider the voltage widening
effect that can be achieved. In a 21 m LiTFSI electrolyte, the
ratio of the water molecules to Li* was dramatically reduced to
only ~2.5, which means that the electrostatic field from the Li
ions cannot be neutralized by water molecules. Therefore, TFSI
anions would enter into the Li ion primary solvation sheath
(Fig. 21d). Multiple Li ion coordination by the TFSI™ anions
stabilizes the transferred electron during reduction, leading to
an SEI formation dominated by the TFSI™ reduction.’*® XPS,
soft-X-ray absorption spectra (sXAS), TOF-SIMS and EDX char-
acterization reveals that apart from the LiF species (Fig. 21e),
Li,O and Li,CO; also exist in the aqueous SEI (Fig. 21f, g, and
h),>*° implying that besides the reduction of anion complexes,
the reduction of the CO, or O, dissolved in the electrolyte
should also participate in the formation process of the SEI
layer, which provides the formation source for both LiO, and
Li,CO;:>%°

4Li* + 0, + 4e” - 2Li,0 E°=291V (8)
4Li" + 0.50, + CO, + 2¢~ — 2Li,CO; E°=2.91V (9)

The super-concentration of the LiTFSI in a water-in-salt electro-
lyte renders it possible for the in situ formed Li,O and Li,CO;
to deposit on the anode surface without hydrolysis or
dissolution.>>*%

Recently, Dubouis and co-workers proposed a different
SEI formation mechanism on the anode in a water-in-salt
electrolyte based on on-line electrochemical mass spectrometry
(OLEMS) and operando XRD. The authors believed that water

603,604
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molecules are first reduced at the anode surface, and mean-
while LiOH is in situ precipitated on the surface of the anode.
These formed solid LiOH or the OH ™ ions in the solution react
with the TFSI™ anions through a nucleophilic reaction, leading
to the formation of a fluorinated SEI layer (Fig. 21i). Both of the
investigations from Dubouis et al.®®® and Suo et al.>*° validated
the highly rich LiF species with considerable oxides in the SEI
layers. The difference is in the SEI reaction mechanisms. Suo
et al.>® believed that the SEI is generated during the electro-
chemical process, while Dubouis et al.®* reckoned that the SEI
is derived from chemical reactions between the TFSI™ anions
with the in situ formed LiOH intermediate, which is also
formed by the electrochemical reduction of water.

The significant advances in the water-in-salt electrolyte have
prompted the energy density of aqueous batteries to approach
the level of commercial non-aqueous LIBs. However, one issue
still needs to be carefully conquered, i.e., hydrogen and oxygen
evolution occurs in parallel with the Li" intercalation/deinter-
calation at the anodes and cathodes if the reaction potentials of
the anodes and cathodes position at the verge of the stability
window of the water-in-salt electrolyte,®*> thereby hampering
the commercialization of the aqueous batteries.®*® That is the
pivotal reason why the cycling CE reaches only approximately
~99% and overdosed cathodes are utilized when paring high-
voltage full cells.>****® These issues could be partially resolved
by applying the engineering approaches to deactivate the
current collectors,>**®%” optimize cell designs®®® and adding
non-flammable organic solvents to effectively make full use of
the active electrode materials and meanwhile suppress the
parasitic reactions.

The concentrated electrolytes have been astonishingly
successful, largely due to the anion derived LiF-rich SEIL. The
large anion size in LiTFSI and LiFSI salts reduces the Coulombic
forces between the Li" and anions, and ensures the good
solubility in the solvents. Meanwhile, at high concentrations,
these anions could interact with the Li" and therefore dictate the
interphasial processes, which effectively passivate the electrodes.
Owing to the thinner and dense LiF-rich SEI layer derived from
the FSI anion, LiFSI can effectively suppress Li dendrites and
accommodate a large volume change of high capacity anodes
and cathodes.

5. lonic-liquid-based electrolytes

From the physical-chemistry point of view, ionic liquids (ILs)
can be regarded as special salts that are in the liquid state at
room temperatures or near room temperatures because of the
weak electrostatic interactions between the anions and the
cations.®**"* The main advantages of ILs as the components
of electrolytes are the potentially expanded electrochemical
windows, improved safety features, high thermal stability,
and low volatility.***"®"” Therefore, ILs dissolved with Li-ion
salts were proposed as a viable alternative to commercial
carbonate electrolytes.®*®®'® However, several issues hinder
the industrial commercialization, such as high price, high
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Fig. 21 Electrochemical window of aqueous electrolytes and the SEI analysis. (a) LSV tests on concentrated LiNOs, diluted LiNO3, concentrated
LITFSI and diluted LiTFSI aqueous electrolytes. The scanning rate is 0.1 mV s~%, working electrode is Pt. (b) Cyclic voltammetry tests on glassy
carbon (top) and Pt (bottom) disk electrodes rotated at 1600 rpm and scanning rate of 100 mV st in different concentrations (1 m, 10 m, and 20 m)
LiTFSI agqueous electrolytes. (c) Cyclic voltammetry tests on glassy carbon (top) and Pt (bottom) disk electrodes rotated at 1600 rpm and scanning
rate of 100 mV st in different salt saturated aqueous electrolytes (LINOs, ~11 m, pink; LiCl, ~18 m, purple); (d) schematic illustration of the Li*
solvation structure in the diluted and water-in-salt electrolytes. () HRTEM images of the C-TiO, anode cycled in a water-in-bisalt electrolyte at
0.5C. (f) The charge profile of MogSg||LiMn,O4 full cell; (g) C K-edge soft-X-ray absorption spectra (sXAS) at different voltages (1.4, 1.6, 1.9, 2.0 and
2.3 V) with highly oriented pyrolytic graphite (HOPG) as the reference; (h) O K-edge sXAS spectra at different voltages (1.4, 1.6, 1.9, 2.0 and 2.3 V)
with TiO; as the reference; (i) schematic illustration of the SEI formation mechanism proposed by Dubouis and co-workers.®%% (a) Reprinted with
permission from ref. 600 Copyright 2018 Elsevier. (b, ¢ and i) Reprinted with permission from ref. 603 Copyright 2018 The Royal Society of
Chemistry. (d) Reprinted with permission from 425 Copyright 2015, American Association for the Advancement of Science. (e) Reprinted with
permission from ref. 535 Copyright 2016 John Wiley & Sons, Inc. (f—h) Reprinted with permission from ref. 550 Copyright 2018 American Chemical
Society.
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viscosity and poor electrode compatibility.’"> Among ILs, TFSI~
and FSI™ anion based ILs are most widely investigated due to
the electron-delocalized structure of the sulfonyl imide anions.
Compared to TFSI™, FSI -based ILs are less viscous and can
dissolve salts with a higher concentration due to the smaller
size of F than CF; group.®**®*! Moreover, FSI-based ILs exhibit
a better compatibility with graphite anodes because of the
better SEI formation capability.®*

Depending on the cation groups, ILs utilized in the electro-
lytes can mainly be categorized into imidazolium, tetraalkylam-
monium, phosphonium, sulfonium, and piperidinium-based
ILs. The imidazolium-based ILs were the first ILs utilized in the
electrolytes because of the high conductivity and low
viscosity.®?**> However, the imidazolium-based ILs not only
have poor cathodic stability due to the active acidic hydrogen
groups in the imidazolium cations but also poor anodic stability,
which strictly restricts their working voltage windows.®***®
The tetraalkylammonium-based ILs such as trimethylpropyl-
ammonium (TMPA"),%*® N-methyl-N-propylpyrrolidinium (Py,5),%*°
N-methyl-N-butylpyrrolidinium  (Py;,),***®**  N-methyl-N-
propylpiperidinium (PP;5")%*° coupled with TFSI~ anion exhibit
a much wider electrochemical window, and suffice to support
high voltage batteries.®**** Yet, the high viscosity and the low
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ionic conductivity critically restricted the high rate capability.
Matsumoto et al.®*® synthesized a series of tetraalkylammonium-
based IL with small cations and TFSI™ anions, promoting the ion
conductivity of ILs to >4 mS cm™ " at 25 °C. Tsunashima and
co-workers®*®7®%° first introduced the phosphonium-based ILs
as Li-ion electrolytes. Compared to tetraalkylammonium-based
ILs, the phosphonium-based ILs possess a lower viscosity,***%*°
a better thermal stability,**" and a widened potential window
(Fig. 22a), which could support high-voltage batteries.®*¢0:64>
The higher anodic stability of phosphonium-based ILs was also
verified by Ong et al.®** (Fig. 22b) and Pandian et al.®** using
quantum computational methods involving the M06-L func-
tional with a triple-zeta basis and the dichloroethane as solvent
in the SMD solvent model.

Aurbach et al.®**%*® examined a series of ILs 1-hexyl-3-
methyl imidazolium (HMITFSI), 1-(2-methoxyethyl)-3-methyl
imidazolium (MEMITFSI), N-ethyl-N,N-dimethyl-2-methoxy-
ethylammonium (EDMETFSI), 1-methyl-1-butylpyrrolidinium
(BMPTFSI), and 1-methyl-1-propylpiperidinium (MPPpTFSI)
solutions with LiTFSI as Li ion salts, and compared them with
an EC-based carbonate electrolyte. Among these ILs, the deri-
vatives of piperidinium and pyrrolidinium possess an electro-
chemical window >5.5 V, and meanwhile are compatible with
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4 _.EFcrml

3l (a) (b) = i P13TFSI

2 | A | P13BF, —
« 1 ?
g ] P13 PF, B
S of 7 Cathodic L ! - Anodic
£ { Limit ) Limit
=t i K= BMIMTFSI

2 —— i P222(Pe)-TFSI :

.: === P2225-TFSI EI——I BMIM BFI —
-3 R : EMI-TFSI 3 _
P S T — #— BMIMPF,

-4 3 2 -1 0 1 2 3 4
E vs. (Fc/Fc')/V

\a glo
< 300 - 2
é -10
.y 20
= 30
8 200 4 41 43 45 47 49 §1
Q. ENV
©
(6]
8
=
5 100 A
o
Q.
(]
0 g .
0 20 40

Cycle number

i

5 1 2 3 4 5 6 7 8 9
Potential (V)
200
s (d)
< 1C
E 150
2
S
g 100+
(]
o
Q
S 504
[}
(% @ Charge
0 @ Discharge

200 400 600 800 1000 1200
Cycle number
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electrochemical stability windows for different ILs using MD + DFT, in which the Fermi level of Li metal is also compiled. (c) Cycling performance of
Li|[LNMO cellin different electrolytes: black curves 1.5 M LiPFg EC/EMC 1: 2; blue curves 0.5 M LiTFSI BMPTFSI; red curves 0.5 M LiTFSI MPPpTFSI. Inset of
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with permission from ref. 643 Copyright 2011 American Chemical Society. (c) Reprinted with permission from ref. 645 Copyright 2009 Elsevier. (d)
Reprinted with permission from ref. 657 Copyright 2019 Elsevier.
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Li metal anodes. At the anode surfaces, the SEI layers derived
from the TFSI™ anion decomposition can passivate Li metal
and graphite anodes. Therefore, a highly reversible 5 V cell of
Li|[LNMO is achieved based on BMPTFSI and MPPpTFSI.
As shown in Fig. 22¢, in the extremely low charge/discharge
current density of C/16, the Li| LNMO cell in the BMPTFSI and
MPPpPTFSI could maintain a much higher CE with lower
irreversible capacity, demonstrating a much lower parasitic
oxidation reaction on high voltage cathode in these IL electro-
lytes than in the commercial carbonate electrolyte.

