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In response to societal developments and the growing demand for high-energy-density battery systems,
alkali metal batteries (AMBs) have emerged as promising candidates for next-generation energy storage.
Despite their high theoretical specific capacity and output voltage, AMBs face critical challenges related
to high reactivity with electrolytes and unstable interphases. This review, from the perspective of

electrolytes, analyzes AMB failure mechanisms, including interfacial side reactions, active materials loss,
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Accepted 6th February 2024 and metal dendrite growth. It then reviews recent advances in innovative electrolyte molecular designs,

such as ether, ester, sulfone, sulfonamide, phosphate, and salt, aimed at overcoming the above-
mentioned challenges. Finally, we propose the current molecular design principles and future promising
directions that can help future precise electrolyte molecular design.
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1. Introduction

Since their commercialization in the early 1990s, lithium-ion
batteries (LIBs) have emerged as the predominant choice for
energy conversion and storage in portable electronic devices
and electric vehicles owing to their high energy density of
almost 300 W h kg '.** However, the increasing demand for
high-energy density batteries in recent years has posed chal-
lenges for traditional LIBs that utilize transition metal oxide
cathodes and graphite anodes. These technologies appear to
reach their limits in terms of energy storage capacity.”® As
a potential solution, lithium (Li) metal has emerged as
a promising candidate for alternative anode materials owing to
its low electrode potential (—3.04 V vs. standard hydrogen
electrodes) and high specific capacity (3860 mA h g%),7*
which have triggered the worldwide research on Li metal
batteries (LMBs). Nonetheless, Li resources are limited in the
earth's crust, comprising only 0.0017 wt%, and are unevenly
distributed. In contrast, sodium (Na, 2.36 wt%) and potassium
(K, 2.09 wt%) reserves are much more abundant and globally
available.” Na metal anode and K metal anode offer high
theoretical capacities along with low redox potentials of —2.71V
and —2.93 V, respectively.*'**> Due to these characteristics,
considerable efforts are underway to develop rechargeable Na
metal batteries (NMBs) and K metal batteries (KMBs). These
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high-capacity alkali metal electrodes hold great promise for
next generation high-energy batteries, potentially replacing
conventional carbon-based anodes.'®"”

However, the practical application of alkali metal batteries
(AMBs) still faces severe electrolyte-electrode interphase chal-
lenges, which greatly affect the reversibility and cycle stability of
AMBs. As shown in Fig. 1, alkali metal ions tend to deposit non-
uniformly on the substrate, leading to dendrite growth during
continuous deposition/stripping. This becomes particularly
problematic when using flammable electrolytes as these
dendrites can spike the separator, causing short circuits in the
battery. The resultant release of significant heat may lead to fire
or even explosion, posing a significant safety hazard." In the Li
metal system, the solid electrolyte interphase (SEI) receives
a great spotlight due to its crucial role in the cycle life of the
battery. Given the lowest electrochemical reduction potential of
Li, during the initial Li deposition process, the electrolyte is
preferentially reduced to form the SEI, blocking further contact
between the electrolyte and Li. However, in the repetitive
deposition and stripping processes, SEI fractures caused by the
uneven expansion and contraction of Li metal lead to new
surface exposure, resulting in the loss of active materials and
the reduction in the coulombic efficiency (CE). Furthermore,
during plating/stripping, the formed dendrites may break away
from the substrate, resulting in the generation of dead
metal.’>*' Despite their relatively higher electrochemical
potentials compared to Li metal, Na and K metals are regarded
to have higher reductive capability due to their lower ionization
energy and electronegativity. Therefore, the challenge is even
more forbidding to develop highly efficient electrolytes for Na
and K metal batteries and take full advantage of their cost
benefits.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustrations for the interfacial challenges of elec-
trolyte and electrode in AMBs.

