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Abstract: The instability of carbonate electrolyte with
metallic Li greatly limits its application in high-voltage
Li metal batteries. Here, a “salt-in-salt” strategy is
applied to boost the LiNO3 solubility in the carbonate
electrolyte with Mg(TFSI)2 carrier, which enables the
inorganic-rich solid electrolyte interphase (SEI) for
excellent Li metal anode performance and also main-
tains the cathode stability. In the designed electrolyte,
both NO3

� and PF6
� anions participate in the Li+

-solvent complexes, thus promoting the formation of
inorganic-rich SEI. Our designed electrolyte has
achieved a superior Li CE of 99.7%, enabling the high-
loading NCM811 j jLi (4.5 mAhcm� 2) full cell with N/P
ratio of 1.92 to achieve 84.6% capacity retention after
200 cycles. The enhancement of LiNO3 solubility by
divalent salts is universal, which will also inspire the
electrolyte design for other metal batteries.

Introduction

Lithium metal batteries (LMBs) using high-voltage
(>4.3 V) lithium transition metal oxide cathodes such as
LiNi0.80Co0.15Al0.05O2 (NCA) and LiNi0.8Mn0.1Co0.1O2

(NMC811) are the most promising energy storage systems
due to the high energy density.[1–6] However, the dendrite
growth and low Coulombic efficiency (CE) of Li metal
anodes, cracking evolution and the serious side reactions

between electrolytes and the Ni-rich cathodes under high
voltage greatly reduce the cycle life.[7–9] Due to the highly
reductive nature of metallic Li, all the organic solvents and
salt anions will be reduced on the Li metal surface, forming
solid electrolyte interphase (SEI).[10–13] For commercial
carbonate electrolytes, an organic–inorganic SEI is always
formed due to the simultaneous reduction of solvent and
anions. It cannot effectively suppress Li dendrite growth
because the organic–inorganic SEI is strongly bonded to Li
and cannot accommodate large volume change of Li, as
demonstrated by a low CE of <90% for Li plating/stripping
cycles. Since LiF-rich interphase has low bonding energy to
Li and lithium transition metal oxide cathode, it can
accommodate the large volume change during cycling. In
addition, LiF has a low solubility in electrolytes and high
anodic stability to support high-voltage cathode chemistries,
LiF-rich interphase is preferred for high-energy Li j j
NMC811 cells. To form LiF-rich interphase on both anode
and cathode, the complexation property of electrolyte
solvation needs to be regulated.

When lithium salts are dissolved into the solvents, Li+

-solvent complexes are formed. The chemical species in the
primary Li+-solvent coordination shell are believed to be
preferentially reduced and dominate the interfacial
chemistry.[14,15] Typically, the solvent reduction by metallic
Li will form organic–inorganic components while carbon-
free inorganic anion reduction by metallic Li only forms
inorganic components. Therefore, an inorganic SEI will be
formed if the inorganic anions have a higher reduction
potential and the amount of them is larger than that of the
solvent in the first solvation sheath. With a lower reduction
potential than carbonate solvents, ether solvents can
decrease the organic content in SEI by suppressing solvent
reduction but have the inherent weaknesses of low anodic
stability. To enhance the anodic stability to support high-
voltage cathode as well as achieve high Li plating/stripping
CE, the bulk or local salt concentration in ether electrolytes
has been increased to form anion-derived inorganic-rich
interphase on both Li anode and on high-voltage cathodes,
which boosts the Li CE to 99.5% and enable the LMBs with
stable cycling performance.[16–19] Attentively, using fluori-
nated ether solvent can also form LiF-rich SEI on Li and
robust CEI on the cathode, achieving a long-cycling life of
Li j jNMC811 cells.[20] However, Li CE in the best ether
electrolyte is still much lower than graphite anode (99.98%),
and the thermal and anodic stability of ether electrolytes still
needs further improvement.