Attempts were made to improve the Li ion conductivity and
lower the viscosity of the IL electrolytes based on the reported
ILs, so that high-rate batteries can be realized. One of the most
effective methods is mixing different ILs, therefore synergetic
effects could be achieved from these ILs.**”**° Fox et al.®*°
systematically characterized the binary IL mixtures of PY;, TFSI
(x =1, 2, 3, 4, 5) and found that to blend an IL-mixture
electrolyte with high conductivity, the melting transition (Ty,)
between the two ILs should be not too large, the crystal
structures should be different, and the sizes of the cations in
the two ILs should vary significantly. Apart from the mixture of
different ILs, mixtures of the IL and carbonates,®**™®®! IL and
SLs,*%%%%2 11, and PEO,°®*"®% IL and PVDF-HFP®® were also
intensively investigated. The IL and carbonate/SL/PEO/PVDF-
HFP cocktails inherit the benefits of the IL and carbonate/
SL/PEO/PVDF-HFP electrolytes, resulting in: (1) high ion
conductivity;®>"***%° (2) enhanced electrochemical stability
window;>1094059,6637665 (3} ameliorated compatibility of
the electrolyte and the graphite anodes,®>*%°¢%85¢% anq
(4) improved safety with reduction of the self-extinguish
time.®>1%9%%%1 An impressive electrochemical performance with
over 1200 cycles at 45 °C was achieved for the Li|Li; ,Mng s6.
Nig 16C00.050, cell (Fig. 22d) using 0.3 M LiTFSI in [EC/DMC +
PYR,;TFSI + FEC] (45:45:10) as an electrolyte demonstrated by
Gerbaldi and co-workers,*” representing a milestone for the
high-voltage Li-rich NMC cells. To further improve the compati-
bility of the IL with the electrodes, using the additives is
another economic method,*¢36°6:666-668 which can further
enhance the electrochemical performance of the high-voltage
batteries.

Forsyth and co-workers®®® "> demonstrated that as the Li
salt concentration increases, both the Li ion transference
number and the electrochemical stability enhance although
the viscosity soars and conductivity decimates in the system.
Adopting these concentrated IL electrolytes, a much higher
cycling efficiency, lower impedance and better rate performance
can be achieved for the high-voltage batteries, which are quite
similar to the concentrated ether or carbonate electrolytes.'*>*3
Yet, the underlying solvation structure and the interactions
between the anions and Li" differ significantly.®”**”* As the Li"
concentration increases in ILs, the interactions between
the anion and Li* become weaker and demonstrate a shift
toward monodentate coordination,®”?>"®”> which is more signifi-
cant for [TFSIJ-type ILs (Fig. 23a and b), indicating a higher
viscosity for concentrated [TFSIJ-type ILs. These structure
changes are verified by the MD snapshots (Fig. 23c and d).
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Bidentate-coordinated Li" ions in the low concentration ILs
become monodentate-coordinated as the concentration increases,
although the clusters are always composed of one Li* cation and
three FSI™ anions.

Different from the cells that cycled in the conventional
carbonate electrolyte, which suffered from continuous capacity
decay due to the substantially concomitant growth of R and
Rggr during cycling,®”” the Li|NMC811 cell displayed higher
capacity retention in IL electrolytes (Fig. 23e). Higher LiFSI
concentration suppresses the corrosion reactions, and pro-
motes the capacity and energy retention by forming a robust
and conductive SEI/CEI layer.®”® These features in the concen-
trated ILs are further confirmed by Heist et al.,*”® Zhou et al.,*”®
and Zhang et al.,*”® respectively, who showed that the cycling
performance of the cells was critically enhanced in the
concentrated LiFSI-IL electrolytes. Quite recently, Dai and
co-workers®®® introduced NaTFSI into the LiFSI-1-ethyl-3-
methylimidazolium bis(fluorosulfonyl)imide ([EMIm]FSI) system
as the additive, and made up a concentrated electrolyte of 5 M
LiFSI + 0.16 M NaTFSI [EMIm]FSL. A capacity retention of ~87%
was achieved for the Li||LCO cell after 900 cycles at 1C, superior to
the cells using 1 M LiFSI{EMIm]|FSI or 5 M LiFSI-[EMIm]FSI.
Although the electrochemical stability window is expanded,
however, due to the poor intrinsic anodic stability of the
imidazolium-based IL, the anodic stability limit of 5 M LiFSI +
0.16 M NaTFSI [EMIm]FSI only locates at ~4.6 V vs. Li'/Li,
and the cycling Coulombic efficiency LCO is merely about
99.3% at a current of 0.25C. Beyond all doubt, the concept of
combining high concentration and the additive is one of most
promising directions to maximize the electrochemical stability
of the ILs.

Apart from the above mentioned ILs, novel ILs based on new
cations and anions were also developed recently, such as the
FTFSI anion,*®" H[FPFSI| anion,*®* and FPSI anion,®®* aiming
to further lower the viscosity, improve the conductivity and
widen the working voltage windows. One kind of special IL
electrolytes that should be mentioned is the solvate ionic
liquid,*¢"*6>%84-68% which can also be classified as an important
subset of highly “‘concentrated electrolytes” or ‘“‘solvent-in-salt”
electrolytes. For some certain highly concentrated electrolytes
with equimolar mixtures of glymes and Li salts (LiTFSI, LiFSI,
LiBETI, LiClO, etc.), all the Li ions theoretically complex with all
the glyme molecules, forming [Li(glyme),], in which only
independent [Li(glyme);]" and counter anions (TFSI~, FSI™,
BETI, ClO,~ etc.) exist with few free-solvent molecules, form-
ing the essence of the ILs.®®” Watanabe and co-workers*®'
raised strict criteria for this kind of solvate IL: (1) ions and
solvent molecules should be in a certain stoichiometric ratio,
since all of the cations coordinate with all solvent molecules;
(2) only complex cations and counter anions exist in the
absolute absence of any neutral molecules; (3) the physico-
chemical properties critically vary with that of pure solvent
and salts under using conditions; (4) low melting point;
(5) low vapor pressure. Because of the complexation of the
glyme molecules with Li ions, and the high concentration
of the anions, these glyme-based solvate ILs can withstand
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high oxidation at the cathodes and therefore can be utilized LCO,
as electrolytes in batteries with 4 V cathodes such as lytes cannot.

while the conventional glyme-based electro-

This journal is © The Royal Society of Chemistry 2021 Chem. Soc. Rev.


https://doi.org/10.1039/D1CS00450F

Published on 03 August 2021. Downloaded by University of Maryland - College Park on 8/3/2021 7:57:02 PM.

Review Article

6. Additives in electrolytes

Since the advent of the LIBs in the 1990s, the non-aqueous
carbonate electrolytes monopolized the Li electrolytes for
almost 30 years with the skeleton composition of LiPF¢ as the
salt and EC, DMC, EMC, DEC etc. as solvents.® To cater for the
aggressive cathodes with higher voltage, assorted additives
have been developed for the commercial electrolytes to stabilize
the key interfacial chemistries for desired electrochemical
performance,®*® although the detailed underlying mechanism
remains unclear in most cases.®®" Considering the promoting
effect on the electrochemical performance and the low cost of
these additives, it is believed that the prevailed carbonate
electrolytes with diversified additives will dominate the electro-
lyte infrastructures in the foreseeable future. These electrolyte
additives could be divided into several categories according to
their functions, such as SEI/CEI forming improver, overcharge
protectant, salt stabilizer, fire-retardant agent etc.®**%%* Several
good reviews and progress reports have been devoted to these
essential ingredients of the electrolytes.®®>***77% T¢ differ from
these literatures, in this part, we mainly focus on the additives
that could enhance the electrochemical performance on high-
voltage battery chemistries, and significant parts will be dic-
tated to the recent advances on the underlying mechanisms
and the understandings on the interphases of electrode/
electrolyte. It should be mentioned that some solvents that
were demonstrated in the EC-free electrolyte section can also
function as effective additives. Herein, we utilize the threshold
of 10% as the demarcation, below which it is defined as an
additive.

In electrochemical devices, all the reactions should take
place on the triple-phase interface; therefore, the stability of
the interface dictates the stability of the devices. The higher
voltage pursuing in the higher energy Li batteries have
surpassed the anodic limits of the commercial carbonate
electrolytes, therefore forming a protective CEI layer that blocks
the electron transport and meanwhile allowing Li" access,
seems one of the most effective strategies. Hence, the use of
SEI/CEI-forming additives is one of the most effective and
economical methods for improving the electrochemical perfor-
mance of the LIBs.”” In this section, all of the electrolytes
discussed are 1 M LiPF¢ in EC-based carbonate electrolytes,
unless stated otherwise.

Unsaturated carbonate derivatives

In this additive family, the best known one is vinylene carbo-
nate (VC),"*"7°*7% which was patented by Sanyo Electric,”**
SAFT,”®® Sony,”°® and Valence Technology corporation’” in the
1990s. Over 20 years, VC has been a prototype and indispen-
sable additive in the battery electrolyte industry. In the
functionality, VC wundergo polymerization at both the
anode’**7%%771% and cathode surfaces,”®7°%7117715 creating pro-
tective poly(VC) layers. Using ultra-high precision coulometry
(UHPC) and storage experiments at elevated temperatures,
Dahn et al.”**”*®7*° unveiled that in the full cell VC improves
the CE of the cell and decreases self-discharge mainly by
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slowing the electrolyte oxidation at the cathode surface,
although VC is mainly consumed at the anode side.”?°

The radical polymerization mechanism was first proposed
by Winter et al.”** on the decomposition of vinylene compounds
including VC and isocyanates (Fig. 24a). The reactivity of the
vinylene compounds is highly related to the groups linked to the
double bonds. Electron-withdrawing groups (-X), such as nitrile
groups, make the C=C group more electrophilic and thus
prompt the reduction reaction (SEI formation). Meanwhile, the
electron-pushing groups (-Y) enhance the nucleophilic feature
to the vinyl-group and therefore promote the oxidation (CEI
formation). This reaction mechanism was well supported by
Quatani and co-workers,”*®”?* who demonstrated that VC as
an additive contributes to SEI/CEI layers independently via a
radical polymerization mechanism without cross-talk reactions
using XPS analysis and theoretical calculations. The talent-
designed and inter-comparable cell configurations, as shown
in Fig. 24b, clearly demonstrate that VC is polymerized by
oxidation on cathodes or by reduction on anodes. Poly(VC)
was detected on the LiCoO, but not on the delithiated LiFePO,
even though both cathodes were charged to the same potential,
indicating that the polymerization is not only related to the
potential but also highly relevant to the surface status of
delithiated cathodes. This phenomenon ideally explains the
varied effects of VC for different cathodes.”'® In situ total-
reflection fluorescence X-ray absorption spectroscopy demon-
strated that the Co ion reduction at the LCO surface occurring
upon immersing in the conventional carbonate electrolytes can
be effectively curbed in the presence of the VC additive, thanks
to the formation of a protective VC-derived CEI layer.”"" The
detailed protecting mechanism for the high voltage cathodes
via polymerization of VC is illustrated in Fig. 24c and d. The
lower electrochemical potential of electron (¢) in the LCO
cathode leads to the reduction of the Co®* to Co** and asso-
ciated EC oxidation in the conventional carbonate electrolytes
(Fig. 24c), which brings about the degradation of the LCO
surface and high resistance.’®*’** In contrast, a stable
poly(VC) layer is formed in the VC-added electrolyte on the
LCO surface because of the preferential adsorption of VC on the
cathode surface,”’®”*"72* which physically blocks the electron
transport between the high voltage cathode and the electrolyte,
and thereby suppresses redox reactions between TM cations
and the electrolyte solvents (Fig. 24d). Quite recently, Laruelle
et al.”* synthesized poly(VC) using two different methods,
confirming the radical polymerization mechanism. The
poly(VC) as a novel solid polymer electrolyte displays stable
electrochemical window >4.5 V, and favorable ionic conduc-
tivity of 9.8 x 107> S em™ " at 50 °C, which could support high
voltage Li|LCO cells with decent rate capability.”>® Thanks to
the good film formation capability, VC is also extensively
utilized in the novel electrolyte systems, such as sulfone-based
electrolytes,***3>3¢7 jonic liquid electrolytes’*®”*® to shield
the side reactions between the electrodes and the electrolytes.

Vinyl ethylene carbonate (VEC) was first proposed as a
good film forming additive for the graphite anodes,”* which
could create a similar SEI as VC on the edges of the graphite.