The electrolyte and cathode also suffer from complex inter-
facial reactivity problems. AMBs can use a variety of materials as
cathodes, such as commonly intercalation cathodes and
conversion cathodes. Under extreme conditions such as high
voltage and high temperature, the electrolyte is prone to
oxidative decomposition, accompanied by gas production and
dissolution of transition metal ions, which can cause cracking
of the cathode material and cell capacity fading.>** Conversion
cathodes like sulfur and oxygen with complex reaction
processes can produce intermediates that may easily dissolve
into or react with the electrolyte, which leads to active material
loss and even cell failure.”**® Therefore, addressing these
challenges of electrolyte-electrode interphase is crucial for the
successful application of practical AMBs.

It is noted that electrolyte as an important part of the battery
serves a role that extends far beyond mere ion transportation.
Its impact spans critical aspects such as interphase stability,
electrochemical performance and safety.*** Commercially
available electrolyte compositions have indeed played a signifi-
cant role in driving battery development to date. However, as
next-generation high-energy batteries continue to advance, they
are encountering challenges that render conventional electro-
lytes insufficient to meet the growing demands. Consequently,
a more profound and systematic investigation into the foun-
dational aspects of electrolyte molecular design becomes
imperative. By focusing on the molecular-level design of elec-
trolytes, researchers can precisely tailor their properties and
interactions. This precise molecular design of the electrolyte is
expected to result in superior electrolyte properties and thus
better electrochemical performance. The quest for more in-
depth and fine-tuned electrolyte molecular design promises
transformative breakthroughs. As we venture into this frontier,
it is conceivable that new generations of batteries will emerge,
reshaping the energy landscape and propelling us closer to
a sustainable and electrified future. The pursuit of advanced
electrolyte designs is undeniably a key pathway to overcoming
the challenges faced by alkali metal batteries and fostering the
continued advancement of battery technology.
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This review begins with elucidating the primary mechanisms
of interfacial failure observed in alkali metal batteries, encom-
passing highly reactive interphase instability, uncontrolled
dendrite growth of the alkali metal anodes and severe electro-
lyte side reactions with cathode interphase or reaction inter-
mediates. Subsequently, we delve into an extensive discussion
of the recent advancements in the molecular design of various
electrolyte components, such as new solvents based on ether,
carbonate, sulfonamide, phosphate, co-solvents, and electrolyte
salts. Emphasis is placed on the influence of these molecular
designs on enhancing the interfacial stability for alkali metal
batteries. Moving forward, the review of the diverse types of
cathodes applied in alkali metal batteries, provides an in-depth
examination of the electrolyte design for different cathode
materials and their implications on battery performance.

In this review, we present the information and delineate the
core principles of electrolyte molecular design in alkali metal
batteries. We observe that current molecular designs predomi-
nantly focus on Li metal, with comparatively fewer studies
dedicated to Na and K metal anodes. Given the chemical and
physical similarities among alkali metals, many design princi-
ples applicable to Li metal electrolytes might also be relevant for
Na and K metals. Consequently, this review emphasizes
molecular designs in LMBs, with the aim of catalyzing further
innovation in molecular engineering for Na and K metal elec-
trolytes. Additionally, we will discuss the potential differences
and specific considerations necessary for designing electrolytes
across various alkali metal anodes.

2. Interfacial failure mechanisms in
alkali metal batteries

The inherently high reactivity of alkali metal anodes inevitably
leads to their interaction with solvent molecules and salts
within the existing electrolyte, resulting in the formation of the
SEIL The nature of this interfacial film largely determines the
stability and reversibility of alkali metal anodes. In recent years,
numerous studies have been carried out to solve the instability
of different electrolyte components for the alkali metal anode.
In this regard, organic carbonate and ether solvents, charac-
terized by excellent electrochemical stability and high salt
dissociation capability, have been extensively documented. In
this section, we aim to explain the interfacial failure mecha-
nisms in alkali metal batteries when using these prevalent
solvents, with a particular focus on Li metal.