The carbonate electrolytes usually promote the forma-
tion of organic-rich SEI on Li metal surface due to its
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relatively high reduction potential. However, their high
stability in anti-oxidation and against thermal runaway is
still quite attractive for high-voltage LMBs, especially with
fluorinated carbonate electrolytes. The inorganic-rich SEI
can still be formed in carbonate electrolytes by fluorinated
carbonate electrolytes,[21,22] highly concentrated electrolytes
(HCEs) or localized HCEs,[23,24] or by adding inorganic salts
that have a high reduction potential than carbonate
solvents.[25,26] Lithium nitrate (LiNO3) has a higher reduction
potential than LiPF6 and LiFSI, and can participate in the
Li+ solvation sheath to form inorganic SEI on Li metal
anode.[27] Besides, the nitrate anion (NO3

� ) has a lower
activation energy than other types of anions, which will be
preferentially adsorbed in the inner Helmholtz plane (IHP)
with the closer proximity to Li metal surface[28–30] and thus
being firstly reduced to form the interphase for protecting
the metallic Li. In addition, with three oxygen atoms
carrying a � 2/3 charge and one nitrogen atom carrying a +1
charge, the NO3

� with resonance structures can easily react
with metallic Li due to its strong oxidizing ability. This will
promote inorganic Li2O, LiNxOy and Li3N species in the
resulted SEI, which can improve the stiffness and ionic
conductivity of the electrode interphase.[31,32] However, the
rather low solubility of LiNO3 in carbonate solvents has long
restrained its application. To enhance the solubility of
LiNO3 in carbonate electrolytes, various solvents with a high
solubility to LiNO3 were used as carriers to form solvent-in-
salt solution additives. Dimethyl sulfoxide,[32] γ-
Butyrolactone,[33] tris(pentafluorophenyl)borane,[34] and
sulfolane[35] carriers have largely increased the LiNO3

solubility in carbonate electrolytes, successfully leading to
N-rich inorganic SEI on Li. However, the solvents in these
designed solvent-in-salt additives also participate the Li+

solvation structure, forming organic SEI due to reduction
reaction and limiting the Li CE to 99% especially at a
practical capacity loading of>3 mAhcm� 2.[36–38] To avoid the
side impact of solvent carriers, salt-in-salt additive was also
developed into electrolytes. For example, CuF2-in-LiNO3

additive was used for ester electrolytes.[39] However, the Cu-
cation reduction also affects the Li plating/stripping effi-
ciency to a value around only 98%. Exploring the multifunc-
tional salt-in-LiNO3 additives has not been realized to
simultaneously enhance LiNO3 solubility in carbonate elec-
trolytes and also promote formation of inorganic SEI for
superior Li CE (>99.5% at>3 mAhcm� 2), which is highly
expected for the practical application of LMBs.

In this contribution, multivalent salts are applied to
enhance the LiNO3 solubility in the carbonate electrolyte
and multivalent cations also regulate Li+ solvation structure
to reinforce anion absorption as well as reduction on the Li
surface. Three multivalent salts with weakly coordinating
anions (magnesium bis(trifluoromethanesulfonyl)imide (Mg-
(TFSI)2), zinc bis(trifluoromethanesulfonyl)imide (Zn-
(TFSI)2) and aluminum trifluoromethanesulfonate (Al-
(OTf)3)) have been used as carriers to enhance the LiNO3

solubility in the FEC-EMC based carbonate electrolyte. In
the designed electrolytes, NO3

� successfully participates in
the primary Li+ solvation sheath and restrains the solvent
molecular inside. Meanwhile, the electrostatic interaction

between anions and multivalent cations also promotes more
NO3

� and PF6
� anions adsorption in the IHP for the

inorganic-rich SEI formation. The 1.0 M LiPF6-0.125 M
LiNO3-0.025 M Mg(TFSI)2 in FEC-EMC electrolyte has
achieved a record-high CE of 99.7% at a high capacity of
4.5 mAhcm� 2, enabling the NCM811 j jLi full cells with the
same areal capacity under a low N/P ratio of 1.92 to achieve
a capacity retention of 84.6% after 200 cycles. The salt-in-
salt approach presents a sustainable SEI design for aggres-
sive electrochemistry, whose unexplored ion-solvation struc-
ture, electric double layer, and interfacial chemistry also
provide exciting insights for the further developments of
next-generation batteries.

