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ABSTRACT: The renewable energy industry demands rechargeable batteries that can be

manufactured at low cost using abundant resources while offering high energy density, good

safety, wide operating temperature windows, and long lifespans. Utilizing fluorine chemistry

to redesign battery configurations/components is considered a critical strategy to fulfill these

requirements due to the natural abundance, robust bond strength, and extraordinary

electronegativity of fluorine and the high free energy of fluoride formation, which enables

the fluorinated components with cost effectiveness, nonflammability, and intrinsic stability.

In particular, fluorinated materials and electrodelelectrolyte interphases have been

demonstrated to significantly affect reaction reversibility/kinetics, safety, and temperature

tolerance of rechargeable batteries. However, the underlining principles governing material

design and the mechanistic insights of interphases at the atomic level have been largely

overlooked. This review covers a wide range of topics from the exploration of fluorine-

containing electrodes, fluorinated electrolyte constituents, and other fluorinated battery

components for metal-ion shuttle batteries to constructing fluoride-ion batteries, dual-ion

batteries, and other new chemistries. In doing so, this review aims to provide a comprehensive understanding of the structure—
property interactions, the features of fluorinated interphases, and cutting-edge techniques for elucidating the role of fluorine
chemistry in rechargeable batteries. Further, we present current challenges and promising strategies for employing fluorine
chemistry, aiming to advance the electrochemical performance, wide temperature operation, and safety attributes of rechargeable
batteries.
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1. INTRODUCTION

To satisfy the ever-growing demand for energy storage, the
development of next-generation rechargeable batteries hinges
on advanced materials that possess low cost, abundant
resources, long lifespan, and high safety, especially when
considering high energy/power density, wide temperature
range, and high-voltage operation applications.'~* Significant
advancements in fulfilling these requirements have been
successfully achieved by utilizing fluorine chemistry to redesign
the battery configurations/components toward specific tar-
geted applications. It is known that fluorine chemistry research
can be traced to 1886 when Henri Moissan first isolated
elemental fluorine.”® Over the past century, fluorine chemistry
has significantly contributed to technological innovations,
which began with the creation of Freon for refrigeration
applications in the 1930s.”* Currently, fluorine chemistry has
been successfully utilized in various fields, including
pharmaceutical/agrochemical industries and fluoropolymer
industry. The extraordinary electronegativity of fluorine and
the high free energy of fluoride formation endow the fluorides
with intrinsic high stability along with non/low flammability
(Figure 1a). In addition, as the 13th most abundant element in
the Earth’s crust (~585 ppm),”'° fluorine (mined as CaF,)
demonstrates an advantage in terms of raw material cost
(Figure 1b)."" However, the availability of resources remains a
significant concern for essential elements employed in Li-based
electrodes (e.g, Co and Ni are ~25 and ~84 ppm in the
Earth’s crust, respectively).'® In this context, the integration of
fluorine chemistry into battery components and novel
configurations is thus a promising avenue for advancing
battery technology, which has garnered growing interest
among the research community. The rapid development of
employing fluorine chemistry in various types of rechargeable
batteries necessitates a comprehensive review. However,
unlocking fluorine chemistry at the atomic scale presents a
big challenge. More importantly, the design principles of
fluorinated materials and the mechanistic understandings of
fluorinated electrodelelectrolyte interphases as well as their
effects on the ionic conductivity and reaction kinetics/stability
of charge carriers under extreme conditions (e.g,, fast cycling
rate, wide temperature range, and high working voltage) have
been long overlooked.

In this review, we begin by providing a short overview of the
operating mechanisms, characteristics, and current limitations
of Li-based batteries along with beyond Li battery chemistry
based on either low-cost metal ions or fluorine-containing
charge carriers prior to moving into an in-depth and specific
discussion of fluorine chemistry in rechargeable battery
systems. From the physicochemical and electrochemical
properties to the safety aspects related to battery operation,
key research progress and technical achievements for the
application of fluorine chemistry in battery materials are
summarized, spanning from designing fluorine-containing
electrodes, fluorinated electrolyte constituents (e.g., conduct-
ing salt, cosolvent/solvent, additive), and other fluorinated
battery components for metal-ion shuttle batteries (e.g,, Li-
based batteries) to constructing rechargeable fluoride-ion
batteries (FIBs), dual-ion batteries (DIBs), and beyond
chemistries. We highlight the relationship between fluorinated
materials and battery performance, the characteristics of
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Figure 1. Features and interest of fluorine chemistry for use in
rechargeable batteries. (a) Discovery and features of fluorine
chemistry. (b) Comparisons of raw material costs of F (mined as
CaF,), Li (Li,CO;), Na (Na,CO,), Ca (Ca0), Zn, Al, Co, and Ni in
2021. Data extracted from ref 11. (c) Schematic diagram of the main
aspects covered in this review.

fluorinated interphases, along with the cutting-edge character-
ization techniques available for elucidating fluorine chemistry.
We also identify the current major restrictions and design
strategies for utilizing fluorine chemistry toward improving the
performance of rechargeable batteries (Figure 1c).

1.1. Brief Background on Rechargeable Li-Based Batteries
and Beyond

Since the inception of lithium-ion batteries (LIBs) in the
1970s, extensive work has been conducted on the quest for a
higher energy density and longer lifespan, solidifying LIBs as
the most promising candidate for many applications. Typically,
LIBs rely on the insertion of Li* into host structures with a
variety of layered oxides (e.g, LiCoO,, LiFePO,, and
LiMn,0O,) and graphite as the cathode and anode materials,
respectively. They were developed by John B. Goodenough
and other researchers over the past four decades.'” Never-
theless, the energy density of LIBs is expected to reach its
intrinsic limits within a few years (around 300 Wh kg™"),
which is incapable of satisfying the escalating demands for high
energy density.'” To further increase the energy density, the
cathode and anode must offer high specific capacities and a
substantial voltage gap between them. For instance, cathode
materials with higher capacity and voltage platforms have been
developed, such as Li-rich Mn-based materials (xLi,MnO5;(1 —

x)LiTMO, (TM = Ni, Mn, Co, etc.; 0 < x < 1)) and Ni-rich
LiNi MnyCo,_,_,0, (NMC, x > 0.5, x + y < 1), in
addition to advanced anodes (e.g, Li metal or Si/C anode)
with low reaction potential and ultrahigh specific capacity.'” ™"
Unfortunately, these electrode materials usually experience
severe capacity fading especially in extreme conditions due to
structure deterioration and side reactions. More significantly,
safety issues and low Coulombic efficiency (CE) resulting from
notorious Li dendrites (in the case of Li metal anode) or Li
deposition on the non-Li metal anodes have not been fully
addressed. Meanwhile, it is imperative to redesign electrolyte
systems that exhibit sufficient antioxidative stability (typically
>4.5 V vs Li/Li*), high compatibility toward both electrodes
(i.e., robust electrodelelectrolyte interphases), excellent tem-
perature tolerance (from —60 to +60 °C), and high safety
characteristics (e.g., the risk of fire and explosion), which are
critical for adapting to high energy density Li-based batteries.*!

Alternative rechargeable batteries based on more abundant
elements promise higher energy density and improved safety
features. Among them, sodium-ion batteries (SIBs) and
potassium-ion batteries (PIBs), utilizing the Earth’s crust’s
sixth and seventh most abundant elements, are considered as
outstanding complementary technologies to Li-based bat-
teries.”” Although they have with similar chemistry with Li-
based batteries, SIBs and PIBs are facing several challenges due
to their larger ionic radii (Shannon ionic radii: 1.02, 1.38, and
0.76 A for Na', K', and Li*, respectively), higher redox
potentials (—2.71 V for Na, —2.936 V for K, compared with
—3.04 V for Li vs standard hydrogen electrode (SHE)), greater
atomic masses (23, 39, and 7 ¢ mol™! for Na, K, and Lij,
respectively), resulting in low specific capacity, poor rate
capability, reduced lifespan, and low theoretical energy
density.”” ™% In contrast, multivalent metal-based (e.g, Mg**,
Ca®, Zn®', AP’") batteries offer high energy density and low
cost, benefiting from their multielectron redox capability and
Earth’s crust abundance. However, their larger ionic radii and
greater charge density pose great challenges in ion transport,
polarization, and reversibility.*”

Anions, as charge carriers, typically offer faster mobilities due
to their less effective nuclear charge and corresponding
reduced solvation compared to cations with similar absolute
charge. This feature has prompted the development of anion
shuttle batteries, exemplified by FIBs employing the F~ anion
as the charge carrier, which utilize abundant materials to
achieve high theoretical energy density.”**~** Specifically, F~
ions are released from the cathode material and transfer to the
anode side during discharging, whereas the process occurs in
reverse upon charging.” The high electronegativity of fluorine
imparts the F~ anion with high oxidative stability, facilitating
high-voltage redox reactions. The utilization of F~ also
contributes to high theoretical energy densities from multi-
ple-electron electrochemical processes,”*”**™* along with
dendrite-free anode reactions due to the absence of the
metal plating process, highly enhancing safety over alkali metal
batteries. Nevertheless, FIBs present several unique challenges,
including significant volume changes in electrode materials
during fluoridation and defluoridation, contact loss, and
interphase degradation. In addition, the electrode dissolution
in electrolytes exacerbates self-discharge and capacity decay.
More importantly, development of chemically/electrochemi-
cally stable electrolytes possessing high room- temperature
(RT) conductivity is crucial for FIB commercialization, which
is still at an incipient stage.”
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Figure 2. Timeline of the application of fluorine chemistry in rechargeable batteries. Reproduced with permission from ref 48. Copyright 2013
American Chemical Society. Reproduced with permission from ref 49. Copyright 1996 Elsevier. Reproduced with permission from ref 47.
Copyright 2021 Wiley-VCH. Reproduced with permission from ref 38. Copyright 2021 Elsevier. Reproduced with permission from ref S0.
Copyright 2012 Elsevier. Reproduced with permission from ref 51. Copyright 2006 Elsevier. Reproduced with permission from ref 52. Copyright
2018 American Association for the Advancement of Science. Reproduced with permission from ref 53. Copyright 2019 Springer Nature.
Reproduced with permission from ref 54. Copyright 2021 Elsevier. Reproduced with permission from ref 55. Copyright 2023 Springer Nature.

Combining the cation and anion storage, DIBs provide
advantages of low cost, material availability, safety, and high
voltage. They operate by simultaneously incorporating anions
into the cathode and cations into the anode upon charging
with both ions being released back into the electrolyte during
discharging.***” Particularly, the deinsertion/insertion of
anions occurring at high voltage is beneficial for enhancing
the energy density. However, the insufficient oxidative stability
and poor electrode compatibility of conventional organic
electrolytes and the scarcity of electrode materials with high
storage capacity and structural stability present substantial
obstacles. Furthermore, emerging battery chemistries such as
reverse dual-ion batteries (RDIBs) face significant challenges
due to the lack of suitable electrolytes, impeding their practical
advancement.

1.2. Role of Fluorine Chemistry in Rechargeable Batteries

Fluorine, as the most electronegative element with a
comparably low atomic weight, small ionic size (1.33 A), and
natural abundance,’® drives new levels of performance and
safety in rechargeable batteries. To elucidate the role of
fluorine chemistry in rechargeable batteries, the key progress
and brief development history are presented, as outlined in
Figure 2.

Owing to the electron-withdrawing properties of F atoms
and the delocalized charge of anions, F-containing Li salts (e.g.,
lithium hexafluorophosphate, LiPF) are generally highly
soluble in dipolar aprotic solvents with good electrochemical
stability at high voltage. The development of these salts for
commercial LIBs dates back to the early 1990s,°”~%° but their
chemical and thermal instability has prompted the search for
alternative conducting salts, usually at the expense of other
performance attributes. The utilization of fluorine has been
extended to advanced battery components (e.g, separators,
binders, current collectors) for Li-based batteries. Efforts can

be traced to 1996, when Tarascon et al. developed a
fluorinated polymer (i.e., poly(vinylidenefluoride-hexafluoro-
propylene), PVDF-HFP) separator for the first time."’ After
that, fluorinated copolymers and grafted commercial separators
by F-containing groups have been intensively utilized,
enhancing the oxidation stability, thermal stability, ionic
conductivity, and safety for battery operations. Moreover,
due to the electron-withdrawing inductive effect, the
substitution of fluorine to a hydrogen of electrolyte
cosolvent/solvents and additives typically decreases the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels simultaneously,
leading to higher resistance toward oxidation and poorer
resistance to reduction.’’ "% Specifically, the prior reduction of
fluorinated additives benefits the anode by generating an
effective solid electrolyte interphase (SEI),**”’° among which
fluoroethylene carbonate (FEC) stands out as the most
popular additive with excellent film-forming ability on various
electrodes.”’ Besides the film-forming ability, the introduction
of fluorine demonstrates unique physicochemical and electro-
chemical properties, including high oxidative stability, wide
temperature range, and nonflammability. In particular,
fluorinated interphases are pivotal for Li-based batteries
under extreme conditions such as wide temperature range,
extended cycling, fast cycling rate, and high-voltage operation.
Significant progress was reported recently by Wang et al,
designing a fluorinated electrolyte that yielded LiF-rich
interphases on both the cathode and the anode, which
enhanced the battery performance across the temperature
range from —60 °C to +60 °C with high-voltage and fast-
charging characteristics.”” Despite advances, electrode materi-
als remain a major bottleneck for energy density enhancement.
The highly ionic character of the metal—fluorine bond and the
light atom mass of the F element endow fluorinated cathodes
with higher voltage and/or higher capacity.53 Additionally, F-
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Table 1. Comparisons of the Electrochemical Performance of F-Based Electrodes for LIBs

electrode discharge voltage vs current density initial discharge capacity retained discharge capacity capacity cycle

materials Li/Li* (V) (mA g7") = mAh g* retention number ref
CuF 2.7 0.106 523 80 15.3% S 95
FeF, 2.2 0.3 700 525 75% NY 96
CugFeysFs 2.5 92 580 475 81.9% s 102
FeF, 2 50 650 450 69.2% 100 53
FeF; 3 2000 92 90 97.8 100 97
Cug»sNig 7sF, 2 0.055 550 210 38.2% 6 98
CoF, 2 100 360 335 93% 200 99
CoF; LS S 1000 400 40% 14 100
MnF, 0.5 6000 300 270 90% 4000 101
VO,F 3 13.1 200 150 75% S0 103
BiOF 2.5 30 343 148 43.1% 40 104
FeOF 2 10 500 35§ 71% 30 105
TiOF, 2 0.26 200 180 90% 30 106
NbO,F 13 30 650 180 27.7% 20 107

related chemistry involved in the modification strategy can
improve the interphase stability and rate capability of the
electrodes.

Apart from Li-based batteries, fluorine chemistry is integral
to other univalent metal-based batteries such as SIBs and PIBs,
where the increase of ionic M—X bonds in fluorides promotes
redox reactions of transition metal cations instead of oxygen
anions at high voltage. The lower molecular weight of the
fluorine cation compared to polyanions enhances the specific
capacity. Additionally, F-based compounds are considered to
be more stable against oxidation, making metal fluorinated
materials highly appealing. The diversity in compositions,
structures, and properties of fluorinated electrode materials
offers vast opportunities for cathode design. On the anode side,
F doping improves the surface disorder of carbonaceous
materials, creating large amounts of defects for facilitating K*
adsorption.”" In aqueous multivalent metal-based systems (i.e.,
Zn-ion batteries, ZIBs), fluorine chemistry enables the
formation of fluoride-rich interphases for dendrite suppression
and electrolyte stability. In nonaqueous systems, fluorinated
materials accelerate plating kinetics in Mg-ion and Ca-ion
batteries, thus expediting their practical applications.

Since the first proof-of-concept rechargeable FIB demon-
strated by Fichtner et al. in 2011,* fluorine chemistry has been
utilized in FIB developments, spanning from electrode
materials to electrolyte formulations. The F~ anion displays
exceptional antioxidation stability, enabling the utilization of
high-voltage redox couples. Besides, the F~ storage is typically
involved in multiple-electron reactions and metal fluoride
formation reactions, which are characterized by substantial
Gibbs free energy change, realizing high voltages. As the charge
carrier, the F~ anion possesses a smaller ionic radius and lower
weight compared to CI7, thus assisting in fast ionic transport
a high theoretical energy density of 5000 Wh
1713943557275 BB are experiencing many challenges with
electrodes and electrolytes, among which suitable electrolytes
with sufficient F~ conductivity is crucial. A significant
advancement by Jones et al. in 2018 designed a novel fluoride
salt possessing high RT ionic conductivity, a broad electro-
chemical stability window, and sufficient chemical stability in
ether solvents, enabling a reversible/stable FIB at RT.>?
Ongoing efforts should be devoted to developing diverse
conversion and intercalation-based electrode materials and fast

and havin

F~ conducting electrolytes to make FIBs a promising option
for commercial-grade batteries.”

As for DIBs, Dahn et al. studied the intercalation mechanism
of the PF™ anion into graphite cathodes in 2000 for the first
time, proving sta%ed phases of graphite via in situ X-ray
diffraction (XRD).”” Various anions with F-containing groups
such as PF¢~,”*7*' bis(trifluoromethanesulfonyl)imide
(TESI7),%>% bis(fluorosulfonyl)imide (FST7),**™% fluorosul-
fonyl-(trifluoromethanesulfonyl)imide (FTESI?),*”® tetra-
fluoroborate (BE,”),*”” difluoro(oxalato)borate (DFOB™),”"
trifluoromethanesulfonic (CF;80;7),” and tetrafluoroalumi-
nate (AlF,”)” have been extensively explored for their unique
characteristics and electrochemical behavior. Besides, fluorina-
tion of other electrolyte components in DIBs imparts
advantages such as a wide voltage window, a broad
temperature range, nonflammability, and enhanced electrodel
electrolyte compatibility, enhancing the reversibility/kinetics of
anion insertion. Fluorine can also be introduced to cathode
materials for boosting and stabilizing the properties of anion
intercalation.

2. FLUORINE CHEMISTRY IN LI-BASED BATTERIES

2.1. Fluorine-Containing Electrode Materials

The increasing demands for high energy density batteries with
a long lifespan and low cost have prompted the research of
advanced electrode materials, especially fluorine-containing
materials. This is because fluorine elements are widely
distributed on Earth and the strong electronegativity of
fluorine endows the fluorine-containing materials with a high
free energy of formation, generally leading to a high
electrochemical energy density and stability. Here, we present
a comprehensive review to reveal the roles of F chemistry in
advanced fluoride electrodes and fluorine-doping materials.

2.1.1. Metal Fluorides. Metal fluoride cathodes for LIBs
have been widely investigated as a promising next-generation
rechargeable battery with high theoretical voltage and energy
density owing to the highly ionic metal—fluorine bonding and
low atom mass of the F element” as well as the multielectron
transfer characteristics of the transition metal (M) in metal
fluoride cathodes. The battery reaction of metal fluoride-based
LIBs follows the following reaction

ME, + xLi = M + xLiF (2)

https://doi.org/10.1021/acs.chemrev.3c00826
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Figure 3. Metal fluorides as electrode materials for LIBs. (a) HRTEM images of a single FeF, nanorod, and space-filling model of a single nanorod
derived from the standard CIF file of FeF,. Reproduced with permission from ref 96. Copyright 2020 Springer Nature. (b) Voltage profiles (first
discharge at a current of 5 mA g™') of the Cu,Fe,_,F, series along with a simple mixture of CuF, and FeF,. Reproduced with permission from ref
102. Copyright 2015 Springer Nature. (c) Scanning transmission electron microscopy (STEM) image of an FeF, particle on a single CNT.
Reproduced with permission from ref 53. Copyright 2019 Springer Nature. (d) Simplified Li—Fe—F ternary phase diagram, and illustration of the
reaction pathways of the FeF;—FeF, system (with voltage curves for insertion charge and full reaction cycle, respectively, denoted using dashed and
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Figure 3. continued

solid lines). The reference phases in the phase diagram are labeled and indicated by light blue circles to show the positions of the A- and B-Li,Fe,F;,
whose Fe concentration is off-stoichiometric. The color of each phase in the phase diagram is consistent with that in the pathway illustration.
Impeded external and internal Li transport is indicated by black solid and white dashed arrows, respectively. Reproduced with permission from ref
108. Copyright 2021 Springer Nature.

Figure 4. Metal hydroxyfluorides and oxyfluorides for LIBs. (a) Discharge and charge profiles of FeF;-3H,0, FeF;-0.33H,0, and anhydrous FeF; at
0.5 C. (Inset) Cycling stability curves of FeF;-:3H,0, FeF;:0.33H,0, and FeF; at 0.5 C in the voltage range of 2.0—4.5 V. Reproduced with
permission from ref 109. Copyright 2013 Elsevier. (b) First cycle voltage—composition curves for Li/iron fluoride cells in the LP30 electrolyte at
0.05 C. (Upper panel) Comparison of Fe,Fs(H,0), and FeF,(OH),s. (Lower panel) Comparison of FeyFg(H,0), and FeF,(OH)g 4
Reproduced with permission from ref 110. Copyright 2019 American Chemical Society. (c) Rate capability for FeyoCo,;OF, FeOF, and FeF,
cathode materials. (d) Ragone plot of FeF;, FeOF, and Fey4Co,,OF (based on active mass). Reproduced with permission from ref 111. Copyright
2018 Springer Nature. (e) Schematic of the positive electrode material design strategy using metal monoxide (MO). Metal monoxides that had
electrochemical activity only as the negative electrode were designed as a positive electrode material by forming mixtures with LiF in nanoscale
under high-energy ball milling. After mechanochemical mixing, LiF and MO exist without chemical reaction in the several nanometer scale. The
crystal structure of all compounds is described by a polyhedral image: red, O; gray, F; green, Li; purple, Mn; brown, Fe; blue, Co. (f) First discharge
and second charge profiles of LIF-MnO nanocomposites after the initial activating charge protocol as a positive electrode (1.5-4.8 V) in 1 M
LiPF in ethyl carbonate/dimethyl carbonate (EC/DMC, 1:1 by volume) electrolyte at a 20 mA g~' (0.03 mA cm™>) constant current rate.
Reproduced with permission from ref 112. Copyright 2017 Springer Nature.

Abundant types of metal fluorides, including copper fluorides
(CuF,),” iron fluorides (FeF;/FeF,),”***"" nickel fluorides
(NiF,),”® cobalt fluorides (CoF;/CoF,),””'" and manganese
fluorides (MnF,),'"" and multimetal fluoride solid—solutions
have been investigated, and their attractive merits in terms of
specific capacity, cycling stability, and rate performance have
been verified (Table 1).

Iron(1I) fluoride is a typical metal fluoride cathode for LIBs
owing to its high theoretical specific capacity and abundant raw
material resources.”® However, the performance of the as-
reported iron(II) fluoride cathode is not satisfactory for
practical application, and the failure mechanism remains
blurred. In 2020, Pasta and colleagues reported a single-
crystalline, monodisperse FeF, nanorod synthesized by a facile
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colloidal method.”® As shown in Figure 3a, the as-obtained 20
nm wide nanorods were single crystalline, monodisperse, and
faceted. This FeF, cathode can deliver a high specific capacity
(close to the theoretical value of 570 mA h g™') and cycling
stability (capacity retention > 90%) for more than 200 cycles at
higher rates (0.5 C, 1 C = 570 mA g™') and temperatures (50
°C) within an ionic liquid electrolyte. Based on the complex
morphological features, lattice orientation relationships, and
oxidation state changes from high-resolution transmission
electron microscopy (HRTEM) analysis, the transformation
mechanism of the FeF, nanorod was comprehensively
estimated. This mechanism provided a new expiation that
the phase evolution, diffusion kinetics, and cell failure were all
critically affected by surface-specific reactions of the FeF,
nanorod. Topotactic cation diffusion through an invariant
lattice of F~ ions and the nucleation of metallic particles on
semicoherent interphases synergistically affected the reversi-
bility of the FeF, cathode.

Feng and colleagues developed a ternary metal fluoride
(CuyFel_ F, solid solution) via a mechanochemical reaction
method."” Synchrotron XRD and TEM characterization
verified the distorted rutile structure of Cu,Fe,_/F, solid—
solution in the form of complex agglomerates composed of
small nanocrystallites under different Cu/Fe ratios (y = 0, 0.1,
0.33, 0.5, 0.67, 0.9, 1). In the corresponding discharge voltage
profiles in Figure 3b, no typical voltage dip of pure FeF, was
found. This indicated that the electrochemical properties of
Cu,Fe,_F, solid—solution was significantly affected by the
cooperative redox of Cu and Fe sitting on the same lattice.
This ternary metal fluoride Cu,Fe,_,F, achieved the reversible
Cu redox reaction (Cu?*/°) with a low-voltage hysteresis (<148
mV), which was uncommon in binary fluorides. The
thermodynamics and kinetics of the lithium (re)conversion
reactions following a two-stage (de)lithiation path of
Cu,Fe,_,F, were supported by X-ray absorption spectroscopy
(XAS) and TEM-electron energy loss spectrometer (EELS)
characterization. Initially, Cu?* reduces into metallic Cu® with
the concomitant formation of disordered FeF, followed by
Fe?*/° reduction. In contrast, the delithiation path undergoes a
different process, where Fe® is partially oxidized to Fe®* as a
rutile framework followed by the reconversion of Cu®* to form
a disordered rutile-like Cu—Fe—F final phase. This work
promotes the development of Cu-based ternary metal fluorides
as promising cathode candidates for LIBs. However, the
reversible specific capacity of Cu conversion faded rapidly,
which can be ascribed to the Cu* dissolution on the cathode—
electrolyte interphase (CEI). Thus, construction of a stable
CEI layer is one of the strategies to improve the cycling
stability of metal fluoride cathodes in LIBs. Accordingly,
Yushin and co-workers introduced solid polymer electrolytes
(SPEs) to pair with a carbon nanotube (CNT)@FeF,
composite cathode.”® The obtained solid-state cells delivered
a high specific capacity of more than 450 mAh g~' and a long
cycle stability of over 300 cycles at S0 mA g~' and 50 °C. The
introduction of SPE not only prompted the formation of an
elastic, thin, and stable CEI on the FeF, surface (Figure 3c)
but also reduced the electrolyte decomposition and maintained
the cathode structural stability due to the enhanced mechanical
properties. This work motivated research on the CEI, which
will guarantee an improved lifespan of the metal fluoride
cathode with merits of low cost and high energy density.

Although it has been widely accepted that metal fluorides are
conversion-type cathodes for LIBs, Gray and colleagues

demonstrated a different viewpoint of reaction mechanisms
in metal fluoride cathodes.'”® The material structure was well
measured by X-ray total scattering and electron diffraction
techniques over multiple length scales and analyzed by density
functional theory (DFT) calculations. The results indicated
that the mobility difference of displaced species affected the
diffusion rate during the (de)lithiation of metal fluorides. The
illustration of the reaction pathways of the FeF; system is
demonstrated in Figure 3d. During a typical lithiation process,
FeF; initially transforms into FeF, and a cation-ordered and
stacking-disordered phase (A-LixFeyF3) on the surface of the
cathode particles; then, the transition phase product
successively converts into B-, C-Li,Fe,F; and ends in LiF
and Fe as the final discharge products. The subsequent
delithiation process follows a reversible pathway. This new
mechanistic principle provides a reference model to develop
more isomorphic metal fluorides as cathodes for high energy
density LIBs.

2.1.2. Metal Hydroxyfluorides and Oxyfluorides.
Metal fluoride hydrates have also been investigated as cathode
materials for LIBs. In 2013, Wang and co-workers synthesized
a series of iron fluoride hydrates with different hydration water
contents via the liquid-phase method.'” Pure crystalline
FeF;3H,0, FeF;0.33H,0, and FeF; were obtained during
the dehydration process at increasing calcination temperature,
which was verified by the XRD patterns and their Rietveld
refinements. When applied in liquid LIBs, the orthorhombic
FeF;-0.33H,0 cathode delivered the highest discharge specific
capacity of 88.0 mAh g~" and the lowest polarization among all
three samples (Figure 4a). The authors attributed this better
electrochemical performance of FeF;-0.33H,0 to its huge
hexagonal cavity for faster Li* transfer. These iron fluoride
hydrates were simply ball milled with acetylene black to form
high electronic conductive composite cathodes, and the initial
discharge specific capacity of the FeF;-0.33H,0/C cathode
was improved to 177.6 mAh g™' at 0.1 C (1 C =237 mA g')
with a high retention of 83.8% after 100 cycles. This reveals
that optimization of the crystal structure is important in the
development of high-performance metal fluoride hydrate
cathodes for LIBs.

Later, in 2019, Lhoste and colleagues further investigated
the structural effects of iron hydroxyfluorides as cathodes in
LIBs.''" First, two anion-deficient iron fluoride hydrates
Fe,Fs(H,0), and Fe,Fg(H,0), were synthesized by a facile
microwave synthesis method, which were unstable under the
ambient atmosphere. After special heating treatments, two
stable iron hydroxyfluorides FeF, (OH),s (pyrochlore
structure) and FeF,(OH),34 (hexagonal tungsten bronze
structure) were obtained. When applied as cathodes in LIBs,
the dehydrated iron hydroxyfluorides delivered a higher
reversible specific capacity than their hydrated opponents
(Figure 4b). The structure analysis by XRD and Mdssbauer
spectrometry proved that removal of structural water
molecules within the hexagonal cavities opened the Li diffusion
channels for the battery cycling process.

Metal oxyfluorides, such as VO,F,'” BiOF,'** FeOF,' %!
TiOF,,'*® and NbO,F'"” (Table 1), have shown great
potential as cathodes for LIBs owing to their high specific
capacity, high voltage, good conductivity, and good cycling
stability."'> The battery reaction of metal oxyfluoride
(MO,F,)-based LIBs follows the following reaction:

MOSF, + (2x + y)Li & M + xLi,O + yLiF 3)
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In 2018, Wang and coauthors reported a cobalt-doped iron
oxyfluoride (FeyqCoy;OF) synthesized by a solvothermal
method."'" The specific capacity of FeyyCoo,OF was much
higher than that of the pristine FeOF and FeF; (Figure 4c),
achieving a high energy density of ~1000 Wh kg™' (Figure
4d). This FeyyCoy,;OF cathode delivered a high specific
capacity of 350 mAh g~' for 1000 cycles at S00 mA g~', and
the voltage hysteresis was reduced to 0.27 V. Combined with
TEM techniques, pair distribution function (PDF) analysis,
and first-principles calculations, the author verified that the
reaction kinetics of FejoCo, ;OF was enhanced by the
cosubstituted anion (O) and cation (Co) in FeyoCo,,OF. In
this case, the less reversible conversion reaction was replaced
by a highly reversible intercalation—extrusion reaction due to
the decrease in particle size and abundance of metallic Fe(Co).
Hence, this cosubstitution strategy inspired the development
of other conversion-type electrode materials with similar
reversibility problems.

Unlike the crystalline oxyfluorides, Kang and colleagues
reported a special LiF—metal monoxide (MO, M = Mn, Fe,
Co) nanocomposite as a Li-free cathode for LIBs,"'* which was
synthesized by blending the transition metal monoxides and
nanosized lithium fluoride in a high-energy ball miller under an
argon atmosphere (Figure 4e). This cathode material delivered
a high specific capacity after the first charging step with a high
voltage (e.g., average voltage of 3.1 V for LiF—-MnO, Figure
4f). In contrast with the conventional Li intercalation, the
reaction mechanism of the LiIF-MO nanocomposite cathode
can be ascribed to a surface conversion reaction as follows:

MO + LiF & MOF + Li 4)

Moreover, the performance of the LiIF—MO nanocomposite
cathode can be further improved by decreasing the particle size
of the metal compounds. This novel mechanism is expected to
be expanded to other transition metal compounds and Li salt
couples for advanced cathode materials in LIBs.

2.1.3. Fluorine-Substitution Electrode Materials. To
achieve higher electrochemical performance, fluorides are
added to electrodes to improve the properties of the original
cathode materials. Silver vanadium oxide (Ag,0-xV,0;) has
been commercialized as a cathode material in primary Li
batteries for high-rate applications. The increase of the Ag:V
ratio can extend the high-voltage plateau but is accompanied
by poor kinetics and low conductivity. In 2005, Poeppelmeier
and colleagues reported the synthesis of single crystals of
Ag,V,04F, (Ag,0-V,05-2AgF) via a low-temperature hydro-
thermal technique.''* Introduction of the AgF phase increased
the Ag:V ratio and the reaction potential of the cathode. At the
same time, the dimensionality of the vanadium oxide
framework was partially reserved (Figure Sa), which served
as the Li-ion conduction pathway between vanadium centers.
Therefore, the Ag,V,0O4F, cathode delivered an enhanced
initial discharge plateau and higher specific capacity above 3 V
(3.52 V and 148 mAh g™') compared to the undoped silver
vanadium oxides (3.22 V and 100 mAh g~', Figure Sb).

The strategy of fluoride doping can also multiply the rate
energy density and performance of the cathode material. The
low electronic conductivity and limited specific capacity are the
main drawbacks of conventional polyanion compound
cathodes,'"” including LiFePO, phosphates, LIMBO; borates,
Li,MSiO, silicates, and Li,Fe(SO,),. In 2015, Kang and co-
workers reported a fluorinated polyanion compound cathode
(LiVPO,F) for LIBs,""> which was synthesized by a scalable

Figure S. Fluoride-containing electrode materials. (a) Three-dimen-
sional packing diagrams of Ag,V,0O¢F,. Yellow spheres represent silver
atoms, vanadium oxide fluoride octahedra are in light blue, and
vanadium oxide tetrahedra are in dark blue. (b) Constant current
discharge curve of Ag,V,0¢F,. Reproduced with permission from ref
114. Copyright 2005 American Chemical Society. (c) Charge/
discharge voltage profiles of C-coated LiVPO,F at various rates (right
to left: discharging at 1, 20, 40, 60, 80, 100, 120, 150, and 200 C and
charging at 1 C without a voltage hold). (d) Capacity retentions at 10
C charge/10 C discharge for 500 cycles. The cutoff voltage was 2.5—5
V (only for cycle retention). Reproduced with permission from ref
115. Copyright 2015 Wiley-VCH. (e) Charge/discharge profile with a
schematic of the two-step reaction mechanism of a-LiFeSO,F as
insertion and conversion reactions. Reproduced with permission from
ref 116. Copyright 2022 Springer Nature.

single-step solid-state reaction. As shown in Figure Sc, the Lill
LiVPO,F cell achieved superior rate capability up to 200 C
with low polarization and maintained a high specific capacity of
~120 mAh g™ at 10 C for 500 cycles with >95% retention
efficiency (Figure Sd). Owing to its higher operating voltage
(>3.45 V), LiVPO,F can achieve a higher energy density
(~521Whg'at20C, 1 C=158 mA g ') than LiFePO,. The
smaller particle size, negligible number of antisite defects, and
minimal surface oxidation endowed this LiVPO,F cathode
material with remarkable rate capability and energy density,
overwhelming the commercial LiFePO, cathode materials.
Moreover, fluorosulfates such as LiFeSO,F''® and Li-
(Fe,_sMns)SO,F'"” have been investigated as cathode
materials for LIBs for decades owing to the low cost and the
abundant distribution of these transition metal elements on
Earth. However, the low gravimetric specific capacity of the
heavy polyanion group in the cathode materials restricts its
commercial application. In 2022, Kang and colleagues reported
an amorphous iron fluorosulfate (a-LiFeSO,F) synthesized by
a simple ball-milling process of LiF and FeSO,.''° This
fluoride-doping polyanion cathode demonstrated a high
specific capacity of 360 mAh g~' with ~98.6% specific capacity
retention after 200 cycles even at 60 °C. With an average

https://doi.org/10.1021/acs.chemrev.3c00826
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00826?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00826?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00826?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00826?fig=fig5&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR

REVIEY

Figure 6. F-modified electrode materials. (a) Powder XRD pattern, TEM images, and *’Al NMR spectra of pristine and Al/F-coated
Li[Li, 4Ni; 5Mng 9] O,. Reproduced with permission from ref 121. Copyright 2012 Royal Society of Chemistry. (b) TEM image of 2 wt % CeFs-
coated Li[Liy,Mny 4Nig;3C0q,3]O,. Reproduced with permission from ref 122. Copyright 2014 Elsevier. (c) Theoretical Mn redox capacity of
various Mn-based cathode materials. (d) Voltage profiles and capacity retention of Li,Mn,,;Nb, ;;0,F under 1.5—-5.0 V, 10 mA g~'. Reproduced
with permission from ref 123. Copyright 2022 Springer Nature. (e) Voltage profiles at a higher voltage region during the first 10 cycles for
LMNOF,. (f) Schematics summarizing the observation of the structural and chemical evolutions in the LMNOF, cathode particles. (Upper panel)
For the LMNOF, cathodes with zero or low F concentration (x = 0, 0.05), the cycling process leads to the formation of nanoscale amorphous CEI
layers on the surface and void-like nanoregions featuring severe loss of O, Mn, and Li at the subsurface, all of which can be detrimental to Li
transport. (Lower panel) For the LMNOF, cathodes with high F concentration (x = 0.2), the crystalline structure at the cathode surface and the
stoichiometric elemental distribution at the subsurface is mostly well preserved after cycling, which ensures facile Li transport at the surface.
Reproduced with permission from ref 124. Copyright 2021 Wiley-VCH.

discharge voltage of ~2.52 V, a high energy density of 906 Wh
kg™! was achieved by a-LiFeSO,F cathode. Different from the
conventional crystalline polymorphic LiFeSO,F, the a-LiFe-
SO,F with a unique inherent amorphous structure underwent a
three-electron redox reaction based on combined intercalation
and conversion (Figure Se), which maintained intact structural
integrity for reversible cycle stability. This multimechanistic
lithiation process of the amorphous intercalation material is
promising for the development of high-capacity and low-cost
cathodes for LIBs.

2.1.4. Fluorinated Surface Modification. F-modification
technologies such as fluoride coating and fluorine substitution
are widely used to improve the performance of conventional
oxide-based cathodes for LIBs. The high electronic and ionic
resistance caused by unstable CEI limits the rate capability and
cycle life of Co-free layered oxide cathode materials."*" In
2012, Grey and coauthors investigated the coating strategy of a
layered Li[Li;/oNi;;3Mn;,0]O, cathode processed by the
commercial aluminum fluoride (AIF,;) aqueous suspension

and followed by heat treatment.'”' As shown in Figure 6a, the

XRD, TEM, energy-dispersive X-ray (EDX), and 27Al nuclear
magnetic resonance (NMR) results proved that a uniform layer
of fluorinated amorphous aluminum oxide (AL,O;) was
successfully coated on the surface of the cathode material.
The Li[Li, oNi; 5Mns 0] O, cathode with a low coating layer (1
mol % Al/F) delivered a specific capacity of 215 mA h g™* with
a cutoff charging voltage of 4.6 V. Zhang and co-workers
reported an amorphous CeF;-coated layered lithium-rich oxide
cathode via a facile chemical deposition method.'”* A 10 nm
thick CeF; layer (2 wt %) was evenly deposited on the surface
of Li; ;Mny 54Nig13C0q 130, cathode particles (Figure 6b). This
CeF;-coated cathode demonstrated a higher capacity retention
(97.1%) than that of the pristine sample (82.1%) after S0
cycles. Additionally, the rate performance of the CeF;-coated
cathode also surpassed that of the pristine sample at 1250 mA
g™' (103.1 vs 822 mAh g™'). The authors attributed the
outstanding enhancement to this amorphous CeF; coating
layer, which effectively hindered the continuous decomposition
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Figure 7. Fluorinated salts for Li-based batteries. (a) Structural formulas of the different Li salts. (b) CEs of LillCu cells with Li salts of different F
molarity. Reproduced with permission from ref 24. Copyright 2021 Springer Nature. (c) Schematic illustration of the SEI film obtained from
electrolyte formulations based on LiPF, (99.99% battery grade purity), LiBF, (99.9% purity), and LiBF, (99.99% battery grade purity).

Reproduced with permission from ref 131. Copyright 2013 Elsevier.

of the electrolyte on the cathode surface, thus controlling the
growth of the insulated passivated interlayer and maintaining
the structural stability of the cathode.

The fluorine substitution strategy was also utilized to
improve the performance of electrode materials for LIBs. In
2018, Ceder and colleagues reported Co/Ni-free disordered-
rocksalt Li-rich intercalation cathodes Li,Mn, ;Nb,,;O,F
realized by the partial substitution of the fluoride anion and
high-valent cation,'?®> which have a Mn*"-involved theoretical
specific capacity of 270 mAh g, much higher than that of a
typical Mn-based Li-rich cathode (Figure 6¢). As shown in
Figure 6d, this cathode delivered a high discharge specific
capacity of 317 mAh g™' and reached a state-of-the-art high-
energy content of 995 Wh kg™' (3761 Wh 17") due to the high
amount of Mn**/Mn*" redox couples combined with a small
amount of O redox reactions. Giving rise to this strategy, the
structural stability of the Mn-based Li-rich cathode was not
affected by the extensive O redox, thus leading to high cathode
performance.

The surface stability of disordered rocksalt cathodes can also
be enhanced by fluorine substitution. Wang and coauthors
unveiled the relationship between high-level fluorine sub-
stitution and good surface stability.'”* The Mn-based
disordered rocksalt cathodes with various fluorine substitutions
(Li; ;Mg 6,,/2Nbg 5,040 ,F,, LMNOF,, x = 0-0.2) were
synthesized and compared in terms of electrochemistry and

characterization. The cycling stability of the LMNOF,, cathode
was significantly improved by increasing the F content from 0
to 0.2, while the O redox peaks nearly disappeared (Figure 6e).
The results demonstrated that the increased fluorine
substitution level in the disordered rocksalt cathode reduced
the amorphous CEI layers at the top of the cathode surface,
prevented damage to the internal crystal structure of the
cathode, and maintained the uniform chemical distribution at
the subsurface of the cathode particles (Figure 6f).

Fluorine chemistry is crucial in the development of Li-based
batteries with high energy density and reversibility. High-
voltage metal fluoride and oxyfluoride electrodes show great
promise to improve the energy densities of Li-based batteries.
In particular, metal fluorides based on multiple electron
transfer reactions are expected to address the limitations of
conventional cathode materials in LIBs.

