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Abstract: While lithium metal is highly desired as a next-generation battery material due to its
theoretically highest capacity and lowest electrode potential, its practical application has been
impeded by stability issues such as dendrite formation and short cycle life. Ongoing research aims to
enhance the stability of lithium metal batteries for commercialization. Among the studies, research
on N-based electrolyte additives, which can stabilize the solid electrolyte interface (SEI) layer and
provide stability to the lithium metal surface, holds great promise. The NO3; ™~ anion in the N-based
electrolyte additive causes the SEI layer on the lithium metal surface to contain compounds such as
LizN and Li, O, which not only facilitates the conduction of Li* ions in the SEI layer but also increases
its mechanical strength. However, due to challenges with the solubility of N-based electrolyte
additives in carbonate-based electrolytes, extensive research has been conducted on electrolytes
based on ethers. Nonetheless, the low oxidative stability of ether-based electrolytes hinders their
practical application. Hence, a strategy is needed to incorporate N-based electrolyte additives into
carbonate-based electrolytes. In this review, we address the challenges of lithium metal batteries and
propose practical approaches for the application and development of N-based electrolyte additives.

Keywords: lithium metal batteries; ether-based electrolytes; carbonate-based electrolytes; electrolyte
additives; LiNO3

1. Introduction

Current energy production, which relies on the combustion of fossil fuels, is expected to
significantly impact ecosystems. Modern power storage technology, which involves electrochem-
ical energy storage and conversion systems, is leaning towards the development of the battery
industry to make these mechanisms more sustainable and eco-friendly [1,2]. Consequently,
lithium-ion batteries have gained prominence, and research to improve their performance is
ongoing [3-11]. The largest commercial application of lithium-ion batteries is in the small
wearable battery industry, but demand for them is also growing in other industries, such as
computers, cell phones, laptops, cameras, and electric vehicles [12]. Lithium-ion batteries offer
advantages including low cost, long life, high specific energy and energy density, fast charge and
discharge rates, and no memory effects [13-15]. The anodes of commercial lithium-ion batteries
are mostly graphite or modified graphite, which has a rather low capacity per unit mass of
372 mAh g~! [16,17]. However, current lithium-ion batteries require advances in capacity and
energy density per unit mass to fully penetrate into applications such as electric vehicle batteries.
Carbon anodes, such as graphite, have been well researched and have nearly reached their
theoretical capacity [18]. Further improvements in capacity and energy density are considered
difficult [19]. Therefore, lithium metal is emerging as an anode material for next-generation
batteries (Figure 1) [20,21].
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Figure 1. Importance of utilizing a lithium metal anode in lithium metal batteries. Schematic diagram
of (a) graphite anode in Li-ion battery and (b) lithium metal battery [22]. Reprinted with permission
from Ref. [22]. Copyright © 2019 nature. (c) Comparison table of energy densities of graphite anode
and lithium metal anode [23]. Reprinted with permission from Ref. [23]. Copyright © 2020 ELSEVIER.
(d) Current energy density limit of graphite cathode and expected energy density of battery with
lithium metal anode [24]. Reprinted with permission from Ref. [24]. Copyright © 2020 ELSEVIER.

The theoretical capacity of lithium metal anodes is 3860 mAh g~!, which is nearly
10 times that of graphite anodes. Additionally, they have the lowest reduction potential
(—3.04 V vs. SHE) [22,24-26], allowing for a wide range of operating voltages. However, in
lithium metal batteries, dendrites that grow on the surface of the metal anode cause low
coulombic efficiency and short-circuiting of the cell [17,27,28]. In addition, owing to the
large consumption of electrolytes and Li* ions during dendrite formation, lithium metal
batteries have an inherently short lifetime [21,23]. Therefore, to improve performance,
the key point is to improve the coulombic efficiency and stability of the battery. Many
methods have been introduced to improve these: the addition of electrolyte additives
to stabilize the solid electrolyte interface (SEI) layer [29,30], metal surface modification
such as micro-patterning [31,32], introduction of artificial SEI layers such as polymer
compresses or semiconductor thin films [33-39], doping of nanostructured materials to
act as lithium hosts [40], and the development of solid electrolytes that can physically
inhibit the growth of lithium metal dendrites [41-43]. Among these, the use of electrolyte
additives is the simplest and most cost-effective strategy, and many studies have been
conducted in this regard to improve the performance of lithium metal batteries. The
use of N-based electrolyte additives, including NO3; ™~ anions (hereafter referred to as N
additives), which can incorporate LizN and LiNxOy into the SEI layer [44], has been studied
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in ether-based and carbonate-based electrolytes. N additives can effectively inhibit the
growth of lithium dendrites. However, the low solubility of N additives in carbonate-based
electrolytes makes the direct use of N additives difficult [45]. In this review article, a
systematic investigation of the effect of N additives in lithium metal batteries is presented,
focusing on the effect of N additives on battery performance in ether-based electrolytes and
their utilization in carbonate electrolytes. This will allow us to discuss directions for further
and more effective improvements in the use of N additives in the current commercialized
carbonate-based electrolytes.