2.1 Carbonates

The commercialization of LIBs has been successful due to the
use of lithium hexafluorophosphate (LiPF¢) with a combination
of cyclic ester ethylene carbonate (EC) and linear esters such as
dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), or
diethyl carbonate (DEC) as the basic electrolyte formula.** Cyclic
carbonates, especially EC, are capable of forming the SEI on
graphite, while the use of linear esters helps reduce electrolyte
viscosity and enhance ion conductivity.>*** On the cathode side,
the -CO;- structure in carbonates effectively disperses lone pair
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electrons on the carbonyl oxygen, ensuring acceptable oxidation
stability.

However, when Li metal replaces graphite as the anode
material, conventional carbonates fail to form an efficient SEI
layer. This phenomenon arises from the inherently pronounced
reactivity of carbonates with Li metal and the incapability of the
generated SEI for effectively impeding the penetration of the
electrolyte, thereby facilitating subsequent reactions (Fig. 2a).
On the other hand, recent investigations have elucidated that
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the organic-rich SEI derived from commercial carbonate elec-
trolytes (1 M LiPFg in ethylene carbonate/diethyl carbonate (EC/
DEC)) exhibit a heightened degree of swelling compared to
those originating from four alternative electrolytes, namely,
fluorinated carbonate additive, ether, high concentration elec-
trolytes, and fluorinated ether solvent. During the charge
transfer process, various organic carbonate solvents undergo
electrochemical reduction to form side products. The reduction
potential of carbonates typically falls within the range from 0.5
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(@) Schematic diagram of electrolyte reduction priority and dendrite growth. (b) EC molecular reduction mechanism. Reproduced with

permission. Copyright © 2020 American Chemical Society. (c) Binding energy comparison for Li-EC, Li-EMC. (d) Comparison of SEI dominated
by organic, inorganic, and inorganic and polymer. (e) Composition and mechanism of action of all-fluorinated electrolyte. Reproduced with

permission. Copyright © 2018, Nature Publishing Group.
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to 1V, and it is widely accepted that EC undergoes preferential
reduction in these carbonate blends to form the SEL***® The
reduction processes of EC can be diverse and varied, as depicted
in Fig. 2b. Research by Aurbach et al*® suggested that the
reduction of cyclic carbonates tends to preferentially produce Li
dialkylenecarbonates, while the reduction of linear carbonates
tends to generate Li monoalkyl carbonates. When a mixture of
cyclic and linear carbonates is present, such as EC and EMC,
despite the higher content of EMC (2-3 times that of EC) in the
electrolyte composition, the stronger binding energy of EC
promotes its preferential coordination with Li ions (Fig. 2c).>
This means that more EC molecules participate in the solvation
structure, increasing the likelihood of EC encountering electron
transfer reactions associated with Li. Consequently, a greater
amount of Li dialkylene carbonates is formed at the interface.
The similarity between these organic groups and the electrolyte
is high, which cannot prevent electrolyte penetration and
further reactions. This means that the SEI generated by solvent
reduction with dominant organic species is often inefficient,
and continuous reduction reactions will still induce battery
failure. The organic-dominated, scattered SEI proves to be
ineffective in preventing electrolyte infiltration and inhibiting
the sustained interfacial reactions, resulting in a diminished CE
and persistent depletion of active anodes.

Additionally, the initially formed organic products continu-
ously undergo complex decomposition, leading to the genera-
tion of Li,O or Li,CO;.*** For example, Xu et al. and Seo et al.
demonstrated that Li alkyl carbonates have poor stability, which
can readily convert to Li,CO; induced by H,O or H'.10%
Furthermore, investigations conducted by Campion and
colleagues revealed that Li alkyl carbonates, exemplified by Li
ethylene dicarbonate, undergo decomposition, yielding LiF,
fluorophosphates, trimethylphosphates, carbon dioxide, and
oligoethylene oxides when subjected to the influence of PF5.*>
These inorganic compounds act as barriers for electronic
transport and provide surface stability for organic Li salts.
Consequently, the SEI exhibits a stratified structure, with the
inner layer enriched with Li-stabilizing compounds and the
outer layer accumulating incompletely reduced products.
However, achieving complete reduction of the solvents is chal-
lenging as it involves multiple electron transfer reactions,
resulting in very low coulombic efficiencies for Li||Cu batteries
using carbonate-based electrolytes throughout the cycle.****

