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additives promises a practical, accessible, and cost-competitive approach to fine
control the critical electrode interface reactions including Li deposition and solid
electrolyte interphase/cathode electrolyte interphase (SEI/CEI) formation. Here, we
summarize the state-of-the-art electrolyte additives and their mechanism in
inducing the Li deposition and SEI/CEI film formation. Based on our previous
work, we prospectively propose rational designing strategies of electrolyte formula,
i.e., compound electrolytes, via combining film-forming additives and leveling
additives, to comprehensively and continuously tuning the film formation, film
properties, and Li deposition layer throughout the long-term cycling. We hope the
proposed design strategies could promote the advancement of electrolyte
engineering in the commercialization of high-energy LMBs.
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1. Introduction

High-energy density lithium metal batteries (LMBs) are booming again due to its promising in achieving the
target of 500 Wh kg™ for next generation of electric vehicle [1]. The Li metal can provide 10 times higher
theoretical capacity than the graphite (372 mAh g™! with the production of LiCs), which is 3860 mAh g™' [2]. And
Li metal has high compatibility with many commercial and precommercial cathode materials (such as lithium
nickel manganese cobalt oxides or NMC, Li/Ni-rich NMC, LiFePO, sulfur cathode, and oxygen cathode)
considering its low electrochemical potential, which is —3.040 V versus standard hydrogen electrode (SHE) [3].
However, LMBs face practical hindrances due to inherent issues like surface corrosion, dendritic growth, and the
associated electrolyte decomposition on Li metal [4,5]. What’s more, cathode materials commonly experience
considerable capacity degradation, such as high-voltages cathode and soluble electrode. For example, the spinel
LiNipsMn; 504 (LNMO) cathode material is difficult in achieving the theoretical capacity (~ 148 mAh g™') and
high operating voltage cycling over 4.7 V vs. Li/Li* because of interfacial reconstruction and irreversible transition
metal (TM) leaching on the electrode surface [6]. Lithium-sulfur (Li-S) batteries emerge as a transformative
alternative for traditional battery systems, featuring with the sulfur’s high capacity of 1672 mAh g™!, but the sulfur
cathode suffers from severe shuttle effects [7].

To date, tremendous works using various additive are widely proposed for protection of either the lithium
anode or the cathode [8]. The electrolyte additives can efficiently and cost-effectively tackle above issues due to
the suitable additives facilitate the building of protective film covered on the electrode surface, i.e., solid-
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electrolyte-interphase (SEI) on the Li metal anode and cathode-electrolyte-interphase (CEI) on the cathode, via
the in-situ electro(chemical) decomposition reactions [9,10]. The artificial SEI/CEI coating layer fosters stability
and integrity in both the cathode and anode through suppressing the direct surface corrosive reaction or active
materials dissolution between the electrolyte and electrode.

Furthermore, electrolyte additives are capable to tuning and smoothing the Li deposition/stripping process
[11]. Electrolyte additives can alter the Li* solvation structure by replacing solvent molecules, thereby facilitating
the conduction of Li" ions in the electrolyte and the nucleation process of Li* on the electrode surface [12,13]. This
alteration in the solvation structure of Li ions flatten the Li deposition/stripping process, resulting in a uniform Li
deposition layer. In other cases, the additives possess the capacity to regulate the critical properties of the
electrolyte-electrode interface, such as equilibrium the distribution of electrostatic and Li ions, thereby mitigating
the formation of unwanted dendrites on Li metal anode surface [14—17].

Despite the extensive reports on electrolyte additives, a significant knowledge gap remains in the rational
selection and optimization of additives to effectively regulate electrochemical processes at both lithium anodes
and cathodes in high-energy lithium metal batteries (LMBs). In this perspective, we comprehensively summarize
state-of-the-art electrolyte additives according to their key functions, including the modulation of SEI/CEI
formation and lithium deposition behavior, to elucidate their structure—property relationships during battery
operation. Furthermore, we highlight the critical role of compound additives (i.e., binary or multicomponent
systems) in achieving enhanced cycling stability and efficiency in high-energy LMBs. We also present two of our
most recent publications to validate this proposed electrolyte formulation. The underlying mechanisms of compound
additives in synergistically regulating SEI/CEI chemistry and lithium deposition are systematically discussed. We
anticipate that the design principles outlined herein will advance the development of high-energy LMBs.