This journal is © The Royal Society of Chemistry 2021
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Dahn and co-workers”*® quantitatively compared the effects of
VC and VEC with different concentrations in graphite||LCO
pouch cells between 4.2 V and 2.8 V using high precision
Coulometry and EIS analysis. VC yields a positive effect on
the electrochemical improvement with a better CE, lower side
reactions and enhanced capacity retention. In contrast, VEC
exerts little effects on the cathodes if the concentration is lower
than 4% at this normal working voltage range. Recently, Nan
et al.”® tested the VEC additive in the graphite|NMC442 cell
with a higher cutoff voltage of 4.5 V. Compared to the solvents
of EC and EMC, VEC shows an evident oxidation potential at
4.4 V and generates an effective CEI film on the high-voltage
cathodes,”" favoring the cells with a high working voltage of
4.5 V. With 2.0 wt% VEC additive in electrolyte, the capacity

This journal is © The Royal Society of Chemistry 2021

retention of graphite|NMC442 at 3.0-4.5 V is increased
from 62.5% to 74.5% after 300 cycles. Yang and co-workers’>?
tested the electrochemical performance of VEC additives on
Li||LiNig gC0,,0, cell with a cutoff voltage of 4.3 V vs. Li*/Li
at different temperatures. Surprisingly, significant improve-
ment was achieved on the cycling performance at elevated
temperatures such as 50 °C, while little improvement was
detected at room temperature. The relatively higher film form-
ing potential and slower kinetics for the VEC than VC lead to
these evident differences on the electrochemical performances,
rendering VEC additive only functions under harsher working
conditions.”**

Apart from the VC and VEC, other additives containing
unsaturated C-C bonds also function via similar mechanisms,
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such as vinylene trithiocarbonate (VITC),”** 2-furonitrile
(2-cyanofuran),”®® acrylic acid nitrile (AAN),”*" allyl ethyl carbo-
nate (AEC),”*® allyl methyl carbonate (AMC),”*” vinyl acetate
(VA),”*” divinyl adipate (ADV),”*” 3,3,4,4,5,5-hexafluorocyclo-
pent-1-ene (HFCp),”** triallyl cyanurate (TAC),”*® triallyl iso-
cyanurate (TAIC),”*®* and allylboronic acid pinacol ester
(ABAPE),”*® in which the unsaturated C-C bonds serve as good
building blocks for protective SEI/CEI layers on the electrodes.
The only untoward effect of VC and VC derivatives that needs to
be pointed out is that high concentration in the electrolyte
usually increases the resistance during cycling, and therefore
these additives are generally limited to less than 2%,”*>”*' and
in most cases combined with other additives to reduce the cell
resistance.”?%74>7

Fluorine-containing additive

Because of the high electron-withdrawing tendency of the
F-groups, F-rich species could intrinsically withstand the oxida-
tion. Therefore, lots of fluorinated solvents are developed with
the hope to replace the conventional carbonate solvents, as
demonstrated in the previous section. As of today, the cost
of these fluorinated solvents is much higher than the non-
fluorinated counterpart. Therefore, using the fluorinated species
as the additives to improve the oxidation-resistance of the
electrolytes seems a more practical and economic method for
the LIB industry. These fluorine-containing compounds can
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form more robust SEI/CEI films that are composed of fluorinated
species/polymers, blocking the possible side reactions between
the electrolyte skeleton solvents with the oxidized cathode
surface.

Among these fluorine-containing additives, the best-known
are FEC and LiPO,F,, which have been widely utilized as the
commercial electrolyte additive. These two additives pose a good
effect not only on the anodes of graphite,**”7*>7%” Li metal,”*""*®
and Si-based alloys,”**”7>* but also on the high-voltage cathodes
thanks to the good film-forming capability.”*””>>77%° Different
from the slow CEI formation reactions in the EC-based electro-
Iytes, FEC participates in the formation of the protective CEI
films on high-voltage cathodes with a much faster pace, in
which the in situ formed PEO-like polymer and inorganic
species exert a much better protective effect on the high voltage
cathode than the polycarbonate species from the oxidation of
the EC-based electrolytes,”®® and also possess a better effect
than VC or ES-derived CEI layers."*® Compared to the VC
additive, the LiPO,F, additive possesses an even better electro-
chemical performance in the graphite|NMC532 pouch cell.”®?
It is believed that the LiPO,F, additive facilitates a more
compact and thinner CEI layer on the cathodes with higher
amounts of fluorophosphates,”®"7°>7%%77® which endow
a much better electrochemical performance under harsh
working conditions”®"7”"77> (Fig. 25a and b). To further
improve the electrochemical performance of the cells, Dahn
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Fig. 25 Cycling performance of NMC cells in different electrolytes. (a) The reversible capacity vs. cycling number of the Li||LiNigsMng 25C00 250, cell in
an electrolyte with different LiPO,F, additives at 55 °C; (b) cycling performance of the graphite |[NMC532 cell in an electrolyte with and without LiPO,F,
additives at —20 °C. The standard electrolyte in (a and b) is 1 M LiClO4 in EC/EMC (3:7) and 1 M LiPF¢ in EC/EMC/PC (4:7:1), respectively. (c) Normalized
discharge capacity vs. cycling number of the graphite [NMC532 pouch cells in different electrolytes; (d) normalized cell polarization vs. cycling number of
the graphite|[NMC532 pouch cells in different electrolytes. LFO in figure legend is LiPO,F,. (a) Reprinted with permission from ref. 761 Copyright 2018
Elsevier. (b) Reprinted with permission from ref. 771 Copyright 2016 Elsevier. (c and d) Reprinted with permission from ref. 770 Copyright 2018 The
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© screened different additive combinations.

and co-workers””
The integration of LiPO,F, with other commonly utilized
additives (such as FEC, VC and DFEC) critically enhances the
cycling stability, suppresses the cell impedance growth, and
decreases the side reactions, in which electrolytes with 1%
LiPO,F, + 2%FEC (or DFEC) and 1%LiPO,F, + 1%FEC +
1%VC seem best for the graphite|NMC532 with an operation
voltage of 4.3 V. After 800 cycles, the cells using the electrolyte
with 1%LiPO,F, + 1%FEC + 1%VC can still deliver a reversible
capacity of 97% with limited polarization increase (Fig. 25¢ and
d). This synergetic effect from the LiPO,F,-VC combination
and LiPO,F,-FEC combination on the electrochemical perfor-
mance of the cell were also confirmed by Kim et al’”® and
Zheng et al.,””* respectively. It is believed that the VC/FEC could
reinforce the mechanical properties of the LiPO,F,-derived
interphases.

Aurbach et al*' reported that both the aggressive LiNiO,
cathode and Li metal anode were stabilized in the 1 M LiPFq
FEC/DMC (1:4, vol) electrolyte because of the highly passivated
CEI/SEI from the FEC decomposition. The cell with high LiNiO,
loading of 4 mA h em ™2, high cutoff voltage of 4.3 V, and low
electrolyte volume (33 pL cm™>) can be cycled for more than 700
cycles with excellent capacity retention (Fig. 26a and b), repre-
senting the best electrochemical performance ever reported for
a LiNiO, cell. Similar effects of FEC additive were also reported
in Ni-rich Li||NMC cells.””>”””” Adding DFEC into the above FEC
electrolyte can prevent the fast consumption of FEC during
cycling, therefore further improving the electrochemical
performance of the Li||NMC811 cells and cutting down the
electrolyte dosage to an extremely low level of 14 puL cm >
(0.7 uL mgNMC31171)-776

Based on a similar mechanism, substantial efforts were
devoted to exploring novel effective fluorine-containing addi-
tives and significant progress was achieved.***””7%! gong and
co-workers®>® stabilized the NMC532 cathode by introducing
5 wt% FEMC into conventional EC carbonate electrolyte,
realized a significantly improved cycling performance with a
high reversible capacity of 205 mA h ¢~* (Fig. 26¢ and d). After
50 cycles, the Li|NMC532 can still deliver a capacity retention
of >84% despite a high cutoff voltage of 4.6 V (Fig. 26e). Under
these harsh working conditions, the electrolyte with FEMC
exhibits much higher reversible CEs than that of the electrolyte
without FEMC (Fig. 26f). FEMC additive in the electrolyte acts
as the F-source, promoting the formation of CF-containing
species and fluoride species (NiF,, MnF,, CoF, and LiF) as
shown in Fig. 27, which could effectively passivate the surface
of the high voltage cathode, attenuate the cathode and electro-
lyte interactions, and suppress the transition metal dissolu-
tions. Quantitative analyses through XPS peak devolution
demonstrated that more than 56% of the surface Ni exists as
the state of the NiF, in an FEMC added electrolyte, while the
NiF, is only about 15% for the conventional EC carbonate
electrolyte.>*® Choi et al.””® reported a dual function additive
of ethyl 4,4,4-trifluorobutyrate (ETFB), which could passivate the
graphite anode and stabilize the Ni-rich LiNi,;C0¢15Mng 150,
cathode simultaneously. Therefore, a high capacity retention of

This journal is © The Royal Society of Chemistry 2021
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84.8% associated with high cycling CE of >99.8% after 300 cycles
was achieved for the graphite| NMC full cell with the high loading
of a 25.6 mg cm > NMC cathode in the electrolyte containing 1%
ETFB. Xia et al’®® compared the effects of four fluorinated
carbonates including FEC, DFEC, bis(2,2,2-trifluoroethyl)-
carbonate and 2,2,3,4,4,4-hexafluorobutyl methyl carbonate as
electrolyte additives on the electrochemical performance of
graphite|[NMC442 pouch cell. Among these four additives,
DFEC exhibits a compromised electrochemical performance
with a high capacity retention and moderate gas generation.
The fluorination of the methyl group in PC molecules highly
changes the electrochemical behavior of the solvent, which not
only passivates the graphite anode, but also significantly
enhances the anti-oxidation performance on the delithiated
cathode.””®”%° Utilizing trifluoro-propylene carbonate (TFPC)
as the co-solvent for the PC electrolyte, Zheng et al.”®° realized a
high reversible 5 V graphite| LNMO full cell in a wide working
temperature range. However, detrimental effects were reported
by Su et al.”®! for the TFPC additive on the Li|NMC622 cells.
These contrary results might be due to the different SEI
formation mechanism on the graphite and Li metal anodes.
Apart from the compact CEI formed by the fluorinated addi-
tives, the fluorination of the carbonate lowers the binding
energy between the Li" and the carbonyl group, widens the
LUMO-HOMO gap, and therefore hoists the potential window
of the electrolyte thermodynamically,”®* which further prompts
the high-voltage working limits of the batteries. However, using
these fluorine-containing compounds as solvents or additives,
special caution should be taken. High impurities such as water
could induce the hydrolysis of the fluorine-containing species,
resulting in the formation of the HF and deteriorating the
electrochemical performance of the high voltage batteries.”®*

Phosphorus-containing additives

Phosphorus containing additives entered into the electrolyte
arena first as a kind of good fire-retardant agent for non-
aqueous electrolytes because of the good radical scavenging
capability.”'>%*>7857%  However, most of the organo-
phosphorus compounds pose a negative effect on cell perfor-
mance due to their poor SEI/CEI formation capability and their
persistent reactivity with electrode materials. Xu et al>"’
reported that triethyl phosphate delivers better cycling perfor-
mance than trimethyl phosphate. Dahn and co-workers’"
investigated the impact of triphenyl phosphate additives on
the NMC and NCA cathodes. The capacity retention of NCA
cells with a triphenyl phosphate content of <20% was as good
as cells without triphenyl phosphate. However, with further
addition of the triphenyl phosphate, the cell impedance was
significantly increased.