Results and Discussion

When 25 mmol LiNO3 was added into the baseline 1.0 M
LiPF6 in FEC-EMC (3 :7 by vol.) electrolyte (BE), distinct
LiNO3 precipitation appears at the solution bottom due to
the low solubility of LiNO3 in carbonate electrolytes.
However, the transparent solution is maintained when even
125 mmol LiNO3 is added into the same electrolyte using
25 mmol Mg(TFSI)2, Zn(TFSI)2 or Al(OTf)3 as the carrier
(Figure S1). The significantly enhanced solubility of LiNO3

in carbonate electrolytes is attributed to the solvating ability
of multivalent salts. The average CE for Li plating/stripping
was evaluated using a 10-cycle protocol after a precondition-
ing formation cycle in the Li j jCu cell. As shown in
Figure S2, at a current density of 0.5 mAcm� 2 with a
capacity of 0.5 mAh cm� 2, the metallic Li CE in BE is only
96.5%, while LiNO3-reinforced electrolytes carried by multi-
valent salt (Mg(TFSI)2 or Zn(TFSI)2 or Al(OTf)3) achieve a
high Li CEs of>98.8%. The electrolyte with Mg-
(TFSI)2� LiNO3 additive (denoted as BE MgLN) even
achieves a record-high CE of 99.6%. The Li CE value
increases following the order of 96.5% (BE)<98.8%
(LiPF6� LiNO3� Zn(TFSI)2 in FEC-EMC, denoted as BE
ZnLN)<98.9% (LiPF6� LiNO3� Al(OTf)3 in FEC-EMC,
denoted as BE AlLN)<99.6% (LiPF6� LiNO3� Mg(TFSI)2
in FEC-EMC, denoted as BE MgLN). Among these three
kinds of electrolytes, BE MgLN electrolyte shows the
highest Li CE and appeals the focus for further investiga-
tion. The Li CEs in the BE and BE MgLN electrolytes were
also evaluated and compared at different capacities. As
shown in Figures 1a and 1b, with the increasing Li plating/
stripping capacity from 0.5 to 4.5 mAh cm� 2 at the fixed
current of 0.5 mAcm� 2 and Li utilization of 50% (Li
utilization=cycling capacity/pre-deposited capacity), the Li
CEs in BE show a fluctuation between 96.4% and 97.4%,
while the value in BE MgLN increases from 99.4% at
0.5 mAhcm� 2 to 99.7% at 4.5 mAhcm� 2. The high Li
plating/stripping CE of 99.7% at a high capacity of
4.5 mAhcm� 2 is one of the highest values reported in all
carbonate and ether electrolytes (Table S1). Meanwhile, at
1.0 mAcm� 2 with 1.0 mAhcm� 2, the CE can also achieve a
high value of 99.6% with 50% Li utilization (Figure S3).

The typical morphology of Li metal was characterized
using scanning electron microscopy (SEM) after

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202210522 (2 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2022, 43, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202210522 by U

niversity O
f M

aryland, W
iley O

nline L
ibrary on [28/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4.5 mAhcm� 2 Li metal electrodeposited on Cu substrate in
both electrolytes, which are displayed in Figures 1c–f. The
deposited Li in the BE has nodule-like (dendrite) morphol-
ogy and is loosely aggregated together (Figure 1c,d). The
needle-like dendrites with the porous structure can be
clearly observed at the higher magnification scale, which
reveals the unsteady Li deposition in BE. In contrast, largely
bulk Li tightly connected with each other is found in the BE
MgLN electrolyte (Figure 1e,f). The chunky Li particles are
growing in a planar direction with a much denser structure,
which proves the homogeneous Li plating behavior in BE
MgLN. The Li metal SEI and protection mechanism will be
discussed in the interphase component analysis later. More-
over, the cross-sectional morphology of the deposited Li was
also observed by etching Li metal using the Ga+ ion beam
sputtering (5 μm×5 μm area). As shown in the SEM images
in Figure S4 and Figure 1g, the Li deposited in BE is loosely
stacked with significant void propagating throughout the
whole film. Therefore in BE, the Li dendrite growth with a
porous structure leads to the accumulated SEI with a large
contact area between deposited Li and electrolyte, thus
resulting in the lower CE along the cycling. However, a
much dense packed Li metal is observed in BE MgLN
electrolyte (Figure 1h), which is in good agreement with the
top-view morphology (Figure 1f) and the high CE (Fig-
ure 1b). Similar morphology difference is also found on the
2 mAhcm� 2 Li, as shown in Figure S5. The sharp differences
of Li CE and Li morphology in those two electrolytes
demonstrate that the advanced SEI formed in BE MgLN
electrolyte greatly suppresses the Li dendrite growth.