2. State-of-the-Art Electrolyte Additives Focusing on SEI/CEI Film Formation

Up-to-date efforts have been put to improve the quality of SEI/CEI layer, which specifically are related with
the chemical composition (i.e., organic species or the inorganic species) and physicochemical properties (i.e.,
mechanical resilience, ionic conductivity, and thermal stability) of the protective layer. The organic species (such
as alkyl chain, oligomer, and Li-organic carbon/sulfur complex) enhance the flexibility and elasticity of SEI/CEI
layers [18]. However, the SEI/CEI layers that are rich in organic species exhibit limitations in terms of unstable
physicochemical properties, including the low Young’s modulus (e.g., ROCO,Li/ROLi < 1 GPa) and solubility in
the electrolyte, which result in reduced protection for the electrode surface [19,20]. Meanwhile, the inorganic
species (such as LiF, LisN, LisP, and Li>Sx) primarily play the role in mechanical resilience and ionic conduction,
as a result boosting the reaction dynamic on the electrode surface [21-23]. The compact dual-layer structure,
comprising organic components on the top and abundant inorganic components at the bottom, is considered the
most critical design feature of the SEI [24] In this context, electrolyte additives serve as an essential tool for
engineering the interfacial structure and composition. Here, additives are discussed in detail based on the
functional atoms/groups, including fluorine (F)-, nitrogen (N)-, silicon (Si)-, phosphorus (P)-, boron (B)-, and
sulfur (S)-containing, to provide a clear overview of the diversity and functionality of these additives in SEI/CEI
formation and electrolyte design (Figure 1 and Table 1).
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Figure 1. Characteristic of electrolyte additives based on different key element: (a) F-contained additives such as
ethoxy-(pentafluoro)-cyclotriphosphazene (denoted as PFN) is characterized with flame retardant property [25].
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Reproduced from Ref. [25] with permission from Elsevier B.V. (b) N-contained additives with the example of
lithium trifluoroacetate-lithium nitrate (denoted as LTFAN) facilitating the uniform Li* flux near the Li electrode
surface [26]. Reproduced from Ref. [26] with permission from John Wiley & Sons, Inc. (¢) Si-contained additives
such as N,O-bis(trimethylsilyl) trifluoro acetamide (denoted as BTA) enable to capture the trace of water and HF
in the electrolyte [27] Reproduced from Ref. [27] with permission from American Chemical Society. (d) P-
contained additives such as dimethyl methylphosphonate (denoted as DMMP) react with radicals (such as H* and
HO*) to reduce the flammable risk of the electrolyte [28]. Reproduced from Ref. [28] with permission from Elsevier
B.V. (e) B-contained additives such as potassium (4-methylsulfonylphenyl)trifluoroborate (denoted as SPTF)
stabilize the surface of high-voltage cathode through formation of B-rich CEI layer [29]. Reproduced from Ref.
[29] with permission from American Chemical Society. (f) S-contained additives such as phenyl trifluoromethyl
sulfide (denoted as PTS) enable the cells cycling at 55 °C [30]. Reproduced from Ref. [30] with permission from
Elsevier B.V.

Fluorine (F)-containing additives, typically are the LiF and fluoroethylene carbonate (FEC), are well-
established electrolyte additives recognized for their efficacy in forming the uniform and stable LiF-rich SEI layer
[31,32]. LiF is recognized as one of the most effective inorganic components of SEI due to its exceptional
electrochemical stability, high surface energy (73.28 meV A~2), wide band gap, and substantial modulus [33-35].
Some F-contained additives are particularly effective in passivating the cathode interface and leading the formation
of metal fluoride, LiF, and C-F compounds on particle surface, which reduces the interfacial resistance and inhibit
the dissolution of active mass [25,36,37]. Additionally, the F-contained additives exhibit higher flash points and
greater ease of oxidation or reduction compared to solvents, which significantly enhance the thermal stability and
safety of electrolyte (Figure 1a) [38,39]. The challenges of F-contained additives is its reduced products (i.e., LiF-
based SEI) suffering from low intrinsic Li* conductivity (ca. 107! S cm™), significant overpotential, and sluggish
charging in high current density. To address these issues, the LiF-based SEI layer is suggested to be modulated by
incorporating inorganic lithiumated species (such as Li»S, [40] LisN, [41] LisP [42] and Li,CO3[21]) or doping
organic species (such as P-O and P-F [43-45]).