2.2. Fluorinated Electrolytes

Electrolytes play a particularly essential and complex role in
LIBs and Li metal batteries (LMBs). As the battery component
is in contact with other active and passive parts of the battery,
the electrolyte must fulfill the following requirements: a high
degree of Li-ion conductivity, good thermal and chemical
stability, electronic insulation to avoid self-discharge, relative
nontoxicity to avoid environmental hazards, and low cost.
Commonly used commercial electrolytes consist of a
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Figure 8. Electrolytes for Li-based batteries with highly concentrated fluorinated salts. (a) Classification of electrolytes according to the volume
ratio and weight ratio. Reproduced with permission from ref 132. Copyright 2013 Springer Nature. (b) Schematic diagram of water-in-salt
electrolyte. Reproduced with permission from ref 13S5. Copyright 2015 American Association for the Advancement of Science. (c) Viscosity, ionic
conductivity, and Li-ion transference number at room temperature for the various electrolytes. Reproduced with permission from ref 132.
Copyright 2013 Springer Nature. (d) Schematic illustrations of the behavior of Al current collectors in a dilute LiFSI/acetonitrile (AN) electrolyte
(left) and a highly concentrated LiFSI/AN electrolyte (right) with little free solvent molecules and free FSI™ anions. Reproduced with permission
from ref 136. Copyright 2015 Wiley-VCH. GITT curves (e) in 1 M LiFSI/DME electrolyte and (f) in 12 M LiFSI/DME electrolyte. Reproduced

with permission from ref 137. Copyright 2018 Elsevier.

conductive Li salt (usually LiPF;) and an organic solvent
mixture of cyclic and linear organic carbonates. The salt—
solvent—additive combination determines the overall perform-
ance of rechargeable Li batteries, such as conductivity, thermal
stability, and electrochemical stability. However, demand for
higher voltage Li batteries has forced researchers to look for
new electrolyte formulations, including solid electrolytes, as
current liquid electrolytes are unstable at potentials higher than
4.5 V and exhibit safety concerns. Power batteries typically
contain high-energy active electrode materials, which tend to
easily react with other elements, rendering the combination
unusable. The fluoridation of electrolyte components is a key
strategy for advanced electrolyte engineering, which can
enhance the electrode reaction reversibility, extend the battery
life, and reduce the electrolyte flammability.

2.2.1. Fluorinated Salts. Li salts act as the conductor of Li
ions in the electrolyte, and the nature of the Li salts is often
determined by the structure of the anions. As shown in Figure
7a, F substitution is widely applied in Li salts for LIBs and
LMBs. The presence of fluorine atoms and the delocalized
charge of the anions make such F-containing Li salts highly

soluble in dipolar aprotic solvents.'” For battery applications,
Li salts need to possess characteristics such as a low molecular
weight, low toxicity, stability over a wide electrochemical
stability window (ESW), as well as electrolytelelectrode
interphase formation ability. Among the F-substituted Li
salts, LiPF and Li sulfonate salts are the most widely used.
LiPFy salt exhibits the advantages of high ionic conductivity,
good passivation ability for Al collectors, and high oxidation
stability, etc. However, the LiPF4 salt has a serious
disadvantage of high sensitivity to water, which is easily
decomposed to produce HF and cause serious corrosion to the
electrodes and the whole battery.'*° For comparison,
benefiting from the presence of strong perfluoroalkyl
electron-absorbing groups and conjugated structures leading
to the delocalization of negative charges, the anion of Li
sulfonate salts is relatively stable. Thus, Li sulfonate salts show
the advantages of good thermal stability, high solubility,
insensitivity to moisture, high dissociation constants, etc.
However, severe Al foil dissolution occurs when charged to
high voltage.127 Furthermore, it is crucial to note that Li
sulfonate salts, which contain —CF,— and/or —CF; functional
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Figure 9. Fluorinated solvents and cosolvents. (a) Molecular structures of representative fluorinated solvents. (b) Established solvation structures
of common diluent electrolyte, localized high-concentration electrolyte (LHCE), and nonsolvent-added electrolyte and their desolvation processes.
Reproduced with permission from ref 149. Copyright 2023 Royal Society of Chemistry. (c) Optimization of ether electrolytes toward fast ion
conduction, low overpotential, high Li metal efficiency, fast CE activation, and high oxidative stability. Reproduced with permission from ref 150.
Copyright 2022 Springer Nature. (d) Design of the fluorinated cyclic phosphate solvent to achieve better SEI formation, better oxidation stability,
and better nonflammability. Reproduced with permission from ref 151. Copyright 2020 Wiley-VCH. (e) Photographs of solubility tests in window
cells of 0.1 M LiTFSI in FM (left) and 0.3 M LiTFSI and 0.3 M THF in FM (right). Reproduced with permission from ref 152. Copyright 2019

Elsevier.

groups, potentially pose environmental risks during production
and utilization. Thus, strategies to mitigate these impacts
should be developed before the evolution to more eco-friendly
alternatives.””® In addition to the commonly used F-
substituted Li salts mentioned above, researchers synthesized
new Li salts through asymmetric molecular structure design.
For example, Liu et al. reported a new salt under the premise of

retaining the strong electron-withdrawing group.129 An ether

skeleton was introduced to enable F-substituted salt electron-
donating ability to capture the migrated Li". The molecule had
a large molecular dipole moment, which led to a high donor
number (DN) and high Li* transference number. Meanwhile,
the quality of interphase film formation largely affects the
compatibility with cathodes and anodes, thus determining the
cycling stability of the entire battery. Gallant et al. discussed
the interplays between CE and generic fluorine content across
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a wide range of electrolytes.”” Figure 7b shows a positive
correlation between CE and fluoride levels. Increasing the F
concentration through “beneficial” fluorination appears to be a
reliable strategy to achieve a high CE of Li plating/stripping,
while further understanding of the chemistry and decom-
position kinetics of the F source remains. Moreover, apart from
the type of Li salts, their purity also has a significant impact on
CE." Enhancing the purity of LiBF, from 99.9% to 99.99%
would result in a flatter morphology of the SEI, as depicted in
Figure 7c. The purity of the conducting salt directly influences
the morphology, composition, and possibly the quality of the
formed protective layer. The formation of a more robust
interphase that inhibits the growth of high surface area Li
directly improves the cycling stability of cells containing
fluorine-based conducting salts. To conclude, although LiPF is
not prominent in ionic conductivity, chemical stability, and
thermal stability, it is still dominant in the commercial market
of LIBs due to the ability to provide well-balanced properties.
Selective fluorination of the anions of Li salts will decrease
their interactions with Li* cations, thereby increasing the
dissociation of the salts in the electrolyte solution and lifting
the ionic conductivity. To achieve better performance, two or
more F-containing salts are synergistically used to supplement
their native deficiencies.

The properties of the electrolyte can be altered by adjusting
the concentration of the Li salt. Conventional dilute electro-
lytes typically operate within a salt concentration range of 1—2
M, which strikes a balance between ionic conductivity,
viscosity, and salt solubility. Thus, most of the studies use
electrolytes in region C in Figure 8a. However, by carefully
selecting appropriate salts and solvents, electrolytes can be
relocated in regions A, B, and D, as depicted in Figure 8a,
leading to some unexpected properties.”> Aqueous electro-
lytes possess a narrow ESW of 1.23 V, which is insufficient to
support most electrochemical couples in LIBs. Besides,
hydrogen evolution at the anode side is another serious
challenge as it occurs at a potential (2.21—3.04 V vs Li/Li",
depending on pH value) far higher than the operating voltage
of most LIBs. Consequently, the maximum voltage achieved in
aqueous LIBs was limited to 1.5 V."*>"** Xu et al. developed a
“water-in-salt” electrolyte by dissolving lithium bis-
(trifluoromethane sulfonyl) imide (LiTFSI) at extremely high
concentrations (molality > 20 m) in water, leading to an anion-
rich Li* solvation sheath and an expanded ESW (~3.0 V),"** as
exhibited in Figure 8b. This remarkable shift resulted from the
formation of a dense interphase on the anode surface, primarily
caused by the reduction of salt anions. The LiMn,0,/IMo4Sg
cells using “water-in-salt” electrolyte demonstrated an open-
circuit voltage (OCV) of 2.3 V, and the CE was nearly 100%
for up to 1000 cycles.

Research on nonaqueous electrolytes offers countless
variations in aprotic solvents, Li salts, and their mixing ratios.
For a given electrolyte with fixed salt and solvent, ionic
conductivity depends on both the viscosity and the Li-ion
mobility.** For 1 M LiTFSI-1,2-dimethoxyethane (DME)/
1,3-dioxolane (DOL) (1:1 by volume), as is concluded in
Figure 8c, when the salt concentration is increased, more and
more Li—solvent pairs form due to the incomplete Li*
solvation shell, and the viscosity at room temperature increases
obviously. At the same time, the Li-ion transference number
rises to a much higher value (t;;*= 0.73) than that of dilute
salt-in-solvent electrolytes (0.2—0.4)."** For such electrolytes,
Li ions are mostly coordinated with solvent in the first

solvation shell, leading to a large number of free anions and
lower mobility of solvated Li cations. In the highly
concentrated electrolyte system, more anions come into the
first solvation shell and form more contact ion pairs (CIPs)
and aggregates (AGGs), thus leading to a higher Li-ion
transference number and lower ion conductivity.'* Apart from
these changes in physical properties, the concentrated
electrolyte demonstrates unusual electrochemical properties
that are remarkably distinct from a conventional dilute
electrolyte. In 2003, Ogumi et al. reported that highly
concentrated propylene carbonate (PC) electrolytes have
shown dramatic changes in the behavior of graphite electro-
des."* " Further in 2008, the reversibility of Li metal
deposition/stripping was notably improved in highly con-
centrated PC electrolytes.'** From 2010 onward, Yamada et al.
extended this method to a wide range of nonaqueous solvents
of reversible graphite electrodes with EC-free solvent.'**~'*
After this path-breaking work, the highly reversible Li metal
electrodes with excellent cyclin% stability were reported by Xu
et al."*? in 2013 and Qian et al."* in 2015. These changes can
be attributed to the reduction of free solvent in the solution,
altering the solvation structure and shifting the energy level of
the LUMO toward the salts, resulting in the reduction of the
salts at a lower voltage.144 For LiTFSI/lithium bis(fluoro
sulfonyl) imide (LiFSI)-containing electrolyte, Al dissolution is
suppressed at high voltage.'”’ The presence of fewer free
solvents and anions in the electrolyte leads to less dissolution
of the Al current collectors, as shown in Figure 8d. For Li—S
batteries, the high-concentration electrolytes can inhibit self-
discharge caused by polysulfide shuttle (Figure 8e), which
significantly improves the reversibility of the batteries (Figure
8f)."”” However, the application of such highly concentrated
electrolytes is limited by the high cost and high viscosity due to
the extensive use of Li salts.

2.2.2. Fluorinated Solvents and Cosolvents. Introduc-
ing fluorine into the molecular structures of electrolyte solvents
and cosolvents imparts unique physicochemical properties,
such as nonflammability, robust LiF-enriched SEI, high
resistance against electrochemical oxidation, and an expanded
operating temperature window, etc. These advantages make
fluorinated electrolytes highly attractive for advanced battery
applications. Representative fluorinated solvents and cosol-
vents are shown in Figure 9a, showing the dielectric constant
increasing from left to right. These fluorinated solvents and
cosolvents exhibit unique physicochemical properties because
of the very high electronegativity and high ionic potential of
the fluorine atom.'** Partially fluorinated organic solvents
possess relatively high polarity compared to perfluorinated
organic solvents. This property allows partially fluorinated
solvents to be used as functionalized solvents, while
perfluorinated solvents are primarily employed as antisolvents
due to their poor dissolving ability with Li salts. As shown in
Figure 9b, Xie et al. proposed the dipole—dipole interactions
model to enhance the compatibility of various electrolytes with
graphite anode, thereby suppressing Li*—solvent cointercala-
tion, preserving the graphite lattice and improving the
electrochemical reversibility.'** After introducing fluoroben-
zene (FB) into the LiFSI-3DME system (LiFSI-3DME/
7FB), the cointercalation of the solvent was suppressed,
leading to a high initial CE of 86% and stable cycling
performance over 200 cycles with a capacity retention of up to
94%. The nonsolvents were kept out of the Li* solvation shell
while exerting considerable dipole—dipole interactions toward
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Figure 10. Functions of fluorinated cosolvents of LHCEs. MD simulation results of (a) dilute electrolyte and (b) LHCE. Reproduced with
permission from ref 158. Copyright 2021 Wiley-VCH. (c) DOS obtained in quantum mechanical DFT-ab initio molecular dynamics (AIMD)
simulations of LHCE with TFMB. Reproduced with permission from ref 160. Copyright 2022 American Chemical Society. (d) Raman spectra of
various solvents, diluents, and electrolytes. (e) Schematic diagram of the electrolyte structure and the correspondingly formed SEI in different
LHCEs. (f) Oxidation stability of various electrolytes in LillAl half-cells characterized by LSV at a scan rate of 0.5 mV s™' from 2.5 to 6.0 V.
Reproduced with permission from ref 158. Copyright 2022 American Chemical Society. (g) Electrostatic potential mapping of Li* solvation
structures and the surface area in each ESP range on the van der Waals (vdW) surface of the FSI™ anion part. Reproduced with permission from ref
161. Copyright 2022 American Chemical Society. (h) Flame-retarding testing of EC/DMC, LHCE—DMC, and LHCE—dimethylacetamide
(DMAC). Reproduced with permission from ref 165. Copyright 2022 Wiley-VCH.

polar solvents, thus weakening the Coulombic attractions
between Li* and solvents. Rational design by partial
fluorination on ethers, e.g, locally polar —CHF,, is identified
as the optimal group compared with fully fluorinated —CF; in
popular designs. Such weak solvents could achieve a balance
between fast ion conduction and electrode stability through
fine tuning the solvation ability (Figure 9c)."*° These
developed electrolytes simultaneously endowed high con-
ductivity, a low and stable overpotential, high CE (>99.5%),
and fast activation (CE > 99.3% within two cycles).
Furthermore, some Li-unfriendly solvents can be optimized
by fluorination. For instance, by introducing a fluorinated
moiety into the nonflammable phosphate, the five-membered
fluorinated cyclic phosphate solvent 2-(2,2,2-trifluoroethoxy)-
1,3,2-dioxaphospholane 2-oxide (TFEP) was designed and
synthesized, as shown in Figure 9d."°' Such fluorinated
phosphate solvent not only had effective nonflammability but
also exhibited excellent electrode compatibility. Besides,
fluorine substitution can broaden the range of liquid
electrolytes. In 2019, Meng et al. proposed liquified gas
electrolytes, which showed high CE with a Li metal anode

(Figure 9e).">* The 0.5 M LiTFSI and 0.5 M tetrahydrofuran
(THF) in fluoromethane (FM) electrolyte exhibited a
maximum conductivity of 3.9 mS-em™! at 20 °C. And, the
impressive low-temperature conductivity at —60 °C was 2.8
mS-em™), which was competitive among state-of-the-art low-
temperature electrolytes."””'>* Such enhanced liquefied gas
electrolytes demonstrated average CEs of 99.6%, 99.4%, and
98.1% (+0.3%) at capacities of 0.5, 1, and 3 mAh cm™?,
respectively, during long-term cycling performance.

As mentioned above, per-fluorinated solvents are usually
applied as antisolvent or “dilute” in many works to make
localized high-concentration electrolytes (LHCEs). Such
LHCEs are widely investigated and always show enhanced
interphasial stability."””'>> Compared with HCEs, LHCEs
exhibit lower viscosity and wider ESWs. Watanabe et al. used
hydrofluoroether (HFE) and 1,1,2,2-tetrafluoroethyl 2,2,3,3-
tetrafluoropropyl ether (TTE) to dilute highly concentrated
ionic liquid electrolytes.'”® The work indicated that the
addition of HFE maintained the solvation structure of the
original salt—solvent complexes and effectively reduced the
dissolution of Li,S,, which greatly enhanced the power density
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Table 2. Fluorinated Additives for Li-Based Batteries'®®'707'%3
additive structural formula original electrolyte component main function ref
o] 1 M LiPFe-EC/ethyl methyl
5 wt.% FEC Oxy J/F v meny SEI formation 168
o] carbonate (EMC) (1:1 by vol.)
0.5 wt.% LiF @8 1 M LiPFs-EC/EMC SEI formation 170
F
Fj/ F
2 wt.% tris(2,2,2-trifluoroethyl) borate Q 1 M LiPFe-EC/DMC (1:2 by vol.) SEI formation 171
F _B. F
oy ot
. (@]
5 wt.% methyl (2,2,2-trifluoroethyl) F ¢ . .
Y\Of 0~ 1 M LiPFe-EC/EMC (1:1 by vol.) CEI formation 172
carbonate F F
) o R 1 M LiPFe-EC/EMC/DMC (1:1:1 )
0.5 wt.% 4-(trifluoromethyl) benzonitrile F%—@%N CEI formation 173
F by vol.)
F i o)
Fj\/O\ 4 thermal stability;
5 wt.% tris(trifluoroethyl)phosphate o © 1 M LiPFe-EC/EMC (3:7 by vol.) o 174
F{ H< F stabilize LiPFs
FF F
FOF
0.1-1.0 wt.% tris(2,2,2-trifluoroethyl) \to 1.2 M LiPFs-C/EC/EMC (3:3:4 by thermal stability; 175
phosphite F P F wt.) stabilize LiPFe
F>(\o O/\ﬁ F
F F
Swi% rOF
) ) Fj\/o\ peNap_ e . flame retardancy;
(trifluoroethoxy)pentafluorocyclotriphosp o 1 M LiPFe-EC/DMC (3:7 by vol.) . 176
N - N CEI formation
-hazene ¢ \F
5 wt.% \/°~F:rN “p-F I MLIPFECEMCDMC (1:1:1 - flame retardancy;
(ethoxy)pentafluorocyclotriphosphazene “p\ g by vol.) CEI formation
FF
RF
2 vol.% phenoxy NESTY flame retardancy;
T /@ 1 M LiPFe-EC/DMC (1:1 by vol.) 178
pentafluorocyclotriphosphazene F P o CEI formation
F F
K
3 mM N-ethyl-3,7- N ) overcharge
o o . . 1.2 M LiPFe-EC/EMC (3:7 by wt.) ) 179
bis(trifluoromethyl)phenothiazine s . protection
F F
FoF
0.08 M N-ethyl-1,2,3,4,6,7,8,9- F N F . overcharge
o 1.2 M LiPFe-EC/EMC (3:7 by wt.) ) 180
octafluorophenothiazine F s F protection
F F
FF F
2 wt.% (4-(2,2,3,3,4,4,5,5,5-nonafluoro- o F . overcharge
. o=( F 1 M LiPFe-EC/EMC (3:7 by vol.) ) 181
pentyl) -1,3-dioxolan-2-one 5 FFFF protection
FT
I I S I o suppress dendrite
0.1 M Li3AlFs Li* ,;P,\LF Li* 1 M LiPFs-EC/DMC (1:1 by vol.) PP 182
F growth
Li*
F enhance the rate
0.01 M BF;3 B 1 M LiPFe-EC/DMC (1:1 by vol.) 183
F™F capability

of the Li—S batteries. By performing molecular dynamics

(MD) simulation, the solvation structure can be shown
pictorially. Zhang et al. introduced the concept of LHCE;,
which consisted of 1.2 M LiFSI in a dimethyl carbonate
(DMC) /bis(2,2,2-trifluoroethyl) ether (BTFE) (1:2 by mol)

mixture, exhibiting low concentration, low viscosity, and good
wettability that facilitated practical applications of LMBs. The
dilution with BTFE slightly weakened the association between
Li* cations and FSI” anions, promoting FSI™ anion

decomposition as the dominant reduction reaction, which
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formed a robust FSI-derived SEI layer. The average CE of the
electrolyte was greatly increased to ~99.7%. After that, LHCEs
have been extensively ap7plied in LIBs, LMBs, and other
electrochemical systems."”” The dilution with BTFE slightly
weakened the association between Li* cations and FSI™ anions,
which led to more FSI™ anion decomposition as the dominant
reduction reaction, forming a robust FSI-derived SEI layer.
The average CE of the electrolyte was largely increased to
~99.7%. After that, LHCEs were widely applied in LIBs,
LMBs, and other electrochemical systems. As shown in Figure
10a and 10b, Zhao et al."*® introduced HFE into initial HCE
and simulated the solvation structure. The bulk phase structure
of local HCE electrolyte did not greatly change with the
addition of HFE diluent. Thus, the salt usage was reduced, and
the viscosity of the electrolyte became lower. As a result, the
electrolyte has a better wettability with electrodes. Although
the ionic conductivity usually increases with the decrease of the
viscosity, the addition of diluent has a negative effect on the
conductivity of LHCE."*® The reason is probably the
discontinuous Li conducting network separated by the diluent
medium. To achieve a balance, the content of diluent should
be restricted during the preparation of LHCE. Fluorinated
ether diluents typically exhibit lower LUMO and HOMO
energy levels. As a result, they may participate in the formation
of electrolytelelectrolyte interphase. Wu et al. reported the
HFE cosolvent decomposition and metal anode dissolution
phenomenon in ether-based LHCE systems.”” Such light
decomposition behavior comes from diluents synergistically
decomposed with anions on the Li metal anode. Figure 10c
shows the density of states (DOS) of LHCE—trifluoromethox-
ybenzene (TFMB). In LHCE—TFMB, the LUMO is located at
either TEMB or FSI™ with nearly equal probability, indicating
that both the FSI™ anions and the TFMB molecules contribute
to the SEI formation.'®® Besides, the existence of fluorinated
ether antisolvent is also attributed to anion decomposition.
The solvation structures in LHCE—TFMB were validated by
Raman spectroscopy (Figure 10d). Upon coordination of
DME with Li%, the corresponding peaks of both DME and
ESI™ shifted to longer wavenumbers. For the 5.0 M LiFSI/
DME electrolyte, only the peak of Li*-coordinated DME was
observed, indicating that few free DME molecules were present
in HCE. In LHCE—TEFMB, the peak positions were nearly the
same as those in HCE plus the vibration bands of free TEMB.
Unlike TTE, which decomposed little at the anode side, the
TFMB/benzotrifluoride (BZTF) diluents were partially
decomposed along with the FSI™ anions and participated in
forming the SEI on the Li metal anode (Figure 10e). This
synergistic effect through anion—diluent pairing was expected
to be of significant importance to the optimized electro-
chemical performance. Linear sweep voltammetry (LSV) was
conducted on an Al electrode to unveil the electrochemical
oxidation stability of these electrolytes (Figure 10f). The
oxidation stability of LHCE—TFMB/BZTF was significantly
improved, and no exponential increase in oxidation current was
observed until 5.0 V. He et al. reported that the surface area in
different electrostatic potential (ESP) ranges (Figure 10g)
helped quantitatively analyze the characteristics of the
molecular surface charge.161 The reduced relative abundance
of the ESP distribution on anions suggested that the reduction
stability of FSI™ was reduced in the presence of antisolvents. In
previous reports, the LHCE—TTE electrolytes demonstrated
better cycling performance of LillCu cells (98.9% and 99.6%)
than LHCE—TFETFE (98.2% and 99.4%).'°> However, the

intensified inductive effect caused by antisolvents reduced the
binding energy of the Li—solvent interactions and changed
with different antisolvents. The binding energies of the Li—
solvent and Li—anion interactions were decreased with the
addition of antisolvent compared with the HCEs, indicating
the capability of antisolvents to help lower the desolvation
energy and facilitate interphase kinetics in the electrochemical
reaction.'®*'** The addition of fluorine also led to a decrease
in the flammability of the electrolyte, as shown in Figure
10h.'%° Hereby, F* radicals were formed, which could scavenge
the H*® radicals. Owing to this approach, the free-radical
reaction was quenched, and the flame propagation was
suppressed. However, ether-based electrolytes are highly
volatile and flammable, and flame retardancy cannot be
achieved by adding fluorinated solvents/cosolvent alone.
Aurbach et al. reported a synergy of fluorinated cosolvent
and gelation treatment by a butenoxycyclotriphosphazene
(BCPN) monomer, which facilitated the use of ether-based
electrolyte for high-energy Li metal batteries.'®® The safety
risks of fire and electrolyte leakage were eliminated by the
fluorinated cosolvent and fireproof polymeric matrices.

2.2.3. Fluorinated Additives. Electrolyte additives are
usually defined as the functional compounds added into the
bulk electrolyte in a low amount (0.1—5%, either by weight or
volume) by which electrolyte can be regulated economically
and efficiently.*” Compared to their nonfluorinated counter-
parts, fluorinated additives exhibit decreased cathodic stability,
increased anodic stability, reduced flammability, etc., which
endow fluorinated additives with tremendous application
potential in (i) SEI/CEI formation, (ii) flame retardancy,
(iii) overcharge protection, (iv) Li salt stability regulation, (v)
electrolyte wettability adjustment, and (vi) electrolyte
conductivity improvement.'®” Table 2 summarizes the
components and functions of different fluorinated additives
used in Li-based batteries. As the most widely reported organic
additive, FEC is believed to be capable of improving the
interphasial stability of the anode by the formation of LiF-rich
SEI layers. Substitution of a hydrogen atom in EC by a fluorine
atom sharply reduces the LUMO energy level from —0.38 to
—0.87 eV, which makes it easier to be reduced on the anode
side and form a SEL'®® The C—F bond in FEC breaks first
during the reduction process, eventually leading to the
formation of a stable, compact SEI rich in LiF and poly(vinyl
carbonate) (poly(VC)).'®® The combination of LiF and
poly(VC) remarkably inhibits continuous electrolyte decom-
position and facilitates uniform Li deposition, which exhibits
an even better passivation effect than the VC-containing
electrolyte.'” Apart from the FEC, Archer and co-workers
demonstrated that the direct use of 0.5 wt % LiF to a
conventional electrolyte could enable high surface stability and
fast surface diffusion of Li ions over the layer rich in LiF
crystals,'”” further confirming the vital role of LiF in stabilizing
the SEI Yin and co-workers adopted a fluoride boron-based
anion receptor, tris(2,2,2-trifluoroethyl) borate (TTFEB), as a
bifunctional electrolyte additive to improve the performance of
LMBs."”" With 2 wt % TTFEB, uniform Li deposition without
uncontrollable Li dendrites can be realized due to the LiF-rich
SEI layer. Moreover, the electron-deficient boron-center atoms
acted as anion receptors to tether the PF¢~ anions in the
electrolyte, causing the increased Li-ion transference number.

In addition to the Li anode, the stability of the cathode is
also crucial for the development of high energy density Li-
based batteries. However, the CEI chemistry is even more
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Figure 11. Fluorinated solid-state/quasi-solid-state polymer electrolytes. (a) Detailed synthetic scheme of 21-arm fluoropolymers. Reproduced with
permission from ref 195. Copyright 2022 Springer Nature. (b) Synthesis paths of FBCPs. Reproduced with permission from ref 196. Copyright
2021 Elsevier. (c) Schematic of synthesizing FB-SPE by visible-light-driven photocontrolled radical polymerization (photo-CRP). Reproduced with
permission from ref 197. Copyright 2021 Wiley-VCH. (d) Simulated HOMO energy level of POE (upper panel) and POE-F (lower panel).
Reproduced with permission from ref 198. Copyright 2021 Wiley-VCH. Illustration of (e) the Li salt state in the PVDF and PVBL electrolytes and
(f) the Li salt dissociation and Li* transport by the coupled BTO—LLTO in the PVBL electrolyte. Reproduced with permission from ref 199.

Copyright 2023 Springer Nature.

complex, and the electrochemical performance of the cathode
has been plagued by some challenges, including severe
oxidative decomposition of the electrolyte, gas evolution,
transition metal dissolution, cracking of primary/secondary
particles, etc., especially for layered transition metal oxide
cathodes under a high cutoff voltage."** The design of novel
fluorinated additives such as fluorocarbonates, fluoronitriles,
and fluoroborates can improve the oxidation stability after
fluorination due to the ability to in situ form an F-containing
CEI layer, which offers a promising solution for the
aforementioned challenges."®> Song and co-workers reported
a fluorinated linear carbonate, methyl (2,2,2-trifluoroethyl)
carbonate (FEMC), as a new electrolyte additive to achieve the
performance improvement of commercial carbonate electrolyte
at a 4.6 V cutoff voltage, far beyond the oxidation limit (4.3 V
vs Li/Li*) of conventional carbonate electrolyte.'”> FEMC
played a crucial role in generating a passivating layer rich in

metal fluorides and C—F-containing species, which effectively
delayed the cathode degradation and capacity fade.

The practical application of batteries may encounter
different abuse conditions such as thermal abuse, electronic
abuse, and mechanical abuse, which trigger a series of
exothermic reactions and thermal runaway of batteries.'*®
Generally, fluorinated phosphates and fluorinated phosphites
such as tris(trifluoroethyl)phosphate (TFP)'"* and tris(2,2,2-
trifluoroethyl) phosphite (TTEP)'” exhibit superior flame
retardance over nonfluorinated counterparts. When heated, F*
radicals can scavenge the hydrogen radicals and quench the
free-radical reaction and flame propagation.'®” Addition of
fluorinated phosphates or fluorinated phosphites in the organic
electrolyte can remarkably promote the thermal stability and
suppress the thermal decomposition of LiPF.'** However, to
achieve nonflammable electrolyte formulation, the amount of
fluorinated phosphates or fluorinated phosphites is usually
required to be greater than 5%.'*° Phosphazene derivatives
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rich in F, N, and P elements are considered as more
outstanding flame-retardant additives than phosphates and
phosphites. Feng and co-workers synthesized a novel
(trifluoroethoxy)pentafluorocyclotriphosphazene (TFPN) and
deployed a flame test, which revealed that only S wt % TFPN
addition can enable electrolyte nonflammability.'”® Moreover,
the preferential oxidative decomposition of fluorinated
phosphazene derivatives also produced a multiphase CEI
layer consisting of linear/multiring polymers, such as Li;N,
LiF, etc., which suppressed decomposition of the electrolyte
and achieved a high reversible capacity and better capacity
retention.'””'”® As a typical electronic abuse, overcharge can
cause premature electrode and electrolyte failure and
catastrophic safety issues. Overcharge protection additives
with an oxidation potential slightly higher than the delithiated
potential (vs Li/Li*) can exert a preferential redox reaction,
resulting in circuit break or a microshort circuit inside the
batteries."*”'*" An electron-withdrawing substituent with F or
CF; groups provides a promising method to increase the
oxidation potential of the overcharge protection additives for
use as redox shuttles in high-voltage Li-based batteries. Odom
and co-workers synthesized a series of F-substituted
phenothiazine derivatives such as N-ethyl-3,7-bis-
(trifluoromethyl)phenothiazine (BCF3EPT) for a LiFePO,
cathode'”” and N-ethyl-1,2,3,4,6,7,8,9-octafluorophenothiazine
(OFEPT) for a high-voltage LiNijCoq;5Al50505 cathode,'®
which acted as reversible redox shuttles to protect batteries
from overcharge. All in all, although numerous fluorinated
additives have been explored, the physicochemical properties
of fluorinated additives do not show a simple monotonous
correlation with the content of fluorine substitution.'”’
Moreover, the decisive influence of the fluoride substitution
position on the performance of additives still needs further
investigation.

2.2.4. Fluorinated Solid/Quasi-Solid-State Electro-
lytes. Exploration of highly affordable batteries with enhanced
safety is crucial for achieving electric devices with energy
densities of 400 Wh kg™'. To address this need, the
development of all-solid-state batteries has emerged as a
promising pathway. Traditionally, liquid electrolytes select
organic solvents with strong polarity, creating a high dielectric
constant environment conducive to Li-ion dissociation.'”> This
strategy also applies to the selection of all-solid polymer
electrolytes. The electrostatic force between ions in SPEs is
significantly influenced by the polarity of the polymer. Since
the report of ion conduction in poly(ethylene oxide) (PEO) in
1975, it has been considered as an intriguing polymeric matrix
for electrolytes due to the excellent chemical and electro-
chemical stabilities."””'”* However, the high crystallinity of
PEO at room temperature results in low ionic conductivity
(107°=10% S cm™!); meanwhile, the narrow ESW of PEO-
based electrolytes also hinders their widespread application.
Efforts to enhance PEO-based solid electrolytes are underway.
As an example shown in Figure 11a, Hu et al. proposed a top-
down design concept through atom transfer radical polymer-
ization."”> Through an orthogonal test method, the optimal
composition of a F-rich macromolecule containing all-solid-
state polymer electrolyte (FMC-ASPE) was determined. This
new PEO electrolyte exhibited significantly improved high-
voltage stability and transference number (t;* = 0.88) to
suppress the side reaction at the cathode side and dendrite
growth at the Li anode side. Additionally, the as-prepared
FMC—ASPE showed improved physical and electrochemical

properties, including higher ionic conductivity, higher tough-
ness (2.7 times higher than PEO—ASPE), and higher thermal
stability. Sun et al. synthesized fluorine-containing ABA
triblock copolymer electrolytes (FBCPEs) (perfluoroalkyl
pendant in the A segment and PEO in the B segment) with
a small number of —CF, repeating units (Figure llb).196
Addition of —CF, decreased the HOMO energy level of the
whole electrolyte. Thus, the antioxidant capacity of FBCPEs
was improved, resulting in a wider ESW of 4.9 V. Jia et al.
proposed a fluorinated bifunctional solid polyelectrolyte, as
shown in Figure 1lc, in which fluorinated chains were
covalently bonded to polyether-based fragments through the
controlled radical polymerization."”” Compared with conven-
tional nonfluorinated polyether-derived solid polyelectrolytes,
FB-SPEs were able to provide an electrochemical window of 5
V. In addition to PEO, fluorination plays an essential role in
other all-solid-state polymer electrolytes as well. Sun et al.
selected polyoxalic (POE) acid as the polymer matrix and
found that the HOMO electrons of the POE were located at
the terminal unit.'”® When trifluoroacetic acid was applied as
the terminal unit (POE-F), the HOMO electrons were
transferred to the middle oxalic acid unit, which improved
the antioxidant capacity (Figure 11d). Furthermore, the
interfacial compatibility between the Li metal and POE-F
was also improved by generating a LiF-based SEI, and the
stability of LillNMC811 full cells was significantly improved,
which kept cycling stably over 200 cycles at 1 C.

Apart from all-solid-state polymer electrolytes, quasi-solid-
state gel polymer electrolytes (GPEs) can also be optimized by
fluorination. One of the extensively studied materials for quasi-
solid-state polymer electrolytes is PVDF, first investigated in
the 1980s.”°° In 1996, Warren et al. assembled the first LIB
based on a PVDF-HFP-based GPE. The copolymer exhibited
advantages of a low degree of crystallinity due to the addition
of hexafluoropropylene (HFP), high mechanical flexibility, and
good compatibility with electrodes.””*" Afterward, the
number of studies on PVDF-based electrolytes gradually
increased, with GPEs being the main focus. He et al
developed a highly conductive and dielectric GPE by
compositing PVDF with coupled BaTiO; (BTO) and
Lig3;Lags¢TiO;_, (LLTO) (named as PVBL) nanowires, as
shown in Figure 1le and 11f'° The PVBL effectively
restrained the formation of the space charge layer with
PVDF, and the coupling effects contributed to an exceptionally
high ionic conductivity (8.2 X 107" S cm™') and Li"
transference number (0.57) of the PVBL at 25 °C. The
PVBL also homogenized the interfacial electric field with
electrodes. The LilPVBLI (LiNiy4Co,,Mn,,;0,) NCMS8I11
solid-state cells stably cycled 1500 times at a current density
of 180 mA g~', and the pouch cells also exhibited excellent
electrochemical performance and good safety. Nevertheless,
various tough challenges need to be resolved before the
practical application for PVDF-based electrolytes, including the
following: (i) the in-depth understanding of interphase
degradation mechanisms is still insufficient; (ii) achieving
considerable ionic conductivity in solvent-less conditions is of
significant importance; (iii) the rate performance should be
promoted under high current density; (iv) the solid interface
still has natural deficiency compared with liquid electrolytes;
(v) to further improve the energy density, the thickness of the
polymer electrolyte needs to be thinner up to 10—20 ym; (vi)
the polymerized homogeneity of PVDF-based electrolytes in
industrial conditions is insufficient, which will lead to uneven
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Figure 12. Fluorinated inorganic solid electrolyte. (a) Schematic synthesis of Li;GaFs. (b) Crystal structures of f-Li;GaF, viewed along [111].
Reproduced with permission from ref 203. Copyright 2022 Springer Nature. (c) Li-M—F ternary phase diagram assessing the computed stability
of Li—M—F compounds. Black solid circles indicate stable phases, while red solid circles show the targeted fluoride materials. (d) Electrochemical
stability ranges of Li, MF fluoride electrolytes. The yellow region reflects the possible extension of the voltage window over which decomposition
occurs but without any metallic products. Reproduced with permission from ref 204. Copyright 2021 Elsevier. (e) The crystal structure of
LigPSsF, sCly s and the voltage profile of LillLi symmetric cell cycling with LigPSsF, sCly s under current densities of 0.05, 0.10, and 0.15 mA cm ™
Reproduced with permission from ref 205. Copyright 2022 American Chemical Society.

Li transportation. Understanding the above specific challenges
faced by PVDF-based electrolytes will contribute to the
development of next-generation all-solid-state batteries.

For inorganic solid-state electrolytes, although fluorination
strategies have been successfully applied on oxide, sulfide, and

polyanion solid electrolyte systems, Li—fluoride solid electro-
Iytes have yet to be reported.””” To investigate the structure
and corresponding synthesis strategy, Li et al. proposed a novel
Li-rich fluoride electrolyte, Li;GaFs, with a high ionic

-1

conductivity close to 107" S cm™ at room temperature
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(Figure 12a).”*® The synergic effect of open bulk transport and
compact interphase transport in Li;GaF4 endowed LiFePO,-
based solid-state LMBs with an improved cycling performance
for at least 150 cycles at 1 C. The crystal structure of the
Li;GaFg derivative from the cryolite phase is shown in Figure
12b. The characteristic building units are GaF octahedra, and
the Li atoms are octahedrally, pentahedrally, or tetrahedrally
coordinated by F. To understand the phase stability relative to
their corresponding separated phases, including elemental,
binary, and ternary ones, Lin et al. used the grand canonical
linear programming method (GCLP) to explore the phase
diagram of Li—M—F compounds (Figure 12¢).”* The
favorable combination was the decomposition of ternary
Li,MF into binary LiF and MF; or MF, with the order of
decomposition energy (AE = [E (phase equilibrium) —
E(Li,MF)] Nyoms ') being as follows: Li;GaFg (52 meV
atom™') > Li;AlF, (38 meV atom™) > Li,ZrF, (13 meV
atom™) > Li;ScF¢ (1 meV atom™). Figure 12d shows the
sequence of fluoride materials determined by their ESW:
Li;ScFq (5.78 V) > LijAlF, (549 V) > Li,ZrF, (5.34 V) >
Li;GaFg (4.37 V). The fluoride materials exhibit a wider ESW
compared to that of the sulfides. Li;AlF, exhibits a cathodic
(anodic) limit of 0.56 V (6.0 V) versus bulk Li, while Li;PS,
operates within a narrow window of 1.6—3.0 V. The
electronically insulating and ionically conducting phase LiF is
formed at low voltage, which may potentially serve as a
passivating interphase that can act as a barrier against further
solid electrolyte decomposition.

The LilINMC811 cells matched with LisPS;Cl (LPSCIl)
electrolyte suffer from a fast capacity decay because the sulfide
solid electrolyte is not stable to both the Li anode and the
NMC811 cathode.”***°” To solve this problem, Wang et al.
added a small amount (0.32 wt %) of CuF,—LiNO; (CL) into
LPSCI electrolyte to in situ form a mixed-conductive—
lithiophobic and self-healing LiF—Li;N—Cu SEIL The compat-
ibility of LPSCI—CL electrolyte to single-crystalline NMC811
was further enhanced by adding a small amount (0.02 wt %) of
AIF;.*%° Doping F into LPSCI electrolyte largely improved the
oxidation stability; thus, the LilNCMS811 full cell achieved a
high capacity retention of 69.4% after 100 cycles at 2.55 mA
cm™2/2.55 mAh cm™2 In addition, Wang and co-workers
reported F-doped Lis, PSsF, argyrodites with a tunable doping
content and dual dopants (F~/Cl™ and F~/Br~) that were
synthesized through a solvent-based approach, as shown in
Figure 12e.””> Among all compositions, LigPSsF,sClys
exhibited the best cycling performance in Li symmetric cells
owing to the enhanced interfacial stability against Li metal,
which can be attributed to the formation of a stable SEI
containing Li;P, LiCl, and LiF. Furthermore, LillLiFePO,
(LFP) cells using LigPSsFysClys showed enhanced cycling
performance with a specific discharge specific capacity above
105 mAh g™ after SO cycles. However, F doping also
significantly reduced the ionic conductivity of LPSCI due to
the high bonding between F and Li**” The excessive LiF
precursor filled in the boundary/pore of the solid-state
electrolytes after fluorine was incorporated into the LPSCI
structure. This reduced the electronic conductivity while
enhancing the rigidity to suppress the penetration of Li
dendrites.

In conclusion, the electrolytes for high-performance Li-based
batteries can be tailored by combining the benefits of different
partially fluorinated/per-fluorinated electrolytes. Selective
fluorination of the anions of Li salts will decrease their

interactions with Li" cations, thereby increasing the dissocia-
tion of the salts in the electrolyte solution and lifting the ionic
conductivity. Fluorinated solvents can also inhibit the progress
of combustion, thus improving the safety of the electrolytes. It
is important to achieve a balance between Li salt solubility and
interfacial compatibility. Fluorinated additives containing well-
tailored functional groups can transform into uniform and
thickness controllable SEI/CEI films, which remains a hot field
for future research. For the polymer all-solid-state electrolytes,
the grafting of F-containing groups/chains on the polymer
matrix can widen the electrochemical window and/or facilitate
ion conduction; furthermore, F-containing polymers, such as
PVDF and PVDF-HFP, have played a significant role in the
quasi-solid-state gel polymer electrolytes. The exploration of
fluorine chemistry in advanced solid-state battery systems
aiming for enhanced performance is also in progress.