To get a better protecting effect on the high voltage cathodes,
combining fluorine functional groups and phosphate/phosphide
was proposed, which could suppress the combustion of the
electrolyte and meanwhile enhance the stability of the cathodes
thanks to the synergetic effect of fluorine and phosphorus groups
in the additives. These additives can be clarified as salt-types and
solvent-types. Lithium tetrafluoro(oxalato)phosphate (LiTFOP)”*>
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FEMC additives. (a) Cycling performance of Li|LiNiO, cell and corresponding CEs with or without FEC additive. (b) Charge/discharge profiles for
Li[INMC532 cells in 1 M LiPFg EC/EMC (c) without and (d) with 5 wt% FEMC at 0.1C at 1st, 2nd, and 50th cycles. Reversible capacity of Li||[NMC532 cells (e)
and corresponding CEs (f). The cut-off voltage for Li||LiNiO, and Li||[NMC532 is 4.3 V and 4.6 V, respectively. (a and b) Reprinted with permission from
ref. 31 Copyright 2018 American Chemical Society. (c—f) Reprinted with permission from ref. 326 Copyright 2014 American Chemical Society.

and lithium difluoro(bisoxalato)phosphate (LiDFBP)”** 7% are the
representatives for the salt-type additives. For these salt-type
additives, Li ions could be incorporated into the CEI formation,
and therefore higher ionic conductivity can be achieved in the
interfacial layers than those formed from the decomposition of
electrolyte solvents or organic additives, leading to better kinetics
for the cell (Fig. 28a and b).”°® Eqn (10) demonstrated the possible
CEI formation mechanism from the oxidation of the LiDFBP
additive, which was proposed by Li et al”®® based on the post
mortem analysis and the theoretical calculations. The radicals
formed by DFBP™ oxidation release CO,, and then polymerize
with each other, generating a polymeric anion containing O, F,
and P elements. In contrast to the low ion conductivity of CEL
layers formed by electrolyte decomposition or the polymerization
of the unsaturated solvent-type additives, the interfacial layers
constructed from the salt-type additive is ionically conductive
thanks to the incorporation of the Li ions with polymeric anions.

Chem. Soc. Rev.

In contrast to the deterioration of the cycling performance
adding the phospholanes in the reference electrolyte, grafting a
fluorinated group in the phospholane can dramatically
enhance the electrochemical performance of the graphi-
te||NMC111 full cells with an improved cycling stability and
higher CE (Fig. 28c and d).”®” As shown in Fig. 28e, the grafted
-CF; group effectively curbed the thickness of the CEI layers,
indicating the good CEI formation capability of the -CF; groups
in the phospholanes. Post mortem analysis indicates that dif-
ferent functional groups of the fluoro-phosphates could notably
influence the morphology, composition and thickness of the
in situ formed CEIs, in which the linear side group (such as
5F-TPrP) will promote the thickness of the CEI, while the
branched group (HFiP) will result in a more compact and
thinner CEL’°® Fig. 29 shows the representative phosphorous-
containing bi/multifunctional additives for the Li ion electro-
lytes, including 3F-TPrP,”*® 4F-TPrP,”*° 5F-TPrP,”*® HFip,*'*7®

This journal is © The Royal Society of Chemistry 2021
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Coupling with unsaturated alkenyl or alkynyl functional
groups in the phosphate additives is another effective method
to initiate the formation of a compact and protective CEI on the
aggressive cathodes. Almost simultaneously, Yang et al.**> and
Deng et al.®*® reported the tripropargyl phosphate (TPP) addi-
tive with three alkynyl groups, which can form a compact and
dense CEI on the Ni-rich cathodes from the polymerization of
the TPP at high voltage (Fig. 30a-d), suppressing the parasitic
reactions between the highly oxidative cathode surface and the
electrolytes. The higher HOMO for the TPP enables it to
dominate the oxidation chemistries of the CEI formation before
the bulk electrolyte solvents participate. At the highly oxidative

P

O

This journal is © The Royal Society of Chemistry 2021

cathode surface, TPP can more easily lose an electron, and
meanwhile the corrosive F species in the electrolyte will attack

- %%
F o 0. F o Fo 0]
N B &N |/ 1
/T—o Lit  e— 0 o—ll’\ 2Li (10)
|
OF oZ Of o F9 o

the carbon nuclei of the TPP at the oxidizing state, resulting in
n bond breaking and formation of a C-F bond. Even with only
1 wt% addition, TPP notably enhances the high voltage cycling
performance of the NMC532 cathode, and also significantly
improves the storage performance at a high voltage of 4.4-4.6 V
and high temperature of 45-60 °C (Fig. 30e).

Recently, novel phosphorus additives are also proposed.
Triphenylphosphine,®”  tris (pentafluorophenyl)phosphine
(TPFPP),%%® diethyl phenylphosphonite (DEPP),%°° and (Penta-
fluorophenyl)diphenylphosphine (PFPDPP)®'° are the represen-
tative ones, which not only form a CEI film before the
decomposition of the electrolyte skeleton components, but also
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effectively scavenge the detrimental HF and PF; species. Han
et al.®'" screened the Erymo, Enomo, RP (reduction potentials),
OP (oxidation potentials) and reactivities with HF (—A4yg) for
23 possible phosphite additives, as listed in Table 5. Compared
to EC and VC molecules, all of these phosphites tend to react
with HF acidic species, implying the effectiveness to purify the
electrolyte during cycling. Meanwhile, the PFPDPP can be
oxidized at a lower voltage of 3.5 V vs. Li'/Li prior to the
oxidation of carbonate solvents to form a compact CEI Therefore,
a capacity retention of 71% was achieved for the high-voltage
Li| LNMO cells with PFPDPP additive after 300 cycles, whereas the
cell in the baseline electrolyte only possesses a capacity retention
of 53.4%. Some phosphorus additives containing other functional
groups, such as TMPSi and TMPSa, will be discussed in the
following Si-additive sections, since the Si-O functional groups
appended to the coordinate P atom core of the additive play the
key role in the functionality.®'>

Nitrile additives

As pure solvents, nitriles have been regarded as one of the
promising solvated molecules for LIBs thanks to their high

Chem. Soc. Rev.

stability on the high voltage cathodes and favorable dielectric
factor. We have discussed their benefits as the skeleton solvents in
the novel electrolyte section. Besides this, it is believed that some
nitriles can also be utilized as additives in the commercial
carbonate electrolytes, stabilizing the carbonate electrolytes
against oxidation at high voltages.**>

A series of nitrile additives were investigated to stabilize the
high voltage cathodes, including suberonitrile,*®* tetrafluoro-
terephthalonitrile (TFTPN),*"® 4-(trifluoromethyl)-benzonitrile
(4_TB),814 succinonitrile (SN)’383,405,406,815 adiponitrile,83386:816-818
pimelonitrile (PN),*®® fumaronitrile (FN),*'® 1,3,6-hexanetri-
carbonitrile (HTN),**° 1,3,5-pentanetricarbonitrile (PTN)**
and 3,3’-(Ethylenedioxy)dipropiononitrile (EDPN)®**> etc. The
molecule structures of these nitrile additives are demonstrated
in Fig. 31. Besides helping to generate a conductive and robust
SEI layer on the anode, nitrile groups in the additives could
preferentially coordinate with high-valence transition-metal
atoms on the delithiated cathodes (Fig. 32a), which reduces
parasitic reactions between the delithiated cathode surface and
electrolyte.*®*®*%° Therefore, the Li| LiNig53C00.1Mng 154l 0,0,
cell delivered an unprecedented cycling capacity retention of

This journal is © The Royal Society of Chemistry 2021
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Fig. 29 Representative P-containing additives for the Li ion batteries.

>75% for over 800 cycles under a high areal loading of
1.8 mA h em™” in the electrolyte of 0.8 M LiTFSI + 0.2 M
LiDFOB + 0.05 M LiPFs FEC/EMC (baseline electrolyte) with
only 1% adiponitrile additive (Fig. 32b).

Apart from the coordination mechanism, it is believed that
some nitriles can be oxidized prior to the conventional carbonate
solvents and form a protective interphase layer on the cathodes,
effectively enhancing the electrochemical performance of the

This journal is © The Royal Society of Chemistry 2021

aggressive high-voltage cathodes. Liu et al.®'* proposed TFTPN
as a nitrile additive for LIBs, which improves the cycling stability
of the graphite | LCO full cell up to 4.4 V. A high capacity retention
of ~91% can be achieved for the graphite|LCO full cell in the
electrolyte with only 0.5% TFTPN for 300 cycles compared to less
than 80% capacity retention for the baseline electrolyte. Wang
and co-workers®*® adopted HTN additive into the more aggressive
Li-rich cathode systems, and found that HTN not only improves
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Table 5 Calculated £ ymo, Enomo. RP (reduction potentials), OP (oxidation potentials) and reactivities with HF (—4y¢) for 23 phosphite additives.8'* For

comparison, the data for EC and VC are also compiled

Additives Erumo (V) Enomo (eV) RP (V vs. Li/Li") OP (V vs. Li/Li") —Agr (keal mol™)
Triethyl phosphite 0.73 —6.51 —0.14 4.63 6.73
Triphenyl phosphite —0.75 —6.66 0.50 5.04 3.42
Trimethyl phosphite 0.635 —6.60 —0.52 4.72 5.35
Triisopropyl phosphite 0.71 —6.43 —0.59 4.56 8.34
Tributyl phosphite 0.44 —6.54 —0.03 4.57 4.39
Diethyl trimethylsilyl phosphite 0.70 —6.62 —0.25 4.53 13.17
Tris(nonylphenyl)phosphite —0.59 —6.51 0.03 4.80 8.38
Bis(2,2,2-trifluoroethyl)phosphite —0.50 —7.85 0.55 5.58 4.89
Tris(trimethylsilyl)phosphite (TMSPi) 0.70 —6.52 —1.03 4.29 10.41
Triisodecyl phosphite 0.57 —6.59 0.05 4.47 8.09
Tris(tert-butyldimethylsilyl)phosphite 0.69 —6.34 —0.02 4.17 16.27
Diisodecylphenyl phosphite —0.49 —6.54 —0.26 4.69 5.02
Dimethyl trimethylsilyl phosphite 0.60 —6.56 —0.10 4.50 13.89
Tris(1,1,1,3,3,3-hexafluoro-2-propyl)phosphite —1.46 —8.61 1.33 6.36 5.43
Tris(2,4-di-tert-butylphenyl)phosphite —0.63 —6.10 0.21 4.49 13.35
Tris(2-chloroethyl)phosphite —0.01 —7.14 1.56 4.91 1.78
Benzyl diethyl phosphite —0.34 —6.64 —0.36 4.59 6.70
Tris(2-ethylhexyl)phosphite 0.55 —6.58 —0.32 4.62 2.61
Phenyl-[(R)-1,1-spirobiindane-7,7-diyl]-phosphite —0.59 —6.46 —0.06 4.96 7.84
2,2-Dimethyltrimethylene phenyl phosphite —0.53 —6.53 0.53 4.86 7.06
4-Chlorophenyl diethyl phosphite —0.77 —6.39 —0.07 4.85 6.98
Trioctadecyl phosphite 0.50 —6.60 —0.93 4.66 6.04
Trilauryl phosphite 0.60 —6.59 —0.62 4.30 8.69
Ethylene carbonate (EC) 0.60 —8.25 —0.32 6.92 —
Vinylene carbonate (VC) —0.36 —7.23 —0.12 5.46 —

the oxidation potential of the electrolyte, but also suppresses the
voltage degradation of the Li-rich cathode (Fig. 32 ¢ and d). The
peak intensity of the C-H and C-C significantly decreases and
meanwhile the peaks belonging to PVDF are almost undetectable
in the HTN-containing electrolyte (Fig. 32e), suggesting a more
uniform and compact CEI film formed on the cathode surface,

Chem. Soc. Rev.

which should be due to the lower HOMO orbital energy of nitriles
than those of the carbonates,'483824

Boron-containing additives

Because of the electron deficiency in the B center atoms, most
of the B-containing additives could complex with the anions

This journal is © The Royal Society of Chemistry 2021
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Fig. 32 Effect of nitriles on the electrochemical performance of NMC aggressive cells. (a) Schematic illustration of the effect of the adiponitrile as a

bi-functional additive on the Ni-rich NMC cathode and Li metal anode;