Nitrogen (N)-containing additives, typically are LiNOs, are reported to change the (electro)chemical
properties of SEI and CEI layer. The in-situ generated N-rich SEI layer, commonly comprising the LiNcOy, Li3N,
and Li,0, can reduce the Li* interfacial diffusion energy barrier and enhance the ionic conductivity (ca. 1073 S
cm 1), thereby providing a uniform Li* flux between the electrode and electrolyte (Figure 1b) [46]. Notably, LiNO;
exhibits a unique protective effect on high-voltage cathode materials. During the charging process, the NO;~
accumulate on the charged cathode interface and form a thermodynamically favorable electric double layer (EDL)
[26]. This EDL plays a crucial role in preventing electrolyte decomposition and mitigating active capacity loss on
the cathode surface. However, the challenge of the LiNOs additives is its extremely low dissolution in the
electrolyte (<0.01 mg mL™"), thus continuous consumption of LiNOj3 cause the less protection after the repeated
and long cycling [47]. The strategies are replacing LiNOs with N-containing small molecules [48] or combining
with the functional additive as solubilizer (such as LiBF4 or Mg(TFSI); salt) [49,50].

Silicon (Si)-containing additives, for example 2,2,2-trifluoro-Nmethyl-N-(trimethylsilyl)acetamide
(MSTFA) [51], N,O-bis(trimethylsilyl)trifluoroacetamide (BTA) [27], and 3-trimethylsilyl-2-oxazolidinone
(TMS-ON) [52], are designed as water/HF acid remover in the electrolyte. The Si-O, Si-N, and Si-C bonds in the
Si-containing additives actively adsorb and react with the trace of water and HF acid (Figure 1c), suppressing the
parasitic reaction in the electrolyte and the corrosion on the electrode surface. What’s more, the adsorption of Si-
containing additives on lithium metal surface can reduce the electrolyte decomposition and lithium dendrite
formation due to its less reactivity on lithium metal [53]. The challenge in using the Si-containing additives is the
high-volume amount addition (mostly are 20-60 Vol.%) increase the cost and viscosity of the electrolyte [54-56].

Phosphorus (P)-containing additives, often in the form of phosphate esters, enable to enhance the flame-
retardant properties of the electrolyte due to the radical scavenging species (such as PO* and PO,*) can interact
with the radicals (such as H* and HO*) produced within the organic electrolyte (Figure 1d) [28,57,58]. The
phosphate esters, such as tri(trimethylsilyl) phosphate (TMSP) [59] and triphenylphosphate (TPP) [60], function
as Lewis bases capable of neutralizing the HF on the electrolyte and cathode surface. The resulting stable and
dense protective film (mainly are P-O based compounds) on the electrode surface significantly boost the high
temperature cycling performance of high energy NCM cathode materials [61].

Boron (B)-containing additives, such as lithium bis(oxalato)borate (LiBOB) and 3-thiopheneboronic acid
(TB), are attractive as Lewis acid to accept and combine anions (e.g., PFs~ and F7). Thus, it facilitates the dissociation
and migration of Li* as well as reduction of interaction between anions and solvent [62]. Additionally, the interaction
between B and PF6— enhances the thermodynamic stability of PF6—, thereby suppressing its decomposition while
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facilitating the formation of a B-rich interfacial film [63]. Among them, potassium (4-
methylsulfonylphenyl)trifluoroborate (denoted as SPTF) are particularly suitable for stabilizing high-voltageLiCoO,
cathode through modifying the electrolyte decomposition and tailoring the CEI formation (Figure 1e) [29].