It is worth mentioning that an increasing number of litera-
ture has proven that interface layers rich in inorganic products
are crucial for highly efficient Li deposition and stripping as
inorganic materials not only insulate electrons but also often
have high interface energy that induces the lateral growth of Li
deposition. Nevertheless, the augmented interfacial modulus
poses challenges to the preservation of the SEI integrity during
the subsequent deposition-stripping cycles.*> Conversely, in
inorganic dominated SEI, the reduction of selected solvents,
which can facilitate the introduction of peripheral oligomeric
species, can fortify the structural integrity of SEI (Fig. 2d).
However, the body of literature concerning the polymerization
phenomena pertaining to cyclic carbonates remains relatively
scant. In this regard, Tavassol et al.*®* employed the advanced

© 2024 The Author(s). Published by the Royal Society of Chemistry
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technique of matrix-assisted laser desorption time-of-flight
mass spectrometry to investigate the SEI formed on different
electrodes. The formation of SEI on Sn and Au electrodes was
accompanied by the generation of a lengthy chain oligomer
resulting from solvent decomposition. They found that the
mechanism underlying oligomer formation involves radical
initiation, followed by a propagation step. Additionally, it is
noteworthy that not all polymers are beneficial for the Li
deposition and stripping. Hang et al. investigated the effect of
polymer dynamics on Li deposition behavior and concluded
that the polymers as anodic coating with flowability or faster
polymer dynamics exhibit higher CE.*”

In recent years, the presence of highly insulating LiF within
the SEI of high CE plating/stripping systems has garnered
significant attention. LiF exhibits exceptional qualities as it
effectively hinders electrolyte permeation, impedes electron
transfer from Li metal, and maintains its stability without dis-
solving into the electrolyte.*® Achieving LiF enrichment in the
interfacial layer can be realized through increasing salt
concentration or the strategic fluorine substitution of carbonate
esters (Fig. 2e).*** In 2008, Jeong et al.*® reported that the
concentrated electrolyte (3.27 mol kg ' LiN(SO,C,F5),/PC) can
inhibit Li dendrite growth. The author attributed the efficient
deposition and stripping behavior to the enhanced decompo-
sition of anions, and the subsequent studies increasingly tar-
geted the enrichment of inorganic substances at the interface of
high concentration electrolyte. For example, Chen et al.>* re-
ported that the electrolyte formulation with 1.2 M lithium
bis(fluorosulfonyl)imide in a mixture of dimethyl carbonate/
bis(2,2,2-trifluoroethyl)ether (1:2 by mol) can enable the
dendrite-free cycling of Li metal anodes with high CE (99.5%).
On the other hand, in addition to the decomposition of anions,
the utilization of fluorinated solvents also contributes to an
increase in the content of inorganic species at the interface. Fan
et al.>> have made remarkable strides in the efficient Li plating/
stripping through the implementation of all-fluorinated elec-
trolytes. After fluorination, the LUMO energy levels of carbon-
ates are further lowered, making them more prone to reduction
at the anode. However, unlike conventional carbonates, fluori-
nated carbonates (such as FEC and FEMC) are more likely to
decompose on the surface of Li metal to produce inorganic LiF,
which has high surface energy and low electronic conductivity,
thereby inhibiting the continuous reduction of the electrolyte.
The electrolyte formulated by their design (1 M LiPFg in FEC/
FEMC/HFE) exhibits stable Li plating/stripping for over 500
cycles in Li||Cu batteries, with an average CE exceeding 99.2%.