2.3. Other Fluorinated Battery Components

2.3.1. Fluorinated Separators. As an essential compo-
nent in batteries, the separator not only offers transport paths
for Li" migration between two electrodes but also serves as a
barrier isolating the cathode from the anode.”*’ Despite their
critical function, current commercial separators (e.g, poly-
propylene (PP), polyethylene (PE), and their multilayer
composites) suffer from insufficient mechanical strength,
inferior liquid electrolyte affinity, low thermal stability, and
high flammability. The separator failure/collapse can lead to
internal short circuits, potentially triggering thermal runaway,
energy release, explosion, and other serious security risks in
batteries.”'' Over the past few decades, intensive efforts have
been dedicated to overcoming these limitations, among which
polymeric separators,”'>~>** blends and composites,”**™>*°
surface coating,227_229 and surface grafting230_233 have been
mostly the focus. In particular, PVDF and its copolymers (e.g.,
PVDF—-HFP, polyvinylidene-co-chlorotrifluoroethylene
(PVDF—CTEFE), poly(vinylidene fluoride)—trifluoroethylene
(PVDF—T1FE)) have garnered great interest due to their high
dielectric constant, strong polarity, and excellent anodic
stability, which contribute to their good affinity toward polar
electrolytes and their ability to assist in the dissociation of Li
salts. For a detailed and specific summary of separators based
on PVDF and copolymers, readers are encouraged to consult
the excellent review articles.”***** It should be noted that the
practical applications of PVDF separators are hindered by the
low mechanical strength (<10 MPa) caused by their solubility
in electrolytes combined with inferior thermal stability due to
their low melting point (172 °C).”* In addition, the formation
of LiF and the C=CF bond in the crystallized PVDF, through
interactions between F and Li or lithiated graphite, can resist
Li* transport and further deteriorate the rate capability of
LIBs.”***” Blending two or more polymer solutions has been
considered as an effective strategy to achieve complementary
properties of each component. In 2014, Liu and co-workers
blended PVDF—HFP with polyimide (PI) by cross-electro-
spinning, arranging the two polymer solutions alternately to
construct a PVDF-HFP/PI composite membrane. This
composite separator, combining the advantages of both
polymers, demonstrated increased porosity, higher thermal
dimensional stability, improved electrochemical stability, and
higher ionic conductivity compared to the commercial Celgard
2400 separator.”*® Similarly, the poly(m-phenylene isophtha-
lamide) (PMIA), known for its high mechanical strength and
high temperature tolerance, was blended with PVDEF to
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Figure 13. Functions of fluorinated separators in Li-based batteries. (a) Electrostatic potential surface for pristine PPTA and F-PPTA molecules.
(b) Puncture strength curves of the PP, PPTA@PP, and F-PPTA@PP separators. Reproduced with permission from ref 243. Copyright 2022
Wiley-VCH. Evaluations of the (c) electrolyte contact angles, (d) ionic conductivity, and (e) LSV for the PVDF/F—PI separator and other
separators. Reproduced with permission from ref 244. Copyright 2023 Wiley-VCH. Schematic illustration of the ion transport behavior through the
fluorinated COF nanofluidic nanochannels at (f) 0, (g) 8, and (h) 38 ns. MD simulation results show that the fluorinated separator exhibits a
higher Li* migration activity than the anion (TFSI™ and Ss*”). Reproduced with permission from ref 245. Copyright 2023 American Chemical

Society.

construct a sandwich-structured PVdF/PMIA/PVdF compo-
site membrane. This membrane displayed high ionic
conductivity, reinforced tensile strength (13.96 MPa), and
excellent thermal stability as well as desirable electrochemical
stability/rate performance for the assembled LillLiCoO,
battery.”*> The enhancement of the mechanical property and
thermal stability of the PVDF-based separator was also
achieved by blending with polyacrylonitrile (PAN).>*” Never-
theless, blending polymer solutions can increase the fiber
diameter size and influence the fiber morphology, generally
leading to a nonuniform fiber structure. Besides, the obtained
ionic conductivity of the resulting blends needs to be further
improved. To address these issues and enhance the separator
properties such as electrolyte uptake, thermal stability, and
ionic conductivity, nanoscale particles including Al,O;, SiO,,
TiO,, and Sb,0; have been successfully incorporated into the
polymer matrix.”*”**’

A variety of modification strategies have also been employed
to enhance the physiochemical and electrochemical perform-
ance of the separators, among which the surface coating/
grafting method has been considered as a promising candidate
to address the above-mentioned drawbacks facing the common
commercial separator.”>**** By coating the composite material
of graphite fluoride nanosheets (GFNs) and PVDF, the
pristine PP separator was modified by Zhang et al. on a large

scale. Attributed to the reaction between GFNs and Li, a
concrete-like protective layer with improved mechanical
properties was constructed on the Li metal anode, enabling
fast Li* transport, resisting Li dendrite growth and maintaining
good integrity as well. In addition, owing to the lithiophilic
feature of GFNs, sufficient physical contact between the Li
anode and the protective layer was achieved, realizing low
interphasial resistance and homogeneous Li deposition layer by
layer.”*" As the most electronegative elements that have been
known, F is capable of forming the strongest single covalent
bond of C—F with a bond energy of 488 kJ mol™'.*** A F-
modified PPTA (poly-p-phenyleneterephthalamide) protective
layer on the PP separator (F-PPTA@PP) was developed via
coating PPTA nanofibers on a commercial PP membrane and
subsequently grafting F-containing groups on the separator. As
shown in Figure 13a, an F atom was grafted on the PPTA (F-
doped PPTA) via a C—F bond, where the generated
electronegativity around the C—F bond endowed a stronger
organic affinity to promote the electrolyte wettability. This F—
PPTA@PP separator exhibited high thermal stability to
suppress thermal shrinkage, excellent physical strength to
prevent potential mechanical abuse, and good capability to
simultaneously in situ construct a LiF-rich SEI layer to
promote the uniform electrodeposition of Li and eliminate Li
dendrite risks (Figure 13b). With this separator, the assembled
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Figure 14. Developments of fluorinated binders for enhancing electrode performance. (a) Molecular structures of synthesized FPI. Reproduced
with permission from ref 262. Copyright 2018 Wiley-VCH. (b) Scheme of the preparation for self-assembled fluorinated copolymers. Reproduced
with permission from ref 269. Copyright 2018 American Chemical Society. (c) Preparation routes for amphiphilic graft copolymer precursors
(PVDF-g-PtBA) and pyrolytic transformation to PVDF-g-PAA. Reproduced with permission from ref 270. Copyright 2016 Wiley-VCH. (d)
ustration of the dual-cross-linked network combining covalent bonds and hydrogen bonds among the designed fluorinated copolymer, sodium
alginate, and the Si surface. Reproduced with permission from ref 271. Copyright 2019 American Chemical Society.

LillNCM811 battery featured an initial capacity of 194.1 mAh
g ' at 0.5 C and a stable cycling performance for over 1000
cycles. Under various extreme conditions, such as a wide
temperature range from —10 to 100 °C, an ultrafast charging/
discharging rate of 30 C, and lean electrolyte/high mass
loading, the battery exhibited promising electrochemical
performance.”*” Very recently, a novel fluorine-functionalized
PVDF/fluorinated-PI (FPI) composite nanofibrous separator
was developed for wide-temperature LMBs.*** On one side,
the abundant polar —CF; groups in the F—PI composite
provided an electronegative environment for fast Li* transfer.
Besides, the —CF; group contributed to enhanced thermal
stability and fire retardancy for enabling the operation of LMBs
in a wide temperature range. On the other side, the
incorporation of PVDF enhanced the mechanical properties
by increasing physical contacts among the F—PI nanofibers
and facilitated the uniform Li deposition via homogenizing the
pore size as well. This F-functionalization treatment endowed
the separator not only with increased affinity toward organic
electrolytes and high value of ionic conductivity but also a
wider ESW (Figure 13c—e). Based on this separator, the LillLi
cell sustained a steady cycling of 2400 h at 1 mA cm™> with an
areal capacity of 1 mAh cm ™2, which survived for 1000 h with a

low overpotential of 15 mV at 60 °C. Briefly, the fluorination
method offers a promising and facial strategy for enhancing the
overall properties of the separator, including the electrolyte
wettability, ionic conductivity, thermal stability, and electro-
chemical stability, thus effectively resisting safety risks and
improving the electrochemical performance of LMBs.

As one of the most promising high-energy Li-based
rechargeable battery systems, the practical Li—S battery has
been restricted by the irreversible cathode consumption due to
the polysulfide shuttling as well as notorious Li dendrite
growth, inducing severe capacity fading during cycling.
Introducing modification layers or interlayers on separators
has been adopted as a feasible strategy for entrapping
negatively charged sulfur species.Z%’247 Particularly, to utilize
the polar active site of F atoms for immobilizing polysulfides,
Dominko et al. synthesized fluorinated reduced graphene oxide
(F—rGO) to act as a separator interlayer, which prevented the
polysulfide shuttling and achieved improved cycling perform-
ance.”*® Unfortunately, the usage of fluorine gas or XeF, brings
safety concerns for practical applications. Via a facile, cost-
effective, safe, and scalable approach, fluorinated carbon was
successfully constructed on a PP separator. Thanks to the
strong chemical bonding ability of the F groups and physical
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adsorption of the mesoporous structure, the polysulfide
shuttling was suppressed significantly. In addition, the F
doping induced a pseudocapacitive effect for fast Li* diffusion,
affording a dense and homogeneous Li deposition during
repeated cycling.”*’ However, most separator coating layers are
unfavorable for the transfer/migration process of Li*.”>**!
Very recently, a fluorinated covalent—organic framework (4F-
COF)-based nanofluidic membrane was constructed for
regulating the Li—S battery performance. The fluorine
functionalities endowed the 4F-COF permselective nanofluidic
channels to contain negatively charged sites, allowing Li"
cations to enter the 4F-COF layers while repelling the anion
(S¢*7) transport (Figure 13f—h). With the fluorinated COF/
PP separator, a highly stable Li metal was achieved with
plating/stripping for 2000 h at 1 mA cm™> Besides, the as-
assembled Li—S batteries demonstrated a stable cycling
performance for over 1000 times with 82.3% capacity retention
at 2 C, a high rate capability with 568.0 mA h g™' at 10 C, as
well as an areal capacity of 7.60 mA h cm™ at a high sulfur
cathode loading (~9 mg cm2).*%

2.3.2. Fluorinated Binders and Current Collectors. It is
commonly known that during battery cycling, the electrodes
are vulnerable to mechanical stress (i.e., severe volume changes
for conversion- and alloy-type electrodes). Therefore,
insufficient binding strength leads to severe pulverization and
further capacity degradation. Thus, serving to provide the
cathode and anode electrodes with both interconnected
structures and mechanical strength for sufficient electron
transport and ion migration upon charging/discharging, the
polymeric binder is of vital significance to the battery
performance.”>” Recently, owing to the high thermal stability,
strong adhesive strength, and electrochemical/chemical inert-
ness with a symmetrical linear F-bonded carbon skeleton,
PVDF has been recognized as the earliest and most popular
binder material for commercial LIBs. However, with the
increasing versatile requirements of practical battery tech-
nologies, the current polymer binders should not only act as a
binding reagent but also provide different functionalities,
including high ionic/electric conductivity, stable electrodel
electrolyte interphase, excellent polysulfide anchoring capa-
bility, and improved mechanical strength to buffer the volume
change. These features cannot be achieved by the current
PVDF binder. Especially at large volume expansion, conven-
tional PVDF binder will lose the adhesion as a result of the
slippage of the linear chain in the electrode.”*®> More specific
reviews focusing on different binders and their corresponding
developments have been conducted earlier.”**">*° In this
section, we will mainly introduce the mechanisms and
properties of fluorinated binders on the electrodes and further
on the battery performance. The design and application of
fluorinated binders in Li-based batteries will provide
opportunities to develop advanced binders.

When it comes to layered oxide cathode materials
represented by LiCoO,, PVDF has been the most widely
used binder in industry. It was found that the crystallinity of
PVDF was reduced via embedding maleic anhydride-grated-
PVDF (MA-g-PVDF) into PVDF, which is favorable for
improving electrolyte uptake. As a result, the rate capability
and cycle performance of the LiCoO, cathode were
enhanced.”®” However, it was pointed out that the reduced
crystallinity of PVDF with a lower molecular weight led to the
decreased adhesion strength.”>® Therefore, the crystallinity
degree should be carefully optimized and balanced to fulfill the

cathode performance. Unfortunately, it was demonstrated that
the PVDF binder can be changed when charging the cathodes
to a high voltage above 4.3 V. Due to the weak cohesive force,
PVDF is unable to generate a robust layer on the cathode
surface and easily causes detachment between cathodes and
current collectors, which finally leads to continuous electrolyte
decomposition and rapid capacity decay for high-voltage
cathodes.”*”>°" Therefore, it is necessary to explore electro-
chemically inactive binders beyond PVDF. With the obvious
advantage of strong adhesion to the electrodes and good
thermal stability, PI has been proved to improve the battery
performance. By introducing six —CF; functionalities per unit
in the PI backbone (Figure 14a), the fluorinated PI (FPI)
showed faster ion transfer, greater resistance to electrochemical
oxidation, as well as higher thermal stability. The FPI had
excellent binding ability to mitigate the degradation issue of
the Li-rich cathode at 4.7 V while functioning as a surface
protective layer on the cathode via constructing a robust thin
film. The resulting cathode presented improved cycle stability
in both half cells and full cells when paired with graphite
anodes.”®> Moreover, employing ionic conductive polymers
such as poly(ionic liquid)s (PILs) or single-ion conducting
polymers (e.g, PEO) as binders has been considered as an
effective strategy to improve the ionic conductivity and Li*
diffusion rate for high-performance LIBs.”**™*®” Typically,
cationic or anionic species are bonded to polymer backbones
in the PILs, contributing to the high Li* ionic conductivity as
well as wide ESW.”*® By incorporating the ionic conducting
lithiated poly(perfluoroalkylsulfonyl)imide (PFSILi) ionene
with PVDF to serve as the binder, the LiFePO, cathode
exhibited increased working voltage, lower electrochemical
polarization, and higher reversibility than that with PVDF
binder, especially operated at elevated temperatures or high
current rates. Besides, a higher reversible capacity and energy
density (1.50 and 1.66 times) of the LiFePO, cathode was
enabled compared to the cathode with PVDF binder.**
Lithiated perfluorosulfonate ionomer (Li—Nafion) was re-
ported to demonstrate similar effects as the binder for
LiMn,0O, cathodes. The resultant Li—Nafion binder displayed
an ionic conductivity of 1.4 X 107* S cm™, generating an ion
conducting layer on the LiMn,0, cathodes, which reduced the
interphase resistance for high-rate cycling (5—20 C) and
stabilized the cathode even at high temperature (60 °C).>*
Zhao et al. prepared an ionic conducting binder by pairing
sulfonated polyether ether ketone with pendant lithiated
fluorinated sulfonic groups (SPEEK-FSA—Li) in which
sulfonated aromatic poly(ether ketone) had good thermal/
mechanical stability; meanwhile, the charge delocalization over
the lithiated fluorinated sulfonic side chains exhibited low
lithium dissociation energy for improving Li* conductivity. The
SPEEK-FSA—Li binder contributed to a much smaller
interphasial and charge transfer resistance, an enhanced
discharge plateau voltage, and a higher reversible capacity for
the LiFePO, cathode, in contrast with that using PVDF
binder.”®® Recently, the pyrrolidinium-type poly-
(diallyldimethylammonium) (PDADMA) with fluorinated
anions was used as a cathode binder, wherein the fluorine
content (e.g, FSI, TFSI, bis(perfluoroethylsulfonyl) imide
(BETI), and nonafluoro-1-butanesulfonate (CFSO)) led to
highly delocalized charge density for facilitating Li* transport.
The consequent high-voltage LiNi, sCo,,Mn,;0, (NCM 523)
electrode achieved improved rate capability and stable cycling
performance.”®® Introducing ion conducting materials into
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polymer binders is considered as another effective strategy to
improve the overall electrochemical performance of LIBs.
Copolymerizing the hydrophilic 2-(perfluorohexyl) ethyl
methacrylate (PFHEMA) and hydrophobic poly(ethylene
glycol) methacrylate (PEGMA), Kuo and co-workers designed
a Li* conducting waterborne fluorinated binder (Figure 14b).
The fluorinated moiety was expected to improve the
electrochemical stability and adhesive properties, while the
PEO segments in PEGMA achieved higher ionic conducting
ability. The copolymer can self-assemble into a series of
spherical nanoparticles (150—220 nm) dispersed in aqueous
solution. The results showed that with an optimal ratio of 3:1
(PFHEMA:PEGMA), the LiFePO, cathode delivered great
cyclability over 150 cycles without obvious capacity decay and
nearly 100% CE.**

Relying on the weak van der Waals force to connect active
materials and other components within the electrodes, a
conventional PVDF binder is unsuitable for alloy-type anode
materials (e.g., Si) with drastic volume changes during battery
cycling. In general, the ideal binders for alloy-type anodes
should be chemically stabile at elevated temperatures,
electrochemically inert to sustain a wide ESW, and
mechanically tolerant to withstand extensive stresses while
maintaining ionic or electronic conducting ability.””>*”* It has
been elucidated that heating a Si electrode containing 8 wt %
PVDF at 300 °C contributed to a more uniform distribution of
PVDEF on the surface of the active materials, which largely
enhanced the adhesive strength and viscoelasticity for
improved cycle performance with 600 mAh g™ available
capacity after 50 cycles.”’* Nevertheless, less than 20% of the
theoretical specific capacity of the Si anode was left, which is
still far from the requirement of practical application. Thus,
combining PVDF with other polymers can be developed to
satisfy the needs of high-performance Si-based anode materials.
Based on a tether model in which the binder was filled with
carbon black, Dahn and co-workers designed an elastomeric
binder of terpolymer PVDF fluoride-tetrafluoroethylene ethyl-
ene copolymer (PVDF-TFE-P) for the SijgSng;s alloy
anode.”” It was noted that 3-aminopropyltriethoxysilane was
added as an adhesion promoter in the electrode, providing
—NH, to bond with the carbon—carbon double bond in the
backbone of PVDF-TFE-P. The resulting Sig¢,Sng3s anode
exhibited a stable reversible capacity of ~800 mAh g~" with a
volume change of 125%. To further improve the PVDF
performance in Si-based anode materials, amphiphilic graft
copolymer precursors PVDF-graft-poly(tert-butyl acrylate)
(PVDF-g-PtBA) have been synthesized, wherein poly(acrylic
acid) (PAA) with abundant carboxylic acid (—COOH) groups
was generated through in situ pyrolytic transformation of PtBA
(Figure 14c). Taking advantage of the synergistic effects from
polymeric backbones (PVDF and PAA segments), excellent
mechanical properties against volumetric expansion were
achieved, enabling high charge and discharge capacities of
2672 and 2958 mAh g, respectively, along with a stable
cycling performance over 50 cycles with 84% retention at 0.2
C. Moreover, this graft copolymer binder was proved to be
effective in fulfilling the capability of both the LiN,M, O,
cathode and the natural graphite (NG) anode, contributing to
a high energy density of 546 Wh kg™' along with ~70%
capacity retention after 50 cycles at both 0.5 and 1 C (1 C =
145 mA h g™') for the Si/NGIl LiNy M, O, full battery.””® As
an alternative choice, owing to the apolar structures and
enriched hydrogen-bonding sites, polytetrafluoroethylene

(PTFE) possessing high mechanical strain and tenacity was
introduced, forming a PVDF-b-PTFE copolymer binder
combining the high viscosity of PVDF with the high elasticity
of PTFE. Besides, this binder achieved high ionic conductivity
and thermal stability. As a consequence, the binder forms
cobweb structures to coalesce Si particles, maintaining good
electrical contact of the electrode materials during repeated
cycles for superior cycle stability (~1000 mA h g~' capacity
retained over 250 cycles).””®

To strengthen the mechanical properties and further
enhance the cycle stability of the Si-based electrodes, three-
dimensional (3D) cross-linked binders with strengthened
mechanical properties exhibited strong resistance to irrever-
sible deformation of the Si-based electrodes, but they increased
the stiffness of the electrode and finally deteriorated the
electrochemical performance of the batteries.”’***" From this
point, Zhang et al. designed a fluorinated copolymer with
massive polar groups (carboxylic acid, amide, and fluorinated
groups) followed by thermal polymerized with sodium alginate
(SA) to construct a dual-cross-linked network binder (FP2SA).
It was found that esterification reactions among these
functional groups formed a chemical cross-linked network;
meanwhile, fluorine and nitrogen enhanced the reversible
mechanical features during volume changes (Figure 14d). The
uniqueness of this FP2SA, relying on both chemical and
physical cross-linking, was able to maintain the structural
integrity of the Si electrodes, contributing to a high specific
capacity of 1557 mAh g™ after 200 cycles at 4 A g~'. More
importantly, FP2SA binder also significantly improved the
cycling performance of the Si—C electrode and the SiO-C
electrodes with specific capacities of 600 mAh g™' after 200
cycles at 0.5 A g~' and 310 mAh g™ after 700 cyclesat 1 A g™,
respectively.””' However, it was revealed that an excessive
cross-linked degree and fluorine content of the fluorinated
binder could reduce the capacity and cycle stability of the Si-
based electrodes, indicating a moderate cross-linking degree
should be considered in designing such binders. In addition,
lithiated fluorine-containing ionomers have been demonstrated
as effective binders to improve the Li*-ion diffusion as well as
ionic conductivity, especially cycling at high rates. Wen and co-
workers developed a novel fluorine-containing ionic binder
(lithiated sulfonated poly(ether—ether—ketone)) with sulfoni-
mide groups and structural flexibility, i.e, SPEEK-PSA-Li.
Compared with other binders, the ionic conducting SPEEK-
PSI-Li binder exhibited high adhesion properties and
significantly decreased overpotential during high-rate cycling.
Owing to the combined features of high cohesion capability,
low solubility in electrolytes, high adaptability to volume
change, and high ionic conductivity, the Si anodes displayed
superior electrochemical performance under high-rate cycling,
i.e., maintained reversible capacities of 2000 and 500 mAh g~!
at current densities of 400 and 2000 mA g™, respectively, after
50 cycles.”’

Serving as an indispensable component to support both
electrodes and to transport electrons between electrodes and
the external circuit, the current collector plays a critical role in
guaranteeing the highly efficient operation of LIBs. Since the
commercialization of LIBs, Al and Cu foils have been the most
widely used current collectors in the cathodes and anodes,
respectively.”®” Nevertheless, electrochemical dissolution of Al
and Cu current collectors still occurs during cycling, which is
induced by the electrolyte decomposition or side reactions
between electrolyte components and these current collectors.
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As mentioned above, although the LiTFSI salt possesses
advantageous properties such as high ionic conductivity, good
thermal stability, and chemical inertness toward the active
material, water contaminant, as well as other battery
components, it fails to repassivate the Al foil by forming a
fluorinated interphase. More specifically, the TFSI™ readily
reacts with AP**, which is released from the Al,O; passivation
film, forming the soluble aluminum bis-
(trifluoromethanesulfonyl)imide (AI(TFSI);) product. The
AI(TFSI); then dissolves well in organic carbonate electrolytes
and diffuses to the bulk electrolyte, causing severe capacity
decay of Li-based batteries.”® Despite huge attention having
been paid to electrode materials engineering to enhance the
battery performance, insufficient attention has been focused on
this aspect, especially regarding the effects of fluorine
chemistry on the current collectors. Since the review
conducted by Lota et al. discussed the positive influence of
fluorinated species on the Al current collector on the cathode
performance, this section will mainly focus on the anode
current collectors.”™’

Over the past few decades, intensive efforts have been
devoted to achieving the dendrite-free plating/stripping of the
Li anode, including SEI reconstruction, *¢!6%276,284=292
uniformization of the Li-ion flux,*”>*** and 3D nanostructured
scaffolds.””>~**° Among the existing approaches, interphase
design and construction have been considered as an effective
way to overcome problems toward the anode. Especially, the
construction of halogenated interphases (e.g., LiF) is expected
to effectively passivate the active Li surfaces, regulate the Li*
migration, suppress Li dendrite nucleation/ %rowth, and
enhance the interphase mechanical stability.”*" % A columnar
and uniform Li anode was designed by Zhang and co-workers
through a LiF-enriched Cu current collector. When directly
immersing a Cu foil into an aqueous LiPF solution, the in situ
hydrolysis of LiPF occurred and coated LiF particles on the
Cu surface. The LiF (100) was calculated to give a weaker
binding energy and higher diffusion energy barrier to Li than
that of the Cu surface (Figure 15a), rendering a uniform spatial
distribution of Li" and further contributing to the Li deposition
with column structures. As a consequence, these ultrathin and
columnar Li anodes exhibited highly improved cycle stability in
both carbonate- and ether-based electrolytes.”** As discussed
earlier, PVDF has been extensively used as a binder, separator,
or polymeric electrolyte in Li-based batteries. It is known that
contrary to the nonpolar o phase PVDF with a trans—gauche—
trans—gauche conformation, the # phase PVDF presents an all-
trans conformation with F and H atoms distributed on the
opposite sides of the PVDF backbone, which contributes to a
high dielectric constant within 8—13. A thin (~4 ym) -PVDF
was coated on the Cu current collector, achieving a uniform
plating/stripping of Li at high current densities of S mA cm ™2,
a high plating capacity of up to 4 mAh cm™, along with
excellent cyclability. It was inferred that the strong interactions
between Li* and the polar C—F groups of f-PVDF could
redistribute the Li* flux, while the reaction of the PVDF surface
and the fresh Li metal might form a stable and protective SEI
layer. Besides, as illustrated in Figure 15b, the F alignment not
only could promote the interaction between C—F and Li for
layer-by-layer Li deposition but also offered preferential
diffusion paths for Li" hopping across the coating layer. This
work highlights that constructing an electronegative F-rich
interphase is favorable for the layer-by-layer Li deposition.’”
Another effective approach to enriching LiF on Cu substrate is

Figure 15. Role of fluorine modification of current collectors on
constructing the stable SEI and regulating the Li deposition. (a)
Theoretical calculations of the binding energy for Li on the LiF (100)
surface, and schematic illustration showing the Li deposition process
regulated by LiF (Note: (1) LiF-rich SEI leads to a uniform spatial
distribution of Li*, (2) uniform and dense nucleation sites are
generated on the Cu foil and grow horizontally from these nucleation
sites). Reproduced with permission from ref 304. Copyright 2017
Wiley-VCH. (b) Schematics of the layer-by-layer deposition and
preferential diffusion pathways for Li*. Reproduced with permission
from ref 305. Copyright 2018 Wiley-VCH. (c) Mechanism illustration
of the SEI growth on the F-ECG surface after Li plating/stripping.
Reproduced with permission from ref 309. Copyright 2022 Elsevier.
(d) Schematic illustration of the Li nucleation and plating process on
the pure Ni foam and the NiF,@NF current collectors. Reproduced
with permission from ref 311. Copyright 2020 Elsevier.

employing fluorinated carbon materials such as fluorinated
porous carbon materials and fluorinated carbon nano-
tubes.>****” For instance, Zhi et al. designed a 3D-fluorinated
porous carbon as the multifunctional host, which mitigated
dendrite growth and was retained for over 300 cycles with an
average CE of 99% at 0.5 mA cm ™ (cycling capacity of 1 mAh
cm™2). Nevertheless, this host matrix sustained only 70 cycles
with fluctuated CE when increasing the current density and
cycling cagacity to 2 mA cm? and 2 mAh cm7?
respectively.”®® Based on this work, a novel LiF-rich dual-
functional coating layer was designed on a Cu surface by Su
and co-workers using fluorinated electrochemically exfoliated
graphene (F-ECG) as a modifier. Thanks to the strong
interlayer adhesion, the F-ECG layer could prevent volume
expansion during plating/stripping cycles. In addition, LiF-
enriched SEI film was successfully generated due to the
reaction between Li and CF. This suppressed side reactions
and facilitated Li* transport across the coating layer for a
dendrite-free Li anode with long-term stability (Figure 15¢).”"
In another report, a self-assembled monolayer (EAM) of 1,3-
benzenedisulfonyl fluoride was introduced on the Cu substrate,
where the benzenesulfinate created lithiophilic sites and
fluoride generated a LiF nuclei in situ via self-assembly and
thiol—Cu reaction. Notably, the EAM-modified Cu displayed a
multilayer SEI composed of a LiF-enriched inner layer and an
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amorphous outer layer, regulating the Li nucleation and
uniform Li growth on the Cu substrate.”"’

Apart from introducing a F-rich coating/modification layer
on the Cu current collector, the Li halides (e.g., LiF) can also
be formed via the reaction between metal halides and highly
active Li, achieving highly enhanced interphasial stability.”"”
Through a one-step fluorination treatment, a hybrid NiF, @NF
current collector consisting of vertical lithiophilic NiF,
nanosheets and Ni foam was developed by Huang et al. The
NiF, decreased the Li nucleation barrier and served as even
nucleation sites for Li deposition. Besides, a LiF-enriched SEI
derived from the reaction between NiF, and Li during the
initial Li plating was constructed, ensuring smooth Li
deposition (Figure 15d). Benefiting from this 3D NiF,@NF
current collector, outstanding Li stripping/plating with a CE of
~98% over 450 cycles was obtained (at I mA cm™ and 1 mAh
cm™?). The Li@NiF,@NF symmetric cell demonstrated a long
cycle life over 1300 h with a low overpotential of ~20 mV (1
mA cm™% 1 mAh cm™). Remarkably, the as-prepared Li@
NiF,@NFIILFP full cell exhibited reasonable cycle perform-
ance and rate capability.”'' Recently, using a facile and safe
NF; plasma fluoridized strategy, the NiF, layer was successfully
coated on Ni foams (NFF). Following the same way, the Li*
flux preferentially deposited on the NiF, sites, which was
evenly distributed around the Ni surface. Also, the LiF-rich SEI
layer from the NiF, reaction toward Li greatly enhanced the
interphasial stability. As a result, the NFF@Li anode sustained
a long durability over 1600 cycles at 1 mA cm ™2 and over 2000
cycles at 2 mA cm™2 Moreover, the NFF@LIlILFP full battery
delivered a high-capacity retention of 93% over 250 cycles at 1
C. These works demonstrated that constructing a lithiophilic
metal fluoride coating is effective in regulating the Li
deposition for a high-performance Li metal anode.”"

Besides current collector modifications, interphase engineer-
ing has been recognized as a crucial strategy to stabilize the Li
anodes since most of the knotty issues restricting the
performance of Li metal anodes can be attributed to the
instability of the Li anode/electrolyte interphase. Among them,
constructing fluorinated interphases demonstrates prominent
advantages in passivating active Li surfaces, regulating the
diffusion and migration of Li*, as well as enhancing the
interphase mechanical stability. In particular, LiF has been
determined to possess many extreme properties relative to
other solids. The large band gap (14.6 eV) and the wide
electrochemical stability window (from 0 to 6.4 V vs Li) of LiF
contribute to the high electrochemical stability for inhibiting
the continuous corrosion of active metallic Li;>'* the high
Young’s modulus (65 GPa) along with a high shear modulus
(49 GPa) effectively enhance the mechanical stability of the
SEI to enable long-term cycling;*'® the high interphase energy
(y) can promote a uniform Li distribution and smooth Li
deposition behaviors’'® with the negligible solubility of LiF in
most electrolytes,”® etc. A variety of strategies, including
physical methods and chemical strategies, have been developed
to construct a LiF-rich artificial SEL***'"7**” Compared with
physical methods, chemical approaches (e.g., gas-, liquid-, and
solid-phase reaction methods) via regulating chemical
reactions between Li- and F-containing precursors were used
to resolve the interphase issues between the artificial layer and
the Li metal matrix. As a representative F-containing gas
reaction strategy, a LiF coating was developed via treating Li
metal in fluorine gas flow. The LiF layer was chemically stable
and mechanically strong, significantly suppressing the

AA

corrosion reaction between Li and carbonate electrolytes and
thus realizing steady cycling for over 300 times with a high
current density of 5.0 mA cm™2**’ The gas reaction method
will not introduce other impurities; however, great attention
should be paid to fluorine gas during operation to prevent
leakage. In contrast, the LiF-rich interphases constructed via
liquid-phase deposition/reaction strategies have been recog-
nized as simpler and more effective strategies. By interposing
an oil drop enriched in C—F (perfluoropolyether, PFPE) with
low surface energy, a flowable fluorinated interphase was
constructed for stabilizing the Li metal and regulating the Li
plating. The electron-withdrawing feature of F endows the
PFPE with high thermal and oxidative stability, along with
good chemical inertness and nonflammability. In addition, the
PFPE moieties close to the Li triggered C—F and Li—F species
to reinforce the robustness of the SEI and the compactness of
the Li plating.””” Polymeric coating layers generally display
superior mechanical deformability and low density, which are
promising for constructing LiF-rich interphases. As reported by
Goodenough et al,, after incorporating graphite fluoride (GF)
in molten Li at 250 °C, a LiF layer was produced by the strong
reaction between Li metal and the GF, eventually obtaining a
GF—LiF protective layer. This as-prepared composite Li metal
anode demonstrated high stability in an ambient environment
as well as comparable electrochemical performance.**

To conclude, fluorine plays a critical role in modifying other
components for enhancing the battery performance. Regarding
separators, structural modifications and blending with other
polymers or inorganic nanoparticles can address limitations
such as low mechanical strength, thermal instability, and Li"
transport restrictions of PVDF. Besides, fluorine modification
(e.g., surface coating and grafting method) can improve fire
retardancy, mechanical abuse resistance, and LiF-rich SEI
formation in Li metal batteries. Meanwhile, the abundant polar
—CF; groups would offer an electronegative environment to
promote Li* transfer. For binders, the fluorine group can be
incorporated into polymer binders, enhancing ion transfer,
oxidation resistance, and thermal stability, while fluorinated
anions combined with ionic conductive polymers improve the
binder performance for the cathode. However, excessive
fluorine content in binders may compromise the specific
capacity and cycle stability of these electrodes. When utilizing
to modify current collectors with Li metal anodes, construction
of LiF interfaces on Cu current collectors is expected to
passivate the active Li surface and regulate the Li" migration,
further suppressing Li dendrite growth.

3. UNDERSTANDING FLUORINATED INTERPHASES
IN LI-BASED BATTERIES

3.1. Fluorinated Solid Electrolyte Interphases on Anodes

It is now broadly accepted that the SEI is significant for Li-
based battery systems. In 1979, Peled et al. reported a SEI
model that was a?plicable to all alkali metals in nonaqueous
battery systems.”' The SEI layer forms instantaneously upon
contact between the anode and the electrolyte solution and
consists of insoluble and partially soluble products generated
by the reduction of electrolyte components. It exhibits
properties similar to a layer of solid electrolyte with high
electronic resistivity. As reported in recent years, the SEI
played a significant role in determining the safety, power
capability, reversibility, and cycle life of Li-based batteries.”**
The SEI must be both mechanically stable and flexible and
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Figure 16. Different formation paths of the fluorinated SEL (a) Native SEI from conventional carbonate electrolytes without fluoride enrichment.
(b) In situ LiF-enriched SEI from fluorine-rich electrolytes. Reproduced with permission from ref 342. Copyright 2020 PNAS. (c) Decomposition
mechanism of EC and FEC and the effect on SEI formation at the Li metal anode and Li diffusion near the anode surface. Reproduced with
permission from ref 130. Copyright 2019 Wiley-VCH. (d) Ex situ LiF-enriched SEI from nonelectrolyte fluorine sources. (e) Schematic of the Li—
NF, reaction to form LiF layers on Li. Reproduced with permission from ref 342. Copyright 2020 PNAS. (f) Distinct energy schemes in the
formation of the SEI using electrochemical and photochemical approaches. (g) Cs-TEM image of the photographite with the photochemically
driven SEI layer. (h) Low-magnification energy-dispersive X-ray spectroscopy (EDS) elemental map of the photo-SEI inside the pores of the
photographite electrode. (i) High-magnification Cs-TEM image of the photo-SEI image and the corresponding EDS map (inset). Reproduced with

permission from ref 343. Copyright 2021 Springer Nature.

should adhere well to the anode, while it is crucial to prevent
the dissolution or corrosion of the anode. Therefore, the
electrolyte must be designed to contain at least one SEI
precursor that reacts rapidly with the anode to form an
insoluble and stable SEL

3.1.1. Components of the SEl. The chemical composi-
tion of the SEI on the anode side is highly dependent on the
type of conducting salts, solvents, and additives. Although the
role of these components in the formation of the SEI has not
been fully understood, the presence of species such as LiF,
fluoroborates, and fluorophosphates indicates the involvement
of fluorinated components in the reduction mechanism of the
electrolyte. LiF, in particular, has been identified as a major
component of a fluorinated SEI, playing a critical role in
regulating the diffusion of Li ions and the strength of the
SEL**3%33% Archer and co-workers showed that the presence
of halide anions, especially fluorides, significantly increases the
surface diffusivity of Li ions at the interphase between the
electrolyte and the Li metal anode.”*® The role of LiF in a
fluorinated SEI in regulating the nucleation and growth of Li
deposition in LMBs was further investigated by a designed
model system.’”* The fluorinated SEI facilitated uniform
spatial diffusion of Li ions in carbonate- and ether-based
electrolytes and guided the deposited Li into an ordered and
aligned columnar structure.

Significant efforts have been made to develop artificial
fluorinated coatings to enhance SEI performance, including
inor%anic LiF coatings and LiF-based composite coat-
ings.”>%**>** While computational simulations have provided
insights into the diffusion mechanism of Li ions through
fluorinated SEI, the practical SEI in practical battery systems is
more complex and needs to be fully understood.*”**’

AB

Mashayek and co-workers elucidated that Li diffusion in the
grain boundaries is generally faster than that in bulk, and the
heterogeneous LiF/Li,O grain boundaries demonstrate the
fastest Li-ion diffusion rate compared to the homogeneous
LiF/LiF and Li,0/Li,O.* Further research is needed to
comprehend the diffusion mechanism of Li ions through the
SEI for practical applications.

3.1.2. Formation of a Fluorinated SEI. The formation of
SEI can be generally classified into three modes: the “native”
SEI is multicomponent including inorganic and organic phases
formed by parasitic reactions between the anode and the
electrolyte,””"*** the “in situ” SEI formed over cycles of cells,
and the “ex situ” SEI artificially applied on the anode
surface.”” LiF is a recurring motif found in nearly all
functional SEIs (Figure 16a) given that fluorine is commonly
present in prevailing electrolyte salts.’* Among the SEI
components, LiF is particularly spotlighted due to its high
mechanical strength, low solubility, wide ESW (0—6.4 V vs Li/
Li*), and low calculated barriers to Li diffusion. Besides, Wang
et al. calculated the interfacial energy of different SEI
components, among which LiF exhibited the highest interfacial
energy of 73.28 meV A~ suggesting significant Li dendrite
suppression ability.”** These properties suggest that LiF may
contribute to a homogeneous Li flux and robust SEI, making it
a beneficial phase for the SEI on the anode side in recent
years.”*!

Multiple studies have indicated that fluorine or fluoride
enrichment in the electrolyte results in a LiF-enriched (in situ)
SEI, as shown in Figure 16b. F-enriched electrolytes have
included additives such as HF*** and high loadings of LiF
salt®** as well as solvents such as FEC,'®® thus making
significant improvements in the cycling stability and high CE
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Figure 17. Characterization of fluorinated SEI in Li-based batteries. (a) F 1s XPS depth profile of the Li anode. (b) 3D distribution overlay
between LiF and C,F¢S,0,N (upper panel) and between LiF and C40,H,, (lower panel). (c) Total mapping distribution and (d, e) related mass
spectrum of the SEI on Li-metal anode (1 M LiTFSI-DME/DOL, 1:1 by volume with 2% LiNO;). Reproduced ref 351. Copyright 2022 American
Chemical Society. (f) Heteroatom-based gel polymer electrolyte (HGPE)-derived SEL (Inset) Corresponding 3D-AFM scanning images of SEI
layers. Reproduced with permission from ref 353. Copyright 2021 Springer Nature. (g) Cross-section view of 3D plots. Black substrates indicate
Li—Si alloys, and the z axis gives the thickness of the SEI films. The color bar of 0—4 GPa shows the Young’s modulus for the SEI films.
Reproduced with permission from ref 354. Copyright 2014 Royal Society of Chemistry.

(~89—99%). Postmortem analysis of cycled Li surfaces
typically presents high levels of LiF. Figure 16¢ explains how
the FEC molecule affects the mechanisms of SEI formation
and the composition.”** The breaking of C—F bond leads to
the formation of LiF and vinyl carbonate (VC),'*® which
results in a thinner SEI that prevents further electrolyte
decomposition.”*® Such LiF-rich SEI prohibits high surface
area lithium growth during Li stripping and plating.'”

Ex situ fabrication of LiF layers on Li or Cu current
collectors has also been widely studied, leading to the
formation of an artificial (ex situ) LiF-enriched SEI (Figure
16d). Synthetic methods include hydrolysis of LiPFs on
Cu,*****" reactions between Li and fluorinated precur-

289,319 . .. 348 .
physical vapor deposition,” and atomic layer

sors,
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deposition (ALD).”'*** To fabricate ex situ SEI layers,
Gallant et al. used nitrogen trifluoride (NF;) gas to directly
grow LiF on the Li foil (Figure 16e).”** The reduction of NF,
as a fluorinated gas cathode in Li batteries led to copious
amounts of LiF under electrochemical conditions.”” Addi-
tionally, y-rays can induce an artificial SEI layer with a
favorable composition, and the composition of the SEI layer
has a substantial effect on the charging rate. Choi et al
reported a y-ray-driven SEI layer that allowed the battery to be
charged to 80% capacity in 10.8 min of 2.6 mAh cm™>. This
exceptional charging performance was attributed to the LiF-
rich SEI induced by salt-dominant decomposition via y-ray
irradiation.”™ Figure 16f illustrates the electron transfer in
both electrochemical and photochemical processes. For the
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electrochemical process, electrons were transferred unidirec-
tionally from graphite to the LUMO level of the electrolyte to
form the SEI layer, regulating compositions with relatively
fewer components of the SEI layer. Besides, y-ray irradiation
could drive radical intermediates, and irradiation with y-rays
could preferentially decompose compounds, which improved
the tunability of the SEI composition. The Cs-TEM image of
photographite indicates that the photo-SEI layer was uniformly
deposited on the graphite surface with a thickness of ~20 nm
(Figure 16g). The photo-SEI layer was also observed to exist in
the inner pores of the graphite particles (Figure 16h and 16i),
implying that y-ray irradiation was effective even in the interior
of the graphite.