Sulfur (S)-containing additives, such as 1,3-propane sultone (PS) [64], 3-sulfolene (3SF) [65], diethyl sulfate
(DTD) [66], and acid dimethyl ester (MMDS) [67,68], have attracted significant attention because of their
structural similarity to organic carbonate electrolytes and high-temperature cycling performance of LMBs up to
55 °C (Figure 1f) [30,69,70]. The S-containing additives are film forming additives which can boost the
composition and structure of the SEI/CEI layer. Butylene sulfite (BS) is a representative sulfur-containing film-
forming additive that enables the use of propylene carbonate (PC)-based electrolytes with graphite anodes by
suppressing solvent co-intercalation and promoting the formation of a compact, stable SEI [71]. DFT calculations
reveal that the lower LUMO energy of BS compared with conventional carbonate solvents makes it preferentially
reduced, generating inorganic/organic sulfur-rich interphase components such as Li;SO3; and ROSO,Li that
enhance interfacial stability. Consequently, even a small amount of BS (5 vol.%) significantly improves thermal
stability, oxidation tolerance, and cycling reversibility, demonstrating the effectiveness of sulfur-containing
additives in regulating SEI chemistry and electrolyte stability. But it is hard to identify the suitable composition of
S-containing additive because it has different decomposition products and pathway [66]. And S-containing
additives suffer from complicated side reactions, making it challenging to be used alone.
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Table 1. The category of electrolyte additives based on F, N, Si, P, B, S-based key element.
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Key Element Additive Molecular Structure Cathode Anode Charge/Discharge Rate Cutoff Voltage Capacity Retention References
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Key Element Additive Molecular Structure Cathode Anode Charge/Discharge Rate Cutoff Voltage Capacity Retention References
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3. State-of-the-Art Electrolyte Additives Influencing Li Deposition Process

The electrolyte additives have been reported to control the Li deposition during the lithium plating and
stripping process. This section will review the up-to-date advances of the modulation mechanisms in Li
nucleation/growth process via the addition of electrolyte additives (Figure 2).
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Figure 2. (a) Scheme of lithium deposition process based on the self-healing electrostatic shield mechanism [132].
Reproduced from Ref. [132] with permission from American Chemical Society. (b) Illustration of the lithiophobic
repulsion mechanisms achieving through the addition of hexadecyl trimethylammonium chloride (CTAC) [11].
Reproduced from Ref. [11] with permission from American Chemical Society. (¢) The proposed mechanism for
lithium deposition on electrodes covers a range of areal capacities from low to very high. The schematic illustrates
how the anode’s areal capacity affects the overall energy density of Li metal full-cell batteries. When a high-
capacity cathode is paired with dense lithium deposition at 20 mAh cm™2, there is a 61% increase in volumetric
energy density [133]. Reproduced from Ref. [133] with permission from Springer Nature.

The initial stage of electroplating process is the nucleation of Li sites on the Li metal anode surface. The tip
of the electrode is typically considered an active point for forming the Li nuclear. When assuming the whisker tip
is a static hemisphere, Li ions more likely deposit on the protrusions due to the enhanced electric fields and
accumulated charges near the hemispherical tip [134]. Rather than forming the uniform Li nuclear, the
accumulation of Li ions on the tips will intrigue the growth of Li dendrites on the electrode surface. Regarding to
addressing this issue, electrolyte additives containing the alkali metal ions, such as Cs* and K*, have been proposed
to form a cationic electrostatic shielding layer at the tip (Figure 2a) [132]. Moreover, the repulsion between Li*
and Cs* causes the Li" ions to accumulate in the concave areas, thereby filling up the surface of the Li anode.
Under the electrostatic shielding on electrode surface, the uniform Li ions distribution will result in the
homogenous Li deposition and growth.

The lithiophobic repulsion mechanisms were further studied to achieve the spatial homogeneity of Li ions
distribution on electrode surface and the dendrite-free Li deposition (Figure 2b). During the lithium plating
process, cationic surfactant molecules such as hexadecyl trimethylammonium chloride (CTAC) cations [11]
exhibit an electrostatic attraction to the protruding tips, owing to their interaction with outward-facing nonpolar
groups. Moreover, the surface free energy at these tips experiences an elevation in comparison to a smooth
electrode surface, resulting in a heightened concentration of CTAC molecules being adsorbed at the solid-liquid
interface within these raised regions. As a consequence, the substantial adsorption of CTAC molecules in these
protuberant areas, driven by the interplay of electrostatic interactions and surface free energy, facilitates the
formation of a lithiophobic layer. As the plating process progresses, polarized solvent Li* faces impediments when
attempting to penetrate the outward lithiophobic layer, primarily due to repulsive forces. Consequently, the ensuing
Li decomposition is redirected towards neighboring regions, facilitating the establishment of a smoother Li surface.
Furthermore, the internally positively charged layer composed of polar groups effectively impedes the growth of
Li dendrites by means of electrostatic repulsive forces.