2. Dendrite of Lithium Metal Batteries and Formation of Solid Electrolyte Interface

Lithium metal, lacking a Li* ion host, undergoes electrodeposition of Li* ions on its
surface through plating/stripping during charging and discharging. This process results in
severe volume changes in the lithium metal [46]. Additionally, Li* ions with high diffusion
activation energy can form dendrites through local reduction on the surface of lithium
metal, creating an aggregated structure with an inhomogeneous porous structure [47]. One
of the advantages of lithium metal, its high reactivity owing to its low reduction potential,
leads to rapid dendrite growth. As dendrites grow and separate into the electrolyte, dead
lithium, which is not electrically conductive, accumulates in the cell, contributing to the
degradation in capacity and stability of the cell [17,48,49]. Because these reactions occur at
the interface between the lithium metal and the electrolyte, the interfacial reaction between
them is important [50]. The lithium metal surface accumulates decomposition products
from the reaction with the electrolyte, forming an SEI layer at the interface. This SEI layer
prevents the physical contact between lithium metal and the electrolyte, inhibiting further
corrosion [51]. The growth rate and growth behavior of lithium dendrites on the lithium
metal surface depend on the strength, uniformity, thickness, and ionic conductivity of
the SEI. An SEI layer generated in a pure lithium metal battery usually has a nonuniform
surface (Figure 2a), partly due to different current densities, resulting in nonuniform
electrodeposition of Li* ions [52,53]. With repeated charging and discharging, the changes
in resistance and current density become more severe, and irreversible dendrite formation
progresses (Figure 2b). As a result, the SEI layer has low mechanical strength and is easily
destroyed through continuous charging and discharging [54]. The faster the battery charge
rate and the higher the diffusion resistance of Li* ions in the SEI layer, the faster this
phenomenon occurs. If the electrodeposition reaction rate of Li* ions is high, the Li* ions
are depleted from the lithium metal surface, and the electrode reaction occurs in a diffusion-
dominated manner, causing the interface to become unstable. To reduce the overpotential
caused by this instability, the lithium metal anode interface requires a large surface area to
increase the diffusion flux. For this reason and many others, vertically oriented dendrites
are formed. As the dendrites grow, the SEI layer is destroyed, and another SEI layer is
formed on the exposed lithium metal surface, which can lead to continuous electrolyte and
lithium consumption.

Additionally, dendrites can cause issues such as increased metal surface area and
side reactions, increased polarization, and decreased energy efficiency, contributing to the
poor life characteristics of lithium metal batteries. Therefore, intense research is being
conducted on electrolyte additives. Electrolyte additives can change the composition of
the SEI layer simply and efficiently, which affects the output, lifetime, and temperature
characteristics of the battery. In other words, electrolyte additives, especially those with
NO37, play a key role in stabilizing lithium metal batteries by creating a protective layer
rich in inorganic materials, improving their performance [55]. In particular, N additives can
generate favorable compounds, such as lithiophilic LisN, which plays a role in rapid ion
conduction, and LiNxOy, which possesses high mechanical strength and high interfacial
energy, in the SEI layer to increase the conductivity of Li* ions. Both compounds can
effectively act as a passivation layer. Furthermore, high ion conductivity can induce
uniform lithium nucleation on the surface of the lithium metal anode and effectively inhibit
the formation of unstable lithium dendrites. Therefore, N compounds induce uniform
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lithium nucleation on the surface of the lithium metal anode and effectively inhibit the
formation of unstable dendrites physically and chemically [56].
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Figure 2. (a) Non-uniform electrodeposition and elution process of lithium metal anode and growth
behavior of lithium dendrite [34]. Reprinted with permission from Ref. [34]. Copyright © 2017
WILEY-VCH. (b) The main causes of degradation of cell performance caused by dendrites [23].
Reprinted with permission from Ref. [23]. Copyright © 2020 ELSEVIER.

Moreover, N additives containing NO3; ™~ demonstrate a notable electron-donating capacity
towards Li* ions and function as potent oxidizers that swiftly interact with the lithium metal
anode. Their donor number, measuring 22, surpasses those of commonly used electrolytes (EC,
DMC [57], DME, DOL [58]). In electrolytes incorporating NO3 ™, the involvement of NO3; ™ in
the solvation shell structure diminishes the presence of electrolyte molecules surrounding Li*
ions. As a result, reducing the number of solvent molecules within the solvation shell can help
mitigate the quantity consumed during the reduction process in the plating operation [57,59].
Furthermore, ensuring that the solvent remains unreduced requires a lowest unoccupied
molecular orbital (LUMO) higher than that of the anode, which presents a challenging task
to achieve. Nevertheless, LINO; can serve as a promising alternative due to its lower LUMO
compared to the solvent, enabling it to undertake the reduction role and mitigate solvent
decomposition during SEI formation [60,61]. We could expect to improve the cycle stability of
lithium metal batteries by using N additives.

3. Li* Ion Migration Mechanism of N Compounds in Solid Electrolyte Interfaces

As mentioned above, N additives change the composition of the SEI layer produced on the
surface of the lithium metal anode in the electrolyte [62]. LiNOs salt, the most widely used N
additive in SEI formation, reacts with the electrolyte components and lithium metal in the initial
cycle and is converted into LINO,, Li3N, and Li,O, according to Equations (1) and (2). LisN and
LiNxOy compounds are inorganic species, and the SEI layer containing them can improve
mechanical strength and structural stability to inhibit lithium dendrite growth. In addition,
this SEI layer has a high conductivity of Li* ions and can increase the diffusivity of Li*
ions to induce the spherical electrodeposition of lithium and also the relatively uniform
electrodeposition of Li* ions at high rates. LiNxOy compounds are generally considered
to be electrically stable, with low chemical activity and high ionic conductivity, which can
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effectively protect the interface of lithium metal anodes. Moreover, a stable SEI layer can be
formed even at a high temperature of 60 °C [63].

LiNOj; + 2Li — LiNO; + Li,O 1)

LiNO, + 6Li — LizN + 2Li,O )

Li3N crystals are composed of Li(2);N planes and a Li(1) plane that confines them [64—67].
As shown in Figure 3a, the Li(1) and Li(2),N planes are separated. Li* ion migration is
driven by intrinsic defects, an inherent property of LizN crystals that allows Li* ions to
move from occupied to unoccupied sites (defect-driven magnetism in bulk «-LizN) [68].
Intrinsic defects are represented by ‘V’ in Figure 3b. The anisotropy of conduction means
that Li* ions seldom move along the c-axis (vertical) but predominantly along the a-axis
and b-axis (in-plane). This can lead to the fast migration of Li* ions in the Li;N plane.
Therefore, Li3N can dramatically improve Li* ion conductivity because of its high Li*
ion mobility in the SEI layer and negligible electronic conductivity. Thus, it can play a
key role as a shielding film at the interface of the lithium metal anode and electrolyte,
while uniformly electrodepositing the lithium dendrite nuclei. Additionally, the N additive
is reduced and decomposed before the lithium salt on the lithium metal anode surface,
inducing the spherical deposition of lithium, which protects the solvent and lithium salt.

(b)

Li(2),N L@

Li(1)

b L
a b

Figure 3. (a) Crystal structure of Li3sN containing Li(2),N plane and Li(1) plane and (b) cross-sectional
view of Li(2),N plane seen from above.