The coordination-solvation structures of electrolytes
with or without salt-in-salt additive were characterized by
Nuclear Magnetic Resonance (NMR) spectroscopy. The
deuterated chloroform (CDCl3) is applied as the internal
reference solvent for the chemical shift, of which the carbon
has triplet peaks around 77 ppm with the same intensity due
to deuterium coupling. As displayed in Figures 2a,b and
Figures S6,S7, the 13 C chemical shift in the BE exhibits a
downfield shift compared with the pure FEC-EMC solvent.
It proves the reduced interaction between Li+ and ester
molecules in the solvation sheath and thus the electron
density around the carbon nucleus decreases due to the
deshielding effect. However, with Mg(TFSI)2� LiNO3 addi-
tive, all chemical shifts of 13C in the carbonate solvents
gradually shift upfield, indicating the higher electron density
around the nucleus. It demonstrates that more NO3

� and
TFSI� anions have participated in the solvation structure of
Li+ and replaced EMC and FEC molecular, thus weakening
their dipolar interaction and resulting in the shielding effect.
Meanwhile, the 7Li spectra also confirm the changes of
solvation chemistry. The 7Li chemical shift of BE MgLN
(� 0.770 ppm) is slightly larger than that of BE electrolyte
(� 0.783 ppm) (Figure 2c), demonstrating the deshielding
effect of the Li+ solvation sheath. Mg2+ cations are also
involved in solvation structures due to the higher charge and
strong electron-withdrawing properties, thus reducing the
solvent molecule number surrounding the Li+ as well as the
electron density. Based on the NMR characterizations,
NO3

� anions in BE MgLN electrolyte have participated in
the primary Li+ solvation sheath and Mg2+ cations on Li
SEI surface also attract NO3

� and PF6
� adsorption. The

involvement of both the Mg(TFSI)2 and LiNO3 in the
coordination-solvation structure of the BE MgLN electro-
lyte promotes the reductions of PF6

� and NO3
� anions to

form/heal inorganic SEI. The reduction potential of NO3
� is

also evaluated using cyclic voltammetry (CV) in Li j jCu cell

Figure 1. The Li Coulombic efficiency and the electrodeposited Li
morphology in different electrolytes. a,b) The typical Li plating/
stripping profile and Li CE in BE and BE MgLN electrolytes at
0.5 mAcm� 2 with different areal capacity under 50% Li utilization. c–
f) Typical SEM images of the plated Li in BE (c,d) and BE MgLN (e,f)
electrolytes. Metallic Li is electrochemically deposited on the bare Cu
substrate at 0.5 mAcm� 2 with 4.5 mAh cm� 2. g,h) The cross-sectional
density comparison of the plated Li metal in BE (g) and BE MgLN (h)
electrolytes, of which the crater was sputtered by the Ga+ ion beam.