High plating capacity such as 10-50 mAh cm 2 is suggested to effectively texture the Li metal deposition
accompany with the help of LiNO; addition (Figure 2c) [133]. The (110)y; crystallographic facets are dominantly
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formed due to it has the lowest migration energy barrier and less likely grow into non-planar dendritic
morphologies compared to other crystal facets. The decomposition of LiNO; facilitate the formation of the robust
and thin inorganic SEI layer and enhance the kinetics of lithium stripping/plating. Consequently, high areal
deposition of lithium metal leads to denser structures and forming the larger grains. Both effects can slow
down parasitic chemical and electrochemical reactions between the electrode and electrolyte.
Simultaneously, the as-prepared battery demonstrates increased electrochemical stability with respect to
the electrolyte.

4. Designing Strategies of Electrolyte Additive Formula for Highly Stable Lithium Metal Batteries

As discussed above, electrolyte additives provide an efficient and cost-effective strategy to mitigate
interfacial issues at both cathodes and anodes, primarily through forming functional interphases (i.e., SEI/CEI)
and regulating uniform Li* deposition. Based on our previous studies, these additives can be broadly classified
into two categories: film-forming additives and leveling additives. Film-forming additives are electrochemically
active at the electrode/electrolyte interface and continuously decompose to generate protective SEI/CEI layers,
thereby stabilizing electrode surfaces. Incorporation of heteroatoms (e.g., N, S, Si) into these additives can enhance
the structural robustness and electronic conductivity of the interphase. However, their continuous consumption
during cycling compromises long-term stability, particularly under extended operation. In contrast, leveling
additives exhibit higher electrochemical stability and primarily function to promote dense and uniform Li*
deposition, thereby suppressing dendrite formation.

Building on these insights, we propose the concept of compound electrolyte additives, which integrate both
film-forming and leveling functionalities through the combination of two or more additive components. Such a
design enables simultaneous stabilization of interfacial layers and sustained regulation of Li deposition, leading to
improved cycling stability and enhanced energy density. Guided by this strategy, our previous work has
successfully developed two representative systems employing compound electrolytes, demonstrating long cycle
life and high energy density in lithium metal batteries (Figures 3 and 4).
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Figure 3. In our previous work, a compound electrolyte was developed by integrating fluoroethylene carbonate
(FEC), hexadecyl trimethylammonium chloride (CTAC), and tri(pentafluorophenyl)borane (TPFPB) [135].
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(a,b) Schematic illustrations of Li* solvation structures and electrode interfacial process with and without the
addition of additives in the electrolytes during Li deposition/stripping. (¢) Ionic conductivities of different
electrolytes additive compositions. (d) Linear sweep voltammetry (LSV) curves of Li-Al cells with single or
compound additives at a scan rate of 5 mV s7!. (e,f) Cross-sectional scanning electron microscopy (SEM) images
of Li foils after 10 cycles at 1 mA cm™ and 3 mAh cm™2. (g) High-resolution X-ray photoelectron spectroscopy
(XPS) depth profiles of the F 1s orbital for the LNMO cathode after 10 cycles in different electrolytes. Reproduced
from Ref. [135] with permission from Wiley-VCH GmbH.