LizN crystals are generally a mixture of « and (3 phases (Figure 4a,b). Generally,
the « phase appears at room temperature about 25 °C, and the 3 phase appears at high
pressure and high temperature [69,70]. Under room temperature conditions, the (3 phase
can transition to the « phase, with no significant difference in ionic conductivity observed
between the two phases. However, the activation energy for Li* ion diffusion is slightly
different between the two phases. As shown in Figure 4c,d, the o phase is an amorphous
crystal with a layered structure and the {3 phase is a structured crystal with a hexagonal
structure, which is characterized by a difference in shape and ion conduction behavior.
The 3 phase is stable at higher pressures than the « phase; therefore, it has been used in
solid electrolytes. In «-LizN, Li ions move through Li(2) in the Li;N plane, but in 3-LisN,
Li ions move along a plane of pure Li(1). Figure 4c,d show the cluster model of «-LizN
and (3-LizN and the approximate distance of each element. The Li(2)-Li(2) distance of the
a-LisN crystal is shorter than the distances of Li(1(2))-N and Li(1)-Li(1). Similarly, the
Li(1)-Li(1) distance of the 3-Li3N crystal is shorter than the distances of Li(1(2))-N and
Li(2)-Li(2). These results have implications for the migration of Li* ions because they
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cause differences in the bond strengths between the elements. Ping et al. reported on the
Li* ion removal energies and major charge carriers of x-Li3N and -LizN crystals [70].
Lithium removal energy is related to the bonding strength of the N atom to Li(2) and Li(1).
a-LizN and B-Li3N have the lowest Li* ion removal energies at 1.290 eV and 0.908 eV,
respectively, and the farthest distances, at 2.107 A and 2.326 A from Li(2)-N and Li(1)-N,
respectively. Therefore, the migration of Li* ions occurs in a direction perpendicular to the
c-axis, and thus, they have good Li* ion conductivity. Additionally, a chemical treatment
conducted by adding H* (proton) to «-LizN crystals can weaken the Li(2)-N bonds in the
LipN plane, increasing the frequency of vacancies for Li* ions and thus resulting in better
conductivity [66,71].

50KV XA000 1pm WD BDmm

Figure 4. Scanning electron microscope (SEM) images of (a) a-LizN crystal and (b) 3-Li3N crystal. The
cluster structure of (c) a-LizN crystal and (d) 3-LizN crystal, viewed from directions perpendicular
to and parallel to the c-axis, respectively [70]. Reprinted with permission from Ref. [70]. Copyright ©
2010 Royal Society of Chemistry.

3.1. Ether-Based Electrolytes

In ether-based electrolytes, Li* ions readily dissolve through strong coordination
bonds with pairs of oxygen atoms, resulting in enhanced ionic conductivity that can
boost cell performance. Additionally, given that the reduction stability of lithium metal
in ether-based electrolytes is very high, stable electrodeposition and desorption reactions
occur on the surface of the lithium metal anode, leading to a higher coulombic efficiency
compared to carbonate-based electrolytes [52,72,73]. As previously discussed, the inclusion
of N additives in lithium metal anodes effectively inhibits dendrite formation, thereby
improving the overall lifespan performance of the cell. Figure 5 shows the effective dendrite
inhibition of N additive in ether-based electrolyte.
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Figure 5. Scanning electron microscope (SEM) image of lithium dendrite on lithium metal anode
using an ether-based electrolyte (a) without; (b) with LiNOj [46]. Reprinted with permission from
Ref. [46]. Copyright © 2012 Springer Nature.

When incorporating LiNOs3 into an ether-based electrolyte, it is important to consider
factors such as concentration [74] and gas generation [75]. These considerations are essen-
tial for optimizing the performance and safety of the electrolyte in various applications.
Meanwhile, the solubility of LiINOj3 salt, which is commonly used as an N additive in
ether-based electrolytes, is high, and it improves the mobility and transport rate of Li*
ion as the salt concentration increases to up to 1 M, which is the soluble concentration
of common lithium salts [76]. The conductivity of Li* ions is proportional to their con-
centration and mobility in the electrolyte, allowing them to dissolve easily. Therefore, N
additives in ether-based electrolytes have been extensively studied. When the N additive
is used as a single additive, dissolving large amounts, of 1 M or more, reduces the ab-
solute “quantity” of the electrolyte solvent. As a result, this facilitates cooperation from
anions in its dissolution structure, leading to stable cycling performance. However, this
results in increased concentration, which adversely affects electrolyte wetting, and ion
pairs begin to form, increasing the viscosity of the electrolyte and decreasing the ionic
conductivity [77,78]. In contrast, studies have shown that by dissolving the N additive in a
binary electrolyte or specific electrolyte, concentrations of 2 M or higher can be achieved
without adversely affecting performance [79,80]. The dual additive strategy also allows for
better synergy between the different efficacies of the N additive and the other salts, as well
as their different potencies.

Figure 6 shows the solubility and cycling performance of the cells with 1 M LiNOs,
4 M LiFSI, and salts of both 2 M LiNOj3 and 2 M LiFSI. A quantity of 2 M of LiNO; has
a positive binding energy and is insoluble in the electrolyte (Figure 6a). However, when
combined with LiFSI salt, (Figure 6b), it can be intuitively seen that it is soluble up to
2 M. Commercial cathodes (NCM and LFP) were used to evaluate the performance of the
electrolytes. The capacity and coulombic efficiency of the cells show an overall increase with
LiFSI, which forms a LiF-based SEI layer to improve the cycling stability and reversibility
of lithium in lithium metal batteries [81], and LiNO3, which induces a spherical deposition
morphology of lithium (Figure 6f-i), and the interfacial resistance between the lithium
metal anode and electrolyte drops (Figure 6¢).
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Figure 6. (a,b) Photographs showing solubility of LiNO3 and LiPF4 in ether-based electrolyte.
(f—i) Improvements in capacity and coulombic efficiency with and without the N additive in ether-
based electrolyte environment. (c) Electrochemical impedance spectroscopy (EIS) spectra of 2LF2LN
in 1,2-dimethoxyethane (DME) electrolyte [82]. Reprinted with permission from Ref. [82]. Copyright ©
2021 ELSEVIER. (d) Schematic diagram of Li* ion dissolution sheath structure of LiFSI [81]. Reprinted
with permission from Ref. [81]. Copyright © 2019 American Chemical Society. (e) Scanning electron
microscope (SEM) images of lithium metal surface with electrolytes added with 1 M LiNOg, 4 M LiFS],
and both 2 M LiNOj3 and 2 M LiFSI. Cycling performance of dual salt added electrolyte. coulombic
efficiency of Lil | Cu asymmetric cells using electrolytes added with 1 M LiNOs, 4 M LiFSI, and both
2 M LiNOj3 and 2 M LiFSI after the 1st and 50th Li platings at (f) 0.5 mA cm~2 and 0.5 mAh ecm =2 and
(g) 1 mA cm~2 and 1 mAh cm 2. The discharge capacity of (h) Li| INCM811 cell and (i) Li| | LFP
cell [82]. Reprinted with permission from Ref. [82]. Copyright © 2021 Elsevier.

