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A B S T R A C T

LiNO3 is a promising additive for high-energy-density lithium metal batteries (LMBs) via regulating the solid 
electrolyte interphase (SEI) layer. However, the extremely low solubility of LiNO3 in carbonate ester-based 
electrolytes limits applications. In this study, a two-step physical method successfully dissolves 0.1 M LiNO3 
into carbonate ester-based electrolytes without co-solvents (~10 × higher solubility than conventional systems), 
where EC disrupts Li⁺–NO3⁻ interactions and the subsequent mixing with a preformed LiFSI/LiPF6–DMC/FEC 
electrolyte releases part of the coordinated species, increasing entropy, while the remaining solvents/anions 
stabilize Li⁺ - making the process both enthalpically and entropically favorable. This facile, scalable, cost- 
effective way is confirmed by theoretical simulation and experimental investigations. With the synergistic ef
fect of 4-fluoro-1,3-dioxolan-2-one (FEC), the NO3

- anions preferentially enter the Li+ solvation layer. Therefore, 
the enhanced SEI layer with LiF, LixC, and Li2O homogenizes lithium deposition. The robust cathode–electrolyte 
interphase (CEI) composed of NSOxFy and LiF supports high-voltage Ni-rich cathodes. Notably, Li|| 
LiNi0.83Mn0.06Co0.11O2 cells retain 82.5 % capacity after 300 cycles at 1 C (1 C = 200 mA g-1) with a 4.3 V cut-off 
voltage and an 85.5 % capacity after 100 cycles at 1 C with a 4.5 V cut-off voltage. Importantly, a pouch cell with 
450 Wh kg-1 energy density further demonstrates the practical potential in industry. Additionally, this strategy 
also demonstrates the potential application of LiNO3 in some carbonated ester-based electrolytes for other alkali 
metal batteries.

1. Introduction

Lithium-ion batteries (LIBs), a crucial component in the transition to 
sustainable energy solutions, are widely used in portable electronics, 
renewable energy storage systems, and electric vehicles (EVs). However, 
the limited energy density of LIBs (~ 300 Wh kg-1) restricts their 

applications, especially for use in long-range EVs. Lithium metal has a 
high specific capacity of 3860 mAh g− 1 and a low reduction potential 
(− 3.04 V vs. standard hydrogen electrode), promising the realization of 
high energy density lithium metal batteries (LMBs) [1,2]. Nonetheless, 
during the cycles, the uncontrolled lithium dendrites due to the unstable 
solid electrolyte interphase (SEI) layer cause short circuits and safety 
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risks. Additionally, conventional carbonate electrolytes (<4.5 V win
dow) are incompatible with Ni-rich cathodes (LiNixCoyMnzO2 (x + y + z 
= 1, noted as NCM)), leading to unstable cathode-electrolyte interphase 
(CEI) layers and rapid capacity degradation [3]. Consequently, Li||NCM 
LMBs have a low energy density, poor lifespans, and potential safety 
concerns, which have prevented their commercialization so far.

Electrolyte engineering, particularly the incorporation of lithium 
nitrate (LiNO3) and fluoroethylene carbonate (FEC), plays a critical role 
in stabilizing Li‖NCM LMBs through synergistic regulation of both the 
SEI and CEI layers. On the anode side, NO3⁻ participates in the primary 
Li⁺ solvation sheath and undergoes preferential reduction to generate 
inorganic species such as Li2O, Li3N, and LiNxOy, which serve as good Li⁺ 
conductors [4,5]. These components contribute to the formation of a 
robust SEI layer, enabling homogeneous Li⁺ deposition and effectively 
suppressing dendrite growth [6]. The incorporation of FEC, with its wide 
electrochemical stability window (>4.5 V), not only further extends the 
oxidative stability of the electrolyte but also generates LiF upon 
decomposition, which in turn reinforces both the SEI/CEI layers [7,8]. 
On the cathode side, NO3⁻ facilitates the formation of a passivating 
electric double layer (EDL), mitigating the decomposition of ether-based 
electrolytes at high voltages [9]. Moreover, by preferentially entering 
the Li+ solvation structure, NO3

- increases the distances between Li+ - 
PF6⁻ or Li+ - FSI⁻ pairs, thereby suppressing the oxidation of lithium salts 
at the cathode [10]. In parallel, LiNO3 also scavenges trace water and 
Lewis acids (e.g., PF5, Al3+), suppressing HF generation and contrib
uting to more stable CEI/SEI layers [11].