In 2024, our previous work successfully implemented a compound electrolyte formulation comprising ternary
components, including fluoroethylene carbonate (FEC), hexadecyl trimethylammonium chloride (CTAC), and
tri(pentafluorophenyl)borane (TPFPB), in 7.3 Ah-class Li[NixCoyMn;—«]O> (x = 0.83, NCM83)|Li pouch cells
[135]. In the blank electrolyte, high-voltage LMBs suffer from severe interfacial instability, including uncontrolled
and massive lithium dendrite growth, fragile native SEI on the lithium anode, as well as transition metal dissolution
and the formation of thick, cracked CEI layers on the high-voltage cathode (Figure 3a). In contrast, the ternary
electrolyte system significantly improves electrode-electrolyte interactions by enabling uniform Li* deposition and
forming robust SEI and CEI layers (Figure 3b). Mechanistically, FEC promotes the formation of fluorine-rich
interphases, suppressing electrolyte decomposition and stabilizing electrode interfaces [72]. CTAC regulates
uniform and dense Li* ions deposition, thereby preserving SEI integrity during prolonged cycling [11]. TPFPB
further enhances ionic transport and improves the mechanical robustness of the interfacial films [122]. Although
all electrolytes appear visually similar, their ionic conductivities differ markedly (Figure 3c). The binary
FEC/CTAC system increases ionic conductivity relative to the baseline electrolyte, while incorporation of TPFPB
leads to a further enhancement. Correspondingly, the TPFPB-containing electrolyte delivers higher specific
capacity than electrolytes with only FEC or CTAC. Notably, at high current density (5 C), the capacity of the
CTAC-containing electrolyte declines sharply, likely due to its limited oxidative stability, resulting in
decomposition under high-voltage conditions, as confirmed by LSV measurements (Figure 3d). Cross-sectional
SEM images (Figure 3e,f) reveal that Li deposited in the blank electrolyte exhibits uneven, fragmented
morphology with pronounced cracks, whereas the compound-additive electrolyte enables a dense and intact Li
structure, free of noticeable fissures or voids. To further elucidate cathode interfacial chemistry, XPS analysis of
the LNMO cathode was performed (Figure 3g). The F 1s spectrum shows characteristic peaks corresponding to
CF, (~688.0 eV), LiF (~685.0 eV), and Li,POyF, (~687.0 eV), originating from the decomposition of PVDF and
LiPFs. The formation of a fluorine-rich CEl is critical for stabilizing the high-voltage NCM83 cathode. As a result,
the Li[NixCoyMni.xy]O2 (x = 0.83, NCM83)|Li pouch cell presents a high energy density of 522 Wh kg! and
maintains stable cycling over 178 cycles with a capacity retention over 80.9%. These results highlight the superior
practical potential of multi-component electrolyte additives compared to single-additive systems, particularly for
high-voltage lithium metal batteries.

In 2025, our previous work further developed a compound additive system comprising lithium nitrate
(LiNOs3), sodium saccharin (SAC), and octaphenyl polyoxyethylene (OP-10) for lithium-sulfur (Li-S) batteries.
Mechanistically, LiNO; promotes SEI formation and regulates polysulfide solvation, SAC refines SEI morphology
to facilitate planar Li deposition, and OP-10 increase Li* flux uniformity while immobilizing polysulfides via polar
interactions (Figure 4a,b) [136]. Atomic force microscopy (AFM) of Cu foils immersed in different electrolytes
reveals obviously different interfacial adsorption behaviors. As shown in Figure 4c,d, the LiNOs/SAC/OP-10
system exhibits the lowest average surface roughness (R,) and a notably smooth microstructure, arising from
synergistic adsorption at the electrode-electrolyte interface. This effect provides a favorable foundation for
formimg a stable SEI [137]. Furthermore, scanning electron microscopy (SEM) of cycled lithium anodes
corroborates the enhanced interfacial stability and elucidates the performance improvement enabled by the
composite additive system. After 10 cycles, the blank electrolyte exhibits massive dendritic and obvious surface
cracking (Figure 4e), whereas the ternary LiNO3;/SAC/OP-10 system maintains a smooth and compact Li
morphology (Figure 4f). Cyclic voltammetry (CV) profiles (Figure 4g) show cathodic peaks at 2.28 and 2.04 V,
corresponding to the reduction of insoluble Ss to soluble long-chain polysulfides and their subsequent conversion
to Li,S»/Li,S, respectively. The anodic peaks at 2.34 and 2.40 V are attributed to the reverse oxidation processes.
The cell incorporating compound additives exhibits minimal peak polarization, indicating accelerated polysulfide
conversion kinetics and improved sulfur utilization [138]. Consequently, the compound electrolyte effectively
suppresses lithium dendrite growth, enabling Li[Li symmetric cells to operate stably for over 1400 h at 1 mA cm™
with an areal capacity of 3 mAh cm2. Under quasi-practical conditions, the Li-S cell achieves an areal capacity of
2.72 mAh cm after 150 cycles. These results demonstrate that compound additive simultaneously mitigates dendrite
formation and the polysulfide shuttle effect, offering a promising strategy for high-performance Li-S batteries.