2.2 Ethers

Ether-based electrolytes are renowned for their high reduction
stability on alkali metals.**** At the beginning, considering the
unsatisfactory cycling efficiency linked with carbonate-based
electrolyte on Li metal, researchers have put their focus on
ethers in pursuit of optimized deposition morphology and
enhanced Li CE.* Early research by Aurbach et al>** demon-
strated that linear ethers still react with lithium metal to
generate lithium alkyl carbonate, but the reactivity is
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significantly weaker compared to cyclic ethers and carbonates.
Therefore, the passivation layer formed on the Li metal in
electrolytes dominated by linear ethers mainly originates from
anions and a small amount of impurities. However, the
conclusion drawn by Aurbach et al. is that the rough passivation
layer formed as the anion cannot effectively protect the Li metal.
Indeed, in many early works, prolonged cycling (>100 cycles)
using ether electrolytes with LiPFg, LiBF,, LiAsFs and LiOTF was
challenging to achieve.***® From the current perspective, this is
because these anions exhibit weak electrochemical reactivity
towards the Li metal and the reaction products have limited
protection capabilities. The emergence of LiFSI with strong
interfacial passivation capability has significantly changed this
situation. The easily reducible S-F bonds can generate abun-
dant electron-insulating inorganic compounds such as LiF at
the interface, contributing positively to the stable cycling of the
Li anode. Therefore, the combination of LiFSI with ether-based
electrolytes has become one of the mainstream approaches in
current lithium metal batteries. Please note that the FSI™ anion
might not be the universal solution to the alkali metal problem.
Seh et al. reported that highly reversible Na metal with an
extremely high CE of 99.9% could be achieved in 1 M NaPFg/
glyme electrolyte.> The excellent electrochemical performance
was attributed to the NaF and Na,O found in the hybrid SEIL
Furthermore, Doi et al. reported an F-free electrolyte, 0.1 M Na
tetraphenylborate (NaBPh,) in DME, which enables a very high
average Na CE of 99.85%.% Despite containing only C, O, and Na
elements, the SEI layer shows high stability and low resistance.
Nevertheless, when similar electrolyte formulations were
adapted in K metal batteries, significantly decreased stabilities
were observed,” which suggests that there are potentially
significant differences between different alkali metal anodes in
terms of interfacial stabilities.

In most cases, low-concentration ether-based electrolytes
still fall short of forming a robust passivation layer on Li metal.
For instance, employing 1 M LiFSI in DME electrolyte for Li||Cu
cells yields a CE below 90%, primarily attributed to Li
consumption resulting from solvent reduction.”*** As can be
seen, the stable cycling of Li metal critically depends on highly
reactive fluorinated solvents or anions via electrolyte engi-
neering. In addition to the problem with the Li metal anode,
ethers face more serious challenges in anodic oxidation
stability. In contrast to carbonates, wherein the lone-pair elec-
trons of the ethereal oxygen undergo additional conjugation
with the 7, antibonding orbital, resulting in the formation of
a lower-energy filled orbital that makes electron loss more
challenging, ethers exhibit a susceptibility to oxidation arising
from the absence of phase-matched and energy-comparable
empty orbitals capable of stabilizing the nonbonding elec-
trons of oxygen.**** According to the report by Jang et al.,** ether
molecules could be oxidized to release protons and corrode the
cathode when the voltage exceeds 4 V. This leads to the gradual
dissolution of cathode materials and the loss of electrical
contact with the surrounding conductive carbon, which results
in rapid cell failure. Therefore, they cannot be directly used in
combination with the cathodes that operate at voltages above
4 V. On the other hand, similar to the anode, the cathode
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electrolyte interface (CEI) layer formed from solvent decompo-
sition fails to effectively isolate the electrolyte, leading to
continuous side reactions and the accumulation of numerous
by-products that impede Li" transport. Consequently, Li
depletion on the cathode interphase increases, leading to the
sustained transformation of the electrode towards a rock-salt
phase and ultimately causing the failure of the cathode.*