(b) comparison of the electrochemical performance of the Li||LiNip73C0g.1-

Mno 15Alp.020> battery with/without adiponitrile additive. The baseline electrolyte in figure a and b is 0.8 M LiTFSI + 0.2 M LIDFOB + 0.05 M LiPFg
FEC/EMC. Selected discharge profiles of the Li; 2Nig 13C00.13MNg 540, in standard electrolyte (ED, 1 M LiPFg EC/DMC with 1:2 vol. ratio) (c) and 1% HTN-
containing electrolyte (d). (e) XPS spectra for the fresh and cycled Li; 2Nip 13C00.13MNg 540, in ED and 1% HTN-containing electrolyte. (a and b) Reprinted
with permission from ref. 386 Copyright 2019 John Wiley & Sons, Inc. (c—e) Reprinted with permission from ref. 820 Copyright 2017 Elsevier.

and stabilize the carbonate electrolytes.®>>**® In these boron-
containing additives, lithium tetrafluoroborate (LiBF,),**’
lithium bis(oxalate)borate (LiBOB)®*®7#3° and lithium difluoro-
(oxalate)borate (LiDFOB)®*"®** were initially explored as Li
salts, and then researchers found that these salts can be
decomposed preferentially on the delithiated cathode due to

This journal is © The Royal Society of Chemistry 2021

their higher HOMO energies, forming a borate-rich, robust and
protective interphase, which could improve the electrochemical
performance of the high voltage cathodes. Therefore, these
borate salts are extensively explored as the electrolyte
additives.”'”***7%¢ For example, Zuo et al.®*’ showed that by
adding 1.0-2.0 wt% LiBF, into a conventional carbonate
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electrolyte, the electrochemical performance of a graphite||
NMC532 pouch cell was critically improved with a higher
capacity retention and lower interfacial impedance. The BF;
decomposed from LiBF, can participate in the CEI formation
on the NMC cathode operated at high potential, and meanwhile
BF; as a typical Lewis-acid functions as an anion receptor to
help dissolve the LiF. This promising effect derived from the
BF,  anions was confirmed by Xing et al.®**’ in the Li|NMC811
cell, in which the improved interfacial stability of NMC instead
of the Li metal anode results in the enhanced cycling perfor-
mance. Choi et al®® demonstrated that even 1% LiDFOB
drastically enhances the cycling stability and rate capability of
Li-rich graphite|NMC cell. The LiDFOB-containing electrolyte
increased the capacity retention of graphite| Li; ;;Nig ,;Mng 5-
Co0y.170, from 45.8% in a baseline electrolyte to over 82.7%
within 100 cycles at 0.5C and 25 °C. Recently, Sun and
co-workers®***®>! synthesized a series of fluorinated lithium
bis(malonato) borate salts and adopted them as electrolyte
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additives for a 5.0 VLNMO cathode. These additives effectively
improve the initial CE, and meanwhile critically enhance the
cycling stability of the LNMO. It is believed that the in situ
formed inorganic-rich SEI and B-containing CEI effectively
blocked the side reactions between the electrodes and the
electrolyte, suppressed the TM dissolution, and inhibited the
micro-cracks.?'*#*3827857  Begides these boron-containing
salts, a type of special boron additives should be mentioned,
e.g. TPFPB and TTFEB.**® These additives can not only form a
CEI/SEI layer on the cathode/anode due to the preferentially
oxidation/reduction,®*® but also facilitate the Li* ion transport
by tethering the anions in the electrolytes due to the highly
electron deficient in the B-center atom.® Fig. 33 shows the
representative boron-containing additives utilized for the high-
voltage cathodes.

Trimethyl borate (TMB-1), Trimethylboroxine (TMB-2) and
lithium tetramethyl borate (LiTMB) have the same B-O groups
and similar molecular structure, and therefore exhibit similar
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electrochemical performance for high-voltage cathodes, which
have been evaluated in different cathode systems such as 5V
LiCoPO,,”>"%%° LNMO,**' NMC,®** and high-voltage LCO®*® etc.
The capacity retentions of the cathodes are highly enhanced in
the electrolyte containing these B-containing additives even
with a higher cut-off voltage. The TMB-1, TMB-2 and LiTMB
are sacrificially oxidized on the surface of the cathodes in
the initial charge protocol forming a borate-based CEI layer,
inhibiting the electrolyte oxidation on the catalytic surface.®**
Liu et al.®®® proposed a possible reaction mechanism shown
in Fig. 34, in which species with B-O, B-O-B, and B-F in
the formed CEI layers were confirmed by the FTIR and XPS
techniques®®®

More recently, Dahn and co-workers®***°® developed a
series of novel pyridine-boron trifluorides (PBFs) and derivatives
(3-fluoropyridine BF, 2-fluoropyridine BF, 3-pyridinecarbonitrile,
3,4-lutidine boron trifluoride, 4-vinylpyridine BF, 4-trifluoro-
methylpyridine) as electrolyte additives for the graphite | NMC
pouch cells and compared them to the well-known effective
additives such as VC, triallyl phosphate (TAP), methylene methane
disulfonate (MMDS), prop-1-ene sultone (PES), and tris(trimethyl-
silyl)}-phosphite (TTSPi). Three representative molecule structures
of PBFs are shown in Fig. 33 (PBF, 3F-PBF, LUTID). All of the PBFs
are competitive with these well-known additives, showing excel-
lent capacity retention (Fig. 35a and c¢) and maintaining low
impedance even with a higher cut-off voltage (Fig. 35b, d and e).
Based on these results, the authors further explored the binary
additive blends. The cells with the PBF/MMDS or PBF/DTD
showed significant improvements in CE with reduced impedance
and good capacity retention, and even surpassed the performance
of the cells with the optimized PES211 additive blend.**® However,
the detailed cathode surface chemistries between the PBFs and
the high voltage cathodes, and the related CEI components are
not fully uncovered. On the other hand, although these binary
additive blends effectively improve the electrochemical perfor-
mance of the cell with higher cutoff voltage, they cannot fully cut
off the electrolyte oxidation, as implied by charge end point
capacity slippage.®*® Beyond all doubt, these PBFs are promising

This journal is © The Royal Society of Chemistry 2021

high-voltage additives and well deserve further exploration and
optimizations.

Han and co-workers®®” proposed three criterions for explor-
ing novel borate-based additives for high-voltage batteries:
(1) lower oxidation potential than EC solvents with low
oxidation-resistance; (2) lower reduction potential than EC,
which will not affect the SEI formation from the EC decom-
position; (3) high F~ binding affinity, which could enhance the
ion-pair dissociation of Li" and anon and high cell perfor-
mance. Based on these principles, They suggested five borate
derivatives (triphenyl borate, triallyl borate, trimenthyl borate,
tritolyl borate and tris(1-isobutyl-3-methyl butyl)borate) as the
promising CEI-forming improvers by screening 33 borate com-
pounds for Li ion batteries via DFT calculations of oxidation
potentials, reduction potentials and F~ binding affinities.®®”

Silicon-containing additives

The organosilicons have a number of potential advantages as
electrolyte solvents or electrolyte additives, such as low flamm-
ability, low volatility, high-resistance to oxidation and environ-
mental benignancy.?°* %73

Silicon-based additives with Si-O and Si-N bonds not only
form polymeric CEI layers on the high voltage cathodes, but
also mitigate the undesirable parasitic reactions thanks to
the capability of siloxane (Si-O) or silazane (Si-N) groups to
scavenge HF and PF; detrimental species,®"*'>%7*7%8¢ which
effectively protect the cathodes and CEI layers from nucleophilic
attacking by these fluoride species®®”** Some indispensible HF
is formed by hydrolysis of the electrolyte with a trace amount of
moisture contamination.®”®%° Even though the electrolyte is
highly purified, non-ignorable HF species will be generated from
the reactions between the residual alkaline Li compounds such
as LiOH, Li,O or Li,CO; on the layered cathode surface with the
acidic LiPFe.”°*%9""%% The amount of alkaline species increases
with the increase of Ni content,>*” leading to serious formation of
HF on the Nirich cathodes. Moreover, as the byproducts of
parasitic reactions, some acidic HF can also be formed due to
the dehydrogenation reactions between the electrolyte solvents

Chem. Soc. Rev.


https://doi.org/10.1039/D1CS00450F

Published on 03 August 2021. Downloaded by University of Maryland - College Park on 8/3/2021 7:57:02 PM.

Review Article

View Article Online

Chem Soc Rev

200 r r
__ 250} o 2%3F-PBF b
ﬁ 2 ®  2%2F-PBF <( )O ]
| & 2%PCN 00 |
£ i e 2%TRIMF  + o
- 2 o 2%VC * o
.‘5 Y : > - < 300 + Control 62
© O 2%3F-PBF = N e ® I 1
] 150 2%TRIF S T i
o ® 2%LuTD 3 ° S
& ®  2%VPBF a. =y ® s 1
I ¢ 2%PCN NMC442, 2.8-4.4V, 80mA o o ¢, 00"
S 100F o 29%2F-PBF 550C ° ) $
@ [ A 2uTaP aor g3t $
a ¢  PES21 o, ab808 s
50 . 1 . 1 . 1 s 1 - . a ¢ - < .
0 100 200 300 400 500 o 20 20 50 80
Cycle Number Cycle Number
280 T T T T
_—
= O O O 2%PBF+1%MMDS
< + + +2%PBF+1%DTD
+ + +1%2F-PBF+1%MMDS
E
>, 240 O O O 2%2F-PBF+1%MMDS
= O O 0 2%3F-PBF+1%MMDS
S O O O1%PBF+1%MMDS
o + + +1%PBF+1%DTD
8 200 O O 01%PCN+1%MMDS
pt © ¢ ©0.5%PRZ+1%MMDS
o " ® © o Control
= \. . "ovay, 1%MMDS
8 :
5 160 Y \:M"M. | e o ePEs211
= 2.8-4.5V, 408C, \"’"‘*u..
100mA, C/2.5
0 100 200 300 400 500
Cycle Number

Before long-term cycling

After lo

ng-term cycling

120 +

-Z, (Q*cm?2)

2%PBF

----- 2%PBF+1%MMRS
----- 2%3F-PBF+1%MMRS
----- 2%2F-PBF+1%MMD:!
----- 0.5%PRZ+1%MMDS
Control

.

L [N

7 i \l,\
SN Npis
~

’
1/

]
1

0 100 200 300
Z, (Q'cm?)

4000

Fig. 35 Electrochemical performance of the graphite|NMC442 pouch ce

100 200 300 400 500
Z, (Qcm?)

lls with different additives. (a) Cycling stability of graphite||[NMC442 with

PBF-based additives and PES211, or TAP additives. (b) R variation during cycling measured at 4.3 V for graphite|NMC442 cell in different electrolytes.
(c) Cycling stability of graphite|| NMC442 with different additive blends between 2.8 and 4.5V at 40 °C. Impedance spectra of the graphite||[NMC442 cell
(d) before long-term cycling and (e) after long-term cycling. (a and b) Reprinted with permission from ref. 864 Copyright 2015 The Electrochemical

Society. (c—e) Reprinted with permission from ref. 866 Copyright 2015 The

and the nucleophilic TM-O radicals on delithiated cathodes at
high voltage."***** These as-formed HF could destroy the SEI/CEI
layers, etch the electrode materials and accelerate the dissolution
of transition metals.®> Therefore, the adoption of additives that
could expeditiously eliminate these acidic detrimental species
seems essential for the high-energy Ni-rich batteries.

The silicon-containing additives have been applied to and
critically improved the electrochemical performance of the
various high-voltage cathodes, including LCO,*® NMC622,%" %%

Chem. Soc. Rev.

Electrochemical Society.