46



Tang et al. New Energy Mater. Devices 2026, 1(1), 3454

o) ( o qO» o og®

z G &
x “ B DOL o
s 8 o

@ 3 N -~
3 646 ' GRS
\ O~
% Li,S
» b) g 1‘/-\"3
> G > g
— () o
s 2 o g ,—""73‘""
0SB
g % ’d‘ ’ g [, .') . ele!
s § i 8.3 ues,

€ s R 2 N W
3 3 oy = o ¥
g‘ 5 /gcz‘ ’ g: & , {:)-2:2—*;
£ Regulate,/ , Suppress E - )~)_<~<,
o SEI T TTT T T mTTTT LiPSs shuttl O o
o Lo Astino, L T e

2'

(c) (d) R,~1.94 ... 30000 (8)>1

R,=17.3 _ 300.0nm

18 20 22 24 26 28
Potential (V vs. LVLI")

Figure 4. In our previous work, a compound electrolyte system was developed by integrating lithium nitrate
(LiNO3), sodium saccharin (SAC), and octaphenyl polyoxyethylene (OP-10) [136]. (a,b) Schematic illustrations of
Li-S batteries with and without compound additives. (¢,d) Atomic force microscopy (AFM) images of Cu foil after
24 h immersion in blank and additive-containing electrolytes. (e,f) Scanning electron microscopy (SEM) images of
Li foil after cycling in corresponding electrolytes. (g) Cyclic voltammetry (CV) curves of Li-S batteries with blank
electrolyte (green), LINO3/SAC (blue), and LiNO3/SAC/OP-10 (red) electrolytes. Reproduced from Ref. [136] with
permission from Wiley-VCH GmbH.

Besides, the compound additive engineering has also been demonstrated in other studies on lithium metal
batteries, where their complementary physicochemical functions enable the simultaneous regulation of additive
solubility, electrolyte solvation chemistry, ion transport, and interphase formation, producing synergistic effects
that cannot be achieved by individual additives alone. For example, a “small-sized carrier” strategy employed
vinylene carbonate (VC) to promote the dissolution of the film-forming additive LiNOs in carbonate electrolytes,
while Zn(BF,), further regulated interfacial chemistry by facilitating the formation of a uniform organic-inorganic
cathode electrolyte interphase (CEI) and, together with LiNO3, constructing an inorganic-rich SEI on the lithium
metal anode [139] The cooperative coordination of VC and NO;~ with Li* also optimized the solvation structure
and accelerated ion transport, leading to enhanced interfacial stability and electrochemical performance. In another
example, 1,3-dimethylimidazolium dimethyl phosphate (DIDP) and trimethylsilyl trifluoroacetate (TMSF) were
designed to undergo an in-situ transesterification reaction, generating multifunctional additives that performed
complementary roles [140]. The resulting products simultaneously scavenged moisture and HF, enhanced the
dissolution of LiNOs, optimized the Li* solvation environment, and preferentially decomposed to form robust
additive-derived interphases on both the cathode and lithium metal anode. These representative examples highlight
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the broad potential of compound additive engineering as a universal strategy for developing high-performance
electrolytes for lithium metal batteries.

5. Conclusions and Outlook

In conclusion, we have summarized the recent advances on the development of electrolyte additives
according to their functions in Li deposition and SEI/CEI film formation. We have clearly discussed and analyzed
the chemical composition and functions mechanism of electrolyte additives on electrode surface. The structure-
property relationship of the additives molecules and related capability are also analyzed in the literature review
section. Most importantly, we proposed the significance of compound electrolyte to achieve both high-energy-
density and longevity for lithium metal batteries. The compound electrolyte contains two or more additives to
facilitate both robust CEI/SEI layer formation via film-forming additives and uniform Li deposition via leveling
additives. To verify our proposed electrolyte formula, we also presented and summarized two of our most recent
publications in using the three-component compound electrolyte in both high-voltage lithium metal batteries and
high-energy lithium-sulfur batteries.

Beyond binary systems that combine film-forming and leveling additives, ternary compound electrolytes
offer greater adaptability for operation under complex conditions. From an application perspective, the third
additive can be tailored to introduce specific functionalities, such as high ionic conductivity, robustness, wide-
temperature operability (e.g., ultra-low or high temperatures), flame retardancy, high-voltage stability, overcharge
protection, and corrosion resistance. For instance, in lithium—sulfur batteries, incorporating anticorrosive or
polysulfide-adsorbing additives is essential, as dissolved polysulfides can induce severe corrosion of the lithium
anode. Meanwhile, key physicochemical parameters-including freezing point, melting point, flash point,
decomposition voltage, and ionic conductivity-should be systematically evaluated to guide the rational selection
and formulation of electrolyte additives. Such integrated design and application of compound electrolytes will
further advance our fundamental understanding of electrolyte systems and their interfacial chemistry.
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