3.1.3. Distribution and Impacts of Fluorides on the
SEl. The structure and chemical components of the SEI layer
at different depths can be investigated by X-ray photoelectron
spectroscopy (XPS) depth profiles. Taking the electrolyte of 1
M LiTFSI in DME/DOL (1:1 by volume) as an example,™"
the main elements of SEI are C, N, O, F, and S, which
originated from the reduction reaction between the electrolyte
and the Li anode. The depth analysis curves of the SEI are
shown in Figure 17a. It can be observed that the signal of the
element F increased with increasing sputtering time. The
binding energies of 685.0 and 688.3 eV in the F 1s diagram
represented Li—F and C—F. The intensity of the C—F signal
on the surface was higher than that of Li—F, which indicated
that residual LiTFSI salts existed on the surface. The time-of-
flight secondary ion mass spectrometry (TOF-SIMS) techni-
que can be applied to further investigate the SEI (Figure 17b).
The inorganic phases of LiF-based compounds in 1 M LiTFSI
in DME/DOL (1:1 by volume) with 2% LiNOs,*>" such as LiF
(m/z = 26), LiF, (m/z = 45), LiF; (m/z = 64), and Li,F; (m/z
= 71), were evenly distributed in the inner SEI layer. By
overlaying the 3D distribution results of LiF (m/z = 26),
C,F¢S,0,N (m/z = 280), and C,O,H,; (m/z = 147), it was
found that the Li salt was evenly distributed at the outermost
SEI layer, which completely covered the LiF product. The
results indicate that the SEI may not be a dense layer and the
liquid electrolyte can be stored between the organic phase and
the inorganic phase.”” As shown in Figure 17c¢, two circles
with equal area were extracted from the mapping image to
obtain their mass spectrum. Compared to the light region
(Figure 17d), the intensities of the ion fragments with mass
charge ratios (m/z) of 14, 33, 59, 85, and 111 decreased in the
dark region (Figure 17¢). Such fragments may come from the
inorganic phase products formed by the strongly electro-
negative atoms and the Li metal after the decomgg)sition of
LiTES], such as N, Li,F, Li;F,, Li,F;, and LiiN,05.**" Among
them, Li,F (m/z = 33) and Li;F, (m/z = 59) exhibited the
highest density, which suggested a strong electronegativity of
fluorine in LiTFSI These products were the main components
of the inorganic phase of the SEI layer.

The Young’s modulus of the SEI layer serves as a crucial
metric for assessing the strength of the SEI, since a robust SEI
can suppress the repeated rupture—reconstruction of the SEI
due to the severe volume changes of the anodes during cycling.
Such thin and stable SEI leads to low impedance of the
interphase, thus enhancing cycling performance.'®® The
Young’s modulus of the SEI can be evaluated by 3D atomic
force microscopy (3D-AFM) scanning. The proportion of LiF
greatly increases the mechanical strength of the SEI (i.e., LiF
possesses a shear modulus of 55.1 GPa, almost 11 times higher
than that of Li metal (4.9 GPa)), which can significantly
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enhance the strength and interphasial energy of the SEI
layers.”> As a result, the SEI consisting of homogeneous LiF
makes the anode more robust and uniform (Figure 17f). A 3D
Young’s modulus plot of discharged silicon electrodes with all
force curves in a certain area can be drawn according to
Young’s moduli at each position at different indentation
lengths on the surface of discharged anodes.”* Some area was
not covered by the SEI, and some area was covered by the
thick SEI. The soft part of the SEI was always covering the
outer layer. This can also be obtained from a cross-section view
of the 3D plot, as shown in Figure 17g.>* The uncovered area
and the area with different layered structures with different
Young’s moduli can be observed clearly. This indicated that
the organic species is usually situated on the outside with lower
strength, and inorganic species like LiF support the internal
SEI strength. It is, therefore, essential to explore the
distribution and homogeneity of SEIs.

Despite the phenomenological improvements observed, it
remains uncertain whether LiF has a directly beneficial
function in the formation of the SEI Variations among LiF-
forming approaches (i.e., in situ vs ex situ) and the electrolytes
used would lead to confusion in the understanding. For
example, conflicting results about ex situ LiF were found in
different works. A standalone layer was found to decrease CE
due to inhomogeneous Li deposition,”*’ whereas LiF layers on
Li were elsewhere reported to improve cycle life in LillLi
symmetric cells.”**'® Additionally, LiF is an ionic insulator
(~1073-10""* S cm™), and it seems counterintuitive that
LiF-enriched SEIs can impart benefits related to Li trans-
port.**® It remains unclear how such physical properties of LiF
can support performance improvements.

3.2. Fluorinated Cathode—Electrolyte Interphases

The presence of a CEI layer was first suggested by
Goodenough et al. on the LiCoO, cathode.*’ Considering
that the interphasial reactivity increases at high-voltage cycling,
the CEI layer behavior demonstrates an even more
complicated response. When the cutoff voltage is increased
to 4.5V, the CEI layer becomes unstable and decomposes, as
reported by Cherkashinin et al.>>® Until now, the detailed
constituents and electrochemical behavior of the CEI layer
have been under debate. However, it is generally accepted that
the CEI is extremely sensitive to various factors, such as
electrolyte composition, current densities, and cutoft voltage.

Previous studies usually treated the formation of the CEI
layer independently. However, recent research results dis-
covered a close relationship between the formation of the CEI
on cathodes and the formation of the SEI on anodes.”*” ™" A
well-known example is the transition metal ion dissolution
from cathode materials, which affects the SEI formation on
anodes.***® Recently, Xiong et al. verified the interaction
between the ternary cathode (i.e., Li(Ni;/3Mn, /;;Co,,3)O, and
Li(Nig4,Mng4,Coq16)O,) and the graphite anodes in batteries
operating at high temperature and high voltage.*** Jung et al.
also demonstrated the enhanced cycling performance of the
LiCoO,lgraphite full cells by mitigating the cougled side
reactions through ALO; coating on the cathodes.”® Noting
that plenty of studies demonstrated that if the cathode was
cycled in the high-voltage range, the effect of repeated
formation—decomposition of SEI layers on Li anodes
significantly influenced the formation of CEI layers on the
cathodes. A deep investigation of the reactions on both the
cathode and the Li anode is necessary to collect credible
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Figure 18. Formation of fluorinated CEI of Li-based batteries. (a) Proposed mechanism of the LiDFP participating in the formation of CEI film.
Reproduced with permission from ref 370. Copyright 2019 Elsevier. (b) Schematic of CEI formation during cycling in conventional and TMSB-
containing electrolytes. Reproduced ref 371. Copyright 2019 American Chemical Society.

properties of the CEI layer on the cathode and achieve
comprehensive understanding of the CEI formation mecha-
nism.

3.2.1. Formation of a Fluorinated CEl. It is widely
accepted that the CEI layer contains both inorganic
components (e.g,, LiF) and orcéanic species (e.g, carbonates
and oligomers/polymers).366_3 ® In situ neutron scattering
further proved that the CEI layer presented dynamic evolution
during battery cycling within a low cutoff voltage (4.2 V vs Li/
Li*). The thickness of the CEI layer gradually increases upon
cycling.*® Li and co-workers reported the progress of CEI
formation with and without electrolyte additives.”’” As shown
in Figure 18a, the CEI formed in the base electrolyte of 1 M
LiDFOB—ethyl carbonate(EC)/DMC (1:1 by volume) was
too loose to prevent direct contact between the electrolyte and
the cathode; thereby, the carbonate solvents and salts
underwent continuous decomposition reactions at high
voltage, and the decomposition products were continuously
deposited on the surface of the cathode, which caused
continuous growth of the CEI layer. In contrast, for the CEI
film formed in the electrolyte with the lithium difluorophos-
phate (LiDFP) additive, the preferred decomposition of
LiDFP promoted the formation of a dense CEI film, effectively
preventing the direct contact between the electrolyte and the
cathode.

Figure 18b exhibits the mechanism of CEI formation with
and without the fluorinated additive tris(trimethylsilyl)borate
(TMSB).””" Generally, the large polarity of EC molecules
made them easily diffuse to the cathode surface with anions by
a strong electrostatic force during the charge process. Hence,
the cathode surface is EC/anion rich before CEI formation,
which makes EC easily decompose. However, this effect gets
impaired after the addition of TMSB because of the generation
of the polyanion group (TMSB—PF,)~ and (TMSB—F)~ with
weaker electrostatic force and less electronegativity. As a result,
EC decomposition is suppressed effectively. Moreover, TMSB
can participate in CEI formation by electrochemical reactions
or by directly entering the CEI layer in the form of a polyanion
group to optimize the quality of the CEL. The HOMO level
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(—6.749 €V)*7* of TMSB is higher than that of the carbonate
solvents (—11.905 eV for EC and —11.541 eV for EMC),”””
which offers an opportunity to participate in the formation of a
high-quality CEI film before solvent decomposition to protect
the active cathode material from erosion of the electrolyte and
alleviate the capacity and voltage fading of Li, ,Nig,Mng¢0,.””*

3.2.2, Impact of the Fluorinated CEl on Battery
Performance. Unlike the SEI, CEI formation involves not
only the electrolytes but also active components in the
cathodes, including transition metal dissolution, H abstraction
from the solvents, and the formation of superoxides or
peroxides. For unmodified NMC811 or LiCoPO, (LCP)
cathodes (Figures 19a), electrolyte components experience
continuous oxidation until a dense and uniform CEI layer
forms and blocks the electron transfer from the electrolyte to
the cathodes. Compared with EC/DMC- and FEC/DMC-
based electrolytes, the extremely high CEs achieved by the all-
fluorinated electrolyte on aggressive cathodes should originate
from the F-rich CEI that deactivated the catalytic activity of
the NMC or LCP cathodes. Quantum chemistry calculations
predict that direct oxidation of solvent molecules is energeti-
cally unfavorable around 5 V. Instead, solvent oxidation is
accompanied by H transfer to another solvent and/or cathode
surface. Intermolecular H transfer takes place around S V for
EC and >5.5 V for FEC, FEMC, and HFE. When the oxidation
potential is calculated assuming open-loop EC® and FEC®
radicals as the products, the oxidation stability decreases to
~4.2 and 4.9 V, respectively. Thus, EC-containing electrolytes
are expected to be oxidized from 4.2 V, even in the absence of
the active materials. EC is a poor CEI former because the
EC*(—H) radical decomposes with a barrier of only 0.91 eV to
evolve CO,, leaving only a fraction of EC*(—H) radicals to
participate in the second H abstraction, eventually leading to
polymerization. The resulting hydrogen-rich polymer is still
susceptible to further degradation. Because of the higher
barrier (1.28 eV) for the FEC*(—H) ring-opening reaction
compared to that of EC*(—H), the FEC*(—H) is a longer lived
radical compared to EC*(—H) and will probably react with the
formed FEMC®(—H) and 1,1,2,2-tetrafluoroethyl-2,2",2'-
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Figure 19. Characterization of fluorinated CEI in Li-based batteries. (a) SEI and CEI chemistries formed in all-fluorinated electrolyte. Reproduced
with permission from ref 375. Copyright 2018 Springer Nature. Quantified atomic composition ratios of the CEI obtained by XPS spectra for the
NMC811 electrodes collected from cells with (b) 1 M LiFSI-DME and (c) 1 M LiFSI-DME/TFEO electrolyte after 100 cycles. HAADF-STEM
of NMCS811 electrodes collected from cells with (d) 1 M LiFSI-DME and (e) 1 M LiFSI-DME/TFEO electrolytes after 100 cycles. Reproduced
with permission from ref 376. Copyright 2019 Springer Nature. (f) Heat flow profiles of the Li,CoO, charged to 4.5 V after 2 cycles in the absence
and presence of PFPN. Reproduced with permission from ref 178. Copyright 2017 Elsevier. (g, h) Cryo-EM images of conformal CEI formed on
NMC cathodes. (i) Cryo-STEM EELS mapping of conformal CEI on NMC electrodes (yellow for carbon element). Reproduced with permission

from ref 377. Copyright 2021 Elsevier.

trifluoroethyl ether (HFE)*(—H) radicals near the cathode
surface, resulting in a fluorine-rich CEI as observed by Fourier-
transform infrared spectroscopy. Alternatively, fluorinated
radicals also bind to oxygen in CoPO,, preventing the OH
formation that facilitates transition metal dissolution. Thus, in
all-fluorinated electrolytes, the composition of a protective CEI
is inevitably highly fluorinated.””®

Figure 19b and 19¢ shows the atomic ratios of the CEI layer
formed on the surface of the NMC811 cathode in different
electrolytes.”’® An LiF-rich CEI was formed on the cathode
surface in the tris(2,2,2-trifluoroethyl)orthoformate (TFEO)-
based electrolyte, while in the controlled carbonate and 1 M
LiFSI in DME electrolytes, organic-rich CEIs were obtained.
Figure 19d and Figure 19e shows the high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) imaging results of the cycled NMC811 electrodes.’”
The structure reconstruction appeared in the NMC811
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electrode cycled in 1 M LiFSI-DME with a rock salt layer
(~2.2 nm) (Figure 19d). The surface lattice layers of the
NMC811 electrode underwent some degree of mixing, with
the Li sites partially occupied by antisite Ni ions.”’
contrast, the electrode surface maintained a layered structure
under the same cycling condition in 1 M LiFSI-DME/TFEO
(Figure 19e). Such a result indicated the effective suppression
of detrimental phase transformation. These beneficial effects
can be attributed to the formation of a uniform LiF-rich CEI
layer,””” while the uneven and organic-rich CEI is less
protective.

The thermal stability of both the electrolyte and the cathode
material at the charged state is of vital importance to battery
safety. Differential scanning calorimetry (DSC) was carried out
to unravel the thermal stability of the electrolyte and electrode
material. Figure 19f shows the DSC curves of the electrolyte
with (phenoxy)pentafluorocyclotriphosphazene (PFPN) (red
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and blue) and without PEPN (black).>®* It can be clearly seen
that the main decomposition peak of the electrolyte shifted
toward a higher temperature with the addition of more PFPN,
indicating that the thermal stability of the electrolyte had been
considerably improved. Several peaks can be identified in the
DSC curves, corresponding to the step-by-step decomposition
of the charged Li,CoO, material*** The electrolyte decom-
position/oxidation at the surface of the Li,CoO, electrode
usually occurs at around 200 °C.**' In the presence of 2%
PFPN, a new peak (indicated by the red asterisk) at 206 °C
from the red DSC curve can be assigned to the thermal—
polymerization reaction of PFPN. The calculation results
(200—300 °C) demonstrate that the total exothermic heat
generated from the Li,CoO, electrode in the presence of
PFPN (2% PFPN, 36.1%; 5% PFPN, 41.3%) was less than that
from the Li,CoO, electrode in the absence of PFPN (black),
indicating that the thermal stability of the charged Li,CoO,
electrode was distinctively improved after the addition of
electrolyte additive.'”® The layer of the CEI after brief shorting
on the positive electrode particle can be observed by cryogenic
electron microscopy (cryo-EM) (Figure 19¢ and 19h). The
electrode particle was uniformly coated with a thin layer of
mostly amorphous materials, spanning from ~5 to 10 nm at
the edge of the interphase. Furthermore, the conformal CEI
and carbon black additives yielded an annular dark-field image
along with a C K-edge map (Figures 19i), which indicated the
organic polymeric composition of alkyl carbonates.”””

Fluorinated electrolytes have shown significant potential in
achieving improved performance and safety in high-voltage
batteries. When hydrogen atoms in the electrolyte are replaced
with fluorine atoms, the activation energy is reduced'® and the
HOMO and LUMO energy levels decrease, leading to
increased reduction and oxidation potentials.”*>***7*** The
decrease in HOMO energy level enhances the cycling
performance by promoting the early formation of an effective
CEI layer and reducing the overall impedance."******%
Numerous fluorinated CEIl-forming additives have been
reported in recent years.”**"** Future research should focus
on understanding the impact of the fluorine atom on the
overall performance of Li-based cell chemistry, involving (i)
correlating the molecular and (ii) electronic structures of
fluorinated electrolyte components, (iii) identifying relevant
physicochemical properties and (iv) reactivity, which includes
investigating synergistic effects between fluorinated and
nonfluorinated electrolyte components, studying the main
operation and failure processes in Li-based cells, exploring
different plausible reaction pathways, and analyzing the
limiting and determining steps that rationalize the results.
Systematic research on CEI electrochemistry/chemistry will
enable the development of high-performance Li-based batteries
with high energy density, energy efficiency, and superior
capacity retention.

3.3. Critical Role of Fluorinated Interphases for Extreme
Li-Based Batteries

With the continuous upsurge in demand for energy storage, Li-
based batteries are increasingly required to survive/operate
under extreme conditions, such as a wide temperature range
(e.g, £60 °C), extended charge/discharge cycling life, fast
cycling rate (e.g., <15 min), and high working voltage (e.g.,
>4.5 V).>> For instance, electric vehicles call for battery
systems to sustain a stable operation in both hot conditions
and cold environments. Some specific applications, including
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subsurface exploration, defensive arsenals, space vehicles, etc.,
require the operation of rechargeable batteries under even
more extreme conditions. Apart from these external influences,
internal factors also trigger thermal fluctuations in Li-based
batteries,”*” significantly raising safety concerns. As an essential
region in which electrochemical reactions occur involving Li*
ions and electrons, the interphase on the electrode plays an
essential role in maximizing the electrochemical performance
of Li-based batteries. Regarding an ideal interphase, several
features should be possessed, including high Li*-ion con-
ductivity, a compact structure with proper compositions, high
chemical/electrochemical stability, and high elastic strength.
However, the design of interphases under mild conditions
makes it difficult to satisfy the requirements under extreme
conditions. When a battery is operated under extreme
conditions, the interphase formed on the electrode surface
can grow much thicker and lose its protective ability, further
causing battergr performance decay through various aging
mechanisms.*®” Currently, the features and roles of interphases
at certain extreme conditions remain significant challenges in
the operation of Li-based batteries. Fluorinated interphases
have emerged as effective strategies for enhancing battery
performance under various operation conditions. In particular,
the fluorinated interphase is featured with its main component
LiF.>'%3753%0 However, the role of LiF for extreme Li-based
batteries remains elusive. In the following section, recent in-
depth understanding and key progress of the fluorinated
interphase at extreme operation conditions of Li-based
batteries are summarized, where the SEI formed on the
anode will be the focus.

It is generally recognized that the bulk LiF is considered as a
favorable SEI component formed via both in situ (derived from
electrolyte components) or ex situ (artificial fabrication)
approaches. It should be noted that despite the electric/ionic
insulation nature of the bulk LiF,>*®*! the LiF-enriched SEI at
the nanoscale level can yield a high ionic conductivity, low
diffusion energy, and high surface energy, contributing to a
uniform and highly stable Li deposition.””*”* The difference
between the macroscopic and the microscopic properties of
LiF remains to be elucidated in the future. Moreover,
understanding the role of LiF in the electrochemical
performance of batteries is inevitably limited by several factors,
including the distributions, particle sizes, and formation
approaches, requiring great attention to identify the effects of
the fluorinated interphase in extreme batteries.

Commercial carbonate electrolytes have largely restricted
the battery operation temperature range (from —20 to +50
°C), leading to fast capacity degradation and even battery
failure at low temperatures. The successful operation of typical
Li-based batteries at low temperature depends on the melting
points of the liquid electrolytes. For instance, the commercial
electrolytes of Li-ion batteries contain a high proportion of EC
solvent that freezes under —20 °C, which results in extremely
low ionic conductivity.””*** Besides, the thick SEI usually
continuously consumes Li, significantly increasing the diffusion
energy of Li* ions.”* In addition to the ionic mobility, the low-
temperature performance of batteries is dominated by the
sluggish kinetics of Li* transport across the interphase, which is
related to the high charge transfer resistance and poor structure
stability of the SEIs.*”> To construct an effective interphase on
the surface of both cathodes (e.g, LFP) and anodes (e.g,
graphite or Li metal), various additives, such as FEC, LiPO,F,,
and fluorosulfonyl isocyanate (FI), have been introduced to
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Figure 20. Role of fluorinated interphases for Li-based batteries operated at extreme conditions. (a) Al dissolution in 1 M LiFSI-FEC (1 M FF)
and 7 M LiFSI-FEC (7 M HFF) electrolytes when charging to 5 V at 0.5 mA. (Insets) Optical microscopy images of (1) fresh Al foil and Al foil in
(2) 1 M FF electrolyte after charging 1 h and (3) 7 M HFF after charging to S V. Reproduced with permission from ref 316. Copyright 2018
PNAS. (b) AIMD-simulated atomic SEI structure between the electrolyte and the graphite anode: Li, pink; P, purple; F, cyan; C, brown; O, red; N,
blue; S, yellow; graphite, brown wire frame. (c) Charge/discharge curves of graphitellLi cells with 1.8 M LiFSI DOL at various current rates.
Reproduced with permission from ref 411. Copyright 2022 Wiley-VCH. (d—f) XPS results of the SEI on graphite anode in 1 M LiTFSI-MDFA/
MDEFSA/TTE electrolyte: (d) quantified atomic ratios of the elements, (e) C 1s and (f) F 1s spectra displayed in columns of the corresponding
depth profiling results. (g) GraphiteINCM811 pouch cell performance at —30 °C and 0.2 C rate using 2.5 or 3.5 g Ah™! electrolytes. Rate
performance was conducted at various C rates (0.2 C for § cycles, 0.3 C for § cycles, 0.4 C for S cycles, and 0.2 C for 345 cycles) of 3.5 g Ah™' (red
color). (Inset) Photo of a 4.5 V pouch cell. Reproduced with permission from ref 55. Copyright 2023 Springer Nature.

optimize the electrolytes.*”****™**® In addition, fluorinated
antifreezing agents have been introduced as electrolyte
cosolvent/solvent for low-temperature applications, such as
2,2,2-trifluoroethyl butyrate,399 isobutyl formate,** and 2,2,2-
trifluoroethyl n-caproate.*”’ Recently, He et al. developed a
fluorine—sulfur-based electrolyte by applying isobutyl formate
(IF) as an antifreezing agent with an ultralow melting point of
—132 °C. This electrolyte demonstrated excellent physiochem-
ical and electrochemical properties at ultralow temperature,
e.g,, forming stable LiF-rich SEI (10.48%) and CEI (17.91%)
layers, achieving high Li* conductivities (1.00 X 107> mS cm™
for SEI and 6.65 X 107> mS cm™" for CEI) and high diffusion
coefficients (1.10 X 107*' m* s™* for SEI and 2.07 X 1072° m?
s~! for CEI). It also enabled a stable cycling performance of the
Lill LiCoO,(LCO) battery at —70 °C with a high retainable
capacity of 110 mAh g™ over 170 cycles.*” Typically, it has
been accepted that the LiF-rich SEI formed on anode materials
exhibited low interphase impedance and charge transfer
resistance as well as high stability, thereby enhancing the Li*

AH

diffusion at low temperatures. These results are consistent with
the DFT calculations by Arias et al. They pointed out that the
surface diffusivity of Li* over a layer of LiF crystal was
excellent, which also improved the stability of the SEL*"
However, the role of LiF in the CEI on low-temperature
performance is still under debate. Contrary to the desirable
effect of a LiF-rich CEI on promoting the rapid Li* diffusion as
a result of the lower energy barrier,**® Gao et al. observed less
LiF content formed in the SEI with the FEC-containing
electrolyte than that with the FEC-free electrolyte. They
ascribed the smaller interfacial impedances to the less LiF,
which would promote the low-temperature performance of the
LEP electrode.**

Recently, by introducing low-polarity diluents, LHCEs have
demonstrated great potential in achieving high Li* mobility as
well as low electrolyte viscosity for low-temperature
batteries."” """ However, the SEI derived from LiPF4 in
LiPFs-based LHCEs generally exhibited high interphase
resistance. After adding lithium difluorobis(oxalato) phosphate
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(LiDFBOP) as a sacrificial additive, the SEI was regulated to
be much thinner, which delivered low interphase impedance
due to the decreased Li" transport path. It was demonstrated
that the addition of LIDFBOP changed the SEI composition,
with inorganic LiF and porous organic Li,(FOP),-based layers
facilitating Li* diffusion and LiF along with Li,C,0, increasing
the stability of the SEI. Benefiting from this regulated
interphase chemistry, the commercial graphite anodes
exhibited outstanding low-temperature performance (~240
mAh ¢! at =20 °C with 0.1 C) and high rate performance
(~225 mAh gt at 2 C).*

To satisfy the demand for high energy densities, Li-based
batteries are developed to operate at extreme voltages, which
are beyond the thermodynamic stability limits of traditional
electrolytes. Meanwhile, these electrolytes, mainly consisting of
carbonates or ethers, are extremely flammable, causing safety
concerns for practical applications. LiF possesses the largest
band gap (13.6 V) and the widest ESW, which is believed to
protect the high-voltage cathode.’’* To control the LiF
formation, Li et al. designed an all-fluoride electrolyte with a
large donatable fluorine concentration, i.e., 7 M LiFSI in FEC,
in which both the solvent and the salt donated F. It was
revealed that LiF formation on the cathode with a large band
gap resulted in a fast-tunneling decay rate, protecting Al from
dissolution and suppressing electrolyte oxidation beyond 5 V
(Figure 20a). When pairing the S V LiNiysMn, ;O, cathode
with the Li metal anode, the full cell (1.4 X excess Li) cycled
stably for over 130 times at an industrial loading level of 14.7
mg cm™, 1.83 mAh cm™ at a current rate of 0.36 C. The
promising performance was ascribed to the LiF nanolayer
constructed on the surfaces of both the cathode and the anode;
therefore, its features, such as a wide band gap, high surface
energy, and small Burgers vector, favored the high-volta%e
stability and also resisted rupture during Li deposition.’'®
Unlike using the sole solvent, Wang et al. proposed another all-
fluorinated electrolyte consisting of 1 M LiPF, in a mixture of
FEC:FEMC:HFE with a weight ratio of 2:6:2.>”> The high
degree of fluorine substitution in each cosolvent rendered a F-
rich CEI, where these F-containing species (e.g, CF, and
PO,F,) deactivated the catalytic activity of the cathode surface
and further resisted unwanted oxidation reactions even
charging to S V. Besides, the fluorinated cosolvents yielded a
robust SEI with an extremely high LiF content (~90%),
promoting Li" migration along the interphase and tuning the
growth of the deposited Li in parallel to reduce the specific
surface area. The resulting batteries exhibited outstanding
cyclability with high CEs of 99.2% for Li plating/stripping and
~99.81% for a 5 V LiCoPO, cathode. Interestingly, the
designed electrolyte displayed nonflammability, with F
fluorination on the alkyl moiety of each cosolvent inhibitin
the propagation of oxygen radicals during combustion.’”
Besides, using the fluorine-containing additives (e.g, FEC,
LiPO,F,, LiDFOB) can also construct more robust SEIs/CElIs
that consist of fluorinated species/polymers, which further
blocks the continuous side reactions between the electrolyte
solvents and the extremely oxidized cathode surface.””*~*' As
reported by Ma at al, the perfluorophenylboronic acid
(PFPBA) additive was preferentially oxidized on the
LiNiy¢Coy,Mny,0, (NCM622) cathode surface due to the
strong coordination with PF4~, forming an armor-like CEI with
a LiF-rich inner layer and a LiB,O,-based outer part. The LiF
inner layer in the CEI with high mechanical strength effectively
resists the breakdown of the NCM622 cathode during
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repeated cycling and enhances the Li* conductivity. Besides,
the outer layer with LiB,O, exhibited extremely low solubility
in carbonate solvents, maintaining the stability of internal CEI
species such as LiF. Consequently, the armor-like CEI
prevented unwanted electrolyte decomposition as well as
detrimental cathode structural change at high voltage,
contributing to an excellent cycle stability with 92.1% capacity
retention over 400 cycles at 4.6 V, and it sustained the battery
to cycle for 150 times (with 75.67% retention) even at an
ultrahigh voltage of 4.8 V.*%% As discussed above, the chemical
sources of F were typically confined to negatively charged salt
anions or fluorinated solvents/additives in electrolytes, which
could not populate the inner Helmholtz layers of the electrode
surface (e.g, Li anode) with a high Fermi energy level and thus
hindering their participation in the interphasial chemistry.
Zhang et al. synthesized a fluorinated cation, 1-methyl-1-
propyl-3-fluoropyrrolidinium, and coupled it with an FSI™
anion to form an ionic liquid (PMpyrESI).*'" This electrolyte
exhibited complete nonflammability and strong antianodic
ability up to 5.5 V. More importantly, the fluorine sources on
the cation and the anion offered unprecedented interphasial
chemistries on both the NMC622 cathode and the Li anode,
contributing to excellent battery electrochemical performance.
The SEI enriched in SO,F, C—F, and LiF contributed from the
decomposition/defluorination of FSI™ and PMpyr" cations.
Stable cycling performance without obvious capacity deterio-
ration after 100 cycles was achieved with a high average CE of
99.9%. This work highlights the importance of exploring
fluorinated cations in tailoring highly fluorinated interphases
for batteries operated at extreme voltages.

Considerable efforts have been devoted to using FEC-based
electrolytes for generating fluorinated SEIs in Li-based
batteries, particularly with the graphite anodes or Li metal
anodes.'***'*7*'7 The FEC-derived fluorinated SEI is
characteristic of a high LiF amount, which exhibits low
electronic conductivity (~107*" S cm™) and a high Young’s
modulus (~64.9 GPa).*'® Unfortunately, the low Li*
conductivity of the LiF (~107"* S cm™) component largely
restricts the fast charging capability especially for Li metal
anodes as a result of the blocked transportation ability of Li*
and further aggravated Li dendrite growth at high current rates
(e.g., above 2.0 mAh cm™2).""?~* Very recently, a dual-anion-
regulated electrolyte was designed by Xu’s research group via
using LiTFSI and LiDFBOP as anion regulators.*”* The TFSI~
anion reduced the desolvation energy of Li, while the
DFBOP™ anion promoted the formation of highly ion
conductive and robust inorganic-rich interphases on both
cathodes (less LiF and stronger Li,PO,F,) and anodes (large
amounts of Li,PO,F, and Li,C,0,). These interphase features
contributed to an outstanding cyclability (84.6% capacity
retention over 150 cycles) in 6.0 Ah pouch cells (Lill
LiNig3C0g,1;Mng 060, NCM83) along with an ultrahigh rate
capability (S C) in 2.0 Ah pouch cells. More interestingly, a
practical LillNCM83 pouch cell with an ultralarge capacity of
39.0 Ah realized an ultrahigh energy density of 521.3 Wh kg™,
promoting the practical utilization of high energy density Li-
based batteries via a facile electrolyte design. Apart from the
beneficial effect of Li,PO,F,, other interphase species have also
been incorporated in enhancing the battery cycling stability,
especially at fast charging rates. Interestingly, there exists
another viewpoint believing the LiF-rich SEI is promising for
fast kinetics since the wide band gap and high chemical/
electrochemical stability of LiF could block the continuous side
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reactions.”””**>*>* An extremely fast charging graphite anode
as high as 50 C without Li plating was achieved by designing
two electrolytes, i.e., low-voltage 1.8 M LiFSI-DOL and high-
voltage 1.0 M LiPF,—FEC/AN (7:3 by volume). It was
revealed that the LiF formed on the graphite anode (Figure
20b) with high interphase energy and low ionic—electronic
significantly suppressed side reactions of electrolytes, thus
benefiting fast kinetics. The former electrolyte enabled the
graphite anode to deliver a high reversible capacity of 180 mAh
g even at 50 C (1 C = 370 mAh g™') (Figure 20c) and
endowed the graphitellLFP full battery to retain a capacity of
60 mAh ¢! at an extreme rate of 60 C (representing 1 min for
full charge and discharge). The second electrolyte aided the
graphitelNCM811 full battery (cathode loading = 2 mAh
cm™%, N/P ratio = 1) in providing a capacity of 170 mAh g™" at
4 C charge and 0.3 C discharge rates.*'"*** Briefly, whether
the LiF component in the SEI is sufficiently effective for high
stability and fast Li* transport of Li-based batteries remains
unclear, especially under fast charging conditions.

As mentioned above, the most widely used electrolytes
based on carbonates fail to simultaneously meet all require-
ments for supporting extreme Li-based batteries such as higher
voltages (>4.5 V), fast charging (<15 min), cycling over a
wide temperature range (+60 °C), and nonflammabil-
ity.'>***#7%% To tame the high affinity between the solvents
and the ions and the high flammability of carbonate-based
electrolytes, Wang and co-workers dissolved fluorinated
electrolytes into highly fluorinated nonpolar solvents (e.g.,
tetrafluoro-1-(2,2,2-trifluoroethoxy)ethane (D2)) to obtain an
electrolyte formulated with 1.28 M LiFSI-FEC/FEMC/D2.
This designed electrolyte yielded both LiF-rich SEI and CEL
The high thermal stability and the excellent Arrhenius behavior
of Li* conductivity for the LiF-rich interphases enhanced the
high-temperature performance of both the cathode and the
anode. The ionic conductivities of the SEI and CEI at ultralow
temperatures were also significantly improved. The Li metal
anode achieved high cycling CEs of 99.4%, and the graphite
anode achieved high charge/discharge CEs of 99.9%. As for
the high-voltage LiNi,sMn,; ;O, (5.0 V) and LiCoMnO, (5.4
V) cathodes, high CEs of 99.9% and 99% were obtained,
respectively. Especially, the LillLiNijgCoyq;5Al)0sO, battery
maintained 56% of its capacity obtained at room temperature,
even charging/discharging at —8S5 °C, along with high cycling
stability at 60 °C. In addition to significantly improved wide-
temperature performance, this electrolyte design displayed
nonflammable characteristics.”*” Furthermore, Wang’s group is
dedicated to exploring the guiding principle to address the
relationships between battery performance, electrolyte solva-
tion structure, and interphase chemistry, especially focusing on
extreme operating conditions. Their recent report validated an
electrolyte design strategy based on a group of soft solvents
with a relatively low DN (less than 10) and high dielectric
constant (larger than 5) that stroke a balance between Li'—
solvent interactions, sufficient dissociation of Li salts, and
satisfactory electrochemistry. As a proof of concept, 1 M
LiTFSI-methyl difluoroacetate (MDFA)/methyl 2,2-difluoro-
2-(fluorosulfonyl)acetate MDFA (MDFSA)/TTE electrolyte
was developed successfully in which MDFSA with a high
reduction voltage of 2.2 V was introduced as a cosolvent for
further strengthening the LiF-rich SEI and CEIL It was
demonstrated that the similar LiF-enriched interphases on
the NMC811 cathode and the graphite anode balanced the
thermodynamic (capacity) and kinetic (interphase resistance)
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matching between the two electrodes at extreme conditions,
enabling the 4.5 V graphitelINMC811 full batteries to keep
75% of RT reversible capacity (0.1 C) at —50 °C (—60 °C)
with a practical areal capacity of 2.5 mAh cm™ and the pouch
cells with lean electrolyte (2.5 g Ah'”) to stably cycle at —30
°C for over 300 times with an average CE of 99.9% (Figure
20d—g). This work opened a new electrolyte design direction
for tuning fluorinated interphases toward practical batteries
with high-voltage, fast-charging, and wide-temperature operat-
ing features.”

For practical Li-based batteries, there is a growing need for
their stable operation under all conditions, including high
voltage (e.g, >4.5 V), fast cycling rate (e.g,, <1S min), wide
temperature range (e.g, +60 °C), and extended charge/
discharge cycling, which are highly related to the interphases.
In this case, fluorinated interphases featuring a LiF component
demonstrate attractive prospects. LiF exhibits low solubility,
high mechanical property, a wide band gap, excellent
antioxidation ability, and high interphasial energy against Li
metal, contributing to a robust SEL. Moreover, the high shear
modulus of LiF suppresses anode pulverization. Unfortunately,
the low Li* conductivity of LiF (~1072 S cm™) in the
interphase restricts the high-rate performance, particularly
toward Li metal anodes. Incorporating fluorinated conducting
components (e.g, Li,PO,F,) into the LiF-rich interphase can
improve the cycling stability and fast-charging capability.
Fluorinated components can also be combined with the
organic SEI matrix to accommodate the large volume change
of the Li anode. Although a LiF-enriched SEI displays low
impedance and high stability to improve Li* diffusion at low
temperatures, controversy remains over the impacts of LiF in
the CEI components on the low-temperature performance.
Further investigation is needed to unlock the roles and
influencing factors of the macroscopic and microscopic
properties for LiF, particularly under extreme conditions.

3.4. Techniques To Probe Fluorinated Interphases

As described above, the passivated interphase is electronically
insulting but ionic conducting, arising from the decomposition
of the electrolyte components on the surface of the electrode,
which plays a vital role in determining the capacity, cyclability,
rate performance, CE, and safety properties of Li-based
batteries. Understanding the morphologies, chemical compo-
sitions, and mechanical properties of the CEI/SEI is significant
for further designing fluorinated interphases on the active
materials, especially on the anodes.”’ Since its first
demonstration by Dey et al. in the 1970s, the SEI has
attracted significant interest regarding the formation mecha-
nisms, structures, phase, and chemical compositions; however,
due to its spatially and temporally dynamic nature, an in-depth
comprehensive understanding of the SEI, especially on the
atomic scale, remains a huge challenge.z84’389’431_437 Generally,
it is difficult to discern the SEI/CEI chemical components
from the solvent species, and the SEI/CEI thickness is also
hard to quantify with ambiguous boundaries. Besides, the SEI/
CEI properties are highly affected by the testing conditions
(e.g, electrolytes, operation temperature, current density,
voltage range, and electrode materials) and the sample
preparation environment (e.g., washing solvent, exposure to
air’® and moisture), which undergoes a dynamic evolution
process during the charging and discharging. To provide
valuable information on the interphase characteristics, various
advanced techniques, including microscopy and spectroscopy,
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Figure 21. Probing the critical characteristics of sensitive interphases by cryo-EM. (a) Electrochemically depositing Li metal dendrites onto a
copper TEM grid followed by plunging into liquid nitrogen after battery disassembly. (b) The specimen is then placed onto the cryo-TEM holder
while still maintained in liquid nitrogen and isolated from the environment by a closed shutter. (c) Cryo-TEM image of Li metal dendrites with an
electron dose rate < 1 e A7 s7". (d) Typical TEM image of a Li metal dendrite after exposing it to air for ~1 s at room temperature. (Inset)
Corresponding SAED pattern. Reproduced with permission from ref 492. Copyright 2017 American Association for the Advancement of Science.
(e) Illustration of the cryo-FIB/SEM setup at liquid nitrogen temperature. Reproduced with permission from ref 525. Copyright 2020 American
Chemical Society. (f) HAADF cryo-STEM images displaying an extended SEI layer on (upper) type I dendrites but not on (lower) type II
dendrites. EELS elemental mapping of SEIs on (g) type I dendrite enriched in O and Li and (h) type II dendrite without carbon. Reproduced with

permission from ref 526. Copyright 2018 Springer Nature.

have been applied extensively. Scanning electron microscopy
(SEM) and TEM are two powerful and most widely used tools
for visualizing and monitoring the interphase di-
340,438—442 : . .
rectly, particularly when conducting at cryogenic
temperatures for preserving the pristine states of the
. 24,352,376,420,443—449 i .

interphases. In addition, some properties
of the growing interphase can be quantified to establish their
correlation with the electrochemical performance of batteries,
e.g.,, developing an electrochemical quartz crystal microbalance
(EQCM) for quantifying the interphase dissolution phenom-

450 . - . .
enon. Various interphase analysis techniques, such as

AL

SIMS,*17457 XPs, #8461 AREM,*2~47 XAS 5472 peutron
reflectometry (NR),473_475 XRD,476_478 NMR, ™% and
scanning electrochemical microscopy (SECM),"*™**® have
also been widely employed to probe the elemental
composition, interphase morphology, and mechanical/elec-
trical properties of the interphase. Notably, due to the elusive
and highly dynamic properties, different techniques need to be
combined to comprehensively recognize the fluorinated
interphases at the atomic level. However, most of these
advanced techniques for investigating fluorinated interphases
are under ex situ conditions, requiring the disassembling of the
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batteries after charging/discharging to various states, which
may cause the exposure of the samples to ambient conditions
during the transport process for characterization. These
processes may change the interphases by affecting the
morphology, microstructure, chemical compositions, mechan-
ical properties, etc., which may cause misleading results.**”*"*
Therefore, in situ/operando measurements conducted at the
operating conditions without disassembling the batteries are
more reliable and valuable technologies to provide real-time
information about the characteristics and evolution process of
fluorinated interphases during battery cycling.

Since several review articles have comprehensively summar-
ized the technical details, research progress, and applications
on understanding the SEI using traditional techni-
ques.,43()’437’473’487’48 in this section, the focus will be on
state-of-the-art developments of updated characterization
techniques for fluorinated interphases, elucidating the chemical
compositions, morphologies, micro/nanostructures, and other
properties. Important features of each technique, including the
spatial resolution, useful information, as well as corresponding
strengths and limitations for probing the interphase, are
compared in Table 3. To capture the moment of the reactions
at the interphase, which occurs at the picosecond time
scale,>'7*9%° the DFT and MD simulations have been
extensively utilized. Besides, theoretical calculations can also
help to predict and quantify the correlation between the
structure and the properties of the interphases. Therefore,
theoretical calculations and simulations are associated with the
micro/nanostructure and properties of the SEI, in turn offering
guidance in rationally designing and regulating the SEI
characteristics for high-performance Li-based batteries. Con-
siderable technical details of the theoretical calculations and
simulations for understanding the interphases can be found in
previous specialized reviews, which will not be discussed in this
section,*?”*!