Figure 2. The solvation structure characterization in BE and BE MgLN
electrolytes. a,b) The 13C nuclear magnetic resonance (NMR) spectra of
pure FEC-EMC solvent, BE and BE MgLN electrolytes. c) 7Li NMR
spectra in BE and BE MgLN electrolytes.
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at a scanning rate of 0.1 mVs� 1. As shown in Figure S8, the
BE MgLN shows a distinct reduction peak around 1.5 V
during the cathodic scan, which can be attributed to the
reductive decomposition of NO3

� for the inner SEI on the
Li metal surface. Since polyanionic structures reduce the
electrostatic force of NO3

� with Li+, the solubility of LiNO3

in carbonate electrolytes is enhanced. The involvement of
both the Mg(TFSI)2 and LiNO3 in the coordination-
solvation structure of the BE MgLN electrolyte also reduces
the desolvation energy, which will increase the charge-
transfer reaction rate. The exchange current density (io) of
Li plating/stripping was measured in symmetrical Li j jLi
cells using linear sweep voltammetry (LSV) between -0.2 to
0.2 V at a scan rate of 1.0 mVs� 1 (Figure S9). The io in the
BE MgLN (46 μAcm� 2) increased by around 35% more
than that in the BE electrolyte (34 μAcm� 2), which also
validates the better kinetic properties for homogeneous Li+

transport in our designed electrolyte.
Since the reduction potential of 25 mmol Mg2+ cations is

0.63 V vs. Li (-2.41 V vs. SHE), thermodynamically, Mg2+

may be reduced into metallic Mg on the Li surface if Mg2+

can diffuse through SEI. However, the dynamic diffusion of
Mg2+ through SEI is extremely slow,[40,41] preventing its
reduction on Li metal covered with SEI. The possibility for
Mg2+ reduction on Li was investigated by inductively
coupled plasma (ICP), which monitors the Mg2+ concen-
tration during the Li plating process in a home-designed T-
type Li j jCu cell with flooded BE MgLN electrolyte Fig-
ure 3a). As shown in Figure 3b, the Mg2+ amount in electro-
lytes does not decrease under the whole rest or different Li
plating statue of the Li j jCu cell. Even after 4.0 mAhcm� 2

Li are plated on Cu, the Mg2+ concentration in the BE
MgLN is still comparable to its initial value. In addition, to
measure Mg2+ concentration in BE MgLN electrolyte, Mg
concentration on Li metal was also monitored using time-of-
flight secondary ion mass spectroscopy (ToF-SIMS). As
shown in Figures 3c,d, the 4 mAhcm� 2 electrodeposited Li
metal is carved by the Ga+ ion beam over a 10 μm×10 μm

area for the element spectroscopy. Only a very limited
amount of Mg has been detected on the surface layer, and
its signal has decreased rapidly in the whole 14 μm
sputtering depth, proving that no Mg2+ ions have been
deposited inside the Li metal but only on the SEI surface.
Meanwhile, highly sensitive X-ray photoelectron spectro-
scopy (XPS) is employed to analyze the chemical composi-
tion on SEI surface. As displayed in Figure S10a, the Mg
signal in SEI is always quite weak during the different Li
plating capacity. The main element components in the SEI
are Li, C, F and O. The Mg 1s spectra all remain the same
position of Mg2+ around 1304 eV (Figure S10b). Theoret-
ically, there should also be no Mg2+ reduction under a high
voltage 1.2 V as well and it further proves that the surface
Mg signal is mainly from Mg(TFSI)2 salt precipitation. All
these characterizations demonstrate that Mg2+ ions reduc-
tion in BE MgLN has been effectively restrained since the
Li metal SEI blocks Mg2+ diffusion onto the Li surface,[42,43]

and our recent work also demonstrated that Mg2+ can only
achieve efficient deposition on SEI-free substrate.[43]

Based on the characterizations above, a conceptual
solvation structure of BE MgLN electrolyte near to Li
anode surface was proposed (Figure 3e). During the Li
plating process, the Li+-solvent coordination structure with
NO3

� and PF6
� anions will transport from the bulk electro-

lyte area to the IHP on the Li metal surface. Due to the
nanoscale size of IHP, solvated cations will undergo the
desolvation process first and ions including Li+, Mg2+, NO3