Figure 6f shows the coulombic efficiency under the test conditions of 0.5 mA cm~2 and

0.5 mAh cm ™2 for an asymmetric cell with copper foil as the reaction electrode and lithium
metal as the reference electrode. Figure 6g shows the coulombic efficiency under the test
conditions of 1 mA cm~2 and 1 mAh cm ™2 for an asymmetric cell with copper foil as the
reaction electrode and lithium metal as the reference electrode. Unlike the 1 M LiNOj3-
added and 4LF-added electrolytes, which show cycle fading before 300 and 150 cycles,
respectively, the cell with 2 M LiNO3 and 2 M LiFSI shows an average coulombic efficiency
of 98.5% after more than 420 and 250 cycles. Figure 6h,i show the capacity performance of
the cells using commercial cathodes, NCM (areal capacity of cathode: 2 mAh cm~2) and
LFP (areal capacity of cathode: 2 mAh cm~2), respectively, which also show a performance
improvement. Figure 6e shows that the lithium metal anode surface in each cell becomes
uniform and stable. These two additives are used together to solve the problem of the
low solubility of LINO3 and its depletion due to continuous consumption. LiFSI inhibits
the aggregation of LiNOj3 in 1,2-dimethoxyethane (DME), allowing it to maintain its
efficacy for a longer period and dissolve up to 2 M. (Similar results can be seen with the
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addition of LiTFSI salts). This procedure has been described previously. Figure 6d shows a
schematic illustrating how FSI™ dissociates LINO3 molecules. This dual salt electrolyte is
also characterized by a broader oxidation window owing to the reduction of the electrolyte
due to the high concentration effect, allowing for the use of a high-voltage cathode [82].
This result is consistent with the result for cells with 1 M LiNO3 and LiFSI added [83].

Figure 7 shows the synergistic effect of polysulfide and N additive dual salts in an ether-
based electrolyte. Adding only LiNOj to the cells leads to improved performance; however,
when LiNOj is added to the electrolyte as a dual salt with polysulfide, the performance is
dramatically improved [79,84,85]. The addition of polysulfide to LINO3 makes the lithium
metal surface significantly cleaner, as shown in Figure 7a. In Figure 7b,c,e f, both EIS spectra
and voltage profiles with and without LiINO3 addition show the stability of the modified
SEL It can be seen that by adding both, the internal resistance decreases. Figure 7d,g show
schematic diagrams of the stable evolution of the SEI layer when polysulfide and LiNOs
are used together in an ether-based electrolyte. Studies have shown that adding these two
salts to diethylene glycol dimethyl ether, diglyme (G2 solvent) improves the performance
through high solubility [79].
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Figure 7. Performance of cells adapted to ether-based electrolyte with polysulfides and N ad-
ditive. (a) Scanning electron microscope (SEM) image of lithium metal surface in dioxolane
(DIOX)/dimethoxyethane (DME) electrolyte. Electrochemical impedance spectroscopy (EIS) spectra
of Lil I Li cells with (b) LINO3 only and (c) polysulfide and LiNO3. (d) Schematic diagram of better
SEI layer generation. Voltage profile of Li | | Li cells in electrolyte with (e) LINO;3 only and (f) both
polysulfide and LiNOjs [85]. Reprinted with permission from Ref. [85]. Copyright © 2014 ELSE-
VIER. (g) Model of electrodeposition of ether-based electrolyte with polysulfide and LiNO3 on the
lithium metal surface of the applied cell [84]. Reprinted with permission from Ref. [84]. Copyright ©
2015 nature.



Batteries 2024, 10, 135

10 of 24

In addition, there are cases of batteries that can retain the performance of the cell for a
longer period by adopting the method of combining N additives with the self-healing electric
shield (SHES) mechanism, which shows electrostatic shielding behavior (Figure 8a) [86-88].
Not only does the addition of CsNOj3 [89], RbNOj3 [90], and KNOj salts [91] stabilize the
surface of the lithium metal anode due to the generation of N compounds, but spherical
lithium deposition and low resistance were observed due to K* ions causing electrostatic
shielding phenomena. This shows the possibility of increasing the coulombic efficiency
of lithium metal cells and even increasing their capacity, fast charge, and discharge. The
SHES mechanism is effective in preventing dendrites by reducing the concentrations of
Cs*, Rb*, and K*, which inherently have a higher reduction potential than Li*, and thus
their reduction potential will be lower than that of Li*. This mechanism consumes very
few metal cations. The reduction potential of the metal cations is strongly related to their
concentration, which follows the Nernst equation (Equation (3)).
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Figure 8. (a) N additive combined with the self-healing electric shield (SHES) mechanism.
(a) Schematic illustration of the SHES mechanism [86]. Reprinted with permission from Ref. [86].
Copyright © 2019 ELSEVIER. Scanning electron microscope (SEM) images of lithium metal surface us-
ing ether electrolyte (b) without KNOj3 and (c) with KNOs. (d) Coulombic efficiency of Li—Cu cells for
different concentrations of KNO3 added in 1 M LiTFSI in 1,2-dimethoxyethane (DME)/1,3-dioxolane
(DOL) electrolyte [91]. Reprinted with permission from Ref. [91]. Copyright © 2016 PubMed.
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Electrolytes containing K*, which is another shielding cation, have also been widely
studied for Li* plating/stripping stability [92,93]. Figure 8b,c show the SEM images
with and without KNO3 added. It can be seen that KNOj played a good role as a N
additive, resulting in high-density and stable lithium electrodeposition. Figure 8d shows
the coulombic efficiency of an asymmetric cell when KNOj is added to an ether-based
electrolyte. Compared with the bare electrolyte, the cell with 0.05-0.1 M of KNO3 shows
much improved performance.