Although LiNO3 can dissolve in ether solvents (e.g., 1,2-dimethoxy
ethane (DME), diethylene glycol dimethyl ether (DEGDMA)), its low 
oxidative stability (< 4 V), high viscosity, limited solubility for certain 
lithium salts, high volatility, and incompatibility with current collectors 
and NCM cathodes hinder high-energy LMB development [9,12,13]. As 
for ester-based solvents, in terms of entropy, the strong Li⁺ - NO3⁻ 
interaction (donor number (DN) of NO3⁻ = 22 kcal mol⁻¹, higher than 
that of propylene carbonate (PC), being 15 kcal mol-1, dimethyl car
bonate (DMC), being 17 kcal mol-1, fluoro-1,3-dioxolan-2-one (FEC)), 
being 9 kcal mol-1, leads to LiNO3 precipitation and extremely low sol
ubility (<800 ppm, ~0.012 M), insufficient for stabilized SEI and CEI 
layer formation [1,14–17]. To date, tremendous studies have been 
devoted to promoting the dissolution of LiNO3 in carbonate ester-based 
electrolytes, including introducing Lewis acids, using LiNO3 promoters 
with high polarity and slow release [14,18,19]. Although phosphorus 
pentachloride (PCl5), lithium tetrafluoroborate (LiBF4), copper fluoride 
(CuF2), aluminum trifluoromethanesulfonate (Al(OTf)3), indium tri
fluoromethanesulfonate (In(OTf)3), tin trifluoromethanesulfonate (Sn 
(OTf)2), magnesium bis(trifluoromethanesulfonimide) (Mg(TFSI)2) etc. 
Lewis acids and high-polarity carriers like isosorbide dinitrate (ISDN), 
γ-butyrolactone (GBL), tetramethylene sulfone (SL), trimethyl phos
phate (TMP), triethyl phosphate (TEP), dimethyl sulfoxide (DMSO), 
LiTFA can effectively promote the dissolution of LiNO3, [20–25] these 
approaches suffer from drawbacks such as decomposition, Cu/Al/S
n/In/Mg dendrite growth, electrode corrosion, high viscosity, and poor 
industrial viability [7,16,26]. Hence, it is urgent to develop a facile, 
scalable, highly cost-effective, and co-solvent-free ester-based carbonate 
electrolyte with a high concentration of LiNO3 to meet the requirement 
of high-energy-density LMBs.

LiNO3 shows a solubility limit of 0.7 M in EC [27]. However, upon 
introducing DMC, FEC, or other salts (e.g., LiPF6, LiFSI), 
solvation-structure alterations (entropy changes) drive rapid Li⁺–NO3⁻ 
association, causing low solubility [1,16]. Molecular dynamics simula
tions revealed that the total Gibbs energy of 0.1 M LiNO3 dissolved in an 
electrolyte with 50 % EC by volume is negative, indicating its thermo
dynamic stability. Although recent work demonstrated LiNO3 dissolu
tion in LiPF₆–EC/DEC/FEC, the mechanism remained unclear [28]. 
Herein, 0.1 M LiNO3 is successfully dissolved into carbonate ester-based 
electrolytes without any co-solvents via a two-step physical method, 
achieving ~10 × higher concentration than conventional systems. 

Subsequently, the dissolution mechanism from enthalpic, entropic, and 
binding energy perspectives is clarified. At 55 ◦C, EC with a high 
dielectric constant disrupts the strong Li⁺–NO3⁻ interaction, enabling 
LiNO3 dissolution. In parallel, LiFSI and LiPF6 dissolve in DMC/FEC at 
25 ◦C. Li⁺ ions are initially coordinated with FEC, DMC, FSI⁻, and PF6⁻. 
During the subsequent mixing process, part of the solvents and anions 
are released from the solvation structure, increasing the reaction en
tropy, while the remaining FEC, DMC, FSI⁻, and PF6⁻ in the solvation 
shell continue to stabilize Li⁺ and prevent Li⁺–NO3⁻ aggregation. Mixing 
these two pre-electrolytes yields the final electrolyte (0.8 M LiFSI, 0.1 M 
LiPF6, 0.1 M LiNO3 in EC/DMC or EC/DMC/FEC), referred to as 
ED-181NFP and EDF-181NFP, respectively. In this method, LiNO3 
dissolution is also governed mainly by a strongly negative enthalpy 
change and a slightly positive entropy change, even with the amount of 
FEC - typically known to suppress LiNO3 solubility. In contrast, the 
conventional pathway - directly adding 0.1 M LiNO3 to LiP
F6/LiFSI-EC/DMC/FEC electrolytes, is thermodynamically unfavorable. 
From an enthalpic perspective, pre-coordinated EC reduces the avail
ability of Li⁺ for solid LiNO3, while free DMC and FEC lower the 
dielectric constant, thereby suppressing further LiNO3 solvation. From 
an entropic perspective, if LiNO3 dissolves, more ester solvents become 
coordinated, making the process entropically unfavorable [29]. As for 
EDF-181NFP, the synergistic effect of FEC allows NO3