The issues faced by ether-based electrolytes in relation to the
anode and cathode can be addressed by increasing the coordi-
nation of anions within the solvent structure. High-
concentration electrolytes enable increased anion incorpora-
tion into the solvation shell, thereby enhancing the proportion
of anionic decomposition products within the SEI and CEI,
simultaneously. In 2011, Watanabe et al.*” found that the ether-
based electrolyte with an equimolar ratio of LiTFSI-glyme shows
an oxidation stabilization potential of more than 5 V at the
platinum electrode and achieves the cycling of high voltage LCO
cathode under 4.2 V. Unfortunately, the cell suffered severe
capacity degradation due to the continuous electrolyte decom-
position. In 2013, Suo et al.®® presented a ‘Solvent-in-Salt’ elec-
trolyte characterized by an exceptionally high salt concentration
(7 M LiTFSI in DME/DOL; 1: 1 by volume) and an elevated Li"
transference number. This formulation proves effective in
mitigating Li dendrite growth and morphological changes,
consequently improving the cyclic and safety performance. In
addition, Qian and co-workers® conducted a study on the effi-
cacy of a highly concentrated ether electrolyte system (4 M LiFSI
in DME) in enhancing the CE and deposition morphology of Li
metal. As depicted in Fig. 3a, the Li deposition in this electrolyte
demonstrates a dense, large-granular growth with a bright,
silver-white metallic film. This stands in stark contrast to the
dark gray, dendritic growth observed in traditional low-
concentration electrolytes. Furthermore, Jiao and co-workers”
reported a dual-salt HCE consisting of 2 M LiDFOB (lithium
bis(fluorosulfonyl)imideborate) + 2 M LiTFSI-DME electrolyte.
The oxidative decomposition of the dual-salt components
enriched the CEI with boron (B) and fluorine (F) elements,
which are highly effective in protecting the cathode. As shown
in Fig. 3b, the dual-salt high-concentration ether-based elec-
trolyte greatly extended the cycle life of a 4.3 V-class Li||[NMC111
(LiNip 33C00.33Mny 330,) cell, with a capacity retention rate of
~80% after 500 cycles of reversible cycling. Ren et al.”* investi-
gated the oxidation stability and cycling performance of LiFSI at
different concentrations in DME. The results showed that as the
coordination number of anions in the solvent structure
increased, the HOMO energy level of the electrolyte decreased to
show higher oxidation stability (Fig. 3c). Furthermore, applying
high concentration of LiFSI with labile S-F bond promotes
interfacial LiF enrichment and effectively stabilizes both
cathode and anode interphases. This ether-based electrolyte
significantly improved the cycling stability of high voltage LMBs
for over 500 cycles (Fig. 3d). Notably, compared to solvent
anions, these high-concentration electrolytes foster more
comprehensive decomposition and yield inorganic compounds
such as LiF, Li3N, Li,O and Li,COj3, characterized by low solu-
bility and rapid Li metal passivation capabilities. This electro-
lyte approach has also been applied to Na and K metal anode,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Comparison of lithium deposition morphology. Reproduced with permission. Copyright © 2015, Nature Publishing Group. (b)
Comparison of cycling performance of 4 M dual-salt, 4 M LIDFOB and 3 M LiTFSI. Reproduced with permission. Copyright © 2018, Nature
Publishing Group. (c) HOMO energy levels with different LiFSI : DME molar ratio. (d) Comparison of cycling performance of HCE and LiPFg in EC/
EMC electrolyte. (e) Comparison of solvation structures of SOA electrolyte, high concentration electrolyte and local high concentration elec-
trolyte. Reproduced with permission. Copyright © 2021, Nature Publishing Group. (f) Cyclic performance of pouch cell with 1.5 M LiFSI in DME/
TTE electrolyte. Copyright © 2019 American Chemical Society.
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where greatly improved cycling stabilities and CEs were ob-
tained with high concentration of FSI™ anion in the electro-
lytes.””* However, challenges persist in the application of high-
concentration electrolytes, including elevated viscosity and cost
considerations.”