NMC811,°%°** NCA,”” LNMO,*”* Lirich NMC,”*® etc. Wang
et al.”®" compared three different siloxane additives (octamethyl-
cyclotetrasiloxane (D4), octamethylcyclotetrasiloxane (OMCTS)
and 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane (ViD4))
on the NMC622 cathode with a high cut-off voltage of 4.5 V, the
molecular structures of which are shown in Fig. 36. Among these
additives, ViD4 shows the best performance. With 0.5 wt% ViD4
in the electrolyte, Li|NMC622 exhibits a high reversible capacity
of 187.2 mA h g " and a good capacity retention of 83.6% at 1C

This journal is © The Royal Society of Chemistry 2021
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rate after 150 cycles, which is higher than that with D4 (81.3%),
OMCTS (81.9%) and much better than the baseline carbonate
electrolyte (76.1%). Detailed electrochemical characterization,
DFT calculations, and surface analysis indicate that the synergetic

This journal is © The Royal Society of Chemistry 2021

effects of the vinyl bond and Si-O functional group in ViD4
molecules could boost the formation of a uniform CEI layer on
the high voltage cathode surface, reducing the parasitic reactions
between the catalytic cathode and the electrolytes.
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Among the widely investigated silyl-based additives (Fig. 36),
tris(trimethylsilyl)phosphite (TMSP;)*8%-811,812,874,878,880,907-918
and tris(trimethylsilyl)phosphate
are the two most widely recognized, differing only in the oxida-
tion state of the central phosphorus atoms. In 2012, Bhat and
co-workers®*® from Wildcat Discovery Technologies pointed out
that silyl-substituted electrolyte additives such as TMSPi and

880,884,911,913-916,919-922
(TMSPa)* 2547 '

View Article Online
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TMSPa could effectively improve the cycling performance of LIBs
and are applicable to most of the prevailing cathode materials at
high voltages and/or elevated temperatures. Immediately, Dahn
et al.”**°'> systematically compared the TMSPi and TMSPa addi-
tives on the electrochemical behaviors in the graphite | NMC111
pouch cells, and showed that both of the additives can effectively
decrease the cell impedances (Fig. 37a), reduce charge end-point
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capacity slippage, and improve the cycling Coulombic efficiencies,
implying that these additives could form a robust and compact
SEI/CEI on the electrodes and effectively restrict the parasitic
reactions. Resorting to online electrochemical mass spectrometry
(OEMS), Bolli et al.®3%°'¢ investigated the gases evolved during rest/
cycling of graphite|NMC cells with/without TMPSi and TMPSa
additives (Fig. 37b). The formation of Me;SiF and POF; imply that
the predominant role of both additives is to scavenge HF and
PFs detrimental species, which safeguards the electrolytes and
promises a longer cycle life for the LIBs. Although the effects to
reduce the acidity of the electrolyte are similar to the TMPSi and
TMPSa, yet the reaction mechanism differs. TMPSi additive reacts
with PFs~ immediately once they contact with each other, leading
to the decomposition of additive and salts, evolution of Me;SiF
and POF; and formation of partially soluble Li-phosphites
(Li(P(OSiMej3);_,))- In the following cycles, the Li-phosphite inter-
mediates effectively scavenge the in situ formed HF, leading to the
formation of phosphoric acid derivative and LiF. This reaction
mechanism was well supported by Qi et al.,*”> who reported that
little TMSPi could be detected in the electrolyte after aging for
28 days at 20 °C.

Due to the lower oxidation potential of TMSPi than EC,
TMSPi as the additive dominates the formation of CEI on the
cathode surfaces, suppressing the electrolyte decomposition
and holding-up the high-voltage cathodes from degrada-
tion effectively.’’*°°7°1* Song et al.¥”* employed TMSPi as an
additive for the 5 V LNMO cathode system, which not only
scavenges detrimental HF from the electrolytes, but also facili-
tates the formation of P and F-rich CEI on the high voltage
cathode, therefore highly improve the electrochemical perfor-
mance of 5.0 V LNMO cathodes in both half and full cells.
Based on the CEI and electrolyte composition analysis asso-
ciated with the calculations, Song and co-workers®”* proposed a
CEI formation mechanism with TMSPi as the additive
(Fig. 37c). Besides the consumption of the acidic species, the
TMSPi could decompose into (Me;SiO),P" and Me;SiO~, and
subsequently these intermediates attack the surrounding EC
solvent molecule, leading to the formation of the P-O and F-P-O
based CEI/SEL°'® Quenching the nucleophilic TM-O radicals
with the P-containing CEI layers averts the dehydrogenation
from the solvent molecules and in turn trims down the genera-
tion of acidic species.®'> Despite its outstanding effects on the
high-energy batteries, however, two concerns still exist in the
large-scale utilization of the TMSPi. One is the high volatility due
to its low boiling point of 78 °C, the other is the gas generation of
flammable fluorotrimethylsilane in the reaction with HF.”®
Grafting longer pendant groups on Si to regulate the high
volatility and meanwhile to suppress the generation of flamm-
able gas should be one of the possible solutions.

Delp and co-workers®** screened the electrochemical beha-
viors of the electrolyte solvents (EC, DMC, EMC, and FEC), salts
(LiPFe, LiBF,, LiTFSI, LiDFOB, and LiTDI), and several inten-
sively investigated additives (VC, PS, HFiP, and TMSPa) on the
inert glassy carbon electrode and compared the results with the
theoretical calculations. QC calculations indicate that the sol-
vation capability to Li" is in the following order TMSPa > EC >

811,907
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DMC > VC > FEC > PS » HFiP, which means that TMSPa will
replace EC in the Li" solvation shell and dramatically change
the CEI/SEI formation mechanisms. Different from the EC
molecule, TMSPa will not transfer the hydrogen atoms to the
cathode surface at high voltage. Instead, it transfers a proton to
neighbor TMSPa molecules or intramolecularly upon oxidation,
leading to a protective CEI layer formation without inducing
acidity of the cathode surface, which could explain the reason
why the electrolyte with TMSPa additive exhibits a lower
impedance, suppresses the transition metal dissolution, and
maintains a high capacity retention than other electrolytes.”>>*>*
Recently, Luo and co-workers®*> coupled NMC811 with the limi-
ted Li metal anode in the lean TMPSa-added electrolyte, realized a
high specific energy density battery of 373 W h kg™ (Fig. 38) with
an N/P ratio of 2.3 and areal capacity of 45 mA h cm ?
representing a milestone towards the possible commercialization
of high energy Li metal batteries. The uniform and robust
Si- and P-rich CEI layers derived from the decomposition of
TMSPa reinforced the cathode structure integrity and inhibited
the side reactions between the catalytic NMC811 and the
electrolyte (Fig. 38e and f), while rough CEI, high transition
metal dissolution, and structure cracks are detected in NMC811
after cycling in a baseline electrolyte (Fig. 38c and d).

Both the tris(trimethylsilyl) borate (TMSB)***°¢%> and
lithium tetra(trimethylsilyl) borate (LiTMSB)*** contain Si-O-B
bifunctional groups, which not only eliminate the adverse acidic
species in the electrolyte, but also facilitate the formation of the
B-containing protective CEI layers on the high-voltage cathodes.
These features are quite similar to the TMSPi and TMSPa
additives. As an electron-deficient boron compound, TMSB
can easily complex with anions, which improves the thermal
stability of the LiPF4 salts and enhances the electrochemical
performance of the LIBs at increased temperatures. Liu et al.®*”
demonstrated that the cycling stability of the LiMn,0O, was
greatly improved when the 0.5 wt% TMSB was added into the
conventional carbonate electrolyte. The capacity retention of
the graphite| NMC532 cell was critically enhanced from 28.5%
in the conventional carbonate electrolyte to over 92.3% in the
electrolyte with TMSB after 150 cycles with a high cut-off
working voltage of 4.4 V.3 Highly electrochemical perfor-
mance improvement was also detected in the 4.8 V Li-rich
NMC,?8928 5 v LNMO%2%93%93 and 5 V LiCoPO, cathode®*’
with the addition of the TMSB in the carbonate electrolytes.
After 200 cycles with a cutoff voltage of 4.8 V, the capacity
retention of Li[Lip,Mng 54Nip13C0013]0, in 0.5% TMSB-
containing electrolyte reaches 73.3%, while this value is less
than 20% for the conventional carbonate electrolyte. Birrozzi
and co-workers®®’ tested a series of electrolyte additives on the
Li-rich cathode, including PS, bis(trimethyl)malonate (BTM),
diethyl(trimethylsil)amine (DTA), FEC, glutaric anhydride (GA),
LiBOB, LiDFOB, methylphenyl carbonate (MPC), pentafluoros-
tyrene (PFS), succinic anhydride (SA), TMB, TMSB, TMSP, and
VC. Among these additives, TMSB and PS exert the most
promoting effect on the capacity retention and the Coulombic
efficiency. It is believed that the thinner CEI film derived from
TMSB and the combination of TMSB with PFs~ and F~ in the
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electrolyte lead to the lower interfacial impedance, prevent the
possible dissolution of the metals from the cathode materials, and
defend the detrimental decomposition of EC solvents, 5838859287930

Novel silane-based additives are being intensively explored.
Quite recently, Chen et al.®’ and Deng et al°*® developed
3-isocyanatopropyltriethoxysilane (IPTS) and diphenyldimeth-
oxysilane (DPDMS) for the Ni-rich cathodes, respectively. After
adding mere 0.5% IPTS into the carbonate base electrolyte,
both of the cycling and rate performances of Li| NMC622 half-cell
were significantly improved, achieving 75.1% capacity retention
after 150 cycles. Adding 1 wt% DPDMS boosts the capacity
retention of Li||NMC622 to 93.3% after 200 cycles at 55 °C. The
IPTS and DPDMS additives suppresses the decomposition of the
electrolyte, effectively reduces the transition metal dissolution and
facilitates the formation of a uniform and compact CEI film on
the cathode. Li et al.®*® and Yang et al.®® proposed N-allyl-N,N-
Bis(trimethylsilylJamine (NNB) and N,O-bis(trimethylsilyl)acet-
amide (BSA) for NCA and NMC811 aggressive cathodes, signifi-
cantly prompted the cycling stability of high-energy cells.

Sulfur-containing additives

Among the sulfur-containing additives, ethylene sulfate (or
1,3,2-dioxathiolane-2,2-dioxide, DTD), 1,3-propane sultone (PS),

Chem. Soc. Rev.

prop-1-ene-1,3 sultone (PES) and ethylene sulfite (ES) are repre-
sentative ones,””**® which have been extensively utilized in
commercialized electrolytes. These additives with the SO,/SO;/
SO4-groups can assist to form a compact SEI layer on the
graphite anodes, reduce the parasitic reactions, suppress the
gas evolution and therefore further improve the initial and
cycling CE of the electrolytes.”*>°439497952 gome of these sulfur-
containing additives can also be adopted as the cathode-film
additives,**88%:9°17955 iy which the sulfur is beneficial for the Li
ion conductivity in the CEI layer.”*®°°>% The representative
sulfur-containing additives effective to improve the anodic
stability of the electrolytes are compiled in Fig. 39.
Sulfur-containing additives can be dated back to over 25 years
ago. Besenhard et al.?’””?* and Ein-Eli et al.®® revealed that
some inorganic species, such as polysulfides and SO,,>?%%°
could be utilized as additives to modify the SEI layers of the
graphite and Li metal anodes. In 1999, Winter et al "%
successfully realized the Li intercalation into graphite anodes
using PC electrolyte plus ES or PS as the film-forming additive,
triggering the hot research on the sulfur-containing additives.
Four years later, Ogawa and co-workers”®* from TDK Corporation
patented a series of cyclic sulfates and sultones as additives for
LIBs. Sano et al.”** unveiled that the cyclic sulfates DTD and its
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derivatives such as methyl-DTD (propylene sulfate), and ethyl-
DTD (4-ethyl-1,3,2-dioxathiolane-2,2-dioxide), decomposed and
formed a compact SEI layer at higher voltage than that of
carbonate solvents, therefore sufficiently blocking the possible
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solvent co-intercalation, and enabled the PC electrolyte for
graphite anodes. Surprisingly, DTD not only enhances the SEI
layers on the anodes, but also effectively modifies the cathode
surfaces, which is counter-intuitive if considering the decomposition

Chem. Soc. Rev.


https://doi.org/10.1039/D1CS00450F

Published on 03 August 2021. Downloaded by University of Maryland - College Park on 8/3/2021 7:57:02 PM.