� ,
PF6

� , TFSI� and FEC, EMC molecules are actually in a
dynamically competitive state for adsorption in the IHP.
Under the electrostatic field of the Li electrodeposition
process, a trace amount of divalent Mg2+ is also speculated
to adsorb in the IHP due to its higher charge. Mg2+ cations
rather only act more as the interphase adsorbing component
in the electrolyte, which will promote more NO3

� and PF6
�

anions in the IHP due to the stronger electrostatic
interaction between anions and divalent cations and push
organic solvent away from the interface. It is proven that the
adsorbed species in IHP, closest to the Li metal surface in
the electrolyte, are very critical in achieving a stable SEI
layer. As a result, the preferential decomposition NO3

� and
PF6

� anions forms the fluoride/nitride mixed SEI on the Li
metal surface, which simultaneously improves the electro-
chemical stability and Li-ion conductivity of the anion-
derived SEI.

The SEI compositions formed in the BE and the BE
MgLN were characterized by ToF-SIMS with continuous
Ga+ sputtering. As shown in Figures 4a and 4d, the crater
edge of the Li metal anode in BE and BE MgLN presents a
sputtering depth of around 2 μm with an etching area of
10 μm×10 μm. The elements have been captured and
quantitatively analyzed over the entire three-dimensional
region with the cross-sectional element distribution shown in
Figures 4b,c, and Figures 4e,f. In the negative mode, obvious
F and O signals were found on the Li metal surface after
cycling in both electrolytes, which reveals the formed SEI
region. According to the collected signal points, the F and O
elements are taking a volume of 0.92% and 17.47%
respectively for the electrodeposited Li in BE (Figure S11).

Figure 3. The magnesium ion degradation and schematic diagram of
interphase along cycling in BE MgLN. a) The schematic diagram of the
two-electrode cell for Mg2+ concentration test by ICP, b) the Mg2+

concentration variation of BE MgLN under the decreasing potential of
Li j jCu cell, c,d) TOF-SIMS analysis for the Mg element and its
distribution of the cross-sectional surface under Ga+ sputtering (inset
with the crater morphology in figure d). e) The schematic description
of the role of multivalence ion in the formation of anion-derived SEI on
Li metal anode surface in the designed BE MgLN electrolyte.
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Especially the O signal heterogeneously aggregates over the
entire longitudinal section, which reveals the side reaction of
metallic Li to carbonate solvents. The undesired micro-
structure with whisker dendrite and more tortuosities can
easily produce the SEI with a larger area and may result in
more inactive Li metal during the stripping process. In sharp
contrast, a distinct distribution of F and O signals only
aggregate on the top of the Li metal surface in BE MgLN,
which takes a volumetric percentage of 1.48% and 4.11%
separately (Figure S12). This is because the chunky Li with a
dense structure and less tortuosity have intimate connections
to maintain its bulk integrity, resulting in the reduced side
reaction between the active metallic Li and electrolyte. It
also further verifies that a highly stable SEI is maintained on
the Li metal surface in our designed electrolyte, thus
ensuring the columnar Li microstructure with minimum
tortuosity as well as its outstanding CE.

X-ray photoelectron spectroscopy (XPS) was employed
to unveil the SEI compositions on the Li metal surface after
cycling in BE and BE MgLN electrolytes. The SEI on the Li
metal anode in BE mainly consists of organic compounds

(C� O, C� C peaks) with a small amount of inorganic
compounds such as LixPFy, LiF, and Li2CO3 (Figure 4g and
Figure S13a). All the organic and inorganic peaks are also
well-maintained without enormous differences after etching,
which proves that the SEI in BE is enriched with organic–
inorganic mixed components from the top to the bottom. In
comparison, a clear peak of LiNxOy appears in the SEI
formed in the BE MgLN electrolyte due to the decom-
position of LiNO3 (Figure 4h). Under the whole 5 min
sputtering, stronger LiF and Li2O peaks are also found in
the derived SEI as well as the new emergence of the Li3N
peak. Meanwhile, C� O and C� C peaks present a distinct
attenuation in the C1s spectra, indicating much fewer
organic compounds in the inner SEI part closer to metallic
Li (Figure S13b). The atomic ratio of the detailed composi-
tions is also compared in Figure S14. For the SEI in BE, the
C atomic percentage, representative of the organic species,
decreases slightly after 5 minutes of sputtering but still
maintained a high percentage of 22.4%, indicating organic
components are enriched in the entire SEI. By contrast, the
C ratio has been sharply decreased to only 8.9% after the
same etching, while the total amount of the Li, O and F
elements reaches as high as 88.3%, validating that a highly
inorganic-rich interphase has been formed in the designed
electrolyte.