Recently, the researchers at Pacific Northwest National
Laboratory (PNNL) have proposed the concept of localized high-
concentration electrolyte (LHCE) structures, incorporating low-
polarity, non-coordinating hydrofluorinated ethers to dilute
high-concentration electrolytes and attain highly concentrated
solvation structures at practical low-concentration regimes
(Fig. 3e).”” The adoption of LHCEs significantly extends the
lifespan of Li metal batteries and propels their advancement.
Fig. 3e compares the solvation structures of low-concentration,
high-concentration, and localized high-concentration electro-
lytes.** Impressively, Niu et al.”® achieved stable cycling of a 1 Ah
pouch cell for over 600 cycles with the use of advanced LHCE,
reaching a remarkable energy density exceeding 400 W h kg ™"
under appropriate pressure. This achievement represents one
of the best reported values for practical Li metal batteries in the
literature (Fig. 3f). Nevertheless, the current state-of-the-art
localized high-concentration structures face some limitations,
including limited cycling life due to rapid anion consumption
and the adverse effects of excessive anion coordination,
particularly at the anode interphase. On the other hand,
excessive anionic coordination can lead to strong interfacial
reactivity under elevated temperature conditions, thereby
resulting in potential safety hazards.”

The structural design of ether molecules is also an effective
strategy to enhance the stability of ethers at the cathode and
anode interphases. Representatively, Yu et al.”® synthesized
fluorinated 1,4-dimethoxylbutane (FDMB) based on DMB and
studied the effect of fluoride on the molecular properties. In
comparison to DMB, fluorinated FDMB demonstrated superior
cathode stability and lithium metal compatibility (CE of
~99.52%). Furthermore, they adjusted the fluorination ratio of
the basic structure of 1,2-diethoxyethane (DEE) to synthesize
a series of compounds, including F3DEE, FADEE, F5DEE, and
F6DEE.” Among them, F5DEE, incorporating both -CF; and -
CF,H moieties, exhibited optimal Li metal compatibility,
achieving a Li CE of 99.9% over more than 400 cycles. This
highlights molecular design as an effective electrolyte strategy
to enhance the electrochemical performance of LMBs, which
will be discussed in detail in the following sections.

2.3 Alkali metal dendrite growth

The growth of Li dendrites is closely associated with the
formulation of the electrolyte and the components in the SEIL
Essentially, the formation of uneven interfaces induced by the
deposition behavior of the electrolyte leads to the primary cause
of dendrite formation, which is the presence of non-uniform
electric fields.** The pointed ends of Li dendrites can pene-
trate the SEI film, leading to the exposure of fresh Li to the
electrolyte and the subsequent formation of new SEI films.
These repetitive processes not only consume organic electro-
lytes and Li metal but also degrade the cycling efficiency of
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LMBs. Consequently, the development of a stable SEI is of
utmost importance. The deposition process of Li involves
nucleation and growth, with the later stage of growth having
a relatively low energy barrier, making it a more stable phase.**
To a large extent, the morphology of the deposited Li metal is
determined by nucleation and early-stage growth processes. It
should be noted that the formation of SEI precedes Li deposi-
tion, and the diffusion of Li ions through the SEI poses a higher
diffusion barrier compared to the electrolyte. Therefore, the SEI
induced by electrolyte components plays a crucial role in the
nucleation and growth of Li metal.

Chen et al.®* proposed a diffusion-reaction competition
mechanism, in which they divided the behavior of Li deposition
into two controlled stages: interfacial diffusion and deposition
reaction. Their experimental results confirmed that the diffu-
sion control of slow SEI is more prone to dendrite formation.
This is because slow interfacial diffusion leads to a decrease in
Li" concentration below the SEI layer, and a small amount of Li
tends to form dendritic morphologies (Fig. 4a). The formation
of Li dendrites involves two processes: Li nucleation and Li
growth. The growth process occurs immediately after nucle-
ation, where the dendrites develop on the surface of nuclei and
become incorporated into the Li metal lattice structure. The
ultimate morphology of the deposited Li is strongly influenced
by the nucleation and early growth stages. Understanding Li
nucleation and early growth is crucial for exploring effective
strategies to inhibit dendrite formation, ensuring the safety and
long lifespan of LMBs. This result emphasizes the crucial role of
enhancing Li* diffusion within the SEI layer in Li deposition.