Review Article

potentials based on the CV tests***°*° and the HOMO/LUMO
calculations.’**> This phenomenon arouses strong suspicion
that the compact and thin CEI layers on the cathode in the
sulfate-containing electrolyte are from the anode sides by cross-
talking.>"9%3

Dahn and co-workers systematically compared
the cyclic sulfate additives (DTD, TMS, PLS, PS, MMDS, etc.) on
the electrochemical performance of the graphite| NMC pouch
cells. Among these additives, DTD, TMS and MMDS effectively
decrease the cell impedance, improve Coulombic efficiency,
and reduce the voltage drop during storage, while the PLS, even
though with only an additional methyl group to DTD, is less
effective, indicating that the branch groups seriously affect the
electrochemical behaviors of these additives. Compared to DTD
and TMS, another merit of MMDS is that when coupling with
VC additive critically decimates the volume of generated gas
during the formation step.”*’

Because of the impressive impact of DTD on both electrodes
of the high energy LIBs, novel electrolyte additives with a
similar structure to DTD are being explored. 4-Propyl-[1,3,2]di-
oxathiolane-2,2-dioxide ~(PDTD),”***** and dihydro-1,3,2-
dioxathiolo-[1,3,2]dioxathiole-2,2,5,5-tetraoxide (D-DTD)*** are
the representatives, both of which can form a thin and compact
SEI/CEI layer on electrodes (Fig. 40a-d) with higher ionic
conductivity compared to the well-known DTD additive,
therefore exhibiting improved electrochemical performance

957,958,964,965
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(Fig. 40e and f). The pouch cell with D-DTD delivers a superior
capacity retention of >77% in the voltage range of 2.75-4.4 V
at 45 °C, which is much higher than those of the cells with
baseline (2.2%) or DTD-containing (14.7%) electrolytes
(Fig. 40f). Moreover, the PDTD can complex with the Co ions
dissolved in the electrolyte (Fig. 40g), exhibiting a much
larger binding energy (1986.66 k] mol ') than EC-Co>*
(1582.85 kJ mol™") and EMC-Co*" (1623.37 kJ mol™"), which
effectively mitigates the Co®" reduction on the anode.

A significant feature that needs to be mentioned for these
sulfites, sulfates and sultones is the good coupling to the
VC additive, which can provide much better performance than
either additive independently.®**?**%%® For example, the gra-
phite||NMC cell with 1-2% ES + 2% VC shows similar perfor-
mance in the UHPC test to the cell containing 2% VC but
virtually quenches the gas generation during formation and
cycling. More importantly, the combination of VC and ES
reduces the cell impedance by over 50% after cycling, and
dramatically enhances the rate performance and low tempera-
ture behaviors.”®® Compared to 2% VC alone, the combination
of MMDS with 2% VC critically enhances the charge end-point
capacity slippage rate and Coulombic efficiency, lowers the
cycling charge transfer resistance, and significantly mitigates
the voltage decay during storage.”®® The in situ formed Li
sulfonates such as RSO;Li and Li,SO; improve the Li* conduc-
tivity of the interphases,”*"°®” and therefore sufficiently offset
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Fig. 40 TEM images of the NMC622 in (a) baseline electrolyte 1 M LiPFs EC/EMC (1: 2, by weight) and (b) PDTD containing electrolyte, and graphite in
baseline (c) and PDTD containing (d) electrolyte after undergoing 500 cycles. The scale bar in figure a-d is 100 nm. (e) Cycling performance of the
graphite |[NMC622 cells in different electrolytes at room temperature. (f) Cycling performance of the graphite |[NMC532 cells in baseline, D-DTD and DTD
containing electrolytes at 45 °C in the working voltage range of 2.75-4.4 V. (g) Optimized complex structures and the binding energy between Co** and
EC, EMC, or PDTD molecules. (a—e) Reprinted with permission from ref. 954 Copyright 2018 American Chemical Society. (f) Reprinted with permission
from ref. 952 Copyright 2020 Elsevier. (g) Reprinted with permission from ref. 953 Copyright 2018 American Chemical Society.
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the low conductivity of the VC dominated SEI/CEI layers. The
superposition of the electrochemical performance from additive
combinations is a promising direction for further stabilizing the
interphases and is now being implemented in the battery
industry.

In 2014, Wagner and co-workers®®® reported that the vinyl
sulfones could be utilized as an impressive SEI-formation
enabler in the PC electrolytes, which highly improved the
reversibility of the Li|graphite half cells and graphite||NMC
full cells with only 2-5% addition. Yim et al.°® investigated
the reaction mechanism of divinyl sulfone (DVS) additive on
the CEI stability of the Ni-rich cathodes. The vinyl groups in the
DVS can form a cross-linked CEI layer on the cathode surface,
while the sulfone groups consist of the main components of the
CEI film, critically enhancing the CEI stability of the Ni-rich
cathode. The cell with NCM721 as a cathode controlled with 2%
DVS as electrolyte additive possesses a remarkably improved
cycling performance with ~92% capacity retention at a high
temperature of 60 °C after 100 cycles. In contrast, the cell in the
baseline electrolyte provides only ~71% remaining capacity
compared to its first cycle. Almost at the same time, Li et al.®”°
developed a novel sulfone additive of phenyl vinyl sulfone
(PVS), in which the C=C bond promises preferential oxidiz-
ability, the aromatic ring guarantees the good chemical stability
of the in situ formed CEI film,*”*°”* and the sulfur prompts the
ionic conductivity. These synergetic features from three func-
tional groups translate into a highly effective promotion of the
electrochemical performance for the high voltage cathodes
(Fig. 41). Testing as the electrolyte additive with only 1 wt%
in a 1 M LiPFs EC/EMC/DEC electrolyte, LR-NMC delivers a
reversible capacity of 166 mA h g~ with a capacity retention of
80% after 240 cycles (Fig. 41a), representing one of the most
effective electrolyte additives for the Li-rich cathodes. It is
believed that the in situ formed uniform CEI layers on the
LR-NMC cathodes (Fig. 41b, ¢ and d) suppress the continuous
electrolyte oxidation and inhibit the transition metal
dissolution.

Besides these sulfone or sulfate additives, thiophene deriva-
tives and phenyl disulfide were also proposed as good high-
voltage electrolyte additives.””> %> At high-voltage, the thiophene
derivatives tend to be polymerized on the cathode surface prior
to the oxidation of the electrolyte solvents, which can suppress
the side reactions between the electrolytes and the catalytic
cathode surface and improve the cycling performance of the
cathodes. Using the spin coating method, Chae et al.°®*° prepared
poly(3-alkylthiophene) (P3HT)-modified NMC811 and tested the
electrochemical performance. After the 50th cycle, the capacity
retention was improved from 84% to >91% after coating with
P3HT. The XPS results demonstrated that after coating P3HT,
the electrolyte decomposition on the NMC811 was considerably
suppressed with the critically lower peak intensity of P and F
species.

To maximize the electrochemical performances, any
changes in the cell components call for specified additive
recipes to be catered to. The DTD additive has been extensively
utilized to enhance the electrochemical performance in
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graphite||[NMC cells, while it seems less effective in graphite||
LCO pouch cells.”®® TMS and DTD additives increase the
impedance of graphite|LCO cells during cycling, but they
decrease the impedance in graphite|NMC cells.”®® Even for
the same cells, different additive combinations should be
tactically designed if working conditions and/or charge-dis-
charge protocols vary.”®*

The best additive should possess the following characteris-
tics: (i) it should decompose before the carbonate skeleton
components to passivate the electrodes; (ii) it should suppress
the gas generation; (iii) the derived SEI/CEI should be thin and
compact with low resistance; (iv) the derived SEI/CEI should
sustain the higher voltage and the larger volume change of the
electrodes. However, up to now, no solo additive could meet all
of these harsh requirements. Therefore, recipes of diversified
additives are becoming the mainstream to satisfy the high-voltage
aggressive conditions and requirements.’®> Even in a single
additive, different functional groups are generally contained,***°%°
which induces different radicals, species, and ingredients for
the interphases. For example, as demonstrated in TMSPi additive,
P,Si-containing species, and P,F-rich species will be generated
during the oxidation process on the delithiated cathodes, resulting
in the compact CEI formation.** To evaluate the effectiveness of
the additive combinations for the high-energy pouch cells, Dahn
and co-workers®™" screened over 110 additive sets and introduced a
“Figure of Merit” parameter, including the Coulombic efficiency,
charge endpoint capacity slippage and voltage drop during storage,
electrochemical impedance, gas evolution, etc. Based on the
“Figure of Merit”, they developed a series of additive blends
for different cell systems, for example, 2% VC + 1% DTD and
2% FEC + 1% DTD for the single crystal artificial graphitel|
NMC532 cells,”® 2% VC + 0.3% TMOBX for graphite|LCO
cells,”®® and 2% PES + 1% TTSPi + 1% MMDS (PES211) for high-
voltage graphite[|[ NMC pouch cells.****%%%8 Cui et al®® also
confirmed the effectiveness of 1% TMSPi + 1% PCS for 5.0 V
graphite||LNMO cells. These diversified additive recipes constitute
the best additives for the targeted high-energy battery systems.

7. Electrolyte design principles and
perspective

Since the EC-based electrolyte commercialization in the 1990s,
LIBs have dominated the energy storage for portable electronics
for almost 30 years and for EVs for 10 years thanks to the ideal
coupling of the EC-based electrolyte and graphite anodes. In
the forthcoming years, the global LIBs market is expected to
grow from USD 90 billion in 2020 to over USD 150 billion by
2025 with a high compound annual growth rate (CAGR) of
>10%. This review systematically highlighted several promising
opportunities offered by the high voltage electrolyte chemistries to
further boost up energy densities for next generation batteries.
Breakthroughs in chemistries have been achieved to tackle the
relatively narrow voltage window of the conventional EC-based
electrolytes, such as EC-free electrolytes, solvent-in-salt electro-
Iytes, and electrolytes with multifunctional additives. These high
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Fig. 41

(a) Cycling performance of the Li; 2Mng 54Nig13C00 130, cathode in 1 M LiPFg EC/EMC/DEC electrolyte (STD) with different contents of PVS

additives. SEM (b) and TEM (c) images of the cathode cycled in 1 M LiPFg EC/EMC/DEC containing 1% PVS additive. (d) XPS spectra of the fresh
Li1_2Mn0A54Ni0_13Coo_1302, Lil_zMn0‘54N10_13(:00_1302 Cycled in1M LIPF6 EC/EMC/DEC electrolyte (STD) and in 1 M LIPF6 EC/EMC/DEC electrolyte
containing 1% PVS additive. Reprinted with permission from ref. 970 Copyright 2016 American Chemical Society.

voltage electrolytes with special design and multiple functional-
ities have successfully proven their great potential in expanding
the working potential range for Li batteries, and therefore would
critically increase the energy density and energy quality.