3.4.1. Cryo-EM. As discussed earlier, SEI layers are
sensitive to oxygen and moisture during the transfer process
to electron microscopes (e.g, TEM and SEM), causing
insufficient resolution for characterizing the micro/nanostruc-
tures of the SEI In addition, under the ultrahigh vacuum of the
TEM chamber, Li metal anodes are extremely vulnerable to
radiation damage, such as sample ionization and bond
breakage, caused by the high electron dose in the incident
beam and side chemical reactions induced by free radicals and
secondary electrons. Inspired by biological imaging techniques,
cryo-EM with a low electron dose and a frozen sample at low
temperature has been used to resolve the crystalline atomic
lattices of the SEI/CEI while preserving the delicate chemical
composition and spatial features, which has demonstrated its
advantage in visualizing and elucidating nanostructures and
compositions of the beam-sensitive SEI at the atomic
level **+

To preserve the pristine state of chemically reactive and
beam-sensitive materials, especially the Li metal anode, Cui
and co-workers pioneered cryo-TEM investigation by design-
ing a cryo-transfer method.””” As illustrated in Figure 21a and
e 21b, Li was electrochemically deposited onto a copper grid
followed by washing with 1,3-dioxolane to remove Li salts and
flash freezing the specimen in liquid nitrogen immediately.
Therefore, the electrochemical state as well as the correspond-
ing structure and chemical information on Li dendrites were
retained at cryogenic temperatures. Through visualizing
individual Li dendrites, they achieved a high atomic resolution
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(0.7 A) image on the spherical aberration-corrected TEM. In
contrast to the air-exposed Li dendrites with rough surfaces
and darker contrast due to the formation of polycrystalline
artifacts, the cryo-transferred Li dendrites preserved their
states, which constructed a much smoother and thinner SEI
layer on Li metal (Figure 21c and e 21d). Notably, with a
standard EC/DEC electrolyte, the formed SEI was composed
of small crystalline domains (diameter ~ 3 nm) embedded
randomly in the amorphous matrix. On the contrary, with 10
vol % FEC as the additive, a more ordered multilayer SEI was
generated, which was consistent with the structure proposed
by Aurbach et al.”** However, LiF was not observed in the SEI
layer, which may be because TEM is sensitive to crystalline
phases when probing a small selected surface area.****** In
another work, Meng et al. developed a new cell configuration
to obtain electrochemically deposited Li (EDLi) for cryo-TEM
imaging. A copper grid was placed on the Cu foil and used as a
part of the counterpart substrate.”** After deposition, the cell
was disassembled and rinsed with DMC before transferring.
Then, the grid was loaded in a covered cryogenic dewar with
continuous Ar flow, and the holder was pumped down to 107°
bar and immediately loaded into a vacuum chamber (cooled to
100 K) for transfer. It was revealed that the EDLi is amorphous
with uneven SEIs containing amorphous organic species and
crystalline LiF. Nevertheless, the crystalline LiF in the SEI layer
possessed a low conductivity of <1072 S cm™, and the
amorphous Li PO,F, species could display a higher ionic
conductivity,”””>** which questioned the favorable effect and
the working mechanism of LiF for high CEs. Soon after, using
cryo-TEM, Cui and co-workers discovered the fundamental
effects of SEI nanostructures (i.e., mosaic and multilayer) on
the performance of a Li metal anode, pointing out that
fluctuations in the crystalline grain distribution within the SEI
played a vital role in differentiating the mosaic structure from
the multilayer structure, thus dictating the battery perform-
ance.*” Specifically, a multilayer nanostructure favored
uniform Li stripping behavior, while a mosaic nanostructure
resulted in fast Li dissolution.

To identify the dominant components and nanostructure of
the SEI layer, an effective strategy to minimize Li pulverization
was demonstrated by Zhang et al. via a fluorinated
orthoformate solvent-based electrolyte. The in situ-formed
SEI on the Li anode displayed a monolithic feature with the
same composition from the surface to the bottom along with
horizontally homogeneous coverage of the SEI observed from
cryo-TEM imaging. This unique SEI with enriched inorganics
significantly suppressed electrolyte depletion and minimized
pulverization for a stable Li anode.””® Moreover, the evolution
of the SEI layer during cycling can be tracked with the aid of
cryo-TEM.** Cui et al. revealed that the initial SEI generated
during the first cycle was thin and amorphous, which evolved
into two morphologies upon further cycling, i.e., a compact SEI
containing inorganic components that passivated the electrode
surface and a large extended SEI without inorganics due to
incomplete passivation.*”” The extended SEI growth inevitably
consumed massive Li and led to a porosity reduction, which
could be prevented by inorganic species in the compact SEI
layer. These results via cryo-TEM indicated that the vastly
heterogeneous process for SEI growth could be effectively
regulated by sufficient passivation of the SEL Very recently, the
same research group further adapted a thin film vitrification
approach to preserve the SEI film in its native liquid electrolyte
environment, yielding uniform thin films inside the holes of the
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Cu grid. Afterward, these samples were probed through cryo-
(S)TEM to visualize the intact structure and chemistry of the
SEI films. It was demonstrated that the anion-derived SEI
enriched with more inorganics contributed to a smaller
swelling ratio, preserving its mechanical property and chemical
stability for enhancing electrochemical cycling.”>* Encouraged
by the successful interphase characterization in liquid electro-
lytes, cryo-TEM was also utilized to visualize the interphase
structure between the anode and the solid polymer electrolytes
atomically.’*’~>** In 2020, the cryo-TEM results revealed a
mosaic interphase between the Li anode and the PEO
electrolyte, where various inorganic nanocrystals (Li,O,
LiOH, and Li,CO;) were randomly distributed inside the
amorphous phase. The Li,S addition favored the decom-
position of N(CF;SO,),” and thus promoted the enrichment
of LiF nanocrystals in the Li/PEO interphase, as verified by
both cryo-TEM and simulations. The LiF nanocrystals not
only enhanced the Li* diffusion kinetics and prevented the
chain breaks of C—O but also suppressed side reactions
between the Li anode and the PEO electrolyte, thus enabling
outstanding electrochemical performance for both half cells
and full cells.*’

Cryo-TEM has been regarded as a powerful tool for
confirming and refining SEI models, which have long been
hypothesized. Nevertheless, compared to the extensively
investigated inorganic components (e.g, LiF) by cryo-TEM,
determining the properties of the organic-enriched SEI that are
derived from solvent decomposition remains an enormous
challenge. Besides, more efforts need to be put in regarding
cryo-EM techniques for guiding the optimization of high-
performance Li-based batteries, including exploring and
explaining the chemical details in the disordered and
amorphous phases, revealing more in-depth information from
lattice imaging, etc.

Since cryo-TEM requires a thin specimen (<100 nm) on the
TEM grids, it is hard to probe the bulk electrode materials. In
contrast to previous TEM investigations focusing on the
surface structure, the focused ion beam (FIB) technique with
milling capability has been applied for preparing TEM samples
by lifting out the bulk structure of the electrode materials.
Unfortunately, the FIB conducted at room temperature leads
to various artifact issues, including surface damage, redeposi-
tion of beam-sensitive Li metals, and mechanical deformation
related to “cutting” approaches. Therefore, cryo-FIB is
necessary to process the electrode samples and interphases at
cryogenic temperature (—170 °C).*”%%*

Combining the milling characteristics of FIB at cryogenic
temperatures to preserve solid—liquid interphases with the
SEM technique to obtain spectroscopy imaging from the cross-
sectional view at the nanoscale, the SEI film formed on anode
materials can be preciously characterized (Figure 21e).’*
Using cryo-FIB/SEM characterization, Archer et al. reported
that a pinhole-free Al,O; coating (with a thickness of 15 nm)
served as an artificial solid—electrolyte interphase on the Cu
foil, revealing that the deposited Li consisted of both a dense
and a porous structure that highly improved the stability of Li
deposition.””* Via conducting imaging and spectroscopic
mapping on the cross sections of Li deposits prepared by
cryo-FIB milling, Kourkoutis et al. revealed that the intact
surface layers and interphase compositions of the exposed
reactive materials experienced negligible change, which could
be characterized down to the nanoscale.*”> Obviously, a
cryogenic sample temperature enabled energy-dispersive EDX
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mapping of Li with increased signal over an extended period
when coupling the new EDX detectors with the cryo-FIB/SEM
technique. However, the rapid transfer time, even within
seconds, may not be sufficient for some sensitive samples,
requiring further improvements in these techniques to
eliminate sample exposure.

It has been recognized that the element distribution and
contents of the electrode materials can be determined by EDS
and the EELS, offering valuable information about the
chemical compositions, especially for some amorphous
species.””” Recent progress in cryo-TEM has been successfully
used for beam-sensitive battery materials,*?%**%49%926,533
achieving atomic resolution imaging for SEI layers formed on
the Si,**” carbon,*”® and Li metal anodes.**>**>33¢ To restrict
the destructive change in structures and interphase chemistry
during the cell disassembly and solvent-washing processes
before cryo-TEM characterization, cryo-scanning transmission
electron microscopy (STEM) combined with the cryo-FIB lift-
out procedure was applied for visualizing the SEI layers.
Significant work was conducted by Kourkoutis et al. using
cryo-STEM, identifying two distinct types of dendrites on the
Li anode.”* According to the HAADF cryo-STEM imaging
(Figure 21f), an extended SEI (300—500 nm thick) existed in
the type I dendrite, suggesting a typical washing process had
removed a large portion of the SEI layer. On the contrary, the
type II dendrites with the thickness of hundreds of nanometers
are more likely to disconnect with the electrodes due to much
smaller contact areas, which could result in dead Li formation
and capacity attenuation of batteries. In addition, abundant
oxygen and Li in a type I SEI layer without F was observed
from EELS elemental maps, while notably, an extended type II
SEI was absent with a C-free, Li- and O-enriched type II
dendrite (~20 nm). Based on the fine structures of the Li and
O K-edge (Figure 21g and 21h), type I dendrite mainly
contained Li metal and partial Li,O, while type II dendrite was
unexpectedly dominated by pure lithium hydride (LiH). More
significantly, the fluorinated electrolyte was confirmed to be
able to mitigate the LiH dendrite formation and largely altered
the Li deposition. The discovery of extended SEI layers as well
as LiH dendrites on Li metal was informative to further efforts
on overcoming their detrimental effects. Based on this recent
progress, it was surprising that the recognized favorable LiF
was not observed in the SEI, even using fluorinated
electrolytes. Utilizing cryo-STEM and EELS techniques, Cui
and his group elucidated that instead of participating in the
compact SEI (15 nm) directly, LiF precipitated as large
nanoparticles (100—400 nm) across the electrode surface,
extending outside of the compact SEI for the indirect SEI
regime. In other words, LiF cannot play a dominant role in
passivating Li metal or promoting Li* transport through the
compact SEIL This report refined the traditional SEI structure
across multiple length scales and nuanced the effects of the SEI
species on the anode stability.”*” Besides the SEI formed on Li
metal, the structural and chemical evolution of SEI layers on Si
anodes were unveiled in three dimensions via combing
sensitive elemental tomography with cryo-STEM. Owing to
the continuous void growth and the condensation during the
delithiation process, the unstable SEI on the Si anode grew
toward the interior, which formed the core—shell structure in
the initial cycle and further evolved to a “plum-pudding”
structure comprising abundant voids and dead Si upon longer
cycling. As a consequence, the engulfing of Si domains by the
SEI was revealed, causing the disruption of electron transport
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Figure 22. Quantifying the correlation between interfacial chemistry and electrochemical performance by EQCM and TGC methods. (a) The
procedure for analyzing the SEI formation and dissolution with the EQCM technique. (b) Relationship between the average CE of the LillCu half-
cell, and SEI dissolution results from EQCM. Reproduced with permission from ref 450. Copyright 2023 American Chemical Society. (c)
Schematic illustration of the working principle of the TGC technique. (d) The average first CE of LillCu cells with various testing conditions. Eight
electrolytes (HCE, CCE, 2 M LiFSI-DMC, 0.5 M LiTFSI-DME/DOL, 1 M LiTFSI-DME/DOL, 1 M LiTFSI-DME/DOL + 2% LiNO;, CCE
+ Cs*, and CCE + FEC) and three stripping rates (0.5, 2.5, and 5.0 mA cm™ to 1 V) are used. (e) The TGC method for analyzing the capacity
usage (SEI Li*, unreacted metallic Li’ and reversible Li) with various testing conditions. (f) The ratio of SEI Li* to unreacted metallic Li’
calculated by TGC (blue line refers to exponential fitting results). Reproduced with permission from ref 504. Copyright 2019 Springer Nature.

pathways and generation of dead Si, which further depleted the equation in the ideal case of a homogeneous and rigid layer
electrolyte and deteriorated the battery performance.”’ adhered to the sensor surface. Then, through probing the shift
3.4.2. Quantifying Techniques. Based on the piezo- in resonance frequency, the mass change of the electrode can
electric effect, where the mechanical shear stress is induced in be obtained quantitatively. Therefore, the EQCM technique
the crystal as a function of the applied voltage, EQCM has allows monitoring the real-time SEI evolution and component
been regarded as an extremely sensitive mass monitoring dissolution phenomenon as a function of applied voltage.******
approach to studying electrochemical reactions.””” ™% The Through in situ EQCM measurement, Pan et al. revealed that
electrode is generally deposited on an oscillating sensor (made LiF and Li alkylcarbonates comprised the main SEI
of quartz crystal), which exhibits a linear relationship between components on graphite anodes (1 M LiPFc—EC/DMC
the resonance frequency and its mass based on the Sauerbrey electrolyte) at various voltages. LiF was formed at 1.5 V, and
AO https://doi.org/10.1021/acs.chemrev.3c00826
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Figure 23. Advanced characterization for analyzing chemical compositions, morphologies, structural information, mechanical properties, etc., for
interphases. (a) Schematic illustration of liquid droplets on the Li substrate for APPES measurements. Reproduced with permission from ref 459.
Copyright 2019 Springer Nature. (b) Schematic illustration of the developed in situ liquid-SIMS technique for SEI characterization. Reproduced
with permission from ref 509. Copyright 2020 Springer Nature. (c, d) The mechanism of Li metal DNP. (c) The conduction electron spin bands of
a metal plotted against energy (E): in the absence of a magnetic field (left); (middle) in an applied magnetic field (B,), leading to a Pauli
paramagnetic moment (M); and after microwave (yw) irradiation at the CESR frequency (right). Note: the arrows for each spin band denote the
electron magnetic moment. (d) Schematic for hyperpolarization of Li metal on application of microwaves (DNP, black dashed arrows) and
subsequent spin diffusion in the heterogeneous mixed organic/inorganic SEI (gray dashed arrows). Reproduced with permission from ref 556.
Copyright 2020 Springer Nature. (e) Cross-sectional schematic diagram of an electrochemical AFM cell. Reproduced with permission from ref S11.
Copyright 2015 Elsevier. (f) Schematic illustration of the AFM force spectroscopy measurements. (Inset) Indentation curve. Reproduced with
permission from ref 462. Copyright 2012 American Chemical Society.

EC was initially reduced at 0.74 V. Moreover, it was very EQCM with dissipation monitoring (EQCM-D), gravimetric

interesting to observe that the nascent interphase could be and viscoelastic changes in Li,Ti;O;, anodes were assessed
partially reoxidized during the very first delithiation cycle, during the insertion/extraction of Li* and formation/growth of
which could be the reason for the reported metastability of the the SEIL These results indicated that the intrinsic viscoelastic
SEI ingredients in the nascent form.”** In recent years, EQCM properties of the growing SEI layers could be quantified, and
has been well developed, in which the energy dissipation of the the SEI quality (recognized from the EQCM-D data) was
resonating sensor is additionally considered. Introducing the improved by optimizing the electrolyte system (e.g., adding
SEI shear viscosity coeflicient, SEI shear storage modulus, and vinylene carbonate additive or using LITFSI salt).*”” Typically,
electrolyte properties in a multilayered viscoelastic Voigt the EQCM-D technique can provide information on the
model, the dissipative properties of a nonrigid SEI and change structural change in more realistic nonrigid viscoelastic
in electrolyte viscosity are considered.””” Combining the interphases.*”
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One should note that among all of the SEI properties, the
dissolution in the electrolyte can directly influence the
formation and growth of the SEI in the subsequent cycles.
Generally, additional Li and electrolyte have to be consumed
to repair the partially dissolved SEI, which will inevitably
increase the SEI thickness,”*>>*" resulting in severe capacity
loss through the repeated SEI formation and growth process.
The EQCM has been applied to quantify the mass loss of the
SEI layer (after formation) upon standing at an open circuit.
The SEI was found to lose more than one-half of its mass,
demonstrating the potential of EQCM to quantify the SEI
dissolution and further reveal the mechanisms of SEI
formation and growth.”>******* Very recently, utilizing
operando EQCM, Cui et al. successfully quantified the SEI
mass loss in ether-based electrolytes (Figure 22a and 22b).*"°
By establishing the correlation among solubility, passivity, and
cyclability, it was concluded that SEI dissolution was a major
factor influencing the subsequent SEI formation and growth. In
addition, it was elucidated that the calendar life of Li-based
batteries can be extended by reducing the SEI dissolution,
highlighting the significance of regulating the dissolution
phenomenon for mitigating the SEI degradation.

Utilizing advanced characterization techniques, it has been
recognized that establishing the correlation between interfacial
chemistry and electrochemical performances is significant for
resolving issues related to Li metal anode. Recently, using an
analytical technique of titration gas chromatography (TGC),
Meng et al. quantified the contribution of Li* in the SEI
components (e.g.,, LiF, Li,CO;, Li,O) and unreacted metallic
Li® to the total amount of inactive Li, respectively, which was
critical for understanding the real mechanisms causing rapid
capacity deterioration.””* The critical difference exploited
between the SEI Li* species and metallic Li® is their chemical
reactivity, where only the metallic Li’ reacted with protic
solvents. For instance, Li® reacts with H,O to create H, gas
(2Li + 2H,0 — 2LiOH + H,1). The H,O titration (all
metallic Li° is reacted) was paired with a gas chromatography
facility (quantify generated H, in the reaction) to a single
analytical tool (TGC), exactly quantifying the amount of
unreacted metallic Li’ (Figure 22c). Then, a high resolution of
1077 g was obtained for analyzing metallic Li’, after combining
with an advanced barrier ionization H, detector. Using this
TGC methodology, the relationship between the amount of
inactive Li with the CEs of LillCu cells in different electrolytes
was correlated (Figure 22d). By quantifying the amount of
metallic Li® directly by the TGC, the content of SEI Li* was
calculated accordingly. Interestingly, as shown in Figure 22e,
the content of Li* components in SEI remained constant at a
low level, whereas the amount of unreacted metallic Li°
increased significantly as the CE decreased. In addition, the
ratio of Li* components in SEI and unreacted metallic Li’
elucidated the CE below 95%. It was the unreacted metallic Li°
rather than SEI formation that dictated the amount of inactive
Li, further causing the capacity loss (Figure 22f). The SEI
formation only dominated at very high CEs. This work
provided interesting insights for advancing LMBs. Never-
theless, a nondestructive approach to quantify residual Li upon
cycling without disassembling the cell is still urgently required.

3.4.3. Composition Analysis Techniques. To examine
the surface chemistry of the interphases, various analysis
approaches such as XPS, SIMS, and NMR have been
extensively employed in recent research.”'”>**~>>° By utilizing
the photons in the X-ray range that lead to the emission of the
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core electrons from the specimen, XPS has been widely used
for detecting all elements in the periodic table except H and
He. Therefore, XPS is an ideal technology for monitoring the
electronic structures of SEI compositions, such as LiF, Li,CO;,
organics, and other species.’”>™>"” In 1985, based on a LiBF,-
containing electrolyte, the existence of LiF in SEI components
was proved for the first time by Takehara et al. using XPS.**
Nevertheless, the ex situ XPS fails to disclose the natural state
and properties of the interphases, making it necessary to
develop in situ XPS to capture the real-time state of
interphases during the battery cycling. Unfortunately, as a
surface-sensitive technique with microscale in-plane spatial
resolution, in situ XPS has yet to be fully designed due to the
ultrahigh vacuum condition.**®

To solve this challenge, in situ spectroscopies, such as
ambient pressure photoelectron spectroscopy (APPES), were
employed by Hahlin et al. (Figure 23a), providing insights for
future operando measurements on the dynamic chemical
evolution of SEL**” Although liquid electrolytes could be used
in this investigation, the electrochemical cycling tests were not
applied, making this technique fail to reflect the real-time state
of SEI in batteries. Despite the extensive application in
analyzing the SEI chemical compositions,******5'75%% Xpg
still exhibited some big challenges related to the sample
preparation and data collection protocols, which can lead to
misleading conclusions. Recently, an informative and signifi-
cant work was conducted by Bent et al,, identifying some key
factors to be carefully considered to avoid erroneous
interpretations of XPS for SEI investigation, including the
spatial location of the sample, periods of sample inactivity
under the ultrahigh vacuum in XPS chamber, and Ar*
sputtering conditions.*" Especially, the poorly rinsed sample
introduced artifacts to the SEI components, with a 40%
variation across the x—y plane for atomic percentage. It was
also pointed out that SEI experienced obvious changes in
chemical components with the ultrahigh vacuum condition or
Ar" sputtering. This report offered rigorous guidelines to
circumvent issues existing in XPS analysis, which will provide
valuable guidelines in SEI understanding with accurate
chemical characterization.

Through analyzing the ratio of gravimetric mass to surface
charge (m/z) for specific elements, TOF-SIMS has been
applied to obtain the chemical compositions of SEIs
quantitatively. Generally, when interacting with a surface, the
energetic primary ion beam emits secondary ions. These
secondary ions pass through a flight tube, and then they are
continuously analyzed, with the corresponding intensities
being recorded over time. The ion intensities are proportional
to element contents, thus forming a semiquantitative
concentration-depth image for probing the chemical compo-
sition of the SEI layers.*>>" 7> Peled et al. were pioneers in
applying SIMS for investigating the mechanism of SEI
formation on the basal plane and cross-sectional edge of
graphite. Since then, depth profiling by SIMS has been utilized
widely to probe the SEIs 5generated on Cu, "> graph-
fte,¥26,453,454,518,561-563 gy 452,455,564=-567 "1 ;
metal, >V 924503687571 ot demonstrating its ability to analyze
the dynamic properties of SEI layers with high sensitivity.
Especially, the speculated SEI chemical composition can be
confirmed via SIMS by profiling their distribution in depths in
the SEI layer. For instance, Wang et al. developed a Li-11 wt %
Sr alloy anode to form a SrF,-rich interphase in fluorine-
containing electroly’ce.325 With the aid of TOFE-SIMS, the
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thickness of the SrF,-enriched SEI on the alloy anode was
determined. After immersing in 2 M LiFSI for 12 h, the anode
surface was investigated by beam over a S ym X um area.
Strong signals of both F and Sr were observed with the
thickness of the interphase determined to be 250 nm, which is
consistent with the XPS results. In another report, a crowding
dilutant (1,2-difluorobenzene) modified ionic liquid electrolyte
(M-ILE) with energetic kinetics and a superhigh AGG portion
was designed for a stable Li metal anode. TOF-SIMS was
performed to reveal the distribution of the chemical
components in the SEI layer with different sputter times.
The LiF,” intensity was much higher than that for the ILE-
induced SEI, confirming that the M-ILE electrolyte con-
tributed to a LiF-enriched SEI Besides, the 3D reconstruction
of the LiF,” distribution map demonstrated that LiF was
uniformly dispersed in the M-ILE-induced SEI. However, LiF
only existed in the superficial layer of the ILE-derived SEL>"
The SEI formation mechanism and the in-depth understanding
of the interphasial chemistry and structure are still restricted by
the ex situ measurements. Inspired by increasing requirements,
real-time SEI formation was monitored by Zhu and co-workers
by developing an in situ liquid secondary ion mass
spectrometry (liquid-SIMS),**”°%*'% a5 illustrated in Figure
23b. To be specific, first, a thin Si;N, membrane was used to
separate the liquid from the high vacuum, ensuring only Si;N,-
related signals were detected at the initial stage. Then, the
interfacial signals could be detected until a Bi** primary ion
beam drilled through the Si;N, membrane. As soon as the
interfacial layer was drilled through by the primary ion beam,
the liquid signals were obtained. By bombarding the back of
the Cu electrode and creating fragments, liquid-SIMS induced
the dynamic chemical mapping of the interfacial components.
Liquid-SIMS supported the establishment of an electric double
layer before SEI formation. Furthermore, this technique
displayed a structured SEI consisting of a dense and inorganic
but LiF-depleted inner layer (electronic insulator but Li*
conductor) along with an organic-rich outer layer.’"’

As a nondestructive technique, NMR spectroscopy has been
applied to investigate various SEI components (such as
inorganics like LiF (F), Li,CO; (**C), and organic
compounds) via collecting 'H, 7Li, 3C, “F, as well as 3'P
signals in a time scale. Combining solution with solid-state
NMR (ssNMR), Gray et al. characterized the soluble and
insoluble SEI components derived from FEC decomposi-
tion.””> To promote the characterization of organic SEI, '*C-
FEC was prepared to conduct ssNMR with enhanced dynamic
nuclear polarization (DNP) measurements. Notably, the
defluorination reaction of the FEC molecule to soluble vinoxyl
species (HCOCH,OR) was detected from the 'H and *C
NMR results. In the following step, they reacted to form both
soluble and insoluble branched ethylene-oxide-based polymers,
while neither vinoxyl species nor cross-linking units were
investigated for the FEC-free electrolyte, suggesting that the
generation of cross-linked polymers could be significant for
improving the SEI stability on the Si anodes. Besides,
Wagemaker et al. accessed the spontaneous Li* transport via
2D Li ion exchange NMR, disclosing that Li* interfacial
transport through the interphase was the major limitation for
the Li* transport through the Li,S—Li,PS;Br solid-state
batteries, which were largely affected by the electrode
preparation and battery cycling conditions. For instance, ball-
milling treatment was required to enable faster Li-ion exchange
through the interphase and enhance the kinetics with regard to
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the high utilization of the Li,S cathode. This report exhibited
the ability of exchange NMR as a noninvasive measurement to
investigate Li" interfacial transport behaviors, quantifying the
amount and time scale of Li* transport through the interphase
in the bulk solid-state batteries.”’” The NMR technique was
also applied to determine the cathode-to-anode crossover
species that caused the SEI disruption on the Li metal anode
and further catalyzed side reactions. It was disclosed that the
crossed-over transition metal ions from the Li-
NigoMng55Co 5O, cathode exerted a minimal impact on the
Li metal anode. In contrast, decomposition products such as
POF,0H (the doublet of the 'F spectra and the triplet in the
P spectra) and polycarbonates form reactive Li metals that
crossed over to the cathode side, significantly altering the CEL
As a result, this crossover phenomenon accelerated the
impedance increase and capacity fading of the cathodes and
caused instability of the anodes by dissolving these species into
the electrolyte.**’

Moreover, DNP-enhanced NMR has been recognized as a
powerful tool for obtaining useful structural information under
magic-angle spinning (MAS), which exploits an ~10° times
greater gyromagnetic ratio of paramagnetic electrons to
hyperpolarize nuclear spins to increase the signal in NMR
measurements.””’ The mechanism of Li metal DNP is
illustrated in Figure 23c. Without applying a magnetic field,
the partially filled up and down electron spin bands of a metal
were degenerated, whereas the energies of these bands were
shifted in opposite directions while maintaining a common
Fermi level with an applied magnetic field. After irradiating the
conduction electron spin resonance (CESR) transition, the
populations of the spin bands were (partially) equalized. Based
on this theory, Gray et al. reported the hyperpolarization by
investigating the interphase between the Li metal and the SEI
(Figure 23d).>*° They selectively enhanced the "Li, 'H, and
F NMR spectra of the SEI species, which provided the
chemical nature and spatial distribution of these species. To
exploit the significant enhancement of the "Li, "Li — 'H cross-
polarization (CP) and “Li — 'F CP, "Li rotational echo
double-resonance (REDOR) experiments were conducted,
successfully identifying some SEI species, such as polymeric
compounds, organic carbonates, and LiF. In situ measurements
based on this technique will be more informative in identifying
the chemical compositions and structures of the interphases in
rechargeable batteries. The reduced collection time and
enhanced signal-to-noise ratio of 'C to confirm organic
species in SEI are among the most prominent advantages of
the DNP technique. Unfortunately, it fails to probe the
dynamic nature of the interphase, which requires the
combination of NMR and cryogenic techniques. Moreover,
in situ NMR has been realized for probing the real-time SEI
evolution in batteries. The differences in the plating processes
and transport properties of the interphase in commercial
electrolytes (1 M LiPF(—EC/DMC) without and with FEC
additive were investigated via in situ NMR. ’Li isotopic
labeling was employed to monitor the exchange between the
bulk Li metal and the electrolyte via NMR, and a numerical
model was developed to describe the process. It was revealed
that compared to those of the FEC-free electrolytes, the
SLi/"Li exchange was twice as fast in FEC-containing
electrolyte with a much faster SEI formation rate, which
could account for a more uniform Li deposition behavior. The
authors also used this in situ NMR technology to quantify
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some critical SEI parameters for regulating the nature of Li
deposition, such as Li" transport and the healing rate of the
SEL Other electrolyte additives or components should be
explored via this methodology to optimize SEIs for uniform Li
plating/stripping under practical conditions in the future.”® It
should be noted that a strict observation condition should be
satisfied to avoid interfering signals when conducting in situ
NMR for real-time monitoring of the SEI during cycling.**”

3.4.4. Functional Feature Analysis Techniques. Based
on the scattering of X-rays, the interference of which produces
diffraction patterns from crystalline or partial crystalline
structured materials, XRD has been widely employed to
investigate the changes in crystal structures as well as phase
transformations of electrode materials or the ordering and
structures of interphases. For instance, according to the
analysis of XRD, Huang and co-workers showed that the
byproducts LiOH derived from side reactions between Li and
oxygen-containing electrolyte were significantly suppressed via
boric acid (BA) additive, suggesting the beneficial role of BA in
inhibiting unwanted side reactions for high-performance Li-
based batteries.”’® In addition, different SEI formation
processes with 0.8 M KPF,—EC/EMC and potassium
bis(fluorosulfonyl)imide (KFSI)—EMC (molar ratio of 1:2.5)
electrolytes were investigated via operando XRD, revealing that
the SEI mainly formed at high voltage in KFSI-based
concentrated electrolyte, while the SEI was mainly generated
at low voltage in KPFy-based dilute electrolyte."”” However, as
a technique to monitor the bulk information on the electrode,
it is difficult for XRD to distinguish specific interactions on the
interphases. Recently, synchrotron-based X-ray sources with
much higher intensities and larger photon energies than
laboratory equipment have been recognized as a powerful
technique for in situ/operando investigations of battery
systems due to the benefits of a fast period of measurement
times, large penetration power, along with improved signal-to-
noise ratios.””” Therefore, the synchrotron-based XRD is able
to collect high-quality data for a trace amount of sample
without significant radiation damage.478 In 2021, using
synchrotron-based XRD and PDF analysis, Hu et al. identified
and differentiated two elusive components, LiH and LiF, in the
SEI components of Li metal anodes.”’* As revealed from
synchrotron-based XRD, LiH existed as a face-centered-cubic
(FCC) phase with a lattice parameter of 4.084 A, which was
further confirmed by the changes in the XRD patterns due to
its moisture sensitivity. The origins of LiH not being identified
could be attributed to two main factors. First, the typical XRD
patterns of LiH and LiF were similar FCC structures with close
lattice parameters (4.084 A for LiH and 4.026 A for LiF).
Besides, owing to the high moisture sensitivity, LiH easily
decomposed to make it undetectable. It was also found that the
nanocrystalline LiF in the SEI components is clearly different
from that in the bulk phase, especially featuring a larger lattice
parameter (~4.05 A) along with a smaller particle size (<3
nm), which enables fast Li* transport for higher CE and
improved electrochemical performance. It should be noted that
the beam may easily lead to the damage of battery materials
during testing.

As a nondestructive imaging approach, in situ AFM can
monitor the formation and properties of interphases through
high-resolution topographical images, providing intertopog-
raphy information and mechanical properties. For instance, the
elastic and plastic properties of the interphases can be
evaluated in a quantitative way by analysis of the force—
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distance curves.”'’ In addition, to investigate the nano-

mechanics of interphases, AFM-nanoindentation was designed
as illustrated in Figure 23f. Through converting the tip
deflection into normal force F and analyzing indentation depth
0 and the cantilever deflection Ad, the Young’s modulus can be
obtained as shown in the inset of Figure 23f, successfully
quantifying the inhomogeneity of the SEI in both morpho-
logical and mechanical properties.””> Following this work,
more systematic investigations of SEI information have been
conducted, including the two-layered structure and the
thickness of the SEI on graphite anodes,””> the mechanical
properties of the organic—inorganic mixed SEI on the Si
anode,’” the effects of electrolyte components, configurations,
and electrode face orientation on the SEI morphology and
thickness,*>™*%>°7% the deformation and mechanical failure
mechanism of the SEL>'? etc. Among these progresses, it is
interesting to mention that in situ AFM is powerful enough to
distinguish the distributions of inorganic and organic species in
the SEI at the nanometer level by probing the SEI in liquid
electrolytes.

Unfortunately, the failure to unveil chemical information is a
large limitation facing the AFM technique. To satisfy the
nanometer spatial resolution required to disclose the
correlation between the structure and the function in the
interphases, tip-enhanced Raman spectroscopy (TERS) was
developed.**>*'**'> Through raster scanning the interphase,
the chemical fingerprint of the interphases can be obtained.
Besides, TERS offers a spatial resolution at several nanometers
or even on a subnanometer scale, which is attributed to the
highly confined local electric field.*”” Therefore, TERS has
been regarded as an effective technique for understanding the
interphase as well as interfacial processes at the nanometer
spatial resolution, eventually establishing the relationship
between the structure and the performance. Although with a
high spatial resolution, the one-point foundation makes
inherently weaker signals for the TERS technique compared
with surface-enhanced Raman scatting (SERS), making it
necessary to increase the efficiency of TERS on motivation and
collection when used to probe the interphases. Besides, to
monitor the dynamic evolutions of the interphase structures
and further quantify the interphase compositions at the
nanometer spatial resolution and the molecular level, TERS
should be developed into an operando technique.”””

As a scattering technique, NR measures the specular
reflection of neutrons from the surface, which changes with
the wave vector transfer perpendicular to the sample surface,
following the equation Q = [47 sin(#)]/A (where O represents
the angle of incidence of the neutron beam with the sample
surface and A denotes the wavelength of the neutrons).”’ %"
The thickness, roughness, as well as the layers’ scattering
length density (SLD) can be obtained by fitting the reflectivity
via layered models, which is informative for determining the
layer compositions. Therefore, NR has been increasingly
employed for probing the interphasial properties of bat-
teries.” #*'°

Particularly, the SLD depth profile yielded from fitting NR
data in the surface normal direction can be used to detect the
evolutions of the interphase structure during the charging/
discharging process.”’”> By using in situ NR and a novel
designed electrochemical cell, Schmidt et al. detected the
growth of a ~7 nm thick SEI layer during delithiation of the Si
electrode.”™’ Later, the thickness and chemistry of the SEI on a
Si anode were determined as a function of the state of charge
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during cycling. Based on the SLD results, the SEI thickness
decreased from 25 to 18 nm (Li;,Si) after the delithiation
process. Besides, the SEI evolved with more LiF component
during lithiation, while more Li—C—O—F-like species was
discovered during delithiation. More importantly, the SEI
started to grow once the electrolyte was in contact with the Si
electrode, even though no electrical bias was applied.”™ An
opposite trend in SEI thickness was presented by Veith et al,
who investigated the SEI on Si anodes using the electrolyte of
0.1 M LiTFSI in deuterated dimethyl perfluoroglutarate.”®’
Based on the corresponding SLD profiles, they observed a
decrease in the thickness of the SEI layer from 34 to 14 nm
after the lithiation process. Moreover, in situ NR revealed that
the SEI formed on tungsten thin film electrodes was composed
of a porous outer layer enriched in solvent-derived
components and a compact inner layer with abundant
inorganic species.”* Following this work, tungsten oxide
(e.g, WO;) was demonstrated to form a SEI with three layers
during the reduction process. An innermost layer (the evolving
conversion electrode) was assigned to a mixture of W, Li,O,
and incompletely reacted WO; or Li,WOj, a layer enriched in
protons and/or Li, which tentatively consisted of LIOH or LiH
(the inner SEI), and an outermost layer adjacent to the
electrolyte consisting of lower SLD species with solution-filled
porosity or deuteron-rich species derived from the solvents
(the outer and fragile SEI). A reverse of SEI evolution was
observed during the oxidation process. These results were
generally consistent with previous reports of the SEI using
other characterization methods, indicating a bilayer structure
of the SEI with more inorganic species in the inner layer and
more organic components in the outer layer.475

Overall, in situ NR sheds light on the study of the SEI
generation mechanism by probing the evolution of the
interphase structure during battery operation. Unfortunately,
its widespread application is significantly restricted by several
factors, such as a long analysis time, an excessive choice of
electrolyte solvents to enhance contrast, a flat specimen
required to generate a strong signal, and very limited facilities
to handle the produced neutrons outside the particle
accelerator.*’’

To investigate the various functional and morphological
features of the interphases, other characterization methods that
can offer complementary information have also been
developed. For instance, in contrast to XRD providing
information about the overall structure of a material, XAS
has been considered as an effective technique to probe the
local atomic arrangement and electronic structure of a material.
XAS technology is based on X-ray photon-induced electronic
excitations from the core level to an empty electronic state for
the detected element. Thanks to its element-resolved feature
and high sensitivity to the local chemical bonds and solvent
environments, the XAS measurement shows great potential for
interphase characterization.***~*"**%*> Additionally, this techni-
que can be used for determining amorphous phases as well as
for small nanoparticles. Owing to the utilization of high-energy
synchrotron radiation, the data acquisition process is quite fast,
which promotes in situ analysis as well.*”*** Although XAS
has been successfully used for analyzing the SEI composition,
in situ XAS probing in a full-cell mode remains a big challenge,
which requires a special electrochemical cell de-
sign, 7 147517-520

SECM is considered a powerful tool that can probe the
surface characteristics of the interphases with nanoscale

AT

resolution. SECM relies on the stark difference in activities
between the electronically conductive electrode surface and the
electronically insulating feature of the SEI products.”**** The
basic setup of SECM consists of four parts: a low-current
bipotentiostat, a 3D positioning system, an ultramicroelectrode
tip, and a data acquisition system.”® The cell generally
contains four electrodes, including the tip, the reference
electrode, the counter electrode, and the working electrode.
The SECM tip probes the chemical changes occurring at the
interphase and detects spatial information on electrochemical
reactions taking place at selected areas.*** SECM has attracted
increasing attention in investigating the formation and
evolution of SEI layers by employing the feedback mode.***
For instance, using the feedback mode of SECM with 2,5-di-
tert-butyl-1,4-dimethoxybenzene (DBDMB) as the mediator,
Wittstock et al. conducted in situ imaging of the spontaneous
spatiotemporal changes for SEI layers formed on the graphite
surface. The reduction in the mediator regeneration rate was
accompanied by SEI formation. Besides, the currents remained
stable in some regions of the SEI-covered electrodes, while the
currents in other regions changed drastically with time. These
changes could be attributed to the volume evolutions during
charging/discharging, dissolution of SEI, or gas formation. In
addition, the results show that deposition of metallic Li could
take place upon charging and compromise battery safety,
requiring the self-healing ability of the SEI with incidental
defects. Moreover, the repassivation of damaged regions was
detected in situ, which showed that it took several hours before
these regions were susceptible to further short-term current
fluctuation.”®® Later, operando SECM was adopted by
Schuhmann et al., probing the electrically insulating feature
of the Si surface during the delithiation/lithiation process.
Combined with AFM, the SECM results suggested that there
were two types of cracks (ie., cracks partially covered by the
SEI and SEI-free cracks) during the initial cycle. The SEI-free
cracks contributed to a discontinuity in the electrically
insulating feature of the Si surface, further accelerating
electrolyte decomposition in the second cycle. More
importantly, operando SECM confirmed the electrically
insulating feature of the SEI layer on the Si electrode, and
the volume changes during the delithiation/lithiation process
were what caused the loss of “protecting” character of the SEI
at the Si surface.”®

In brief, to address fundamental questions regarding the
chemical composition, spatial distribution, and structure of
fluorinated interphases, nondestructive and in situ/operando
techniques are essential for real-time, dynamic, and intuitive
analysis of the interphase properties and their correlation with
the battery performance. Taking cryo-TEM as an example, the
combination of a low electron dose and ultralow temperature
for the frozen sample reveals atomic-level crystal details, which
preserves the delicate chemical and spatial features of
interphases. For high-resolution imaging of interphasial
evolution, dynamic in situ cell devices and sophisticated
sample preparation techniques (e.g, cryo-FIB) should be
equipped. It should be kept in mind that each technique has its
unique advantages and significant limitations, requiring the
synergistic combination of various techniques, which yields
multidimensional or multimodal information for elucidating
the structure—property relationships and guiding interphase
design.
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Figure 24. Conversion-type electrode materials for FIBs. (a) Voltage—composition profiles for a FIB with the Bi cathode vs the Mg + MgF, anode
in the three first cycles. The charge/discharge curves were obtained at 150 °C for a current density of ca. +4 mA g~". Reproduced with permission
from ref $87. Copyright 2014 Royal Society of Chemistry. (b) Electrochemical charge and discharge curves for a three-electrode cell with a Cu@
LaF; cathode in 1 M N,N,N-trimethyl-N-neopentylammonium fluoride (Np,F)—BTFE, cycled at 10 mA. Reproduced with permission from ref 52.
Copyright 2018 The American Association for the Advancement of Science. (c) Charge/discharge profiles of Cu,O cathode material for cycles 1—
35 at 0.02 C and 140 °C. Reproduced with permission from ref 590. Copyright 2021 Wiley-VCH. (d) CV curves of 4-hydroxy-TEMPO in aqueous
0.8 M NaF electrolyte with glassy carbon as the working electrode, platinum as the counter electrode, and the standard Ag/AgCl electrode as the
reference electrode. Reproduced with permission from ref 591. Copyright 2019 IOP Science.

4. FLUORINE CHEMISTRY IN RECHARGEABLE
FLUORIDE-ION BATTERIES

4.1. Fluoride Electrode Materials

The electrode material for FIBs can release or absorb F~ ions
while obtaining or losing electrons. Depending on the redox
potential, the electrode materials for FIBs are utilized as
cathodes with relatively high potential or anodes with relatively
low potential. Due to the relatively light weight of the electrode
materials in FIBs, the theoretical volumetric energy densities of
FIBs can reach up to S000 Wh L™" based on the total volume
of the electrode materials,”® which makes FIBs a promising
candidate for next-generation high-energy rechargeable bat-
teries. So far, the mechanism of F™-ion storage of electrodes in
FIBs can be mainly classified into conversion type and
intercalation type, which are further introduced below.

4.1.1. Conversion-Type Electrode Materials. The
fluorination/defluorination process of conversion-type elec-
trode materials (e.g., metal/metal fluorides) is accompanied by
continuous breaking or reforming of the metal—fluorine bond.
Conversion-type electrode materials for FIBs possess high
energy density because they are able to transport more than
one F~ ion per redox-active metal species, and the active
electrode materials typically possess lower molar masses.