3.2. Carbonate-Based Electrolytes

Carbonate-based electrolytes, which are widely used in commercial Li* ion batteries,
reductively degrade at voltages between 1.5 V and 0.6 V (vs. Li/Li*) to form an SEI layer
on the anode surface [94]. Because of their low oxidation stability, ether-based electrolytes
with a typical 1 M lithium salt undergo violent degradation in high-voltage (>4 V) batteries.
In comparison, carbonate-based electrolytes have excellent oxidation stability at high
voltages [95,96]. Therefore, to add N additives in electrolyte of commercialized high-voltage
batteries, the ether solvent must be converted into an ester solvent with high oxidation
stability [97]. However, N additives are almost insoluble in carbonate-based electrolytes,
which are organic solvents (approximately 0.012 M [98]) [45]. Several strategies have been
developed to address this problem. If the solubility issues are resolved, N additives can run
normally in carbonate-based electrolytes, and a stable SEI layer is formed. In carbonate-
based electrolytes, the N additive first reacts with the lithium metal anode to form an SEI
layer owing to its reduction potential being higher than that of the electrolyte components
(Figure 9a). Nowadays, through some processing, researchers are able to dissolve the N
additives in a carbonate-based electrolyte to create an SEI layer containing the N compound.
The SEI layer creates an appropriate pressure on the lithium metal surface and facilitates
the movement of Li* ions, resulting in the formation of a highly uniform spherical dendrite
compared to the bare electrolyte (Figure 9b,c). Therefore, in the following part of this
section, we will focus on the solubility of N additives in carbonate-based electrolytes.

Carbonates without LINO,
LINO, AANTR P W ir

DEC

Figure 9. (a) Reduction potential table of representative carbonate-based electrolyte materials [46].
Reprinted with permission from Ref. [46]. Copyright © 2012 SPRINGER NATURE. Scanning electron
microscope (SEM) images showing the effect of LiNOj; in carbonate-based electrolytes: (b) bare
(c) addition of LiNOj3 to simple ethylene carbonate (EC)/diethyl carbonate (DEC) [98]. Reprinted
with permission from Ref. [98]. Copyright © 2018 nature.