To achieve high-energy density, high-energy cathodes
(NMC811, Li-rich NMC, etc.) and high capacity anodes (Li
metal, Si anode, etc.) with large volume change are entering
into the arena of Li batteries, which is different from conven-
tional electrodes (LCO, graphite) with less volume changes.
EC-based electrolytes enable the microsized graphite anodes to
form an organic-inorganic composite SEI due to the simulta-
neous reduction of LiPF, and EC-based carbonate solvents at
~0.8 V vs. Li/Li’, which strongly bonds graphite anodes and
is strong enough to accommodate 12% volume change of
graphite during lithiation/delithiation without breaking. Mean-
while, the EC-based electrolytes could support a 4.3 V cathode
with small volume changes, which ensures commercial LIBs a
high CE of >99.9% and cycle life of >1000. Si and Li metal
anodes have more than 10 times higher capacity than state-of-
the-art graphite anodes with a volume change of >300% and
essential infinity, respectively. The Si microparticle (SiMP)
anode can only survive for <20 cycles in EC-based electrolytes,
because the in situ formed organic-inorganic SEI and SiMPs
cannot sustain such a high volume change and will crack
during lithiation/delithiation cycles (Fig. 42a). Li metal anodes

Chem. Soc. Rev.

also decay fast with a low cycling CE of only <90% in EC-based
electrolytes. To reduce the deformation of the SEI layer, the SEI
layer should have a low affinity to the Si/Li anodes, so that the
lithiated Si or the deposited Li can slip at the interface during
volume change without damaging the SEI (Fig. 42b). Among the
known components in SEI, LiF possesses the highest interfacial
energy against Li,Si or Li metal, suggesting that Li,Si or Li
metal can slip easily without damaging the LiF SEI shell as the
volume changes. In addition, the wide bandgap and high
electronic blocking effect of LiF (Fig. 42c¢) significantly reduces
the thickness of the LiF-rich SEI (Fig. 42d and e). Moreover, the
high shear modulus of LiF creates a robust shell that can
suppress the anode pulverization. Since LiF has a wide electro-
chemical stability window of 6.5 V, the LiF-rich CEI with
thickness of ~5 nm could effectively protect the high energy
cathodes (Fig. 42f and g).2%"*'° As discussed earlier, a LiF-rich
SEI/CEI can be formed in solvent-in-salt electrolytes, localized
concentrated electrolytes, fluorinated electrolytes etc. By using
a highly stable solvent, LiF-rich SEI or CEI can also be obtained
due to the suppression of the solvent reduction.>*° Therefore,
besides basic functions, novel electrolytes designed for high
voltage and high energy batteries should follow these two
critical principles: (1) the in situ formed SEI should have a
highest interfacial energy to high capacity anodes, which can
minimize the SEI damage during lithiation/delithiation cycles;

This journal is © The Royal Society of Chemistry 2021
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Fig. 42 Schematic illustration of the cycled alloy anode with an organic—inorganic non-uniform SEI layer with low interfacial energy (Ein) (a) and an
inorganic, uniform SEI layer with high interfacial energy (b). (c) Comparison of the bandgaps for inorganic components in SEI layers. Li/LiF interfaces
(d) and its corresponding density of state (DOS) by atomic layer with the Fermi level at 0 eV (e). HAADF-STEM (f) and ABF-STEM (g) images for the NMC811
cycled in 1 M LiFSI DME/TFEO (1.2: 3 by mole). (a and b) Reprinted with permission from ref. 250 Copyright 2020 Springer Nature. (c—e) Reprinted with
permission from ref. 276 Copyright 2018, American Association for the Advancement of Science. (f and g) Reprinted with permission from ref. 319

Copyright 2019 Spinger Nature.

(2) the in situ formed SEI/CEI should have a lowest electronic
conductivity, which can minimize the side reactions between
the electrolyte and electrodes.

Besides the high electrochemical performance, the cost
of electrolyte systems should be comparable to the commercial
electrolyte systems. For the higher voltage LIBs, the carbonate
electrolyte with diversified additive recipes can achieve a
balanced cost and the electrochemical enhancement, therefore,
would dominate the LIB electrolyte market in the near future.
The carbonate skeleton with VC + DTD,’®** FEC + DTD,’®*
LiPO,F, + FEC,”’° PES + MMDS + TTSPi°'? additive combina-
tions are promising for the graphite|[NMC cells. While the
fluorinated electrolytes, concentrated non-aqueous electrolytes
and localized high-concentrated electrolytes may be first
commercialized in the high-energy Li metal batteries. The
profitable academic exploration for the novel electrolyte
components stimulated the flourishing electrolyte industry.
For example, in the past five years, the market supply of LiFSI
salt has increased from less than 500 t per a to over 10 000 t per
a, and meanwhile the price has been decimated.

Despite these exciting progresses in the high-voltage electro-
lytes, some scientific and engineering challenges remain in
some systems in the perspective of physical and chemical
nature, compatibility, and balances, which should be the
critical topics for future research:

(1) Up to now, the high voltage electrolyte blends are far
from meeting the requirements of “smart” feature or ‘“precise”

This journal is © The Royal Society of Chemistry 2021

design. Almost all of the electrolyte blends or additive blends
were explored by trial and error. During these trials, features of
anodes and cathodes have to be considered, such as the surface
state of the electrodes, compositions and phases of the electrodes,
cut-off voltage, etc. Any advances of the anodes and cathodes
would incur novel electrolytes to maximize the electrochemical
performance. Therefore, the development of electrolytes always
lags behind the development of electrodes and has been the
bottleneck for the next-generation high-energy Li batteries. To
shorten the development period of the suitable electrolytes, big
databases or AI’®® might be one of the possible solutions.

(2) Post-mortem, in situ and operando analysis are needed to
probe the interfacial reactions between the electrolytes and the
electrodes and couple the electrochemical performance on half-
cells and on full-cells. Besides, models with powerful predictive
capability on the interactions between the electrolytes and
electrodes should be developed, which would deepen the
understanding of interphases and the electrochemistries, and
guide the exploration of new electrolytes.

(3) Some environmental and safety issues should be consi-
dered in the development of next generation electrolytes. For
example, PS as an effective additive for the high-voltage electro-
Iyte has been listed as a very high concern substance for
authorization due to the high carcinogenic properties since
2015 by REACH.

(4) with the significant advances of highly conductive solid
state electrolytes (SSEs) in recent years, the development of
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high-voltage liquid or polymer electrolytes will be facing com-
petition from the SSEs. Considering the fact that none electro-
lytes are thermodynamically stable to the Li metal anodes, all of
the SSEs and liquid/polymer electrolytes face the interface
issues in the battery. Only electrolytes with in situ formed
passivation layers that could be self-healed can promise the
superior electrochemical performance.

(5) As the EV advances, the battery electrolytes must satisfy
four requirements: high voltage, 5C fast charging, wide opera-
tion temperature range of —30 °C to +60 °C and less-
flammability. Since higher energy is stored in the limited
battery space, safety issues are becoming more prominent.
Therefore, novel electrolytes in the EV batteries should be with
improved safety, wider working temperature and voltage range
and better rate capability.

With astonishing advances of cutting-edge characterization
techniques, novel theoretical calculation tools, and impressive
novel electrolyte systems, we believe that, all of the as-mentioned
issues could be resolved eventually. The combination of the
significant improvement of the electrochemical performance for
the high-voltage electrolytes and the urgent cost-driven develop-
ment of the Li batteries could turn these promising electrolytes
into viable next-generation high-energy Li batteries.

Abbreviations

EC Ethylene carbonate

PC Propylene carbonate

DMC Dimethyl carbonate

DEC Diethyl carbonate

EMC Ethyl methyl carbonate

FEC Fluoroethylene carbonate

DFEC (4R,55)-4,5-Difluoro-1,3-dioxolan-2-one

VC Vinylene carbonate

VEC Vinyl ethylene carbonate

MEC Methylene-ethylene carbonate

FEMC 3,3,3-Fluoroethylmethyl carbonate

BC Butylene carbonate

CcC Catechol carbonate

PES Prop-1-ene-1,3-sultone

SA Succinic anhydride

PPF Pyridine phosphorus pentafluoride

CEI Cathode electrolyte interphase

SEI Solid electrolyte interphase

LCO LiCoO,

NMC Lithium nickel manganese cobalt oxide
(LiNi,Mn,Co; _,_,0,)

NCA LiNig §C00.15Al0.0505

LNMO LiNig sMn; 50,

LCMO LiCoMnO,

LFP LiFePO,

LCPO LiCoPO,

LNPO LiNiPO,

LCPOF Li,CoPO,F

LSV Linear-sweep voltammetry
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Lowest unoccupied molecular orbital
Highest occupied molecular orbital
1,2-Dimethoxyethane

1,3-Dioxolane

Tetrahydrofuran
Bis(2,2,2-trifluoroethyl)ether
1,1,1,3,3,3-Hexafluoroisopropyl methyl ether
Polyethylene oxides

Tetraethylene glycol dimethyl ether
Lithium difluoro(oxalato)borate
Lithium tetrafluoro(oxalato)phosphate
Lithium difluoro(bisoxalato)phosphate
Trimethyl borate

Trimethylboroxine

Lithium tetramethyl borate
Tris(-trimethyl-silyl)-phosphite
Pyridine-boron trifluoride
Bis(trimethyl)malonate
3-Isocyanatopropyltriethoxysilane
Diphenyldimethoxysilane

Ethylene sulfate or 1,3,2-dioxathiolane-2,2-
dioxide
4-Propyl-[1,3,2]dioxathiolane-2,2-dioxide
Dihydro-1,3,2-dioxathiolo-[1,3,2]dioxathiole-
2,2,5,5-tetraoxide

Phenyl vinyl sulfone

Divinyl sulfone

Poly(3-alkylthiophene)
3,4,9,10-Perylenetetracarboxylic diimide
p-Toluenesulfonyl isocyanate

Vinylene trithiocarbonate

Acrylic acid nitrile

Allyl ethyl carbonate

Allyl methyl carbonate

Vinyl acetate

Divinyl adipate
3,3,4,4,5,5-Hexafluorocyclopent-1-ene
Triallyl cyanurate

Triallyl isocyanurate

Allylboronic acid pinacol ester

Methyl (2,2,2-trifluoroethyl) carbonate
Ethyl 4,4,4-trifluorobutyrate
Trifluoro-propylene carbonate
Tris(hexafluoro-iso-propyl)phosphate
Tripropargyl phosphate
Tris(pentafluorophenyl)phosphine
Diethyl phenylphosphonite
Tetrafluoroterephthalonitrile
4-(Trifluoromethyl)-benzonitrile
Succinonitrile

Pimelonitrile

Fumaronitrile
1,3,6-Hexanetricarbonitrile
1,3,5-Pentanetricarbonitrile
3,3'-(Ethylenedioxy)dipropiononitrile
Octamethylcyclotetrasiloxane
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SL
EMES
EMS
T™S
EA

SN

ES

PS
PES
MMDS
DTD
TMSPi
TMSPa
HFiP
TMSB
PTSI
CE
OCV
CDs
CIPs
AGGs
DFT
MD
QC
HER
OER
TOF-SIMS
SXAS
OEMS
AIMD
B3LYP
PBE
MP2

SMD
PCM
IPCM
LSV

CE
CHPC
SERS
CAGR
REACH

2,4,6,8-Tetramethyl-2,4,6,8-tetravinylcyclotetra-
siloxane

Sulfone

Ethyl methoxyethyl sulfone
Ethylmethyl sulfone
Tetramethylene sulfone

Ethyl acetate

Succinonitrile

Ethylene sulfite

1,3-Propane sultone
Prop-1-ene-1,3-sultone

Methylene methanedisulfonate
1,3,2-Dioxathiolane-2,2-dioxide
Tris(trimethylsilyl)phosphite
Tris(trimethylsilyl)phosphate
Tris(hexafluoroisopropyl)phosphate
Tris(trimethylsilyl) borate
p-Toluenesulfonyl isocyanate.
Coulombic efficiency

Open circuit voltage

Contact dimers

Contact ion pairs

Aggregates clusters

Density functional theory

Molecule dynamic

Quantum chemistry

Hydrogen evolution reaction
Oxygen evolution reaction
Time-of-flight secondary ion mass spectrometry
Soft-X-ray absorption spectra
Online electrochemical mass spectrometry
AD initio molecular dynamics
Becke, 3-parameter, Lee-Yang-Parr
Perdew-Burke-Ernzerhof

Moller-Plesset perturbation theory to the second

order

Solvation model based on density
Polarizable continuum model
Isodensity polarizable continuum model
Linear sweep voltammetry

Coulombic efficiency

Ultra-high precision coulometry
Surface-enhanced Raman spectroscopy
Compound annual growth rate
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