Metal/metal fluorides (M/MF,) are the most extensively
studied conversion-type electrode materials for FIBs. The
electrons and F~ ions transfer during the fluorination/
defluorination between metal and metal fluorides. In 2011,
Fichtner and Anji reported the feasibility of a series of metal
fluorides (including SnF,, CuF,, KBiF,, and BiF;) as cathode
materials in an all-solid-state FIBs system with a F™-ion solid-
state electrolyte La;_,Ba,F;_, (0 < x < 0.15) at 150 °C.*

AU

Cerium (Ce) metal was used as the anode due to the high F~-
ion conductivity of its discharge product (cerium fluoride,
CeF;).** The F-ion full cell using BiF; as a cathode
successfully realized reversible discharge and charge at 10 yA
cm™? with a discharge capacity of 190 mAh g~' and an average
voltage of 2.15 V. However, the irreversible volume changes, as
a common problem of conversion-type electrode materials,
limit the cycling performance of FIBs. Apart from the Ce metal
anode, Fichtner and co-workers investigated the application of
other potential anode materials such as CaF,, MgF,, and Mg +
MgF, (ie, the premixed composite of metal and metal
fluoride, M + MF,) for all-solid-state FIBs in 2014.”*” When
paired with a bismuth (Bi) cathode, the Mg + MgF, composite
anode delivered an initial discharged specific capacity of about
80 mAh g™" at 4 mA g™' and 150 °C (Figure 24a). It revealed
that the M + MF, composite anode can effectively enhance the
cycling performance by improving interphase contacts between
the reactive phases. In general, the low conductivity of the
metal fluorides and the extreme volume change during the
fluorination/defluorination process of M + MF, electrodes
cause the massive side reactions*™” together with poor physical
contact between active materials,”®” electrolytes, and con-
ductive carbon particles, both of which lead to rapid capacity
decay of FIBs.

M/MF, has also been applied in liquid FIBs. Simon and co-
workers reported room-temperature operable FIBs based on
organic solvent-based electrolyte in 2018.”* In this system, a
copper—lanthanum trifluoride core—shell cathode was devel-
oped, where the F7-ion conductive LaF; shell not only
permitted F~ diffusion but also inhibited the dissolution of the
discharge product (CuF,). The Cu@LaF; cathode achieved
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Figure 25. Intercalation-type electrode materials for FIBs. (a) XRD pattern of CoFe-F LDH. (Inset) structural model. (b) Cycling performance
and CE for the cell Lill CoFe-F LDH. Reproduced with permission from ref 592. Copyright 2022 Wiley-VCH. (c) Voltage profiles measured during
three charge/discharge cycles for the cell BaFeO,lLaoBayF,o/MgF, (current £10 A cm™ at 150 °C). Reproduced with permission from ref
593. Copyright 2014 Royal Society of Chemistry. (d) Crystal structure of the defect fluoride pyrochlore CsMnFeF, viewed down the [110]
direction. (e) Cycles 4—9 from galvanostatic cycling of a F-ion cell with a working electrode of mechanochemically synthesized CsMnFeF; and a
Bi/BiF; composite counter electrode, cycled at room temperature at a rate of C/20 between 0.0 and 1.4 V vs Bi/BiF;. Cycles six and seven are
shown in orange and blue, respectively. Reproduced with permission from ref 594. Copyright 2022 American Chemical Society. (f) K,NiF,-type
structure of LaSrMnO,, (left) in comparison to partly fluorinated LaStMnO,F (middle) and fully fluorinated LaStMnO,F, (right). Reproduced
with permission from ref 72. Copyright 2017 American Chemical Society. (g) Electrochemical charging and discharging of La,Co0O,/La,CoO,F at
170 °C; Liharging = +10.0 pA, Lyischarging = —1.0 p#A. Reproduced with permission from ref 595. Copyright 2019 Wiley-VCH. (h) Schematic
illustrations of the unfluorinated La,NiO,; (left) and hypothetical fully fluorinated state La,NiO,3F, ¢, (right). Fractional occupancies are
depicted for the interstitial anion site. (i) Charge/discharge capacities and CE against cycle number for the cells with the cutoff capacities of 30
mAh ¢! at T = 170 °C, Lharge = +24 pA cm™?, Lgischarge = —12 HA cm™?, and cutoff charge voltage = 2.3 V. Reproduced with permission from ref
596. Copyright 2020 Springer Nature.

seven reversible cycles in liquid FIBs at room temperature in a An organic compound with radical groups has also been
three-electrode cell (Figure 24b). investigated as an electrode material for FIBs. In 2019, Chen
Metal oxide-based electrodes have been developed as a new and co-workers reported the utilization of 4-hydroxy-2,2,6,6-

tetramethylpiperidin-1-oxyl (4-hydroxy-TEMPO) cathode in
an aqueous rechargeable FIB.>”" The reaction mechanism of 4-
hydroxy-TEMPO is as follows

conversion-type electrode material. In 2021, Uchimoto and co-
workers reported a cuprous oxide (Cu,O) cathode with Cu*/
Cu** redox as a fast fluorination cathode material for all-solid-
state FIBs.””® As shown in Figure 24c, the Pb/PbF,[PbSnF,|
Cu,O cell delivered an initial discharge specific capacity of 220 L
mAh ¢! at 0.02 C (1 C = 375 mA g') that remained stable < 4-hydroxy-TEMPO + F~ + e (1)

aitler St;l})llhzatlon_ of the par;l-eil'ly 1rfrezers1ble amo}:p zlzatlon where the electrostatic balance of 4-hydroxy-TEMPO was
phase. The superior rate capability of the Cu,0 cathode (110 maintained by the transfer of the fluoride ions and electrons.

mAh g™ at 1 C) surpassed the simple M/ME, systems, which The redox peak pairs at 0.706 and 0.594 V in the cyclic

4-hydroxy-TEMPO"+F~

can be attributed to the fast F -ion movement on the phase voltammetry (CV) curves (Figure 24d) can be distributed to
boundary. the conversion between 4-hydroxy-TEMPO and 4-hydroxy-
AV https://doi.org/10.1021/acs.chemrev.3c00826

Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00826?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00826?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00826?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00826?fig=fig25&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

TEMPO'F~. When paired with a BiF; anode in a NaF water
solution electrolyte and cycled between 0.0 and 1.4 V, this
aqueous FIB delivered an initial discharge specific capacity of
1453 mAh g~' at 1000 mA g~

4.1.2. Intercalation-Type Electrode Materials. Different
from the conversion-type electrodes, the F~ ion can be
reversibly stored in or released from the unoccupied interstitial
sites or anion vacancies in the crystal structure of the
intercalation-type electrodes for FIBs. Thus, the structural
integrity of the intercalation-type electrode can be maintained
due to the slight volume charge during the intercalation/
deintercalation of the F~ ion, which ensures the highly
reversible cycling stability and good rate performance of FIBs.

Recently, a F™-ion-intercalated CoFe-layered double hydrox-
ide (CoFe-F LDH) was reported as a cathode material for
FIBs. Zhang and co-workers prepared the CoFe-F LDH
through a facile coprecipitation approach combined with an
ion-exchange method (Figure 25a) and successfully paired this
material as a cathode with a Li metal anode in a CsF-based
organic liquid electrolyte.””> The LillCoFe-F LDH cell
delivered a stable specific capacity of 48.9 mAh g™ during
100 cycles at 10 mA g~' under room temperature (Figure 25b)
owing to the unique topochemical transformation property and
small volume change (~0.82%) of CoFe-F LDH materials
accompanied by electrochemical intercalation/intercalation of
F~ ions. Moreover, the good rate performance of CoFe-F LDH
indicated that the mitigation of the F~ ion in the layer spacing
was facilitated by the weak electrostatic interaction between
the anions and the host layers with a low diffusion barrier.

The perovskite-type BaFeO, was reported as an intercala-
tion-type electrode material for FIBs by Oliver and co-workers
in 2014.°” First, they demonstrated that BaFeO, can be
directly fluoridated by heating BaFeO,Fys in F,. The
transformation of the monoclinic distorted phase to the
cubic perovskite phase in the XRD pattern indicated the
successful intercalation of the F~ ion into the subcrystalline
vacancies in BaFeO,;. Then, the MgF,|La,¢Bay F, ¢/BaFeO, g
solid-state FIB was assembled and cycled between 3 and 4 V at
150 °C. As shown in Figure 4c, the long charge plateau at the
initial cycle was attributed to the formation of a Fe'-
containing phase fraction of a BaFeO,F, compound, where
the XRD pattern of electrochemical fluorination was consistent
with that of the chemical fluorination result. However, the low
reversible capacity in the following cycling suggested that the
F~ ions were not fully deintercalated from the BaFeO,;F,
cathode, which may be caused by the contact problems in the
electrodes and side reactions of conductive carbon.

Likewise, CsMnFeF was investigated as a cathode material
for room-temperature FIBs by Jessica and co-workers in
2022.°”* CsMnFeFq in a defect pyrochlore structure with
suitable particle size and phase purity was obtained through a
mechanochemical method. The presence of Frenkel defects
was required to endow the F~ ion’s diffusion through the
network, so the defect pyrochlore CsMn**Fe*'Fg4 (Figure 25d)
with the disorder in the MnFeFy substructure and ordered
anionic vacancies became a suitable fluoride intercalation host,
allowing fast F-ion transport at room temperature. After
combination with an organic liquid electrolyte (1.0 M tetra-n-
butylammonium fluoride (TBAF)—THF) and cell activation
cycles, the half-cell delivered a reversible capacity of 70 mAh
¢! at room temperature with a high CE of 98% (Figure 25e),
which almost approached the theoretical capacity for one
fluoride-ion transportation. Ex situ XRD and ex situ XAS
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revealed that the CsMnFeF; underwent a topotactic trans-
formation from the original defect pyrochlore structure into a
related polytype; meanwhile, the Fe**/?* and Mn>*/?* redox
couples both functioned during the cycling.

Oliver and co-workers reported the investigation of
LaSrMnO, with a K,NiF,-type structure as an intercalation-
based high-voltage cathode material with high capacity for
FIBs in 2017.”* As shown in Figure 25f, the structure of
K,NiF,-type compounds (A,BX,) can be described as built up
by alternating layers of ABX; perovskite-type subunits and AX
rock salt subunits along the ¢ axis. The large interstitial sites
that can store anions existed between the boundary of the rock
salt and the perovskite phase layers. The highest F-ion
occupied interstitial sites (Y) per formula unit was 2, which
resulted in the composition of A,BX,Y,. The Pb—PbF, anode
was paired with the LaSrtMnO,F cathode with the Lay¢Ba, F, o
solid-state electrolyte, and the full cell was tested at 10 A
under 200 °C. Combined with the results of the electro-
chemical data, XRD spectra, and DFT calculations, two charge
voltage plateaus at 1 and 2 V were confirmed as the first and
the second steps of F-ion intercalation (LaStMnO, —
LaSrMnO,F and LaSrMnO,F — LaSrMnO,F,_, x ~ 0.2). It
is worth noting that the side reaction, fluorination of
conductive carbon in the cathode, along with the charging
process resulted in an overcharge capacity of 800 mAh g/,
which was much higher than the theoretical capacity (155
mAh g™') of two F -ion transfers from LaSrMnO, —
LaSrMnO,F,. Moreover, the fluorination of conductive carbon
also deteriorated electron transfer in the cathode, which then
led to the low reversible discharge capacity of 20 mAh g™

To overcome this side reaction issue, Oliver and co-workers
replaced the redox pairs of Mn®*"/Mn*" with Co**/Co®" to
reduce the oxidation potentials in the K,NiF,-type com-
pounds.”” The obtained intercalation-type cathode La,CoO,
showed a lower F™-ion interaction number of 1.2 per formula
in the same battery system with LaSrMnO,. The unwanted
side reactions in the cathode were effectively avoided by
adjusting the charge cutoff capacity of 65 mAh g™, which
delivered a better discharge capacity of 32 mAh g~' with a
capacity retention of ~25% for the initial discharge capacity
after S0 cycles (Figure 25g). However, although the side
reaction has been suppressed by a cutoft charge voltage of 1V,
the low discharge capacity of La,CoO,F |, indicated that part
of the F~ ions was irreversibly fixed in the layered cathode,
which was supported by the XRD structural analysis.

Then, Oliver and co-workers developed a high-voltage
intercalation-type cathode (La,NiO,,;) and achieved an all-
solid-state FIB with high cycling stability and a CE close to
100%.>”° As shown in Figure 25h, La,NiO, ;; was successfully
synthesized by a solid-state method, which delivered a
maximum theoretical capacity of 125 mAh g~ after charging
into La,NiO, ;F,g; where all empty interstitial anion sites
were filled by F~ ions. When a charge cutoff capacity of 30
mAh ¢! was applied, the Zn/ZnF,|La,4Bay F,o/La,NiO,,,
cell reached an average CE of 97.68% over 220 cycles (Figure
25i). As evidenced from the TEM images, automated
diffraction tomography (ADT), EDX spectroscopy, and XAS
indicated that the interstitial sites the in La,NiO, ;5 cathode
were nearly fully occupied by F~ ions, leading to the formation
of a high fluorine content phase of La,NiO, ;F, 5o. However,
although the less reactive CNTs were used as conductors in
the cathode, the side reaction did not stop in the charge
process, as verified by electrochemical impedance spectroscopy
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Figure 26. Developments of solid-state electrolytes for FIBs. (a) Arrhenius plot of the ionic conductivity for ball-milled La,_,Ba F;_, electrolyte.
(b) Arrhenius plots of the ionic conductivities for tysonite-type Lay4Bag F, o and fluorite-type Bag¢Lay4F, 4 prepared by ball milling and sintering.
Reproduced with permission from ref 276. Copyright 2014 American Chemical Society. (c) Crystal structures of the BajosCeqosSnF, o5 phase.
Reproduced with permission from ref 601. Copyright 2022 American Chemical Society. (d) ESW based on the calculated thermodynamic
equilibrium voltage profiles and the phase equilibria for the CsPb,¢K, ,F, o electrolyte. Reproduced with permission from ref 602. Copyright 2022
Wiley-VCH. (e) Illustration of interphase wetting, cell assembly, and predicted reaction processes for Swagelok-cell-type CKCIKSn,FISSKC FIB.
(f) Voltage curves of the initial five cycles for a SSKCIKSn,Fs|CKC battery. Reproduced with permission from ref 603. Copyright 2023 Wiley-VCH.

(EIS) and XPS testing. Therefore, strategies aiming at extensive interest in the F~ conducting solid-state electrolytes.
improving the stability of the interphase between the active Generally, the F -ion conducting solid electrolytes can be
materials and the carbon-based additives in electrode categorized into a tysonite-type structure (rare-earth fluorides
composites (e.g., coating techniques or advanced engineering) MF,;, M = La, Ce, Pr, Nd), fluorite-type structure (alkaline-
should be further developed for development of FIBs. earth fluorides MF,, M = Ba, Ca, Sr), and their doped phases,

In general, the conversion-type materials degrade fast due to displaying an ionic conductivity of 107 S cm™ at high

poor interphase contacts originating from the significant
volume change, incomplete conversion reaction, electrode
material dissolution, and irreversible generation of oxyfluoride
byproducts, while intercalation-type materials are limited by
the relatively low capacity and low energy density. Moreover,
side reactions between conductive carbons and fluorides in the
electrode continuously degrade the performance of FIBs.

temperature (e.g, 150 °C).* Thus, insufficient F~ con-
ductivity has been the restricting factor for the operation of
solid-state FIBs at low or room temperature.

The F-ion transport through solid electrolytes is typically
facilitated by the Schottky and anti-Frenkel point defects via
the vacancy mechanism, interstitial mechanism, and inter-
stitial—substitutional exchange mechanism. Thus, the fast ionic

4.2. Fluoride Electrolytes conductivity can be achieved by creating new defects within

4.2.1. Solid-State Electrolytes. Since the pioneering work the solid structure. However, the defect mechanism highly
by Fichtner et al.,, which demonstrated the first rechargeable depends on the structure of the solid electrolyte. Given that the
FIBs employing Lay¢Ba, F, solid electrolyte, there has been F~ interstitial site is relatively smaller (0.84 A) compared to the

AX https://doi.org/10.1021/acs.chemrev.3c00826
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F~ radius (1.19 A), it is unlikely to be created in tysonite-type
R,_,M,F,_, fluorides (where R denotes the rare-earth element,
while M represents the divalent element). In such instances,
the formation of F~ vacancies has been demonstrated to be
effective in im7proving the ionic conductivity of RF;
fluorides.”>**>**’7% Doping the polycrystalline sintered
CeF; with various difluorides including CaF,, SrF,, and BaF,
(5 mol %), Takahashi and co-workers revealed that the
conductivity of CeF; was significantly enhanced up to 1.0 X
1072 S ecm™ at 200 °C (for CeygsCagosF,es), which was
attributed to the facile movement of vacancies.””” In addition,
the structural features of solid electrolytes have critical impacts
on the F~ mobility. In the case of the tysonite Sm;_,Ca.F;_,
solid, as the Ca content increases, the distortion of the F1(Sm,
Ca), tetrahedral site diminished, leading to an exponentially
reduced ionic conductivity and an increase in the activation
energy. Consequently, at room temperature, the highest
conductivity of 10™* S cm™ was achieved for the lowest Ca
content or the smallest fluorine vacancy content in the
Smy 95CagosF2 05 ‘cysonite.sg9 The F~ conduction mechanism
for the tysonite-type structure, however, was drastically
different from that for fluorite-type solids. To reveal the
conduction mechanism, Fichtner and co-workers prepared a
series of La,_BaF,_, (0 <y £0.15) solid compounds using
the ball-mill method, revealing that grain boundaries exert a
detrimental effect on the F~ conduction of tysonite-type solids
(Figure 26a and 26b). Sintering the compounds to reduce
grain boundaries and improve grain growth contributed to
higher ionic conductivities. Unfortunately, extending the
sintering time beyond a certain threshold (20 h) did not
further increase the ionic conductivity (compared to samples
sintered for 2 h) due to the blocking effect of additional grain
boundaries induced by oxides, silicates, or fluorite-type
phase.””®

The above-mentioned two mainstream fluorides have
achieved substantial progress, yet they generally realize an
ionic conductivity of 107* S cm™" at high temperatures around
150 °C.°* Their practical applications are still plagued by
insufficient RT conductivity, prompting researchers to explore
novel fluoride structures with faster transport of F ions at low
temperature.”**°~%°” Sn(1I)-based fluorides such as BaSnF,
compound are anticipated to deliver high F~ conductivity since
the polarizable lone pair of electrons on Sn** can reorient
during moving, enabling the mobile F~ between the Sn—Sn
and the Sn—Ba layers to take part in the ionic conduction
process.””*"°'* Unfortunately, the strong electrostatic inter-
action between Ba and F in the Ba—Ba layer considerably
impedes the F-ion migration. To eliminate this shielding effect,
the introduction of point defects within BaSnF, solids has been
adopted for realizing efficient F~ shuttling. By partially
substituting Ba** by Ce*, which has a similar atomic radius,
point defects can be built in the tetragonal BaSnF, crystal
(Figure 26c). Accordingly, the Ba—Ba 3D barrier was
disrupted, broadening the pathways for F~ transport.
Bayg5CeqosSnF, s displayed an enhanced RT conductivity of
52 % 107* S cm™" and a reduced activation energy of 0.15 eV
compared to 1.49 X 107* S cm™" and 0.15 eV for BaSnF, solid
electrolyte, respectively. The assembled all-solid-state BiF;|
BaggsCeqosSnF, osISn FIB realized a high reversible specific
capacity of 170.9 mA h g™' and a stable cyclability over 30
cycles at RT.®’" Clearly, constructing point defects in E~
conducting solid electrolytes is promising for efficient shuttling
of F ions. Although BaSnF, delivered high RT ionic
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conductivities comparable to those for solid electrolytes in
LIBs,°"" its narrow ESW restricted the selection of cathode and
anode materials, which led to a low average discharge voltage
(usually less than 0.5 V).%%”°'>°13 To fulfill the requirements
of high conductivity (e.g, 107" S cm™') at RT and an
adequately broad ESW simultaneously, a solid electrolyte with
the chemical formula of CsPb,oK,F,, was designed. It was
revealed that introducing F vacancies greatly facilitated the
ionic transport of CsPb,_,K.F;_,, with the F~ conductivity
reaching the maximum of 1.23 X 107 S cm™' when x was
increased to 0.1. Moreover, the redox reaction was found to
proceed through the valence change of Pb rather than Sn, as
indicated by the calculation result. The reduction of Pb
occurred at —0.1 V (vs Pb/PbF,), while the oxidation to
obtain high-valent Pb took place at 1.7 V, contributing to a
wide ESW of 1.8 V for the CsPby oK, F,, electrolyte (Figure
26d). This result agreed well with LSV measurements, which
showed a distinct oxidation started at 1.92 V and a reduction
started at 0.11 V. Owing to these desirable features, a Pb/PbF,|
CsPbyoKy F,olAg battery with high discharge voltage was
constructed, maintaining high and stable specific capacity
(~140 mAh g ') after 72 cycles (4581 h) at a current density
of 52 mA g_l.so2 Most recently, Li et al. introduced a new class
of layered Sn(Il)-based fluoride conductor (i.e., KSn,F;)
where F~ acted as charge carrier. The KSn,F; solid electrolyte
exhibited a higher ionic conductivity (10™* S cm™ at 60 °C)
compared to typical tysonite-type and fluorite-type fluorides,
mainly due to the increased charge carrier concentration and
more frequent jumping process. Integrating this solid
conductor with a high potential CuF, cathode and a low
potential Sn anode (Figure 26e), a high initial specific
discharge capacity of 442 mAh g™' was achieved (Figure
26f), retaining a reversible specific capacity of ~150 mAh g™
for more than 70 cycles at 60 °C. It should be noted that the
interphase wetting of the solid electrolyte by the TBAF favors
the F~ transfer between the electrode and the electrolyte.’®?
4.2.2. Nonaqueous Liquid Electrolytes. As discussed
above, the physicochemical characteristics of F~ conducting
solid-state electrolytes have been studied for several decades.
Nevertheless, the majority of solid electrolytes necessitate an
operation temperature above 150 °C for FIBs due to their low
ionic conductivities at lower temperature. In contrast, liquid
electrolytes are expected to exhibit superior F~ conductivities
to enable RT FIBs. Besides, they demonstrate enhanced
interphasial compatibility toward electrode materials, which is
crucial for the commercialization of FIBs. Unfortunately, the
developments of liquid electrolytes for RT FIBs has been
largely constrained by two primary factors, ie, the low
solubility of fluoride salts in the electrochemically stable
aprotic organic solvents and the strong chemical reactivity of
F~ which is prone to create hydrofluoric acid (HF) in the
presence of acidic hydrogen.”** To establish liquid electrolytes
for RT FIBs, several requirements should be satisfied, e.g,
abundant free fluoride species (F~ or F,H ™) should exist in the
electrolytes to support high ionic conductivity, sufficient
electrochemical stability of the electrolytes to prevent
decompositions during cycling, and high chemical stability of
the electrolyte to prevent the dissolution of electrode active
materials.** Thus, extensive attempts have been made to
explore novel electrolytes for potential RT FIBs. However,
initial efforts were disappointing due to the insolubility of most
fluoride salts in organic solvents. Among these endeavors, a
significant breakthrough was realized in 2018 by Jones et al,
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Figure 27. Room-temperature F~ conducting nonaqueous liquid electrolytes for FIBs. (a) Solubility of N,F salt in BTFE, AN, 3-
methoxypropionitrile (MeOPN), and propionitrile (PN) solvents. (Inset) '’F NMR spectra in the bifluoride region for N F salt dissolved in each
solvent. (b) Tonic conductivity of N,;F and N,F in BTFE solvent as a function of salt concentration. Reproduced with permission from ref 52.
Copyright 2018 American Association for the Advancement of Science. (c) Ionic conductivity of Np;F salt (0.75 M) in a mixture of BTFE and
cosolvent. Reproduced with permission from ref 614. Copyright 2019 Royal Society of Chemistry. (d) Charge/discharge curves of the RT FIB
based on a Bi cathode and a PbF,/Pb anode in ~0.35 M MPPF/TMPA—TEFSA at 20 yA cm™> Reproduced with permission from ref 618.
Copyright 2017 American Chemical Society. (e) Schematic illustration of a FIB based on a fluorohydrogenate ionic liquid electrolyte, and
structures of fluorohydrogenate anions ([(FH),F]™ when n = 2 and 3). Reproduced with permission from ref 619. Copyright 2019 American
Chemical Society. (f) Voltage curves of the Cu electrode in the [C,C,pyrr][(FH),;F] electrolyte at RT with a current rate of 0.05 C (= 42.2 mA
(g-Cu)™"). Reproduced with permission from ref 620. Copyright 2021 Elsevier.

who designed RT F~ conducting electrolytes with high ionic
conductivity, wide electrochemical stability window, as well as
sufficient chemical stability via dissolving tetraalkylammonium
fluoride salts (i.e., neopentyl (Np)-substituted alkylammonium
fluorides) into ether solvents. The Np salt was chosen because
the branched Np chain enhanced salt solubility while the
absence of f-hydrogens inhibited HF,™ generation. Results
show that a high NpF salt concentration (>2.2 M) could only
be obtained when employing BTFE as the solvent without
reacting with F~ (Figure 27a), exhibiting high ionic
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conductivity comparable to that of LIB electrolytes (within
the range from 107 to 107> S cm™’, Figure 27b). It is
important to note that the electron-withdrawing groups on the
BTFE molecule could strengthen the partial positive charges
on a-CH,, guaranteeing adequate F~ solvation. When paired
with a Cu@LaF; core—shell nanostructure cathode, reversible
electrochemical cycling with F~ shuttling was achieved at
RT.>> Though the cycle stability was far from satisfactory for
practical battery systems, this report represents the pioneering
work in exploring high-energy devices beyond that of LIBs. To
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Figure 28. Employing anion acceptors and cation acceptors to improve the F~ conductivity for FIB electrolytes. (a) Discharge/charge curves of the
PbF, (C) electrodes (vs Ag/Ag*) at 0.025 C (1 C = 219 mA g™'). (Inset) Optimized molecular structure of TPhBX-F~. Reproduced with
permission from ref 627. Copyright 2019 Elsevier. (b) Scheme illustrating the effects of electrolyte concentrations (CsF: 0.45 mol dm™ or
saturated) on the BiF; dissolution during cycling. Reproduced with permission from ref 636. Copyright 2019 American Chemical Society. (c) The
most stable structures of lithium bis(oxalato)borate (LiBOB), CsF, CsBOB, and LiF. (d) Possible interactions in the LiBOB,,5/CsF/G4 electrolyte
system. Reproduced with permission from ref 637. Copyright 2019 Royal Society of Chemistry. (e) Relationship between the 18C6 concentration
and the ionic conductivity. (f) Charge/discharge curve of BiF; electrodes at 0.02 C (1 C = 302 mA g~'; KHF, represents the saturated KHF,/
18C6/PC electrolyte, KF denotes the saturated KF/18C6/PC electrolyte, while 18C6 concentration is 1.10 M). (Inset) [(FH)F]~ shuttling
between two electrodes during charge/discharge. Reproduced with permission from ref 638. Copyright 2022 American Chemical Society.

gain a deep understanding of the factors affecting F ion—
solvent properties in liquid FIBs, these authors further
investigated various organic solvents in combination with the
Np,F salt. They revealed that partially fluorinated solvents
possessing partial charge distribution and conformational
flexibility achieved the highest level of salt dissolution, with
BTFE being particularly prominent for its large Np,F salt
dissolution. Besides, introducing amide as a cosolvent
promoted the ion dissociation between Np,* cations and F~
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anions, thus enhancing the electrolyte ionic conductivity
(Figure 27¢).5M* Apart from organic fluoride salts, inorganic
fluoride salts (i.e., CsF, KF, or NaF) have been successfully
employed as fluoride sources in the development of RT F~-
transporting liquid electrolytes, as demonstrated by the
RISING project in Japan.°~®"" They introduced novel
lactone (y-butyrolactone, GBL)-based liquid electrolytes,
which consist either of CsF or KF, through a solvent
substitution method. Despite of the low F~ concentration of
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around 0.05 M, these electrolytes delivered high ionic
conductivity of 0.8 mS cm™', enabling reversible metal/
metal—fluoride transformations for a wide range of metal
electrodes. Nevertheless, the electrolyte solvent showed poor
antireductive stability with the anode, which was promoted by
the presence of fluoride ions.”"” In another effort, when 4.5 M
LiFSI and 0.45 M CsF salts were dissolved in tetraglyme (G4)
solvent as the electrolyte, this project revealed the formation of
a SEI on a MgF, anode, which resulted from the irreversible
decomposition of the liquid electrolyte during the reduction
process. However, the detected LiF within the SEI could exert
a detrimental impact on the FIB performance, given the poor
electronic and F~ conductivity of LiF.°"> Consequently, a
thorough investigation of the SEI compositions and properties
is warranted to optimize the FIB performance in the future.
Owing to their characteristic physicochemical properties,
including high ionic conductivities, sufficient thermal and
chemical stabilities, low volatilities, high nonflammability, and
favorable solubility, RT (ionic liquids) ILs have been utilized
for operating liquid FIBs. The first proof-of-principle RT FIB
was presented by Darolles et al. in US patent 9166249,
reporting an IL electrolyte consisting of tetramethylammonium
fluoride (TMAF) in 1-methyl-1-propylpiperidinium bis-
(trifluoromethanesulfonyl) imide (MPPTESI). An ionic
conductivity of ~107 S cm™ at RT and a stable voltage
window > 4 V were realized, delivering an initial discharge
specific capacity of 103 mAh g™' in a polyaniline (PANT)IIPbF,
battery.621 Nevertheless, the extent of F~ shuttling contributed
to the cyclability was not adequately verified, the possible
influence of IL cations on the cycling process remained
unsolved, and the redox reactions associated with the PANI
cathode were not thoroughly investigated, as noted by
Hormann et al. Despite these shortcomings and the very
limited electrochemical performance, this patent remains
seminal in the development of RTFIBs.*’ Subsequently, the
RISING project in Japan has achieved notable progress in
enhancing the ionic conductivity of ILs for the operation of RT
FIBs. By dissolving the 1-methyl-1-propylpiperidinium fluoride
(MPPF) in an IL, specifically N,N,N-trimethyl-N-propylam-
monium bis(trifluoromethanesulfonyl)amide (TMPA—TFSA),
with a fluoride concentration of ~0.35 M, a high conductivity
of 2.5 mS cm™! was realized. When paired with a Bi cathode
and a PbF,|Pb anode, the resulting liquid FIB exhibited distinct
two-step plateaus in the initial charge/discharge profiles.
However, some of the charged products (e.g, BiF;) was
electrically detached from the Bi cathode through exfoliation,
causing diminished charge—discharge efficiency and poor cycle
stability (Figure 27d).°"" Notably, the possible generation of
bifluoride ions from organic cations with S-hydrogens due to
Hofmann elimination was not discussed in these IL-based
electrolytes, presenting a significant challenge for the develop-
ment of RT FIBs. To eliminate this issue, a novel liquid
electrolyte based on fluorohydrogenate ionic liquids (FHILs)
was designed by this project (Figure 27e), featuring the
fluorohydrogenate anion ((FH),F~), which possesses high
ionic conductivities (e.g,, 100 mS cm™" at RT for [C,C,im]-
[(FH),5F] (C,C,im = l-ethyl-3-methylimidazolium)). When
paired with this electrolyte, the CuF, cathode underwent
reversible defluorination/fluorination, achieving 94.7% of the
theoretical specific capacity (528 mAh (g-CuF,)™") for the first
cycle. However, a drastic capacity decay was observed upon
subsequent cycling.”'® Afterward, these authors developed an
alternative FHIL, [C,C,pyrr][(FH),;F] (C,C,pyrr = N-ethyl-
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N-methylpyrrolidinium), which, despite delivering reduced
initial specific capacities (400 mAh (g-Cu)™'), extended the
cycle life to 20 cycles while maintaining the specific capacity
(Figure 27f). The improved cyclability was attributed to the
low CuF, solubility in [C,C,pyrr][(FH),;F], which largely
inhibits the aggregation of the Cu particles.”*

Under acidic conditions, f-hydrogen elimination and/or
other nucleophilic fluoride attacks toward atoms such as a-H,
C=0, ChN, P, Si, etc., take place relatively easily. These
reactions can be mitigated by enhancing the solvation of F~
through Lewis acidic solvating agents (i.e, anion acceptors
(AAs)) such as organic compounds containing electropositive
elements (e.g,, B, Si, P, etc.). Among them, boron-based AAs
have been proven to be effective in promoting the dissolution
of Li salt (e.g,, LiF, LiCl, Li,O, Li,O,) by reducing the cation—
anion interactions.”””"**° Motivated by these findings, the
RISING project in Japan undertook a series of research works
to identify boron-containing compounds, including triphenyl-
boroxine (TPhBX), triphenylborane (TPhB), fluorobis(2,4,6-
trimethylphenyl) borane (FBTMPhB), 4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)pyridine (DiOB-Py), etc,, as AAs to
form complexes with anions, thereboy providing sufficient F~
conductivity for operating RT FIBs.”””~*** Typically, fluoride
salts such as CsF are challenging to dissolve in organic solvent
such as G4. Through DFT calculations, the optimized
molecular structure of TPhBX-F~ was elucidated, revealing
that the boron atom served as the most stable binding site for
F~. Besides, the introduction of 0.5 M TPhBX greatly
increased the solubility of CsF in G4 solvent from 0.00017
to 0.51 M, experimentally validating the effectiveness of
TPhBX as an AA. The resulting PbF, (mixed with carbon)
electrode delivered a high discharge specific capacity
approaching the theoretical value (219 mAh g™'), which was
sustained after the subsequent three cycles (Figure 28a).””’
While the solubility of CsF in G4 could be enhanced by AAs, it
was found that the AA also led to the severe dissolution of the
electrode active material, causing fast capacity degradation
during cycling.®*® Subsequently, these researchers demon-
strated that both the type of AA and the concentration of CsF
can be optimized to balance the AA—F~ interaction and the
electrode dissolution. It was revealed that though the BiF;
electrode could be discharged/charged normally in both
electrolytes, the cycling performance with CsF (saturated)-
TPhBX (0.50 M)-G4 electrolyte was higher than that with CsF
(0.45 M)—TPhBX (0.50 M)-G4, attributed to the reduced
dissolution of BiF; active material (Figure 28b). Additionally, it
was proposed that the CsF/TPhBX ratio would significantly
affect the formation state of Bi as well as the electrolyte
decomposition products during the discharge process.®*

Besides the AAs, another type of additive called cation
acceptors (CAs) can also improve the conductivity of F~ by
promoting the dissolution of F salt in electrolytes. Unlike the
AAs discussed above, CAs interact with cations instead of
anions from the salts. As an extensively investigated salt
additive to mitigate the cathode material dissolution/diffusion
in LIBs, lithium bis(oxalato)borate (LiBOB) has exhibited
great potential as a CA in liquid FIBs.””***7°* This is
attributed to the strong interactions between BOB ions and
alkali metal ions (such as Na* and Li*).***7%* Kucuk et al.
found that the optimum BOB~ content to promote CsF
dissolution in G4 was 0.25 M. Results revealed that BOB™
addition not only reduced active material loss but also
improved the electrolyte electrochemical stability during
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Figure 29. Developments of “water-in-salt” aqueous electrolytes in FIBs. (a) Charge—discharge curves of the Cu electrode in 16 m KF aqueous
electrolyte at 500 mA h g™". (b) CV results for different cycles at a scan rate of 1 mV s™'. Reproduced with permission from ref 647. Copyright
2022 Royal Society of Chemistry. (c) ESW expansion using 25 m CsF aqueous electrolyte compared to pure water and other aqueous electrolytes.
(d) The fraction of free water molecules calculated from the MD simulation. Fluoride-ion chemical species and electronic environment: (e) pH as a
function of concentration, suggesting a decrease in the HF content, and (f) '’F NMR spectroscopy. Reproduced with permission from ref 649.

Copyright 2023 American Chemical Society.

redox reactions via the interactions between BOB™ and Cs* as
well as between fluoride and the CH, group of G4 solvent
(Figure 28c and 28d).*” More recently, instead of using CsF
salt, a widely available potassium salt, potassium bifluoride
(KHF,), was employed as the F~ source. To increase the salt
disassociation, the 18-crown-6 ether (18C6) was introduced as
a CA to interact with potassium ions, significantly boosting the
mobility of fluoride ions with an ionic conductivity of 1.72 mS
cm™! (Figure 28e). As depicted in Figure 28f, the consequent
BiF; electrode achieved a discharge specific and a charge
specific capacity of 263 and 184 mAh g™', respectively. In
contrast, a higher voltage—polarization was observed for the

BC

KF salt-based electrolyte with a reversible specific capacity
below 140 mAh g™, It is interesting to note that the fluoride
ions existed in the form of [(FH)F]~, shuttling between the
two electrodes during cycling. In addition, the HF generated
from the equilibration reactions of [(FH)F]~ was considered
to dissolve metal fluorides, further enhancing the fluorination/
defluorination reactivity of metal fluorides.’*® Based on these
results, the AA (or CA) type as well as fluoride salt/AA (or
CA) ratio should be carefully regulated to achieve high
mobility of fluoride ions and to suppress the loss of active
material. Furthermore, other types of supporting fluoride salts
with higher dissociation levels (compared to the common

https://doi.org/10.1021/acs.chemrev.3c00826
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Figure 30. Fluorine-containing electrode materials for SIBs. (a) Calculated potentials for conversion reactions between transition metal oxides or
fluorides with Na. (b) Voltage vs capacity of SIB electrode fluorinated materials. Reproduced with permission from ref 65S. Copyright 2011
Elsevier. (c) 3D Na" migration pathways with the energy landscape predicted by the NEB method in the Na Fe,F; structure. (d) Voltage curves of
the Na,Fe,F, cathode within the range of 1.5—4.3 V at a charge current rate of C/20 and various discharge current rates. Reproduced with
permission from ref 54. Copyright 2021 Elsevier. (e) Comparison of the predicted redox potential of Na,TiFeF, and its experimentally tested
charge/discharge curves. (f) The energy landscape determined by the NEB method in the Na, TiFeF; structure. Reproduced with permission from

ref 656. Copyright 2022 Wiley-VCH.

CsF) should be explored. However, it should be noted that
ultimately, after enhancing the fluoride-ion solvation, the
reactivity of fluoride ions may probably be suppressed due to
the high desolvation energy of fluoride ions on the electrode
surface, which can affect the electrochemical storage/release of
F~ during cycling.

4.2.3. Aqueous Electrolytes. Compared with other
electrolyte systems, aqueous solutions typically possess out-
standing merits of having high ionic conductivity, having low
cost, and being environmentally benign, which have gained
attention for developing liquid RT FIBs. In 2019, Chen and
co-workers applied an aqueous NaF salt solution to operate a
rechargeable FIB based on a TEMPO cathode and a BiF;
anode. To prevent side effects of insoluble compounds from

BE

both electrodes, an anion exchange membrane was placed to
ensure only F~ transported between the cathode and the anode
during cycling. This FIB delivered a discharge capacity of 89.5
mAh g™ (based on the mass of BiF;) after 85 cycles at 1000
mA g as well as good rate capability.””’ However, the
voltage—polarization was notably larger (~1.0 V) compared to
that observed in LIBs. Additionally, the possibility of creating
HF or bifluoride in the aqueous electrolyte and the electrolyte
compatibility toward electrode materials were not examined.
Besides NaF salt, KF, which boasts a high solubility of 16 m in
an aqueous solution, has recently attracted much interest for
FIBs. As demonstrated by Ji et al., a “water-in-salt” electrolyte
of 16 m KF (KF-3.47H,0) facilitated the reversible F~ storage
process of commercial Cu powder, mitigating the dissolution

https://doi.org/10.1021/acs.chemrev.3c00826
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associated with the active material for the reversible conversion
between Cu and CuF, (the charged product of Cu).
Furthermore, the KF solid embedded into the Cu electrode
acted as part of the active material, contributing to a higher
specific capacity of 222 mA h g™' (based on the Cu mass) in
the initial cycle. It was observed that the cathodic peaks shifted
to a higher potential to reduce the electrochemical polar-
ization, which aligned with the voltage curves. (Figure 29a and
29b).°*” Soon after, a “water-in-salt” aqueous electrolyte
composed of 7.5 M KF and 1.5 M KOH was designed,
expanding the electrolyte stability window to ~2.1 V. Taking
advantage of this electrolyte, a ZnllCu battery based on the F~
shutting was constructed, realizing an improved discharge
platform of 1.9 V and a steady operation over 1600 cycles.”**
This finding combined the advantages of the high conversion
voltage of metal fluoride and the low-cost, environmental
friendliness of ZnllCu batteries. Most recently, the ESW of
aqueous electrolytes was significantly increased to 3.1 V by
dissolving 25 m CsF in water. As reflected in the 7O NMR
spectroscopy and MD simulation, the 25 m CsF electrolyte
displayed an increased fraction of ion pairs and aggregates in
addition to the elimination of free water molecules (compared
with 1 m CsF), which confirmed the mechanism behind the
expanded ESW (Figure 29¢ and 29d). More significantly, the
chemical stability of fluorides was investigated through 'F
NMR coupled with pH measurements, demonstrating that HF
formation was almost completely suppressed (Figure 29e and
29f). Therefore, the dissolution of active materials from
electrodes such as PbIPbF, and CuF, was inhibited, offering
improved cycle stabilities.”*’

To conclude, in terms of solid-state electrolytes, the high
operating temperature (e.g, >150 °C), low ionic transport
capability, and poor interfacial contact remain challenging for
most of the fluorite-type and tysonite-type solid-state electro-
lytes. Novel fluoride structures and modification strategies are
urgently needed to promote the development of F~ conducting
solid-state electrolytes. Liquid electrolytes permit FIBs to
operate at ambient temperature with minimal internal
resistance. Nevertheless, several issues persisted, as outlined
in Table 4. The majority of fluoride salts exhibit limited
solubility in organic solvents, leading to low ionic conductivity.
Besides, the narrow ESW strongly constrains the selection of
active materials, thus lowering the energy density of FIBs.
Dissolution issues related with active material are another main
concern that cause unsatisfactory cycle stability. Notably, due
to the high chemical reactivity of F~ ions, most liquid
electrolytes are corrosive and toxic toward cell components. To
achieve high ionic conductivities and simultaneously inhibit
nucleophilic f-hydrogen elimination and/or other nucleophilic
fluoride attacks, novel fluoride salts (other than the common
CsF) and/or suitable solvents should be explored. Besides,
suitable anion acceptors acting via forming a complex with the
F anion or cation acceptors interacting with cations can be
employed for promoting the dissociation of fluoride salts. It
should be noted that the anion acceptors may also facilitate the
loss of active materials. For a more comprehensive overview of
electrolyte advancements in rechargeable FIBs, readers are

. 41,276
encouraged to refer to several excellent reviews.