In general, strategies to aid the dissolution of N additives include introducing other
additives that can increase the solubility or using a binary electrolyte. The most popular
method used to improve the solubility of the N additive is to dissolve LiNOj3 in a carbonate-
based electrolyte using the solubilizing agent CuF,. Trace amounts of CuF, salts act as a
catalyst to promote the dissolution of LiNO3; without participating in the reaction within
the cell. Previous studies have suggested that the effect of CuF, is based on the fact that
compared to Li* ions, Cu?* ions exhibit a stronger affinity for NO3 ~, and that Cu?*-NO3 ~
complexes are formed in the EC/DMC electrolyte [99]. Figure 10b—e show the capacity
performance and EIS spectra of cells with LFP (areal capacity of cathode: 1.0 mAh cm™~2)
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and NCA (areal capacity of cathode: 2.5 mAh cm~2) cathodes for lithium metal batteries
containing CuF + LiNOgz in 1 M LiPFg in EC/DEC (1:1 v/v), respectively. Additionally, it
has been reported that the addition of CsF salts to conventional carbonate-based electrolytes
increases the solubility of LiINOj3 [100]. Because the Cs* ions in CsF salts have a minimum
charge compared to the metal ion radius, the solubility of LiNO3 can be increased through
cation size effects that lower the localization density of the charge. When the salts are
added together, few solvent-degraded molecules are found in the SEI layer and inorganic
molecules with relatively high mechanical strength are found. This can lead to significant
improvements in the capacity performance and ion migration resistance of lithium metal
batteries (Figure 10f-j). It has been reported that Sn** [101], AI**, and In®* [102] ions have
similar effects. The inhomogeneous electrodeposition of Li* ions is also inhibited by the
presence of Cs* ions, which exhibit an electrostatic shielding effect. The N 1s XPS spectra
show the composition of the SEI layer generated in the electrolyte and on the electrode
surface. The N 1s XPS spectra show that the N additive is well dissolved in the EC/DEC
electrolyte, and Li3N and LiNyOy, are generated in the SEI by the N additive at the electrode
interface (Figure 10a,f). Figure 10k shows that the solubility of LiNO3 with CsF is improved.
Solubilizers that use a similar mechanism to improve the solubility of N additives include
BF;3 [103,104], tris(pentafluorophenyl)borane (TPFPB) [105], and tin(II) [106].
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Figure 10. Performance of cells with solubilizers (salts) of N additive. (a,f) N 1s X-ray photoelectron
spectroscopy (XPS) spectra in ethylene carbonate (EC)/diethyl carbonate (DEC) electrolyte without/with
the N additive. (b—e) Performance of Li| | LFP and Li| INCA cells using 1 M LiPF; dissolved in EC/DEC
(1:1 v/v) with trace amounts of CuF and 1.0 wt% LiNOj3 [99]. Reprinted with permission from Ref. [99].
Copyright © 2018 WILEY-VCH. (g-j) Performance of Li| | LFP cell using 1 M LiPFq in EC/DEC (1:1 v/v)
dissolved with 0.5 wt% CsF and 0.5 wt% LiNOs3. (k) Visible solubility difference between electrolytes with
dissolved pure LiNO3 and both CsF and LiNOj3 in EC/DEC electrolyte [100]. Reprinted with permission
from Ref. [100]. Copyright © 2023 Royal Society of Chemistry.
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In addition, there are some strategies using a binary electrolyte that facilitate the
dissolution of LiNOj3. Pyridine has a high donor number (DN), which is a measure of the
ability of the solvent to solubilize cations and Lewis acids, and has been shown to dissolve
up to 4.5 M LiNOj3. By adding a small amount of saturated LiNO3-pyridine solvent to 1 M
LiPF¢/EC-ethyl methyl carbonate (EMC)-DMC (1:1:1 vol%), the effect of adding LiNOs3
lithium salt to a carbonate-based electrolyte can be achieved [107]. Figure 11a,c,d,f show
that the N additive dissolved in pyridine solvent dissolves well in the carbonate-based
electrolyte. The N additive dissolved in the pyridine solvent dissolves in a carbonate-
based electrolyte while reducing the overvoltage and ion migration resistance of the cell
(Figure 11b,e). Tetraethylene glycol dimethyl ether (TEGDME) [108,109] with a wide po-
tential window can improve cycling performance through the influence of LiNOs salts.
Figure 111 shows a schematic illustration of the activity of TEGDME in an electrolyte.
TEGDME can change the solvation structure of Li* ions in the electrolyte, which pro-
motes the dissolution of the N additive in the carbonate-based electrolyte. Thus, TEGDME
can reduce the overvoltage and Li* ion migration resistance of the cell (Figure 11g,h,i).
Figure 11j,k show enhanced cycling performance resulting from the activation of TEGDME.
In addition, additives using solvents such as EC/LiDFOB electrolytes with a small amount
of TEP/LiNOj solvent to improve the solubility of N additives in carbonate-based elec-
trolytes are widely known [110]. Additionally, gamma-butyrolactone (GBL) solvent has
a high DN, which leads to the high solubility of LiNOj3, and studies are being conducted
in this regard to dissolve LiNO3 and add it to carbonate-based electrolytes to confirm the
effectiveness of N additives in carbonate-based electrolytes [111].
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Figure 11. Performance of cells with solubilizers (solvents) of N additive. (a—e) Performance of
cells with pyridine solvent dissolved LiNOj in carbonate-based electrolyte: (a) Fourier transform
infrared spectroscopy (FTIR); (b) voltage profile, N 1s X-ray photoelectron spectroscopy (XPS) spectra
(c) without and (d) with pyridine solvent including N additives, and (e) electrochemical impedance
spectroscopy (EIS) spectra. (f) The picture of bottles for checking solubility [107]. Reprinted with
permission from Ref. [107]. Copyright © 2021 Royal Society of Chemistry. (g-k) Performance of cells
with tetraethylene glycol dimethyl ether (TEGDME) solvent dissolved LiNOj3 in carbonate-based
electrolyte: EIS spectra (g) without and (h) with TEGDME solvent including N additive, (i) voltage
profile and (j k) cycle performance. (1) Schematic representation of the solvation structure of an
electrolyte [108]. Reprinted with permission from Ref. [108]. Copyright © 2020 PubMed.
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In the above discussion, a strategy of using additives focusing solely on solubility was
introduced. However, this method does not have a significant effect on the performance
of the cell because it involves injecting salt into the electrolyte, which has no effect on
performance. Therefore, research has been conducted to identify additives that can have a
positive effect on performance. This section covers dual salts and binary electrolytes, which
have a synergistic effect that can simultaneously improve performance while increasing
solubility. In a 1.0 M LiPF¢ in 1:1 v/v ethylene carbonate (EC)/diethyl carbonate (DEC)
electrolyte saturated with LINO3 dual salt electrolyte, the two salts increase the stability of
the lithium metal cathode through a competitive dissolution mechanism. In this electrolyte,
the NO3™ anion changes the dissolution structure by relaxing the interaction between
the solvent molecules and Li* ions, and the preferential reduction of NO;~ promotes the
formation of a mineral-rich SEI film and prevents the preferential degradation of the LiPFg
salt, which can be continuously utilized for charging and discharging [98]; 1.0 M LiPFs and
1.1 wt% LiNOj dissolved in fluoroethylene carbonate (FEC)/DMC/DME (3.5:3.5:3 vol%)
(FEC/LiNOQO3 electrolyte) shows a significant increase in the capacity performance and
coulombic efficiency of the cell (Figure 12a), and a significant decrease in the interfacial
resistance growth trend compared to the conventional 1.0 M LiPFs EC/DEC-using cell
(Figure 12b) [112]. LiNOs is not the only N additive, and other N additives can indeed
be used with equal efficacy. In a cell with 0.05 M Y(NOs3); and 5 vt% FEC added into 1 M
LiPFq in EC/DMC (1:1 vol), molecular dynamics simulations show that due to the unfixed
coordination number of rare earth cations, the Y cation changes the solvation structure of
Li* ions in the electrolyte. Consequently, it has better solubility than LiNOj3 in carbonate-
based electrolytes [113]. When combined with fluoroethylene carbonate (FEC) in the same
electrolyte, the interstitial groups generated by the electrochemical reaction favor dense
lithium deposition. Consequently, stable and high coulombic efficiencies are achieved for
Li/Cu cells in commercial carbonate electrolytes using these additives (Figure 12c). Li/Li
symmetric cells can be operated for more than 1000 h at a current density of 1 mA cm~2. In
addition, the NCM811/Li full cell exhibits excellent cycling stability and improved rate
performance [113]. The solubility-increasing effect of FEC is also observed in the interaction
with KNO3 [93].
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Figure 12. Cycling performance of cells with (a) FEC/LiBOB with LiNO; [112], (c) FEC with
YNO; [113], (d) 1 M LiPFg in EC/DEC electrolyte and added LiNO3-VC additive [114]. Reprinted
with permission from Ref. [112]. Copyright © 2018 Wiley—VCH. Reprinted with permission from
Ref. [113]. Copyright © 2022 ELSEVIER. Reprinted with permission from Ref. [114]. Copyright © 2015
Elsevier. EIS spectra of cells with (b) FEC/LiBOB with LiNO;3 [112], (e,f) 1 M LiPF4 in EC/DEC elec-
trolyte and added LiNO3-VC additive [114]. Reprinted with permission from Ref. [112]. Copyright ©
2018 Wiley—VCH. Reprinted with permission from Ref. [114]. Copyright © 2015 Elsevier.