The formation of inorganic-rich SEI with LiF, Li2O, and
nitride compounds on the Li metal surface in BE MgLN
electrolytes is attributed to the reduction of PF6

� and NO3
� ,

which are well adsorbed in the IHP due to the electrostatic
interaction of divalent Mg2+. The nitrides including Li3N and
LiNxOy are excellent ionic conductors for lithium ions, which
can improve the ionic transport of the derived SEI. Mean-
while, LiF and Li2O typically exhibit lithiophobicity proper-
ties (high interface energy with metallic Li) and high
Young’s modulus, thus can suppress dendrite growth.[44,45]

Owning to the high interfacial energy with Li metal,
improved ion-transport capability as well as high mechanical
properties, the inorganic-rich SEI can promote the Li lateral
growth and suppress dendrite from penetrating the inter-
face, thus contributing to the outstanding electrochemical
performance of LMBs.

Since carbonate electrolytes have high anti-oxidation
stability and can support high voltage cathode, the full cells
using high energy NCA (LiNi0.80Co0.15Al0.05O2) and NMC811
(LiNi0.8Mn0.1Co0.1O2) cathodes and Li anodes were evaluated
in different electrolytes at a high charging cutoff voltage of
4.4 V. For Li j jNCA cells, two formation cycles at C/10 were
firstly conducted before the long-term cycling at a higher
rate between the cycling range of 2.7–4.4 V. The electro-
chemical performance of 20 μm Li j jNCA full cells with an
area capacity of 3 mAh cm� 2 is displayed in Figure 5a and
the N/P ratio is 2.37 (1.37 fold Li excess) when considering
the Li amounts in both anode and cathode. The NCA full
cells in both electrolytes deliver a specific capacity of around
186 mAhg� 1 in the first cycle. For the cell with BE, its
capacity displays a continuous decay after 40 stable cycles
and shows a 61.4% retention after 100 cycles. In contrast,
long-term cycling stability is found for the BE MgLN,
maintaining an outstanding capacity retention of 87.4%

Figure 4. SEI characterizations in different electrolytes. a–f) The ele-
mental F and O distributions in the sputtered cross-section crater of
the electrochemically deposited Li surface in BE (a–c) and BE
MgLN (d–f) by Tof-SIMS using Ga+ beam over a 10 μm×10 μm area.
g,h) The typical O1s, N1s, and F1s spectra of the SEI layer formed in
BE (g) and BE MgLN (h) electrolytes by the in-depth XPS measure-
ment.
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after 200 cycles. The cell impedances at different cycles at
the discharging state of 3 V are measured using electro-
chemical impedance spectroscopy (EIS, Figure S15). The
semicircle at high frequencies of Nyquist plots can be
attributed to Li+ diffusion through the electrode interphase
and the radius value can be assigned to the interphase
resistance (RSEI). In BE MgLN, the RSEI exhibits a similar
value around 9 Ω at both the 5th and 15th cycles with almost
no increase. However, the RSEI has increased from 20 Ω at
the 5th to 34 Ω at the 15th cycle in BE, which is mainly due to
the unstable electrode interphase with an accumulated
thickness along cycling.