BF

5. FLUORINE CHEMISTRY IN OTHER RECHARGEABLE
BATTERIES

5.1. Na- and K-Based Batteries

5.1.1. Fluorine-Containing Electrode Materials in Na-
Based Batteries. As mentioned above, fluorine is the most
electronegative element with y = 3.98 compared to 3.44 for
oxygen on the Pauling scale, contributing to more ionic M—X
bonds in fluorides and thus higher redox potentials of
transition metal ions than oxygen ions (Figure 30a and
30b).>*%*° In addition, in contrast to polyanions such as PO,>~
and SO,””, the lower molecular weight of F~ is favorable for
enhanced specific capacity. Generally, F-based inorganic or
organic compounds are more stable against oxidation.
Therefore, F-containing compounds (NaxMsz) can combine
the benefits of the large gravimetric energy density of layered
Na,MO, with the high structural stability of polyanions, which
has been proposed as promising cathode materials for SIBs.>*
A summary of the main characteristics of fluorinated materials
as the cathode materials of SIBs has been thoroughly reviewed
by Maisonneuve et al;*°" readers are encouraged to refer to
this review dedicated solely to fluorinated cathodes based on
the material structures and other related reviews focused on
transition metal oxyfluorides, transition metal fluorides,
etc.'"#*> Here, we mainly discuss some representative cathode
materials of SIBs with the best overall performance, especially
for 3D materials, analyzing the structure characteristics for
further improving highly reversible/stable Na* uptake/release.

The metal difluorides (MF,) synthesized from the
decomposition of metal trifluoroacetates were first employed
in SIBs in 2014. Different from the direct conversion reaction
with Li, FeF, reacted with Na by direct conversion at the
surface region; then, it reacted heterogeneously with Na to
convert to Fe’* and Fe’.°® This work proved the
disproportionation reaction mechanism in the conversion
system, which helped to understand the nanoscale sodiation
in metal difluorides. Sun et al. prepared a FeF,-reduced
graphene oxide nanocomposite. When associated with a PAA
(poly(acrylic acid)) binder, the reversible capacity of the
nanocomposite was greatly improved from 100 to 175 mAh
¢! and the high-rate capability was also achieved with a
capacity of 78 mAh g™! at 10 A g~1.%**

To increase the capacity based on conversion reactions, the
oxyfluoride FeOF has also been employed in SIBs. FeOF was
studied by Deng et al. for insertion—conversion reactions in
SIBs, which was prepared through a facial alcohol-assisted
solvothermal method. The obtained FeOF nanorods delivered
a high reversible capacity of ~250 mAh g~! after 20 cycles at
10 mA g_l.(’57 Afterward, FeO,-F,;/C nanocomposite was
synthesized via a solution process for Na storage. This cathode
material displayed a high initial discharge capacity of 496 mAh
g~!, a reversible capacity of 388 mAh g™ at S0 °C, as well as
satisfactory capacity retention of 92.8% after 50 cycles.
Furthermore, it was elucidated that the reaction mechanism
of FeOy,F,3/C included a hybridized mechanism of both
intercalation and conversion reactions. The initial discharged
products were NaF, Fe nanoparticles, and a newly formed rock
salt phase (Na,,FeO, Fys). Then, the phase separation was
observed during recharging, inducing huge irreversible capacity
loss in the first cycle. As the competitive reactions involved the
rock salt phase and rutile components could improve the
cycling stability of nanosized electrode materials,”*® the
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authors then proposed that the phase separation could stabilize
the desodiation reactions during subsequent cycles.

Apart from the above-mentioned potential high gravimetric
energy densities, most Na,M,F. materials exhibit excellent
structural stability in the Na-deficient phase compared with
layered Na,MO,, attributed to their three-dimensional frame-
work. Using a similar solvothermal method for the preparation
of NaFeF, except at elevated temperature (230 °C), NaF was
introduced into the one-dimensional (1D) FeF;-3H,0 host to
stabilize the lattice structure, obtaining the novel weberite
Na,Fe,F, (via the Fe>"/Fe®" redox reaction). A high insertion
voltage of 3.25 V vs Na*/Na was achieved, but the Na,Fe,F,
cathode delivered a rather low discharge capacity of 58 mAh
g~! and poor cyclability.”** A more recent report by Kim et al.
demonstrated the Na,Fe,F, cathode material with the crystal
structure composed of point-shared FeF4 octahedra could
deliver a high capacity of 184 mA h g™' at C/20 (1 C = 184
mA g'), attributed to a single-phase reaction without phase
transition and negligible volume change during Na* extraction/
insertion.. The activation barrier energies for Na'-ion
migration in NaFe,F, were theoretically predicted by the
nudged elastic band (NEB) according to first-principles
calculations (Figure 30c), revealing the low activation barrier
energies for efficient Na* diffusion along 3D pathways. This
structure characteristics favor a long-term cycle span of over
1000 cycles at 2 C with ~88% capacity retention and an
outstanding rate capability, as shown in Figure 30d.>* Although
Na,Fe,F, had the best reported performance for weberite
cathode, the relationships between the structures and the
properties remained unclear. To investigate the structure
features and electrochemical behavior of the Na,Fe,F,
weberite cathode in detail, an experimental—computational
approach was adopted by Foley et al.®® The results showed
that Na,Fe,F, was metastable with a mixture of polymorphs
(e.g., the orthorhombic (20), trigonal (3T), and monoclinic
(4M) weberite polymorphs). As the Na,Fe,F, phases preferred
to transform to the more stable NaFeF; perovskite, the
cathode experienced capacity fading upon cycling. Interest-
ingly, these various polymorphs would not exert a large impact
on the Na storage behavior, as indicated from the first-
principle investigations. Further comprehensive investigations
on regulating the weberite polymorphism and phase stability
for advanced SIB cathodes are needed.

Except for Na,Fe,F, the weberite structure contains a large
family of materials featuring the chemical formula of
Na,M"M"F, (e.g, M" = Mg, Fe, Mn, Co, Ni, etc, M"I =
Al, Fe, Mn, V, Cr),éél’éé2 which have not been employed as
cathode materials for SIBs. Zhou et al. synthesized three
vanadium-based weberite-type fluorides, Na,MVF, (M denotes
Mn, Fe, and Co), through a polytetrafluoroethylene-assisted
fluorination process. Based on the redox reactions of Fe?* /Fe*
and V3*/V*, a reversible capacity of 146.5 mA h g~ was
obtained for the optimal Na,FeVF, cathode. Furthermore, 95%
capacity was retained after 200 cycles owing to the robust
crystal structure during repeated Na deintercalation/inter-
calation.®®> More recently, a novel Fe?*/Ti**-based fluoride,
Na,TiFeF,, was prepared as a SIB cathode materials. The Fe’*
and Ti** ions in the Na,TiFeF, structure enabled the full
utilization of Ti**/Ti** and Fe**/Fe®* redox couples for a high
specific capacity of ~185 mAh g™ at C/20 (1 C = 189 mA
g~ "). Moreover, the high Fe"/*" redox potential (~3.75 V vs
Na*/Na) increased the average operating voltage of the
cathode to 3.37 V (Figure 30e). Notably, the Na,TiFeF,

BG

cathode still delivered a specific capacity of ~136 mAh g™
even at 5 C, which was associated with the low activation
energy barriers (~477.68 meV, Figure 30f) and low band-gap
energy (~1.83 eV) for high-power SIB applications.’*°
MX;-type fluorides, in particular FeF;, have been widely
studied for SIBs. Among its three allotropic varieties (ReOs;,
hexagonal tungsten bronze (HTB), and pyrochlore), the
hydrated FeF;-0.33H,O HTB has gained visibly increasing
interest in recent years due to its high average voltage (~2.74
V vs Na/Na*), hi%h theoretical specific capacity, nontoxicity,
and low cost.”**% The presence of cavities could remove
water molecules from the [001] hexagonal channels and insert
Na® ions. In 2013, an HTB-type FeF;-0.33H,0 was
synthesized through a solid—solid transformation, where
thermally vulnerable channels in FeF;-3H,O were expanded
into more robust ones. At the same time, the microsized
precursor underwent particle nanosizing. During this process,
the characteristic Fe-based octahedral chains isolated in FeF;-
3H,0 precursor were preserved, mainly due to the infiltration
and capping of IL (1-butyl-3-methylimidazolium tetrafluor-
oborate (BmimBF,)), followed by the alleviated release of
hydration H,O from FeF;-:3H,0. Beneficial from the well-
suited Na-insertable cavities, this HTB-type FeF;-0.33H,0
electrode (wired by 10 wt % single-wall CNT (SWCNTs))
delivered a high discharge capacity of 130 mAh g~' in the first
cycle and good capacity retention (74 mAh g') after SO
cycles.°® Despite these advantages, the low electronic and
ionic conductivities of FeF;-0.33H,0, induced by the highly
ionic character of the Fe—F bond, strongly hinder the practical
application of SIBs. To improve the electrochemical perform-
ance, the FeF;-0.33H,0 nanoparticles were packaged into 3D
ordered mesoporous carbons (3D-OMCs) to serve as a SIB
cathode material, where the 3D-OMCs as the carbon source
facilitated the electron transfer and shortened the Na* diffusion
path while improving the structural stability and suppressing
nanoparticle aggregation upon the Na® deintercalation/
intercalation. Besides, 3D-OMCs provided a large surface
area for high mass loading as well as increased contact area of
the electrodelelectrolyte interphase. Consequently, the FeF;-
0.33H,0@3D-OMCs nanocomposite exhibited a high first
discharge capacity of 386 mAh g™ with a steady capacity of
238.0 mAh ¢! over 100 cycles at 20 mA g '. This
nanocomposite cathode also demonstrated remarkable rate
performance with a reversible capacity of 201 mAh g™' even at
100 mA g~ Although the electrochemical properties were
enhanced, the intrinsic conductivity of FeF;-0.33H,0 was still
the same. Previous studies revealed that the band gap of this
material could be decreased through ion doping, thus
improvinég the intrinsic conductivities of FeF;-
0.33H,0.°""%° For instance, with a smaller ionic radius
(0.0615 nm) than that of Fe3* (0.0645 nm), Cr** is easier to
enter into the lattice of FeF;-0.33H,0. According to the DFT
calculation results, Cr*" doping could redistribute the charge of
FeF;-0.33H,0, which reduced the band gap from 0.88 to 0.49
eV to improve its intrinsic conductivity. The optimized
Fe(95CryosF3-0.33H,0 cathode delivered a reversible capacity
of 194.02 mAh g71 at 0.1 C, which is much larger than that
obtained with the FeF;:0.33H,0 cathode (136.47 mAh g™").
In addition, this doping cathode displayed much lower
impedance than that of the FeF;-0.33H,0 cathode, further
proving the increased electronic conductivity of the cathode
material after Cr* doping.671 In brief, these findings suggest
that the thermodynamically stable phases of the fluoride-based
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Figure 31. F-containing additives and (co)solvents for stable operation of Na-based batteries. (a) AIMD simulations with ECDA and FEC.
Reproduced with permission from ref 680. Copyright 2023 Elsevier. (b) Binding energies and bond lengths of FEC—ClO,”, TPFPB—DME,
TPFPB—EC, and TPFPB-ClIO,~ through H-O, B—O, B—O, and B—O interactions, respectively. (c) XPS spectra of F 1s using electrolytes without
and with TPFPB additive. Reproduced with permission from ref 685. Copyright 2023 Wiley-VCH. (d) LUMO and HOMO energy values of
electrolyte components. (Inset) Electrostatic potential mapping of these components. Reproduced with permission from ref 686. Copyright 2022

Wiley-VCH.

cathodes are promising to achieve excellent electrochemical
performance in SIBs, especially in terms of power capability
and cycle durability.

Although great progress has been achieved, fluoride-based
cathode materials have been limited to a small number of
candidates. In addition, presodiation is required for some of
these developed fluoride-based cathodes to utilize their high
theoretical capacities. More notably, owing to the large band-
gap energies and low electronic conductivities, fluoride-based
cathode materials typically suffer from poor electrochemical
kinetics, which further causes rapid capacity deterioration,
especially at high charging rates, significantly restricting their
applications in SIBs.

5.1.2. Fluorinated Electrolytes in Na-Based Batteries.
Similar to Li-based batteries, the battery performance of SIBs is
largely determined by the selection of electrolytes,"’*~¢"*
especially the stability of the electrolytes toward the high
electrochemical polarization of both the cathode and the
anode. The ability to form passivation layers on the electrode
surfaces must be considered for the stable operation of SIBs.

BH

Encouraged by the positive results obtained from Li-based
battery systems, the effect of FEC on the performance of SIBs
was first examined in 2011, revealing an improved reversibility
insertion/extraction of Na* ions for the hard carbon (HC)
anode and the NaNi,,,Mn,,,0, cathode. Besides, FEC
benefited the passivation of Na metal anode for suppressing
undesirable reactions, thus enhancing the deposition/dissolu-
tion of metallic Na with higher reversibility.675 The favorable
role of FEC toward both the anode (e.g, hard carbon, Na
metal) and the cathode (e.g., Nay44MnO,) material was further
verified by researchers, demonstrating the formation of a
desirable passivation layer with FEC for improving the cycle
stability and of SIBs.”*~"?

Very recently, a unique SEI was designed via in situ
preimplantation of F atoms rooted in Na metal.®® As a
fluorine booster, the soluble functional molecule, amide
molecule bis(trifluoroacetamide) (ECDA), can be anchored
onto the Na metal. Owing to the strong induction effect and
electrostatic repulsion of Na toward ECDA, abundant FEC-
decomposed F atoms were driven to penetrate deeply into the
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Na metal from the outside inward, which resulted in a desired
functional rooted interphase (Figure 31a). Afterward, this
interphase promoted the generation of a multilayer, inorganic-
rich (e.g, NaF, Na,N, and Na,O) SEI with a concentration
gradient, ultimately enabling a high CE of 97.3% with an
extended Na plating/stripping lifetime (1700 h) at 1 mA cm ™.
In addition, the 4.5 V Prussian BluellNa@Cu battery delivered
a high capacity retention of 86% over 200 cycles with a limited
amount of Na.®® Unfortunately, these strategies failed to
satisfy the wide temperature applications of SIBs. Generally,
unwanted electrolyte decomposition on the cathode surface
aggravates rapidly with increasing temperature, where the
unstable CEI layer is commonly accompanied by continuous
electrolgrte decomposition, surface reconstruction, and capacity
fading. 81=683 In addition, the defects of the uncontrollable
CEI would be further ag%ravated with high-voltage and high-
temperature conditions.”* Recently, Chou and co-workers
introduced an anion receptor tris(pentafluorophenyl)borane
(TPFPB) containing an electron-deficient B center, which
preferentially oxidized for constructing the NaF-rich CEI layer.
The strong interactions between the ClO,” anion and the
TPFPB additive effectively reduced the involvement of ClO,~
in the first solvation sheath and contributed to facilitated
coordination capability between organic solvents and Na*
cations, which greatly enhanced the antioxidative stability
(Figure 31b and 31c). With the TPFPB-containing electrolyte,
the resulting Na;V,(PO,); cathode delivered a capacity
retention of 86.9% over 100 cycles, when operated with a
high cutoff voltage of 4.2 V (vs Na*/Na) and at a high
operating temperature of 60 °C. This electrolyte also exhibited
promising performance over a wide temperature range from
—30 to 60 °C, highlighting the significance of tailoring the
solvation chemistry for high-voltage and high-temperature
SIBs.**

Learning from the Li-based battery electrolyte systems,
fluorinated “inert” diluents have been successfully employed in
SIBs for tuning the solvation structure and the related
electrochemical behavior. In 2018, Zhang et al. designed a
LHCE in SIBs by introducing a hydrofluoroether diluent (i.e.,
BTFE) to decrease the concentration of NaFSI-DME
electrolyte to less than 1.5 M.%* Taking advantage of the
“inert” nature of the fluorinated diluent, the interphasial
reaction kinetics and interphasial stability of the Na metal
anode were largely improved, which was attributed to the
formation of a F-enriched protective SEI layer. Consequently, a
dendrite-free Na deposition process along with stable cycling
(90.8% capacity retention over 40000 cycles) and fast charging
(20 C) were achieved in the NallNa,V,(PO,); battery.
Afterward, the authors reported a nonflammable LHCE
composed of NaFSI-triethyl phosphate (TEP)/TTE (1:1.5:2
in molar ratio) for highly reversible SIBs. This electrolyte
stabilized the interphases on both the layered Na-
Cu, /oNi, Fe; sMn; 30, (Na—NCFM) cathodes and the HC
anodes, enabling high CE and long-term cyclability for the
HCIINa—NCFM full cells.”*®

More interestingly, fluorine chemistry has also been utilized
in designing novel salts for SIBs. Despite high ionic
conductivity, NaPFy is susceptible to undergoing hydrolysis,
leading to toxic species such as HF and POF; and posing
severe safety concerns.”*”*”" Meanwhile, alternative Na salts
suffer from poor electrochemical performance, severe safety
concerns, or high cost. Borate anions with various attractive
features have gained interest as electrolyte salts recently,
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especially when possessing varying degrees of fluorination for
greater ESW. Wright et al. prepared a series of Na borate salts
with varying steric and electronic properties, where Na[B-
(hfip),]- DME (hfip = hexafluoroisopropyloxy, O'Pr) and
Na[B(pp),] (pp = perfluorinated pinacolato, O,C,(CF;),)
stood out with increased oxidative stability as well as excellent
electrochemical performance.””!

Combining the Na anode with an abundant, nontoxic, and
high-capacity (1675 mAh g™') sulfur cathode, sodium—sulfur
(Na—S) batteries have been technologically attractive for grid-
scale energy storage. High-temperature Na—S batteries have
been commercialized since 2002 with a high efficiency of
~100% as well as a theoretical energy density of 760 Wh kg™
(based on both the Na anode and the sulfur cathode), the
safety concerns and additional maintenance costs brought by
the high operating temperature (300—350 °C) still remain
unsolved. Besides, the capacity utilization of the sulfur cathode
is only ~1/3 of the theoretical value, which is ascribed to the
incomplete sulfur conversion reactions. Motivated by these
issues, increasing efforts have been focused on RT Na—S§
batteries, which operate through a complete sulfur conversion
with sodium sulfide (Na,S) as the final discharge product
instead of Na polysulfides, improving the theoretical energy
density to 1274 W h kg™". Nevertheless, RT Na—S$ batteries
are strongly restricted by low reversible capacity, serious self-
discharge, and insufficient cycle stability, which are mainly
attributed to the incompatible electrolyte systems toward the
electrodes. By introducing FEC as the electrolyte cosolvent,
Wang et al. discovered that the solubility of Na polysulfides in
the electrolyte was successfully inhibited due to the low
binding energy between FEC and Na polysulfides. Meanwhile,
a stable and robust F-rich SEI was generated on the anode,
protecting the Na metal from dendrite growth.””> Recently,
their continuous work demonstrated highly reversible long-
term Na—S batteries through developing an all-fluorinated
electrolyte, consisting of 2,2,2-trifluoro-N,N-dimethylaceta-
mide (FDMA) as solvent, 1,1,2,2-tetrafluoroethyl methyl
ether (MTFE) as antisolvent, and FEC as additive. The
MTEFE with a reduced HOMO value would strengthen the
electrolyte antioxidative stability. Besides, the decreased
negative charge density of the FDMA—MTEFE system could
suppress the dissolution of polar polysulfide and also lead to
weak solvation of Na salts, which contributed to anion-
dominated SEI construction (Figure 31d). It was also
demonstrated that the FDMA solvent and FEC additive
controllably reacted with Na polysulfides to form a NaF- and
Na;N-rich CEI, enabling a “quasi-solid-phase” Na—S con-
version. As a consequence, the RT Na—S batteries delivered a
high reversible capacity of 1114 mAh g~ (based on the mass
of sulfur) along with an extended lifespan.®*

5.1.3. Fluorine-Containing Electrode Materials in K-
Based Batteries. Typically, the larger radius of K* (1.38 A)
than Li* (0.76 A) and Na* (1.02 A) causes sluggish
intercalation kinetics, which further leads to low storage
capacity, unsatisfactory rate capability, and poor cycle stability
of PIBs. Thus, exploring appropriate host materials for high-
performance PIBs is urgently needed.””> In PIBs, polyanion
compounds possessing 3D open-framework structures have
been extensively explored as cathode materials due to the fast
K" diffusion kinetics and high redox voltages, among which
fluorophosphates and fluorosulfates have attracted great
interest.””*"7%° As early as 2012, a family of potassium
fluorosulfates, KMSO,F (M = Fe, Co, and Ni), has been
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Figure 32. Effect of fluorine on improving the electrochemical performance of polyanion cathode or carbonaceous anode materials in PIBs. (a)
Voltage curve of the Lill[KFeSO,F cell starting with the charging process. Reproduced with permission from ref 701. Copyright 2012 American
Chemical Society. (b) Voltage curve predicted for the extraction of K* from KFeSO,F cathode material. Reproduced with permission from ref 702.
Copyright 2013 Royal Society of Chemistry. (c) Crystal structure of KVPO,F cathode material. (d) Charge/discharge curves of KVPO,F and
KVPO, ;sF4 in the second cycle at a current rate of 5 mA g™'. Reproduced with permission from ref 699. Copyright 2018 Wiley-VCH. (e) The
optimized mode after absorbing two, three, and four K atoms in the O/F dual-doped carbon (viewed from top and side). Reproduced with

permission from ref 71. Copyright 2019 Wiley-VCH.

explored for the insertion/extraction of various alkali ions
including Li*, Na*, or K. KFeSO,F crystallizes in an
orthorhombic unit cell (space group Pna2,), and its structure
consists of chains of FeO,F, octahedra linked via F~ ions. With
the removal of K* from KFeSO,F (Figure 32a), no obvious
structural change was observed for the K;;MSO,F composi-
tion. Further removal of K* (x < 0.5) leads to a new oxidized
phase with a formula of “FeSO,F”. Notably, this new phase
with large and empty channels displayed excellent versatility as
reversible hosts for a variety of alkali guests.””' Afterward, a
mechanistic investigation for the K" removal from the
KFeSO,F cathode was conducted. Based on the first-principles
calculations, the mechanism that induced this phase transition
upon K' extraction was studied at the atomic scale. It was
unveiled that the crystal structure was stable for the phase
transition from KFeSOLF to K;;FeSO,F, where only
neighboring Fe?*—Fe®" pairs were formed through selective
oxidation. The continuous removal of K™ (x < 0.5) would
cause Fe**—Fe®" pairs with strong electrostatic repulsion, thus
triggering a structure transition to a more ordered “FeSO,F”
phase (enlarging the Fe’’—Fe®" distance). Apart from the
structural stability, such strong electrostatic repulsion also
played a critical role in the voltage curve of the cathode, with
multiple voltage plateaus from x = 1 to x = 0.5 and just a single
plateau when x < 0.5 (Figure 32b).”% Nevertheless, the
electronic conductivities of these KMSO,F compounds were
insufficient for achieving high electrochemical performance. To
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tackle this issue, Chen et al. synthesized graphene-decorated
KFeSO,F (KESF@G) submicrometer particles.””® The ball-
milling treatment facilitated a tight wrap of graphene to the
KFeSO,F particle for efficient electron and K* transport while
largely reducing the particle size to increase reaction sites. The
obtained KFSF@G not only displayed a reversible capacity of
111.5 mAh g~' with a high average operating voltage of 3.55 V
but also exhibited excellent rate capability with a discharge
capacity of 82.8 mAh g™' at 5 C (1 C = 128 mA h g™").
Unfortunately, all of these efforts have not achieved a
satisfactory long-term lifespan of the KFeSO,F-based PIBs.
Compared with the above-mentioned fluorosulfates, V-based
polyanion compounds with enhanced cycle stability have
attracted great interest in recent years. In 2017, KVPO,F was
investigated as a high-voltage cathode material for PIBs,
displaying a reversible capacity of 92 mAh g~' and a high
average working voltage above 4.0 V (vs K/K*) in 1 M KPF¢—
EC/PC electrolyte. Notably, the lattice volume of the cathode
material shrank only 5.8% after charging to S V, which was
promising for applying as high-voltage cathodes in PIBs.””* In
these fluorophosphates, F~ could be substituted by some O>~
(oxygenation), thus reducing the average working voltage and
reversible capacity. To illustrate the effects of the fluorine, a
stoichiometric KVPOLF synthesized via a two-step reaction
was evaluated by Ceder et al.®”’ Such KVPO,F cathode
achieved a reversible capacity of ~105 mAh g™' along with a
high average voltage of ~4.33 V (Figure 32c and 32d),
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Figure 33. Fluorine-containing salts and electrolyte additives explored in PIBs. (2) Schematic illustration of the SEI constructed with 0.9 M KFSI/
TEP and 2 M KFSI/TEP electrolytes. Reproduced with permission from ref 714. Copyright 2020 Wiley-VCH. (b) LSV measurements of low-
concentration electrolyte (LCE), HCE, and LHCE. (c) XPS F 1s spectra of the NCP anode with different electrolytes. Reproduced with permission
from ref 71S. Copyright 2023 Wiley-VCH. (d) DFT calculations for the solvation energies estimated from the binding energy of the clusters.
Reproduced with permission from ref 707. Copyright 2018 Elsevier. (e) Cycle stability of the graphite anode in 0.5 M KPF¢—EC/DEC electrolyte
containing 0, 0.1, and 0.2 wt % of KDFP at 1/3 C (1 C = 279 mA g™'). Reproduced with permission from ref 716. Copyright 2020 American

Chemical Society.

corresponding to a promising energy density of ~454 Wh kg™
In addition, they revealed that intermediate phases at x = 0.75,
0.625, and 0.5 for the K,VPO,F cathode were formed upon
cycling. The oxygenation of KVPO,F not only caused a
disordered structure to suppress the K*/vacancy formation but
also reduced the reversible K' storage capacity and the
operating voltage. To improve the cycle stability of the
KVPO,F cathode, Chen et al. prepared KVPO,F through
flower-like carbon-coated VPO, and then enveloped these
primary particles in carbon frameworks (KVPO,F/C). The
carbon framework enhanced the electronic conductivity and
acted as a reducing agent to control the F content in KVPO,F.
It was elucidated that with a higher carbon content in the
KVPO,F/C material, the oxidation of V and the desorption of
F could be suppressed. The optimized KVPO,F/C manifested
a reversible capacity of 103 mAh g™' at 20 mA g~' and a stable
cycle life of 900 cycles at 1 A g™". Such cathode also exhibited
superior discharging capability with a reversible capacity of
87.6 mAh ¢! at S A g~'. More promisingly, a full cell based on
this KVPO,F/C cathode and a VPO, anode demonstrated a
long lifespan of over 2000 cycles, an excellent capacity
retenétion of 86.8%, and an average CE of 99.5% (at 1 A
g1).07

As regards the anode materials, since the first report on the
successful electrochemical K* insertion into graphite by Ji et al.
in 2015,”%* carbonaceous materials have become the focus for
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PIB anodes because of their low cost, high electronic
conductivity, and environmental friendliness. Unfortunately,
these carbonaceous anodes such as graphite suffer from a low
specific capacity with a theoretical capacity of only 279 mA h
g~! with the formation of KCg after discharging along with
poor cycle stability and a huge volume change (61%) upon
potassiation. To enhance electrochemical properties of this
anode material, heteroatom doping was adopted by Chen et
al”' The F doping was reported to improve the surface
disorder of the carbonaceous material, which could create large
amounts of surface defects to facilitate K* adsorption. In
addition, the O doping decreased the inert surface area and
generated abundant active sites as well. The codoping of O/F
into the porous carbon framework regulated the electronic
structure of the carbon atoms and enhanced the adsorption of
K*, as suggested by the structural integrity after absorbing a
number of K atoms (Figure 32e). Consequently, the O/F-
codoped anode material achieved a high reversible capacity of
481 mA h g7 at 0.05 A g™' and excellent cycle performance
with 92% capacity retained over 2000 cycles at 1 A g~'. Even at
a current density of 10 A g, an ultralong lifespan of 5000
cycles can be enabled with a retained capacity of 111 mAh g™".
In brief, structure modification, carbon coating, and heter-
oatom doping are effective strategies to enhance the overall
electrochemical performance of polyanion (e.g., KVPO,F and
KFeSO,F) cathode or carbonaceous anode materials.
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5.1.4. Fluorinated Electrolytes in K-Based Batteries.
As within LIBs, electrolytes play a critical role in deciding the
performance of K-based batteries.””* With regard to the
electrolyte salts, since the electron-withdrawing feature of F
atoms favors high solubility in organic aprotic solvents, most K
salts contain fluorinated anions.”””> Wu et al. investigated
various electrolyte formulations based on KPF, potassium
bis(trifluoromethylsulfonyl)imide (KTFSI), and KFSI salts,
demonstrating that only KFSI/DME electrolyte enabled a
reversible/stable plating/stripping behavior for K metal.”*®
This result was attributed to the cleavage of weak S—F bonds
in FSI", forming a stable KF-rich SEI layer. Besides chemical
compositions, the choice of electrolyte salts also affects the
structure, mechanical properties, and electrical properties of
the SEI layer.”””~7"" As revealed by Guo et al, a thinner SEI
with higher viscoelasticity was formed with the KFSI-based
electrolyte instead of the KPF¢-based electrolyte, largely
alleviating the stress induced by volume changes during
plating/stripping of K metal.”'" Besides, compared with the
KPF¢-based electrolyte, the SEI constructed in KFSI-based
electrolyte exhibited an improved thermal stability with more
thermoduric inorganic species, as evidenced by the decom-
position reaction that occurred at ~117 °C.”** Afterward, DFT
and MD calculations were conducted to reveal the underlining
mechanism for different salts. Both the KFSI and the KFSI—
solvent complexes exhibited lower LUMO energy levels
compared with the corresponding KPF4 and KPF¢—solvent
complexes. The solvation energy of K* was higher in KFSI-
based electrolyte than that in KPF4-based electrolyte. These
findings suggested that the SEI layer constructed with KFSI
electrolytes was salt anion dominated while the layer with
KPF, was derived from solvent decomposition.”"”

Based on KFSI as the conducting salt and the flame-
retardant TEP as the sole solvent, an intrinsically nonflam-
mable electrolyte was demonstrated for K-based batteries.”"*
Compared with the requirements of highly concentrated
phosphate electrolytes in LIBs and SIBs, a rather dilute
electrolyte with a concentration of 0.9 M was suflicient to run
the K-based battery system. Further optimizing the concen-
tration of the KFSI—-TEP electrolyte to 2.0 M, a uniform and
robust anion-derived SEI layer was constructed along with the
synergistic merits of low cost, low viscosity, and high ionic
conductivity of the optimized electrolyte (Figure 33a),
significantly suppressing the solvent decomposition and
allowing a high CE of 99.6% for K-metal plating/stripping
without dendrites. This advanced electrolyte was superior to
conventional carbonate electrolytes, offering a new avenue for
designing nonflammable electrolytes with high safety.

Following the design of LHCEs in LIBs discussed in section
3.2, a low-polarity diluent that does not dissolve K salts was
introduced to enhance the performance of LHCEs in K-based
batteries. The first attempt adopted the highly fluorinated HFE
as a diluent based on the concentrated KFSI-DME electrolyte,
forming a LHCE with a molar ratio of 1:1.90:0.95 for the
KFSI:DME:HFE components. Such a LHCE displayed higher
antioxidation stability, lower flammability, and higher ionic
conductivity than the concentrated KFSI-DME electrolyte. In
addition, with a durable KF-rich SEI layer constructed on the
surface of graphite, the graphite anode with a high mass
loading of ~8 mg cm ™ survived for more than 300 cycles with
a reversible capacity of 200 mA h g™' along with a high CE of
99.5%.”"” This report employed LHCE to achieve highly
reversible graphite anodes. However, the influence of “inert”
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diluent molecules on the K* solvation structure and the local
coordination environment is still ambiguous. Later, a fire-
retardant electrolyte was developed by blending concentrated
KFSI-TEP electrolyte with TTE as an “inert” diluent. Results
revealed that such LHCE retained a relatively weakened anion-
coordinated solvation environment and the TTE diluent was
nonsolvated. Combining the synergistic effects of the KFI™
anions and the highly fluorinated diluent, a SEI film containing
well-balanced inorganic/organic species was tailored in situ on
the graphite anode, protecting the graphite anode from
continuous side reactions and meanwhile facilitating the K-
ion transport. Consequently, the graphite anode retained
92.4% capacity retention after 1400 cycles at 0.1 A g.'>
Apart from the effects on graphite anodes, LHCEs were also
designed to improve the compatibility between electrolytes
and carbon-based anode materials in PIBs. Very recently, a
LHCE was designed by introducing the nonsolvent TTE into
the concentrated KFSI-DME electrolyte. This LHCE broke
the interconnected 3D K'-solvated shell while maintaining the
original individual K'-solvated structure, thus improving the
ionic conductivity and ensuring sufficient oxidation resistance
of the electrolyte (Figure 33b). More promisingly, a uniform
and durable KF-rich SEI layer was formed on the carbonous
(nitrogen-doped carbon spheres, NCP) anode (Figure 33c),
delivering a high reversible capacity of 232.5 mAh g~' along
with 78.7% capacity retention over 200 cycles.”” These
reports discovered the significance of “inert” diluents
combined with salts and solvents for the design of LHCE
systems for enhanced K-based batteries.

Besides the fluorine-containing salts, appropriate electrolyte
additives can also stabilize the electrodelelectrolyte interphase
and further enhance the battery performance, which has been
widely applied in LIBs and SIBs. Among them, as a widely
applied film-forming additive, FEC has demonstrated excellent
capability to solve the interfacial incompatibility of electrolytes
toward reactive metal anodes. Owing to the antioxidative
ability of the F-containing group, FEC additive was adopted to
reduce side reactions of the Prussian blue analog (PBA)
cathodes in PIBs, thus increasing the CE and cycle stability of
the KIPBA half cell.”*”"” However, the FEC additive
sometimes worsened the electrochemical performance of full
cells, especially when intercalation-based or alloy-based anode
materials were used. This may be related to the excessive
reduction of FEC that induces undesirable SEI formation
during repeated cycling.””’ Through DFT calculation, Guo et
al. verified that the electrolyte with FEC increased the
solvation energy from 0.30S to 1281 eV (Figure 33d),
pointing out a larger resistance for the K' diffusion and
desolvation in the FEC-containing electrolyte, thus leading to
poor performance.””” Similarly, the addition of FEC exerted a
negative influence on the electrochemical performance of the
Sn,P; anode with fast capacity decay at high current rates. The
FEC additive generated more components with carbonyl
groups and K—F bonds in an unstable SEI layer that failed to
suppress continuous side reactions, resulting in the quick
resistance increase and rapid capacity degradation.”’® Later,
such excessive SEI layer induced by FEC additive was further
observed by Mai et al,, displaying a lower initial CE of 58%. In
addition, FEC stimulated a large amount of electrolyte
decomposition, which inevitably led to an increase in cell
resistance and a decrease in capacity.””” Contrary to the
unfavorable role of FEC additive on these anodes, by
employing potassium difluorophosphate (KDFP) as additive
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Figure 34. Fluorine chemistry in aqueous multivalent metal-based batteries. (a) Time—voltage curves for ZnllZn and Zn@ZnF,I|IZn@ZnF,
symmetrical cells at 10 mA cm™" with a plating/stripping capacity of 1 mAh em™ (b) In situ optical observation results of the Zn deposition
morphologies on the Zn foil and Zn@ZnF, electrode at a current density of 10 mA cm™ for 20 min. Reproduced with permission from ref 722.
Copyright 2021 Wiley-VCH. (c) TEM images of the cycled Zn anode surface in 4 m Zn(OTf), + 0.5 m Me;EtNOTF. Reproduced with permission
from ref 723. Copyright 2021 Springer Nature. (d) Illustration of the surface evolution mechanism. (Upper panel) Zn dendrite growth in aqueous
electrolytes. The water-passivation-induced porous ZnO layer (purple) constantly breaks and reforms, leading to nonuniform Zn electrodeposition,
dendrite formation, and dead Zn during Zn plating/stripping. (Lower panel) Formation mechanism of ZnF,—Zn;(CO;),(OH)s—organic SEIL The
presence of NO;~ promotes the formation of an electrically and ionically insulating Zn;(OH)s(NO;),2H,0 layer (red), which subsequently
transforms into an electrically insulating but ionically conductive SEI in which the ZnF,—Zn;(COs),(OH); inner part is coated by the organic
outer part. Reproduced with permission from ref 724. Copyright 2021 Wiley-VCH. (e) Galvanostatic discharge profiles of Zn—air cells in KOH
(blue) and Zn(OTf), (red) electrolytes at 0.2 mA cm™> (cutoff voltage: 0.6 V). The corresponding ZURs are indexed for comparison. (Insets)
Photographs of the pristine Zn anode (middle), the Zn anode after discharge in KOH (left), and Zn(OTf), (right) electrolytes. (f) Schematic
illustration of reaction processes in the inner Helmholtz layer (IHL) and outer Helmholtz layer (OHL) at the surface of the air cathode in
Zn(OTf), and ZnSO, electrolytes, respectively. Reproduced with permission from ref 725. Copyright 2021 The American Association for the
Advancement of Science.

to the KPF,—EC/DEC electrolyte, Matsumoto et al. cathode and the anode, should be implemented to reveal the
successfully constructed a stable K™ conducting SEI (enriched real functions of these additives.
in KF and PO, species) on the graphite anode, which Opverall, fluorinated electrode materials are of great interest

promoted a highly reversible capacity of 274 mAh g~ with the to SIBs, whg{e F~ Za_nions (compared with large polyanions
formation of a suitable potassium—graphite intercalation such as PO,”, SO,*") can improve the specific capacity and

compound (K—GIC, KCy).”' The KDEFP electrolyte enabled fluorinated compounds are relatively stable against oxidation.
The research is currently focusing on 3D fluorinated phases

such as cubic perovskite fluorides due to their high-power
capability and 3D network stability, but further investigation is
needed to regulate polymorphism and phase transition during
Na" storage. Furthermore, establishing structure—performance
relationships of these materials can reduce the activation
energy barriers and lower the band-gap energy for efficient Na*

a fast depotassiation/potassiation kinetic process, an increased
cyclability with 76.8% capacity retention, and a high average
CE of ~99.9% over 400 cycles (Figure 33e). To briefly
summarize, compared with the favorable effects of FEC
additive on forming stable and robust SEI layers in LIBs and
SIBs, the role of FEC in PIBs remains unclear and needs

further investigation. Other effective functional F-containing diffusion. For PIBs, though 3D open-framework polyanion
additives should be explored to avoid undesired reactions Compounds (e.g., potassium ﬂuorophosphates and ﬂuorosul-
between the anode materials and the electrolytes. It is fates) can enable fast K* diffusion and high redox potential, the
noteworthy that the full cell performance, including both the low electronic conductivity of these materials requires surface
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modifications. Meanwhile, V-based fluorosulfates offer high
working voltages when used as cathodes, but the fluorine to
oxygen ratio should be controlled to prevent disordered
fluorosulfate structures. Analogous to Li-based batteries,
fluorine substitution in cosolvents/solvents and additives can
address critical issues in SIBs and PIBs, including interphasial
instability, flammability, and capacity decay under fast charging
or wide temperature ranges. Notably, strategies from
fluorinated electrolytes in Li-based electrolytes cannot be
directly applied to SIBs and PIBs, for instance, FEC exhibits a
negative influence on certain anodes by stimulating electrolyte
decomposition and forming unstable interphases. The current
understanding of fluorinated electrolytes and corresponding
interphases in SIBs and PIBs is still in the primary stage, and
efforts should concentrate on these aspects.

5.2. Multivalent Metal-Based Batteries

5.2.1. Aqueous Multivalent Metal-Based Batteries.
Aqueous multivalent metal-based batteries, such as the
aqueous ZIBs, have become a research hotspot owing to the
merits of high safety, high specific capacity, low cost, and
abundant distribution in the Earth’s crust. Zn metal is
considered an ideal anode due to its high theoretical specific
capacity (820 mAh g™'), low electrode potential (—0.76 V vs
standard hydrogen electrode), abundant distribution, and low
toxicity. However, when applied in aqueous electrolytes, Zn
metal anodes still face serious issues such as corrosion
reactions, hydrogen evolution, and uncontrolled dendrite
formation.””" These problems lead to low CE, poor cycle
life, continuous electrolyte consumption, and even internal
short circuits.

Fluoride plays an important role in constructing highly
reversible Zn metal anodes. In 2021, Li et al. devised a novel
approach to create durable Zn metal anodes protected by a 3D
ZnF, matrix, effectively preventing dendrite formation and
extending the lifespan.””* In their study, a 3D interconnected
ZnF, matrix was engineered onto the surface of the Zn foil,
denoted as Zn@ZnF,, using a rapid and straightforward anodic
growth technique. This Zn@ZnF, electrode served as a
versatile protective layer, facilitating the redistribution of
Zn*" ions and significantly reducing the desolvation active
energy, resulting in stable and efficient Zn deposition. The
findings demonstrated that the Zn@ZnF, electrode effectively
suppressed dendrite growth, mitigated hydrogen evolution
reactions, and exhibited outstanding plating/stripping of Zn*"/
Zn. In addition, the authors used in situ optical microscopy to
capture the dynamic Zn plating process within 20 min,
revealing the growth of Zn dendrites and large hydrogen
bubbles on the pristine Zn electrode. In contrast, the smooth
Zn deposition was observed on the surface of the Zn@ZnF,
electrode without dendrites or gas bubbles (Figure 34a).
Consequently, the Zn@ZnF, electrode displayed an impressive
cycle life, exceeding 800 h at a current density of 1 mA cm™? in
a symmetrical cell test (Figure 34b). This excellent perform-
ance was also confirmed in Zn@ZnF,|IMnO, and Zn@ZnF,l|
V,Os full cells. Notably, a hybrid Zn-ion capacitor employing
the Zn@ZnF,|l active carbon (AC) configuration demon-
strated exceptional durability, maintaining a high capacity
retention of 92.8% over 5000 cycles at an ultrahigh current
density of approximately 60 mA cm™2.