Here is a similar example of improving cell performance by adding a solvent and salt
together with the N additive. As mentioned earlier, changing the solubility structure of the
N additive is the most widely used method for increasing the solubility of the N additive
in carbonate-based electrolytes. In the cell that immediately follows, RbPFg, LiNO3, and
18-crown-6 are added together to an FEC/EC/DEC electrolyte [115]. The low LUMO and
high highest occupied molecular orbital (HOMO) of 18-crown-6 in 18-crown-6-Rb* elec-
trolytes, based on the shielding layer effect surrounding the nucleus, can prevent Li* from
being deposited on the lithium dendrites by the resulting Rb(18-crown-6)* complexes while
preventing the reduction of Rb* to lithium metal in conventional electrolytes. Moreover,
the coordination of Rb(18-crown-6)* can promote the solubility of the N additive in the
carbonate-based electrolytes. The cell exhibits a high coulombic efficiency owing to the
high stability caused by the SHES effect, in addition to the N additive effect, indicating the
possibility for practical use. Additionally, vinylene carbonate additives have been reported
to exhibit good performance when dissolved in carbonate-based electrolytes with LiNOs.
Figure 12d—f show that the LiNO3-VC dual additive exhibits improved performance in
terms of coulombic efficiency and ion transfer resistance [114]. In addition, a study showing
the synergy effect of LiFSI, LiPFg and LiNOj in a carbonate-based electrolyte has been
reported [116].

The above method has been adopted as an excellent strategy for utilizing the efficacy
of N additives; however, only a relatively small quantity of LiNO3 can be dissolved in
the electrolyte, leading to the rapid depletion of LiNO3; with self-sacrificial properties.
Although the method has been shown to effectively inhibit dendritic cells and significantly
improve cycling performance, the high cycling performance of lithium metal batteries
cannot be maintained for a long time. Therefore, another approach has been developed to
overcome the high solubility barrier of carbonate-based electrolytes. Researchers use cells
containing LiNO3 nanoparticles encapsulated in porous polymeric gels [98,117]. This can
provide 10 times more N than the direct dissolution of a typical N additive, allowing the
effect of the N additive to last longer. Thus, we found a method to sustain the effectiveness
of N additive, even with low solubility. Figure 13a,c show that the capsulated LiNO;
is well dissolved in the carbonate-based electrolyte, and the N compounds form an SEI
layer. Figure 13b shows the fabrication process for the polymer capsule and a schematic
of the resulting SEI layer. In addition, to achieve sustained dissolution of N additives
with similar performance, metal-organic frameworks (MOFs) have been introduced [118].
Figure 13e shows a schematic representation of the process of LiNO3; encapsulation in
MOFs. Figure 13d shows the XPS spectra of the lithium metal surface of the cell utilizing
the MOFs. It can be seen that the N compound is clearly dissolved in the electrolyte to form
the SEI layer.
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Figure 13. N 1s X-ray photoelectron spectroscopy (XPS) spectra confirm that the capsulated N
additive is continuously soluble in the electrolyte with (a) polymer gel-capsulated LiNO3; and
(d) metal-organic frameworks (MOFs). Performance enhancement with capsulated N additive.
(c) Coulombic efficiency of 1.0 M LiPF¢ ethylene carbonate (EC)/diethyl carbonate (DEC) electrolyte
with and without LiNOj [98]. Reprinted with permission from Ref. [98]. Copyright © 2018 nature.
(b,e) Schematic illustration of the two types of capsule mockups and the solid electrolyte interphases
(SEISs) that are generated by polymer gel with capsuled LiNOj3 [118]. Reprinted with permission from
Ref. [118]. Copyright © 2020 Springer Nature.

3.3. The New Approach in Carbonate-Based Electrolytes: Solubilizer-Free N-Based
Electrolyte Additive

As mentioned earlier, the solubility of N additives in carbonate-based electrolytes is
extremely low. Therefore, attempts to dissolve N additives in carbonate-based electrolytes
are ongoing, focusing on strategies that utilize solubilizers [119]. The development of
1-trimethlsilyl imidazole lithium nitrate adduct (TMSILN) is expected to provide a different
direction, as it does not require the presence of other additives to increase the solubility of
the N additive. This newly developed N additive improves the solubility of LiNOj salts,
which are poorly soluble in carbonate-based electrolytes, allowing them to be dissolved in
more than 1 M. TMSILN contains LiNO3 and 1-trimethlsilylimidazole (1-TMSI) moieties,
and the cationic bond between the two substances creates a LiNOj3 derivative that can be
dissolved in a carbonate-based electrolyte, thereby increasing its solubility in the electrolyte.
This study showed that the trimethylsilyl functional group in the TMSI portion can react
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(a)

(c)

with the trace amount of H,O contained in the cell to inhibit the degradation of LiPFg
by inhibiting HF formation and improving electrochemical performance. In this study,
it is demonstrated that TMSILN-added carbonate-based electrolytes can induce uniform
spherical lithium electrodeposition and form an SEI layer with N compounds, which can
benefit from the effect of LiNOj to stabilize the SEI layer.

Figure 14a,b show that the TMSILN is readily soluble in 1 wt% LiNOs3, unlike the
pure LiNOj salt, which is not soluble in more than 0.5 wt% of carbonate-based electrolyte
and precipitates to the bottom. This indicates that the TMSILN salt is highly soluble in
the original carbonate electrolyte, which is significantly different from the solubility of
the N additive in the original carbonate electrolyte. The XPS spectra (Figure 14c,d) of
the lithium metal cathode surface show that the carbonate-based electrolyte containing
TMSILN contains N compounds. In addition, silicon-containing fragments of the TMSILN
additive, which are expected to be included in the SEI layer, are not found because the
reduction reaction of the N compound is superior to other electrolyte compositions.
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Figure 14. The rationale of dissolving LiNOj in carbonate electrolyte. (a,b) Photographs of pure
LiNOj3 and 1-trimethlsilyl imidazole lithium nitrate (TMSILN) dissolved in ethylene carbonate
(EC)/ethyl methyl carbonate (EMC) (3:7 vol%) electrolyte. (c) N 1s XPS spectra of lithium metal
surface in pure EC/EMC (3:7 vol%) electrolyte, (d) EC/EMC (3:7 vol%) electrolyte containing
1 wt% TMSILN [119]. Reprinted with permission from Ref. [119]. Copyright © 2023 American
Chemical Society.