The charge/discharge profile of NCA cathode and Li
anodes (Figure S16) was monitored separately by using a
three-electrode full cell (the cell structure inset in Figure 5c)
with Li metal coated on Cu as the reference electrode. The
enlarged view of the Li plating/stripping overpotential
during the entire cycling process is plotted in Figures 5b, c.
A much smoother voltage plateau as well as smaller polar-
izations can be found in BE MgLN, which reveals that a
more stable SEI with improved kinetics has been con-
structed for the uniform Li deposition/dissolution. However,
irregular voltage fluctuations with the larger hysteresis peak
happen at the end of each Li plating/stripping process in BE
electrolyte. It is mainly because the strong bonding between
the organic-rich SEI in BE with metallic Li cannot bear the
huge volume expansion during cycling, thus resulting in the
repeated break/reformation of the SEI and the accompanied
nucleation of newly mossy-like dendrite Li or pitting(Li
dissolution from the bulk surface) with larger cell
polarization.[46,47] The different Li overpotentials affect the
delivered potential of the full cell as well as the capacity. As
shown in Figures S17 and S18, due to the large overpotential
of Li metal anode with unstable interphase in BE, the
potential gap of NCA cathode to counter Li anode and

reference Li electrode is always larger than that in BE
MgLN, which also results in the less stable working potential
along the cycles.

The Li j jNMC811full cells with a higher capacity of
4.5 mAhcm� 2 and a lower N/P ratio of 1.92 (0.92 fold Li
excess) were also evaluated in both electrolytes. As shown
in Figure 5d, the BE delivers a poor capacity retention of
67.9% after 100 cycles, while the BE MgLN still maintains
an excellent capacity retention of 84.6% after 200 cycles.
Figures 5e and 5f show the voltage-capacity evolution
profiles in BE and BE MgLN during the initial 100 cycles. In
specific, the cell with BE delivers a discharging capacity of
176.4 and 127.5 mAhg� 1 after 50 and 100 cycles, respectively.
In contrast, a much-improved cycling performance has been
achieved using the BE MgLN, of which the discharging
capacity still reaches a high value of 186.5 after 50 cycles and
182.4 mAhg� 1 after 100 cycles. Such a huge difference
further demonstrates the importance of Mg(TFSI)2� LiNO3

additive in higher capacity retention and longer lifespan of
rechargeable LMBs. When compared to the other reported
battery results in advanced electrolytes (Table S2), our
designed BE MgLN also exhibits one of the best perform-
ances for high-voltage LMBs under the high areal loading
and low N/P ratio.

Conclusion

In summary, a universal salt-in-salt strategy has been
developed to construct a stable inorganic-rich SEI of Li
metal anode in the carbonate electrolyte. Less-soluble
LiNO3 was successfully introduced into the FEC-EMC
based carbonate electrolyte using Mg(TFSI)2 as a carrier.
NO3

� anions have participated in the Li+ solvation structure
of carbonate electrolytes while the multivalent Mg2+ cations

Figure 5. Electrochemical performances of LMBs in BE and BE MgLN. a) Cycling performances of Li j jNCA full cell with a capacity loading of
3 mAhcm� 2. b,c) Voltage profile of the counter Li anode to reference Li electrode in 1st, 5th and 15th cycles of the 3-electrode Li j jNCA cell (cell
configuration setup inset in figure c). d) Cycling performances of Li j jNCM811 full cell with a capacity loading of 4.5 mAhcm� 2 and e,f) the
corresponding charging/discharging profiles in various cycles.
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on the SEI surface attract additional PF6
� and NO3

� anions,
promoting the formation of inorganic SEI enriched in
nitride/fluoride components. Due to the difficult diffusion
through the Li metal SEI, Mg2+ cations are well maintained
in the electrolyte. Such a stable interphase with high
interfacial energy and high ionic conductivity effectively
regulates the uniform Li deposition and protects active Li
from electrolyte corrosion. As a result, the designed
LiPF6� LiNO3� Mg(TFSI)2 in FEC-EMC electrolyte has
achieved an outstanding CE of 99.7% at a high capacity of
4.5 mAhcm� 2. The 4.5 mAhcm� 2 NCM811 j jLi full cell with
N/P of 1.92 maintains 84.6% capacity retention after
200 cycles. This work sheds light on the advanced electrolyte
design, which will inspire further research about LMBs as
well as sodium and potassium metal batteries.
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