Fluorine chemistry is widely used in aqueous electrolytes
and interface control. Wang et al. reported the development of
an aqueous Zn metal battery.””” They utilized a dilute and
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acidic aqueous electrolyte containing 4 m zinc trifluorometha-
nesulfonate (Zn(OTf),) and an alkylammonium salt (trime-
thylethylammonium trifluoromethanesulfonate, Me,;EtNOTF)
as the additive to facilitate the creation of a robust, Zn>*
conducting, and waterproof SEI. TEM analysis revealed the
presence of a 64 nm thick ZnF,-rich interphase on the
deposited Zn surface when Me;EtNOTF was introduced
(Figure 34c). This SEI acted as an electron barrier, preventing
the reduction of water while allowing the migration of Zn*'.
The presence of this SEI led to outstanding performance,
including dendrite-free Zn plating and stripping, a remarkable
99.9% CE over 1000 cycles in a TillZn asymmetric cell, stable
cycling behavior for 6000 cycles (equivalent to 6000 h) in a
ZnllZn symmetric cell, and impressive energy densities in full
cells with limited Zn source (e.g, 136 Wh kg™ in a Znll
VOPO, full cell with 88.7% capacity retention over 6000
cycles; 218 Wh kg™' in a ZnllMnO, full cell with 88.5%
capacity retention over 1000 cycles). Furthermore, the
electrolyte is conducive to SEI formation, allowing the
reversible operation of an anode-free pouch cell. The Till
Zn,VOPO, full cell can be cycled at 100% depth of discharge
for 100 cycles, enabling aqueous Zn-based batteries as practical
and viable energy storage systems for various applications.
Wang et al. also reported the development of a Zn-ion
conductive, water-resistant, and ZnF,-rich SEI on the Zn
anode.””* A designed low-concentration aqueous electrolyte
composed of fluorine-containing Zn(OTf), and Zn(NO,), was
developed. This electrolyte facilitated the in situ formation of a
robust SEI with an inorganic inner layer made of ZnF, and
Zns(CO;),(OH)g4 to enhance Zn-ion diffusion, and an organic
outer layer acted as a barrier against water infiltration. Their
research revealed that the initial layer formed on the Zn anode
surface was an insulating Zns(OH)g(NO;),-2H,0O, resulting
from a self-terminated chemical reaction involving NO®~, Zn**,
and OH™ generated through the hydrogen evolution reaction
(HER). Subsequently, this inorganic layer transformed into
Zn-ion conducting Zn;(CO;),(OH), promoting the forma-
tion of ZnF, as the inner layer (Figure 34d). The organic-
dominated outer layer was established through the reduction
of OTf". This in situ-formed SEI exhibited remarkable
performance, achieving a high CE of 99.8% over 200 h in
TillZn half cells and maintaining a high energy density of 168
Wh kg™" in ZnllMnO, full cells with 96.5% capacity retention
after 700 cycles, even with a N/P ratio of 2:1.

Rechargeable Zn—air batteries hold the promise of
delivering both high energy density and safety. However,
they encounter huge challenges due to the sluggish 4-electron
(e7)/oxygen (O,) reaction that relies on water participation.
The electrochemical reversibility stems from unwanted side
reactions driven by the harsh electrolytes and atmospheric
carbon dioxide. In 2021, Winter et al. reported a breakthrough
result in the form of Zn—0,/zinc peroxide (ZnO,) chemistry,
which was operated via a 2-e7/O, reaction in nonalkaline
aqueous electrolytes.””> The new reaction mechanism
facilitated highly reversible redox reactions for Zn—air
batteries. The success of this ZnO,-based chemistry can be
attributed to the formation of a water-scarce and Zn**-rich
inner Helmholtz layer (IHZ) on the air cathode, induced by
the hydrophobic trifluoromethanesulfonate anions (Figure
34e). In a nonalkaline electrolyte containing 1 mol kg™
Zn(OTf),, the Zn—air battery exhibited a well-defined
discharge plateau at approximately 1.0 V, boasting an areal
capacity of 52 mAh cm™?, corresponding to a specific capacity
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Figure 35. Fluorine chemistry in nonaqueous multivalent metal-based batteries. (a) Schematic illustration of passivating adsorption and
nonpassivating adsorption. (Left panel) Passivating anions (TFSI”) adsorb on the Mg anode and form the passivation layer. (Right panel)
Nonpassivating anions (rPDI) with higher adsorption energy repel TESI™ away to prevent Mg anode passivation. (b) Cycling stability of Mg—PDI
full cells with pristine (gray) and rPDI (blue) electrolyte at 15 C under 1 mg cm™ (1 C = 128 mA g~ '). Reproduced with permission from ref 729.
Copyright 2021 American Chemical Society. (c) CEs for Mg plating and stripping in Ex in MglISS cells cycled at 0.1 mA cm™ Mg-ion electrolyte
(Ex): 0.5 M Mg(TFSI),~DME/Mx (x = 1, 2, 3, or 4). (d) Marcus—Gerischer diagram of electron transfer at the metal electrodelelectrolyte
interphase. Eg. refers to the Fermi level of the metal electrode, and E, refers to the energy level of the electrolyte and electrode at equilibrium. Red,
green, and black Gaussians represent the DOS of Mg?* in the electrolyte. The orange curve represents the DOS of other electrolyte components,
and Ejp, refers to the onset potential of the electrolyte decomposition. Reproduced with permission from ref 730. Copyright 2021 The American
Association for the Advancement of Science. (e) CVs of Ca plating/stripping in the electrolyte containing Fc as the internal reference with a three-
electrode configuration using Pt, Ag, and Ca as the working electrode, reference electrode, and counter electrode, respectively, at a scan rate of 80
mV s™!. Reproduced with permission from ref 731. Copyright 2019 Royal Society of Chemistry. (f) Cycling stability of voltage—time curves with a
capacity of ~0.1 mAh cm™ at 0.1 mA cm ™ of CallCa symmetrical batteries. Reproduced with permission from ref 732. Copyright 2020 Wiley-
VCH.

of 684 mAh g~' (based on the weight of the Zn anode). significantly improved reversibility compared to its alkaline
Additionally, as shown in Figure 34f, it achieved a remarkable counterpart. Similar fluorine chemistry-involved electrolyte
Zn utilization ratio (ZUR) of 83.1%. In contrast, the Zn—air engineering strategies can be promisingly extended to other
battery with an alkaline electrolyte composed of 6 mol kg_1 aqueous multivalent-ion systems (e.g., Mg-ion, Ca-ion, and Al-
KOH only achieved a ZUR of 8.1%. The photographic ion batteries).
evidence of pristine and cycled Zn anodes immersed in Moreover, F-containing materials have also been applied as
different electrolytes confirmed the superior ZUR in the cathodes in aqueous multivalent-ion batteries. In 2021,
Zn(OTf), electrolyte, where most of the Zn foil dissolves. As a Gregorio et al. developed a trigonal Na;V(PO,),F, as the
result, the nonalkaline Zn—air battery not only maintained cathode for Mg-ion batteries.””* Beneficial from the multi-
stable performance in ambient air but also demonstrated electron transfer redox couples of V*/V** and V>*/V*, the
BO https://doi.org/10.1021/acs.chemrev.3c00826
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Mgl0.S M magnesium bis(trifluoromethanesulfonyl)imide
(Mg(TFSI),)-DME + 0.4 M H,OINa,V(PO,),F, cell
delivered a reversible specific capacity of 136 mA h g7,
achieving a high energy density of 190 W h kg™ with an
average discharge voltage of 1.4 V. It should be noted that the
regulation of the F~/O>” ratio in sodium—vanadium
fluorophosphate directly affected the content of V**/V*" and
changed the specific capacity of the cathode materials.

5.2.2. Nonaqueous Multivalent Metal-Based Bat-
teries. F-related chemistry also plays an important role in
the development of nonaqueous multivalent metal-ion
batteries (e.g, Mg-ion batteries, Ca-ion batteries, and Al-ion
batteries) as promising energy storage systems owing to the
high energy densities and low cost. The multielectron redox
capability contributes to the high energy density, and the
abundant distribution of these multivalent metal ions in the
Earth’s crust ensures the low manufacturing costs. However,
the larger ionic radii and greater charge density of multivalent
metal jons bring significant challenges associated with slow ion
transport, large polarization, and low reversibility, making them
less competitive than Li-based batteries in the race toward
ever-rising energy density targets.727

A strategy aiming at balancing the protection and passivation
effect of the F-containing layer on the anode surface has been
widely applied to realize high-performance multivalent metal-
ion batteries. For instance, Mg-based batteries often face
several challenges, such as low power density and limited cycle
life, primarily due to the issue of severe passivation of the Mg
anode. Although using nucleophilic electrolytes can effectively
stabilize the Mg anode, their high chemical reactivity prevents
the use of organic and conversion cathodes. To solve this issue,
Lu et al. introduced a nonpassivating anion additive known as
reduced perylene diimide-ethylenediamine (rPDI). This
additive has been proven effective in facilitating rapid and
reversible Mg deposition/dissolution in a straightforward
Mg(TFSI),—MgCl,-based electrolyte with only a minimal
addition of 0.2 mM rPDIL The ability of rPDI to selectively
adhere to a Mg anode is the key factor for the enhanced
performance, thus repelling TFSI™ anions from the surface of
the Mg anode. This prevented TFSI™ decomposition and
subsequent Mg passivation (Figure 35a). Leveraging rPDI’s
millimolar-level solubility in the electrolyte, it was employed as
an electrolyte additive in both symmetric cells and full cells.
With the addition of only 0.2 mM rPDI as the electrolyte
additive, Mg symmetric cells with an electrolyte of 025 M
Mg(TFSI),—2MgCl,/DME demonstrated impressive results,
achieving highly reversible cycling performance for 300 h at 1.0
mA cm . More importantly, the protective effect of rPDI
persisted even when the electrolyte was exposed to air, which
remarkably extended the cycling stability. Furthermore, the
researchers showcased the performance of a Mg—organic full
cell, demonstrating fast and reversible Mg2+ storage at 50 C
(64 A g"). This configuration achieved a superior specific
power density of 8.78 kW kg™' and a stable cycle life exceeding
1000 cycles at 15 C. Exceptional areal power density (2.0 mW
cm™?) and energy density (1.6 mWh cm™) were attained at 1
C, along with the highest reported areal capacity of 1.0 mAh
cm™? and a stable cycle life extending beyond 200 cycles
(Figure 35b). In another case, Zhao et al. effectively
synthesized magnesium tetrakis(hexafluoroisopropyloxy)-
borate, denoted as Mg[B(hfip),],, showcasing its exceptional
characteristics as a viable and eflicient electrolyte for
prospective high-energy Mg-based batteries.”*®

BP

Similar to Mg-based batteries, rechargeable Ca-based
batteries show great promise as alternatives to LIBs due to
the abundant resource of Ca element in the Earth’s crust and
the high theoretical specific capacity. However, these batteries
face significant challenges related to slow reaction kinetics and
unwanted side reactions. Wang et al. developed a significant
breakthrough by demonstrating that multidentate methox-
yethyl-amine chelates [—(CH,OCH,CH,N),—], located in the
first solvation sheath of Mg** and Ca®*, facilitate both highly
reversible reactions on Mg and Ca anodes as well as high-
voltage layered oxide cathodes.””” Specifically, 0.5 M Mg-
(TFSI),—DME was selected as the baseline electrolyte. Four
types of multidentate chelates (Mx x = 1, 2, 3, or 4) were
added to the baseline electrolyte to form the electrolytes Ex (x
=1, 2, 3, or 4). The overpotentials during the Mg plating and
stripping processes were significantly reduced from 2.0 V
(blank) to below 0.1 V (E4) with a high CE of 99.5% (Figure
35c). Solvation sheath analysis demonstrated that the solvation
sheath became less compact and more polarizable, leading to a
decrease in solvation sheath reorganization energy (4) for
electron transfer (Figure 35d). This, in turn, lowered the
overpotential by preventing electrolyte decomposition and
facilitating stable Mg and Ca plating and stripping. Calcium
tetrakis(hexafluoroisopropyloxy)borate, known as Ca[B-
(hfip),],, was developed as a prospective electrolyte for
room-temperature rechargeable Ca batteries, which demon-
strated room-temperature reversible Ca plating and stripping
(Figure 3Se), exceptional oxidative stability up to 4.5 V, and a
high ionic conductivity exceeding 8 mS cm ™"

Wang et al. showcased that a hybrid Na/Ca-based SEI
surpassed a purely Ca-based SEI in achieving stable Ca plating
and stripping processes.””” In the case of fluorine-based
electrolytes like calcium hexafluorophosphate (Ca(PFg),) and
calcium tetrafluoroborate (Ca(BF,),) ethers and esters
solutions, Ca metal underwent passivation with a SEI primarily
composed of CaF, (pure Ca SEI). This CaF, layer served as
both an ionic and an electronic insulating barrier. Conversely,
when using NaPFq in an electrolyte composed of EC/DMC/
EMC in a 1:1:1 ratio by volume, an in situ evolution of a
hybrid Na/Ca-based SEI occurred. These hybrid SEIs
exhibited excellent ion conductivity for both Ca** and Na*
ions, simultaneously preventing anions from deeply penetrat-
ing and averting uncontrolled decomposition of the electrolyte
upon the freshly deposited Ca. Consequently, long-term Ca
plating and stripping (lasting over 1000 h with minimal
polarization shift) can be reliably achieved by utilizing Ca
metal itself as the current collector (Figure 35f). Furthermore,
Ca metal safeguarded by the hybrid Na/Ca-based SEIs also
maintains impressive high-voltage stability, extending up to 4.5
V when used in full cells.

Aluminum, the third most abundant element in the Earth’s
crust with an oxidation state of 3+, endows the construction of
cost-effective and high energy density batteries, boosting the
high specific capacity in the form of Al metal anodes and
enhanced safety due to its air-stable passive surface layer
compared to Li metal. In 2017, Masashi et al. reported a
fluoropolymer-supported Al** conducting solid-state electro-
lyte.”>? By tuning the ratio of PVDF and AICl, (F/Al ratio),
the optimized AI’" conductivity at room temperature reached
4.4 % 107* S cm™! with a F/Al ratio of 8. This AI** conducting
solid-state electrolyte also showed a stable electrochemical
window of 0—2.4 V vs AI**/Al, fulfilling the redox potential of
the reported cathode materials of Al-ion batteries. This
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Figure 36. Fluorine-containing electrolytes or electrodes for high-performance DIBs. (a) Average discharge voltage and (b) corresponding charge—
discharge profiles of the Callgraphite DIB at a current density of 100 mA g™". (Inset of a) Enlarged curves for the final 30 cycles. Reproduced with
permission from ref 739. Copyright 2018 Springer Nature. MD simulation for the RDFs g(r) (solid lines) and coordination number N(r) (dashed
lines) of F—H interactions in 1.0 M NaPF,—EC/DMC/EMC (1:1:1 by volume) electrolytes (c) with 10 wt % FEC and (d) without FEC additive.
Reproduced with permission from ref 740. Copyright 2021 American Chemical Society. (¢) HOMO—LUMO energies and energy gaps of PHC
and FPHC molecules. (f) Four optimized models of PEc—FPHC with PF,~ at the near end group, PF,~ at the end group, PF,~ at the middle group,
and PF4™ at the near middle group. Reproduced with permission from ref 741. Copyright 2022 Wiley-VCH.

fluoropolymer-based solid-state electrolyte is promising to
eliminate the safety issues such as the leakage of highly
corrosive liquid electrolytes in conventional aluminum-ion
batteries.

The cathode materials of nonaqueous multivalent metal-
based batteries also benefit from fluorine chemistry. In 2021,
Xu and colleagues applied a polyanion fluoride
(Na, VPO, ¢F,-,, NVPF) as the cathode material for a
nonaqueous Ca-ion battery and achieved a high reversible
performance of over 500 cycles with a low capacity fading of
0.02% per cycle.””* A variety of characterization methods
revealed that the volume change relating to the insertion/
extraction of Ca**, the diffusion resistances, and the activation
of large Ca**-ion barriers were successfully suppressed owing
to the rigid open framework of VPO, 4F,.

In general, for aqueous multivalent metal-based systems
(e.g., ZIBs), the strategy of constructing fluoride-rich anodel
electrolyte interphases can effectively suppress the anode
dendrite growth and electrolyte decomposition. Moreover, the
sluggish plating kinetics of the anode in nonaqueous
multivalent metal-based systems (e.g, Mg-ion and Ca-ion
batteries) can be improved by solvation structure modification
via the introduction of fluorinated salts, solvents, and additives.
All of these fluorine chemistry-involving strategies are

BQ

accelerating the real-world application of multivalent metal-
based batteries.

5.3. Dual-lon Batteries and Beyond

In DIBs, anion insertion is considered to be the most
important reaction on the cathode side, whereas various
inserted anions with F-containing groups were intensively
investigated, such as PF,~, /%78 TESI~,%»73° FSI-*3%¢
FTFSI-,**® BE,~,*° DFOB~,”' CF;S0,~,°* AIF,,” tris-
(pentafluoroethyl) trifluorophosphate [(C,Fs);PF;~],”*" and
BETI".¥” To improve the performance of Alllgraphite DIBs,
Tang et al. developed an electrolyte of 7.5 m LiFSI-EC/DMC
(1:1 v/v) which not only elongated the cycle stability of the
graphite cathode during repeated deintercalation/intercalation
of FSI™ anions but also enhanced the structural stability of the
Al anode via constructing a LiF-rich SEI layer.”** Motivated by
this Al—graphite electrochemistry, Chen et al. developed an
EMC/DMC carbonate electrolyte with binary salts of LiPFq
and AlF,. It was revealed that the Al anode was protected from
dissolving after adding AlF; into the electrolyte. More notably,
AlF,” complex anions were formed via combination of the
dissolved AI** and F~ in the electrolyte, which deintercalated/
intercalated from/into the graphite during discharging/
charging together with PF,". Based on this electrochemistry,
the battery exhibited a high average working voltage of 4.0—4.5
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V and a high reversible capacity of ~100 mAh g~' along with a
high CE of ~99% over 600 cycles.”> Besides the Al anode,
Ca’"/Ca redox chemistry shows promising prospects for
rechargeable batteries due to its low polarization and low
reduction potential (—2.87 V vs SHE). Unfortunately, Ca-
based batteries experience critical issues, including unsuitable
electrode materials for reversible Ca®* storage, low working
voltages (<2 V), and poor cycle stability, especially at RT. To
tackle these issues, Tang et al. designed a new battery
configuration by employing graphite as the cathode material
and Sn foil as both the anode material and the current
collector. With an electrolyte consisting of 0.8 M Ca(PFy), in
mixed solvents (EC:PC:DMC:EMC = 2:2:3:3 by volume),
highly reversible redox reactions incorporating the deinterca-
lation/intercalation of the PF,~ anion at the cathode and the
dealloying/alloying of Ca®* ions at the metal anode were
achieved. The resulting DIBs yielded a high discharge voltage
of up to 445 V and high cycling stability (95% capacity
retention over 350 cycles), as displayed in Figure 36a and
36b.7%7

Apart from the F-containing salts, fluorination treatment of
other electrolyte components also endows DIBs with unique
features such as wide working windows, a wide temperature
range, nonflammability, and enhanced electrodelelectrolyte
compatibility. Read et al. employed a fluorinated solvent and
additive in DIBs. The designed 1.7 M LiPF—FEC/EMC
electrolyte with 5 mM tris(hexafluoroisopropyl) phosphate
(HFIP) as the additive supported a graphitellgraphite cell with
a charge voltage up to 5.2 V, enabling the accommodation of
PF,~ and Li* at the graphite cathode and the graphite anode
simultaneously with a high CE of 97%.”** Thereafter, the role
of FEC on the anion solvation status and the anion insertion/
extraction behaviors in DIBs was carefully evaluated by Yang et
al.”*" Tt was revealed that FEC tuned the solvation structures of
both Na* and PF,~ by replacing part of the original EMC
solvent in the solvation shell (Figure 36c and 36d), inducing
the formation of a fluorinated CEI film to resist the electrolyte
side reactions at high voltages and suppress the expansion of
graphitic layers in the cathodes during long-term cycling. The
CEI layer on cathodes can also be modified by different salts as
additives, as evidenced by the work conducted by Yu et al.”*
With the addition of ~0.5 wt % LiDFOB (with) in the
electrolyte, a less resistive Li,BO,F_-enriched CEI layer was
constructed on the cathode surface. The LiDFOB salt has a
higher HOMO energy level than that of the baseline solvent
(EMC), inducing the preferential decomposition of LiDFOB.
This robust and durable CEI enabled fast electrode reaction
kinetics and achieved an ultrafast charging capability within 2
min. Later, the authors designed an all-fluorinated electrolyte
(1 M LiPF¢—FEC/FEMC) that synergistically guaranteed a
highly stable operation of the DIB up to 5.2 V by generating
robust and ion-conductive passivation films on both electrodes
to reduce undesired side reactions. More significantly, this
fluorinated electrolyte facilitated the fast reaction kinetics of
PF¢~ and Li* at low temperatures, delivering 97.8% reversible
capacity at RT, together with ~100% capacity retention over
3000 cycles at 500 mA g~'.”** The all-fluorinated electrolyte
system endows DIBs as a promising choice for wide-
temperature applications. In addition to a wide operational
temperature range, safety concerns (e.g, fire, explosion, and
leakage of toxic electrolyte components) should be given
sufficient consideration. Based on the all-fluorinated electrolyte
(1 M LiPF,—FEC/FEMC/THE, 1:6:3 by volume), Wang et al.
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prepared a GPE via in situ polymerization of diethyl allyl
phosphate (DAP) monomer and pentaerythritol tetraacrylate
(PETEA) cross-linker.”>* This GPE with a 3D polymer matrix
showcased high safety features (e.g., nonflammability),
sufficient ionic conductivity (1.99 mS cm™), superior stability
up to 5.5 V (vs. Li/Li*), and high compatibility toward both
electrodes.

To tackle concerns of cost, eco-friendliness, and safety
caused by organic electrolytes, aqueous or hybrid aqueous/
nonaqueous electrolytes have emerged as a highly interesting
alternative for promoting practical applications of DIBs.
Particularly, the pioneering work by Xu et al. proposed the
concept of “water-in-salt” (WiS) electrolyte, which significantly
enlarged the ESW of aqueous electrolytes from 1.23 to ~4.9
V."*3’% Encouraged by this widely adopted strategy in
aqueous metal-ion batteries, especially in LIBs, a WiS
electrolyte formulated with 21 M LiTESI in aqueous
electrolyte H,O was combined with 9.25 M LiTFSI-DMC
(mass ratio 1:1) nonaqueous electrolyte by Placke et al.”*
This hybrid electrolyte not only guaranteed adequate safety
with the nonflammable feature from the WiS aqueous
electrolyte but also protected the anode from side reactions
by forming a stable SEI with the assistance of the nonaqueous
component. Therefore, a stage-2 graphite intercalation
compound (GIC) for TFSI™ intercalation was achieved in
aqueous-based electrolytes. Afterward, an aqueous WiS
consisting of 20 m NaFSI and 0.5 m Zn(TFSI), was developed
by Placke et al. in a Znllgraphite DIB.”*” The role of the high-
concentration NaFSI salt was to reduce the free water
molecules in the WiS electrolyte and to suppress the
occurrence of the oxygen evolution reaction (OER). It was
interesting to note that instead of the cointercalation of FSI™
and TFSI", TFSI” anions were proved to predominantly
undergo the intercalation process into the graphite layers,
which was associated with its lower intercalation barrier.
Benefiting from this advanced electrolyte design, the
consequent Znllgraphite DIB exhibited a high working voltage
of ~2.3—2.5 V and a high reversible capacity of ~110 mAh g™*
with >80% capacity retention after 200 cycles.

Besides its beneficial effects on electrolyte optimization, the
fluorine element can also be introduced to the cathode
material to boost and stabilize anion intercalations. It is
generally known that with strong electronegativity, a low van
der Waals radius, and low polarizability properties, F is
considered to have the ability to tune the photoelectric
properties of conducting conjugated polymers such as
PANL’*' Based on these merits, a novel fluoridized—
polyaniline—H*/CNT composite (FPHC) has been developed
as the cathode material for DIBs. The introduction of F
effectively reduced the energy gap between the HOMO and
the LUMO (Figure 36e), thus enabling highly efficient storage
of anions in the FPHC cathode. This result was further
reflected by the higher electronic conductivity of 0.162 S cm™
compared with the nonfluorinated PHC cathode (0.138 S
cm™!). In addition, the combinative formation of PF,~ anion in
the FPHC cathode was verified, suggesting that F~ of the PF,~
anion tended to form a stable covalent bond with —NH in
FPHC and thus exhibiting a symmetric structure of the whole
PF,—FPHC molecule, as shown in Figure 36f. This
fluoridized treatment guaranteed a stable cycling of 2000
times at 2 A ¢! with a retained discharge capacity of 73 mAh
g~! along with a high power density of 7720 W kg™' at an
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energy density of 310 Wh kg™".
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Figure 37. Beneficial effects of fluorine on the RDIB and beyond battery chemistries. (a) Schematics of the aqueous BiF;Na, 4,/IMnO, RDIB based
on the F~ anion and Na* cation electrochemistry during the charging process. Reproduced with permission from ref 748. Copyright 2018 Royal
Society of Chemistry. (b) Voltage curves of the RDIB with BF and modified BFO anode material at 1 A g™'. Reproduced with permission from ref
589. Copyright 2021 Wiley-VCH. (c) Energy density of the highly fluorinated HFE/PEO-protected graphitell(LiBr)ys(LiCl)sC..; full cell with
an aqueous gel electrolyte compared with various state-of-the-art commercial and experimental Li-ion chemistries using nonaqueous (blue circles)
and aqueous (green circles) electrolytes. Note: all energy densities were converted using the total weight of the cathode and the anode. Reproduced
with permission from ref 749. Copyright 2019 Springer Nature. (d) Schematic diagram of the 3 V AlllCu battery in 3 M LiTFSI-FEC electrolyte
with a PP membrane. Reproduced with permission from ref 750. Copyright 2020 Wiley-VCH.

In addition to the above-mentioned DIBs, another emerging
battery system also based on both cations and anions as charge
carriers for electrochemical reactions is called RDIBs, except
that the sequence of the anion- and cation-storage chemistries
is flipped between the cathode and the anodes. To date, the
RDIB chemistries have been only realized in aqueous
electrolytes. In 2018, Hou et al. developed a novel RDIB
relying on F~ anion and Na" cation electrochemistry, which
was comprised of a 0.8 M NaF aqueous solution as the
electrolyte, Nay,,MnO, as the cathode material, and BiF; as
the anode material.”** During the charge process, the BiF,
anode released F~ ions and the Nay,MnO, cathode
deintercalated Na* ions to the aqueous electrolyte simulta-
neously. During the discharge process, the F~ ions in the
electrolyte were captured by the anode to obtain BiF; and the
Na® ions were intercalated into the cathode material as well
(Figure 37a). This RDIB delivered a high discharge capacity of
~123 mAh g™ at a current density of 100 mA g~' based on the
mass of BiF; anode materials. However, the capacity
deteriorated very rapidly to 47.28 mAh g~' over just 40 cycles,
which was probably due to the instability of the anode
material. An obvious volume change of the anode material was
observed during cycling, i.e., 57.3% volume contraction for the
phase transition from BiF; into Bi and a large volume
expansion of 134.0% for the reverse transition from Bi to BiF;.
Therefore, strategies such as structure modifications or surface
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coatings should be explored to enhance the cycling stability of
the Bi/BiF; electrode. Afterward, another RDIB was designed
by Li et al. (Figure 37b) utilizing KF aqueous electrolyte,
Prussian blue (PB) cathode material, and BiF;@Bi,F,;0;@
reduced graphene oxide (BFO) anode material.”® It was
elucidated that the low electrolyte concentration improved the
cycle stability of the BFOIIPB RDIB despite the reduced
discharge capacity. The reduction of F~ ions in the dilute
electrolytes suppresses the dissolution of Bi** ions generated
upon the discharge process, reducing the deposition of the side
products on the electrode surface. In addition, this Bi**
dissolution phenomenon can also be mitigated by the graphene
coating on the surface of the BFO anode material. The
resulting F/K-based RDIB achieved a high discharge capacity
of 218 mAh g™" at 1 A g™" as well as fast rate capability with a
capacity retention of 47% at a high current density of 5 A g™,
which were calculated based on the weight of the BFO anode
material.

Interestingly, Wang et al. demonstrated a novel conversion—
intercalation chemistry based on the sequential intercalation of
Br~ and CI” into a composite cathode consisting of
(LiBr)5(LiCl)sC.3, (LBC-G) using a highly concentrated
“water-in-bisalt” aqueous gel electrolyte. Benefiting from the
formed hydrated LiBr/LiCl layer (LiBr-0.34H,0—-LiCl-
0.34H,0) by extracting water from the electrolyte, the LBC-
G surface was separated from the electrolyte accordingly. Upon
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Figure 38. Fluorine chemistry in rechargeable batteries. (a) Strategies and prospects of fluorine chemistry in rechargeable batteries. (b) Radar
diagrams of various batteries based on six parameters: (A, safety; B, low cost; C, energy density; D, rate performance; E, voltage; F, lifespan.

charging, the Br™ within the hydration layer was first oxidized
to Bry and then intercalated into the graphite. As the charging
process continued, the oxidation and intercalation of CI™
occurred, leading to a mixed intercalation compound. This
unique mechanism contributed to a stage-1 GIC, which
accounted for a high reversible capacity of 243 mAh ¢! at a
high average voltage of 4.2 V vs Li*/Li. When coupled with a
highly fluorinated ether (i.e., HFE)/PEO-protected graphite
anode, the 4 V class full cell achieved a high energy density of
460 Wh kg™' (calculated based on the total weight of the
cathode and anode, Figure 37c) along with a CE of ~100%.”*

It can be reasonably concluded that anion-hosting cathode
materials generally provide limited theoretical capacities,
requiring the exploration of new cathode chemistry to enhance
the energy density of the battery systems.”>' Along this line, Yu
et al. proposed a novel metal—metal system that uses Cu and
Al metal foils directly as the cathode and anode,
respectively.”*® The electrochemical reactions proceed via the
stripping/plating of Cu at the cathode and the alloying/
dealloying of AlLi at the anode (Figure 37d). However, the
Cu" ions inevitably shuttled from the cathode to the anode,
causing severe self-discharge and low CE during cycling. By
utilizing 3 M LiTFSI-FEC electrolyte, they disclosed that Cu*
ions were bound by FEC and TFSI™ to form the solvation
complex, which prevented the Cu’ ions from transporting
through the PP membrane due to high interfacial tension
between the FEC molecules and the membrane. The blocking
effect by FEC contributed to a stable operation of the 3 V Alll
Cu battery for more than 1000 cycles. For comparison, a Lill
Cu battery was designed by Ji et al. with a different operation
mechanism.””" Upon charging, Cu was oxidized to Cu*" to
precipitate as copper(Il) bis(trifluoromethane sulfonyl)imide
(Cu(TFSI),) on the cathode; meanwhile, Li* was plated on
the Li anode. During the discharge process, Cu®" was first

BT

reduced to Cu" and continuously reduced to Cu, while the
anode strips into Li*. An anion exchange membrane was placed
between the two electrodes to prohibit the crossover of cations
during charging. Besides, the catholyte//anolyte concentration
was regulated to 2 m//6 m for mitigating the negative
concentration gradient of TFSI™, therefore utilizing the Cu
capacity and suppressing Cu**/Cu" crossover. Although a high
reversible capacity of 762 mAh g~' was enabled at an average
discharge voltage of 3.2 V vs Li*/Li, the solubility of charged
product Cu(TFSI), leads to unsatisfactory reversibility, the
heavy TFESI™ as counterions limits the battery energy density,
and the usage of AEM increases the cost of the battery system.
Overall, anion insertion with F-containing groups is crucial
for DIB/RDIB performance, whereas no existing anion is ideal
for satisfying the high energy density, fast charging rate, long
lifespan, and low cost simultaneously. Further research should
explore novel anions toward higher theoretical specific capacity
and energy density of DIBs and RDIBs. Besides, fluorination of
the electrolyte components can endow DIBs with broad ESW,
wide temperature range, nonflammability, and improved
electrodelelectrolyte compatibility. Moreover, though RDIB
chemistry can be realized in KF and NaF aqueous electrolytes,
the rapid capacity deterioration associated with incompatible
electrode materials remains a significant obstacle, requiring
further exploration of F-containing salts and novel organic
electrolytes to construct protective and robust interphases.

6. CONCLUSIONS AND OUTLOOK

Taking advantage of the extraordinary electronegativity, low
atomic weight, small ionic size, natural abundance, and low
cost of fluorine, fluorine chemistry has significantly advanced
rechargeable battery technology. However, atomic-level in-
sights into fluorine chemistry remain underexplored, especially
under extreme conditions, and are not fully understood. This
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review summarizes the state-of-the-art research and technical
achievements in fluorine-containing materials/interphases for
metal ion-batteries, FIBs, DIBs, and beyond (Figure 38a).
Specifically, fluorine chemistry can address challenges in
various battery materials, including poor intrinsic conductivity
and severe structure deterioration during conversion reactions,
large volume change and low redox potential during
intercalation reactions, safety issues related with anode
materials, insufficient chemical/electrochemical stability and/
or low ionic conductivity for electrolytes, and performance
restrictions of other battery components. This review high-
lights the pivotal role of fluorinated interphases, material
structure—performance relationships, and cutting-edge techni-
ques for probing fluorine chemistry. From a fundamental and
practical perspective, the promising research directions to
enhance the benefits of fluorine chemistry in rechargeable
batteries can be identified as the following five aspects.

6.1. Addressing the Instinctively Low Electrochemical
Kinetics of Conversion-Type Metal Fluoride-Based
Cathodes

First, systematic studies on the redox mechanisms and
structural evolution are essential for a deeper understanding
of these cathodes. Theoretical studies on these materials are
limited to simple metal fluorides such as FeF, and CuF,. The
expanding research of metal fluoride-based cathodes via
theoretical simulation and heterometal modification will
achieve structurally stable metal fluoride-based cathodes with
rapid ion diffusion, which is promising for practical
applications. Moreover, the low mass loadings and areal
capacities of reported metal fluoride-based cathodes hinder a
comprehensive evaluation of their energy density and cycling
performance compared to conventional LIB cathodes. There-
fore, developing high-loading metal fluoride-based cathodes
with increased areal capacities is a priority. In parallel, fluorine
chemistry can enhance conventional LIB cathodes such as
layered oxides, through F substitution, F doping, and surface
fluoridation, improving the cycling stability and energy density
of the cathodes and providing insights for the development of
high-performance LIBs.

6.1.1. Striking a Balance between Electrochemical
Performance, Stability, and Environmental Consider-
ations for Optimizing F Substitution/Modification in
Battery Components. The electrolytes for high-performance
Li-based batteries can be tailored by combining the benefits of
different partially fluorinated/per-fluorinated electrolytes.
Future design for Li salts should focus on integrating
functional groups with complementary roles for enhanced
overall performance. Fluorinated solvents and cosolvents
display unique physicochemical properties due to the high
electronegativity, high ionic potential, and low polarizability of
fluorine. Partial fluorination or optimization of the fluorination
positions can be applied to develop single-solvent electrolytes.
In parallel, introducing per-fluorinated cosolvent into non-
fluorinated solvents for multisolvent electrolytes is also viable.

Fluorine can also be utilized to modify and functionalize
battery separators, enhancing fire retardancy, preventing
potential mechanical abuse, and also promoting the formation
of a LiF-enriched SEI. Regarding battery binders, fluorine
groups can be incorporated into polymer backbones, while
fluorinated anions can be combined with ionic conductive
polymers, enabling higher ion transfer, greater resistance to
electrochemical oxidation, and enhanced thermal stability.
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Especially, a fluorinated cross-linked network binder should be
designed for alloy-type anodes, where massive fluorine groups
improve the mechanical features while chemical/physical
cross-linking maintains the electrode structures against volume
changes. However, excessive fluorine content may lead to a
decay in the electrode performance. Furthermore, current
collectors can be modified by fluorinated carbon materials,
lithiophilic metal fluoride coatings, F-containing interlayers,
etc., which regulate Li deposition and enhance interphasial
stability. However, the environmental issues brought by F
substitution/modification must be taken seriously. Fluorinated
compounds in prevalent battery components (e.g., LiTFS],
PVDF, and PTFE), which contain CF; or —CF,— groups, are
under consideration for prohibition under European Union
regulations. Therefore, optimization of F substitution/mod-
ification in battery components should be scrutinized to strike
a balance between electrochemical performance, stability, and

. . . 128
environmental considerations.

6.2. Tailoring Fluorinated Interphases for Li-Based
Batteries at All Working Conditions

The eflicient operation of Li-based batteries especially under
extreme conditions relies highly on the stability of interphases,
including chemical stability, electrochemical stability, mechan-
ical stability, and thermal stability. Interdisciplinary research
should be encouraged to reveal the chemical nature of the SEI/
CEL Considering that the low Li" conductivity of LiF (~107"
S cm™") restricts the high-rate performance, other fluorinated
conducting components (e.g,, LixPOsz) should be incorpo-
rated into LiF-rich interphases. A polymer-based organic SEI
matrix can also be combined with fluorinated components to
accommodate the large volume change of the Li anodes.
Besides, a LiF-rich CEI possessing excellent electrochemical
stability can effectively protect high-voltage cathodes. Although
the LiF-enriched SEI displays low interphase impedance/
charge transfer resistance and high stability for facilitating low-
temperature operation, the LiF effects on the CEI at low
temperatures remain a subject of debate. Further investigation
is needed to deeply understand the macroscopic and
microscopic properties of LiF, especially the roles and factors
(e.g., the distribution, particle size, and formation approach)
affecting the performance of Li-based batteries under extreme
conditions.

6.2.1. Unlocking Fundamental Issues Regarding
Chemical Compositions, Spatial Distributions, and
Realistic Structures of the Interphases. Nondestructive
and/or in situ/operando techniques (e.g, cryo-TEM, oper-
ando EQCM, in situ XPS, liquid TOF-SIMs, in situ NMR, and
synchrotron-based XRD) are imperative for real-time,
dynamic, and intuitive investigations of the structural,
morphological, and chemical characteristics of interphases
and their correlations with the battery performance. Therefore,
suitable electrochemical cells for in situ operations should be
carefully designed as different cell configurations can cause
inconsistent and even misleading results. An integrated
approach with complementary techniques is highly desirable
for obtaining multidimensional and/or multimodal insights
into interphases, facilitating the elucidation of the structure—
property relationships and guiding the design of stable
interphases.
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6.3. Revolution of the Electrode and Electrolyte Materials
for High Energy Density and Cycling Stability FIBs

The volume change and polarization issues of conversion-type
electrode materials should be solved by reducing the particle
size and constructing the conductive network, seeking for high-
capacity intercalation-type electrode materials via theoretical
screening and experimental verification, and preventing the
fluorination of conductive additive through the carbon
stabilization process. In parallel, to advance the development
of F~ conducting solid-state electrolytes, novel fluoride
structures and modification strategies, such as creating point
defects, introducing F vacancies, and optimizing synthesis
methods, are highly required. For liquid electrolytes, it is
essential to explore novel fluoride salts, solvents, and suitable
anion/cation acceptors to facilitate the dissociation of fluoride
salts. Furthermore, the “water-in-salt” strategy exhibits great
prospect in expanding the ESW, suppressing the active material
dissolutions, and addressing HF formation in aqueous
electrolytes.

6.4. Establishing Fluorinated Material—Function
Relationships To Boost SIB/PIB Performance

In SIBs, the development of F-based electrodes is shifted
toward 3D fluorinated phases. An in-depth investigation is
necessary to regulate the structure and phase transitions to
mitigate volume changes and to elucidate the structure—
performance correlations, thereby reducing the activation
energy barrier and band-gap energy for efficient Na* diffusion.
As for PIBs, surface modifications of potassium fluorophos-
phate compounds are necessary to improve both the electron
and the K* transport. Besides, the fluorine to oxygen ratio
should be carefully controlled to prevent disordered structures
of fluorosulfates that suppresses the K /vacancy formation and
decreases the reversible K' storage capacity. Moreover, F
doping can improve the surface disorder of carbonaceous
anode materials, creating large amounts of surface defects to
facilitate Na*/K* adsorption. As for electrolyte developments
in SIBs/PIBs, strategies from Li-based batteries are not directly
applicable due to potential adverse effects (e.g., FEC). Notably,
fluorine chemistry facilitates the discovery of novel conducting
salts with wide ESW, film-forming ability, and fast ionic
transport. However, the molecular structure—function relation-
ships of the fluorinated components remain unclear,
necessitating targeted molecular selection. Further efforts
should be focused on the challenging aspects of fluorinated
interphases to optimize their properties.

6.5. Exploring the Potential of F-Containing Materials for
Other Battery Chemistries

Challenges including the insufficient energy density of existing
electrodes, the sluggish plating/stripping dynamics kinetics of a
metallic anode, and the poor stability of the electrolyte/
electrode interphase hinder the utilization of multivalent metal-
based batteries with attractive advantages (e.g., low cost and
high energy density). Fluorine chemistry is important for
seeking suitable F-containing electrode materials as well as
providing a deep understanding of the construction of a F-
involved SEI film, which could positively or negatively affect
the battery performance. As for DIBs/RDIBs, novel anions
with smaller sizes and higher antioxidative stability as well as
multivalent anions with more charge numbers can potentially
provide high theoretical specific capacity and energy density.
Though fluorination treatment of the electrolyte components
can endow DIBs with enhanced performance, the fundamental
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role of these fluorinated components in the anion solvation,
the relationship between fluorinated CEI features (e.g.,
chemical components, micro/nanostructures, mechanical
properties), and battery performance remain unclear. Fur-
thermore, other battery chemistries necessitate the exploration
of F-containing salts and novel electrolytes to construct
protective and robust interphases.

The high-temperature sintering of inorganic materials
containing the fluorine element is potentially detrimental to
the furnace, impeding its scalability for large-scale synthesis.
Thus, alternative soft chemical synthesis methods such as low-
temperature solid-phase synthesis, chemical transfer synthesis,
and solvent thermal synthesis should be developed for
preparing F-containing cathode and solid-state electrolyte
materials in the future. Overall, significant breakthrough
progress has been achieved by utilizing fluorine chemistry in
rechargeable batteries. Although traditional lithium-ion bat-
teries maintain a leading position in overall performance due to
decades of research, other alternative battery systems also
demonstrate significant advantages in specific aspects (Figure
38b). Thus, expanding fluorine chemistry research into these
areas is expected to accelerate the application of these rising
battery systems. Nonetheless, the ongoing development of
fluorine chemistry is bringing many scientific and technical
challenges, leaving substantial investigation room for its future
applications. Thus, researchers are highly encouraged to unlock
the fundamental role of fluorine chemistry in addressing the
obstacles for various types of battery materials, thus promoting
the widespread effectuation of fluorine chemistry in recharge-
able batteries. More significantly, we hope this review can raise
interest and provide key insights into the further development
of fluorine chemistry for high-performance rechargeable
batteries.
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