Here, we discuss the dendrite inhibition effect of carbonate-based electrolytes contain-
ing TMSILN. Carbonate-based electrolytes with TMSILN can have a lower overvoltage and
polarization and improved cycle performance compared to electrolytes without additives
(Figure 15a). A comparison of the cycle stability of the cell with an ether-based electrolyte
and that with a carbonate-based electrolyte containing TMSILN with a high-voltage anode
(Figure 15b) shows that the carbonate-based electrolyte with TMSILN does not decompose
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at the anode operating voltage. It can also be seen that the cycle performance is improved
compared with that of the pure carbonate-based electrolyte. Inhomogeneous dendrites
are observed on the lithium metal surface of the Li-Li cell with the carbonate electrolyte
without additives (Figure 15c). However, in the electrolyte containing TMSILN, large,
spherical, and uniform lithium dendritic crystal electrodeposits are observed (Figure 15d).
This uniform dendrite formation can significantly reduce the risk of short circuits caused
by dendrites. Thus, the TMSILN electrolyte additive, containing N compounds in the SEI
layer, can fulfill the role of a N additive.
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Figure 15. Effect of the N additive in a carbonate-based electrolyte containing 1-trimethlsilyl imidazole
lithium nitrate (TMSILN). (a) Comparison of overvoltage graphs over time for pure carbonate-
based electrolyte and carbonate-based electrolyte containing TMSILN. (b) Cycling performance
of NCM622/Li cell with pure ethylene carbonate (EC)/ethyl metyl carbonate (EMC) (3:7 vol%)
electrolyte and EC/EMC (3:7 vol%) electrolyte containing TMSILN. The graph in the lower left
shows the constant current cycling performance of the NCM622/Li cell in 1 M LiPFg 1,3-dioxolane
(DOL)/1,2-dimethoxyethane (DME) (1:1 v/v) with 1 wt% LiNOj. Field emission scanning electron
microscope (FE-SEM) images showing lithium electrode morphology after primary electrodeposition
at 1 mA cm~2 for 1 mAh cm~2 in Li/Li symmetric cells applying (c) pure carbonate-based electrolyte
and (d) carbonate-based electrolyte containing TMSILN [119]. Reprinted with permission from
Ref. [119]. Copyright © 2023 American Chemical Society.

The development of TMSILN is significant because it shows that LiNO3 additives,
which have only been used alone in ether-based electrolytes, can stabilize the lithium
precipitation behavior of lithium metal surfaces in carbonate-based electrolytes and can
be an important indicator of the possibility of using them alone. Although it is good that
several studies are being conducted to explore various possibilities using the stable state of
lithium metal anodes in ether-based electrolytes, carbonate-based electrolytes are needed
for commercialization, and thus further research, such as the aforementioned, should be
conducted for commercialization, with this invention leading the way.
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4. Summary and Conclusions

The main obstacle to implementing lithium metal anodes with their high theoretical
capacity in batteries is the formation of lithium dendrites and the resulting electrochemical
degradation and safety issues. Various strategies have been proposed to address these
challenges. Among these, electrolyte additives offer a straightforward and cost-effective
solution. There are many types of electrolytes, but this review focuses on ether-based and
carbonate-based electrolytes. Ether-based electrolytes have the advantage of good reduc-
tion stability for lithium metal anodes. Therefore, lithium metal batteries are extensively
investigated in ether-based electrolyte environments, which has led to the discovery of the
potential utilization of N additives. The N additive reacts with the lithium metal anode
prior to other components in the electrolyte, forming a stable SEI layer, which increases
the coulombic efficiency, capacity, and stability of the lithium metal batteries. However,
ether-based electrolytes are prone to decomposition because of their low oxidation stability
at high voltages. Therefore, the utilization of carbonate-based electrolytes is necessary due
to their more stable properties at high voltages. However, implementing this strategy is
challenging. N additives demonstrate poor solubility in carbonate-based electrolytes. To
address this challenge and mitigate dendrite formation on lithium metal anodes, thus mak-
ing them commercially viable, extensive research efforts have been dedicated to enhancing
the solubility of N additives in carbonate-based electrolytes (Table 1). Most studies have
adopted the strategy of adding N additives to carbonate-based electrolytes with solubilizers.
Alternatively, they dissolve the additives in any solvent with high solubility for N additives
and add small amounts to carbonate-based electrolytes. However, this approach may not
effectively address unexpected chemical reactions, and it can be challenging to demonstrate
its potential for further development. Recently, a new approach has been reported, in
which a highly soluble N additive (TMSILN) in carbonate-based electrolyte without the
need for any solubilizer has been synthesized. Although this research offers a new method
to increase the solubility of N additives without the need for a solubilizer, more extensive
research is needed to explore such new strategies for the stable utilization of lithium metal
in batteries.

Table 1. Comparison of properties of dual salts for solubility enhancement.

. - Capacit Coulombic
Additive Solubility Reten tio}rll Efficiency Others Reference
o Formation SEI with
LiFSI 2M 98.5% (425 cycles) 47'3_52'17 % (100 LiF-Li3N-LiNxOy on [80]
cycles) lithi
ithium metal surface

A catalyst not

CuF 1 wt% 53% (300 cycles) 99.5% (300 cycles)  participating in reactions [97]
within the battery

A catalyst not

Tin(II) 5 wt% 89.6% (130 cycles) 98.4% (300 cycles) participating in reactions [99]
within the battery
CsF 0.5 wtd% N/A ~98% (200 cycles) Synergy effect with 98]
’ SHES effect
Adding 1 wt% to a ~95.86% (80 h,
Pyridine solvent dissolved N/A 1mAh cm~2, High DN [105]
in 4.5 M LiNO; 1 mA cm™2)
s .
TEGDME 3 wi% 87.3% (250 cycles)  98.2% (350 cycles) lonrrsglgiaﬁt;zﬁsgwure [106]
High DN

GBL 05M ~80% (100 cycles)  ~98.8% (200 cycles) Li* ion solvation structure [109]

modification

Lithium nitrate-

TMSILN 1wt% 90% (300 cycles) N/A containing salt. [117]

No required
additional additives
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