On the other hand, besides the ionic conductivity, the
uniformity and mechanical toughness of SEI also play a crucial
role in the deposition and stripping process. In particular, the
structural non-uniformity of the SEI plays a disruptive role in
the distribution of Li ion flux. This non-uniformity arises from
variations in thickness and chemical composition induced by
complex compounds present in the actual SEL.** Furthermore,
when the anode surface experiences fluctuations caused by the
uneven distribution of Li ions and subsequent spot accumula-
tion, SEI with low mechanical strength is prone to breakage.®
As a result, fresh Li metal is exposed through these cracks,
creating an environment where both electrolyte decomposition
and Li dendrite growth can competitively occur due to the
thermodynamic activity of Li metal (Fig. 4b).

An SEI with sufficient mechanical strength plays a crucial
role in inhibiting dendrite growth. Recently, Zhang and
coworkers proposed the use of trioxane as an additive in LHCE
to compensate for the lack of toughness in SEL* Trioxane
decomposes prior to DME and allows the formation of a dual-
layer SEI with an inner inorganic-rich layer and an outer
polymer-rich layer at the interface. The designed electrolyte
effectively extends the lifespan of LMBs.

2.4 Cathode interfacial stability

LiCoO, (LCO), nickel-rich (NMC) and Li-rich manganese-based
(LMR) layered oxides are reported to be highly promising
cathodes for Li metal batteries due to their higher specific
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capacity and higher working potential.*****® LCO has captured
a significant share of the 3C electronics market due to its
excellent packing density. However, the oxidation of Co®*" may
lead to the loss of lattice oxygen because of the large overlap
between the Co®"*" t,, and O”~ 2p band. Therefore, the early
LCO had a cut-off voltage of only 4.2 V and a capacity of
140 mA h g~ '. In electrolyte engineering, electrolyte additives
can regulate the composition of CEI to inhibit the occurrence of
harmful phase transitions,*”*® thereby increasing the cut-off
voltage of LCO. For example, Yan and co-workers®® demon-
strate that the additive (potassium(4-methylsulfonylphenyl)
trifluoroborate, SPTF) can inhibit the dehydrogenation reac-
tion of EC. Also, a series of characterizations (in situ XRD, sXAS,
AFM, HRTEM, NMR, cryo TEM) were used to demonstrate that
trace additives not only regulate EC dehydrogenation but also
construct more effective CEI (thin, sturdy, and stable). The
modified CEI can suppress Co shuttling and effectively alleviate
anode decay, ultimately achieving excellent performance in
high-voltage LCO pouch cell. Recently, Zhang et al.*® used
phytate lithium (PL) as a multifunctional additive to achieve
high-voltage LCO. The remarkable chelating capability of PL
with Co significantly enhances the structural stability, effec-
tively preventing the detrimental H1-3 phase transition and Co

© 2024 The Author(s). Published by the Royal Society of Chemistry

dissolution. Furthermore, the robust CEI enabled by PL, along
with its ability to annihilate oxygen radicals, contributes to the
substantial suppression of parasitic interfacial side reactions.
Notedly, NMC is considered to be hopeful cathode materials
for high energy density LMBs via increasing the voltage,”
whereas an excessively high cut-off charging voltage will cause
a series of problems, such as irreversible phase changes,
aggravated side reactions, and transition metal dissolution,
which will cause premature capacity failure. Not only that, the
inert components that were originally thought not to participate
in the reaction, such as current collectors, binders, and
conductive carbon, will also degrade at a sufficiently high
charging voltage.®> To overcome these problems and extend the
life of high-voltage LMBs, some interphase modification strat-
egies can be used to effectively protect high-voltage NMC
cathode. For instance, Cui et al®® proposed that the use of
semicrystalline Li niobate-coated layer can effectively improve
the stability of low concentration ether-ba