- to preferentially 
enter the Li+ solvation layer, accompanied by more CIP/AGG solvation 
structures. A passivating electric double layer (EDL) is formed, which 
can withstand a higher oxidation potential (~4.7 V) [8]. X-ray photo
electron spectroscopy (XPS) analysis reveals that the enhanced SEI layer 
is rich in Li2O, LiF, and LixC, promoting the uniformity of lithium 
deposition, while a robust and thin CEI layer containing NSOxFy and LiF 
optimizes the Li+ insertion/extraction behavior. Together, the SEI/CEI 
layers effectively minimize the consumption of lithium salts and sol
vents, reduce the formation of by-products (Li2S), and slow down the 
degradation of SEI/CEI layers. Finally, LiNO3 absorbs trace water to 
inhibit the formation of corrosive HF and scavenges Lewis acids (e.g., 
PF5, Al3+), thereby stabilizing the SEI/CEI layers and FEC, which pro
longs the electrolyte lifespan and enhances the cycle life of LMBs. This 
work presents a simple, scalable, and cost-effective strategy for devel
oping carbonate ester-based electrolytes with LiNO3, providing an 
in-depth understanding of the mechanism by which the synergistic effect 
of FEC and LiNO3 stabilizes the SEI/CEI layers.

2. Results and discussion

a) Dissolution ability of LiNO3
In Fig. 1a, two types of clear, transparent ED-181NFP and EDF- 

181NFP electrolytes are prepared by mixing 0.5 ml of Formulation 1 
(0.2 mmol LiNO3 in 1 ml EC at 55 ◦C) with 0.5 ml of Formulation 2 (3.2 
mmol LiFSI and 0.4 mmol LiPF6 in 2 ml DMC), and by mixing 0.5 ml of 
Formulation 1 with 0.5 ml of Formulation 3 (3.2 mmol LiFSI and 0.4 
mmol LiPF6 in 2 ml of a DMC/FEC mixture with a 4:1 vol ratio at 25 ◦C), 
respectively. As shown in Fig. 1b, Raman measurements reveal a distinct 
vibrational peak of N = O at 1045 cm-1, characteristic of NO3⁻, indi
cating that LiNO3 is successfully dissolved in the ED-181NFP and EDF- 
181NFP electrolytes [30]. However, two failed electrolytes, named 
Failed-ED-181NFP and Failed-EDF-181NFP, were obtained by adding 
0.1 mmol LiNO3 to 1 ml of ED-81FP (0.8 mmol LiFSI and 0.1 mmol LiPF6 
in 1 ml of an EC/DMC mixture with a 5:5 vol ratio at 25 ◦C) and 1 ml of 
EDF-81FP (0.8 mmol LiFSI and 0.1 mmol LiPF6 in 1 ml of an EC/DMC 
mixture with a 5:5 vol ratio at 25 ◦C), respectively. Thus, with this 
approach, the molar concentration of dissolved LiNO3 (0.1 M) is 
approximately ten times higher than that of the current ester-based 
carbonate electrolytes without co-solvents, which reaches the same 
level as in the ester-based carbonate with co-solvents (Table S2) [7,8,25,
31,32].

Molecular dynamics (MD) simulations are carried out to understand 
the mechanism for the significant solubility differences of lithium nitrate 
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Fig. 1. a) Digital photos of different electrolytes including ED-81FP (I), ED-181NFP (II), EDF-181NFP (III), EDF-81FP (IV), Failed-ED-181NFP (V), Failed-EDF- 
181NFP (VI); b) Raman spectra of four electrolytes consisting of ED-81FP, ED-181NFP, EDF-181NFP, and EDF-81FP; c,d) Mixing entropy and TΔS under 
different routes, with temperatures of 328 K and 298 K for the different products, respectively; e) Schematic diagram of Route 2; f, g) Schematic illustration of the 
processes of Route 1 and Route 2 from the solvation structure.
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in co-solvent-free carbonate-based electrolytes. Table S3 shows the en
thalpies of various species in MD simulations. Subsequently, the free 
solvents, free anions, and solvated structures among different species are 
counted, as shown in Tables S4–S10. Considering the solvation effects, 
their mixing entropy values are calculated, and the results are displayed 
in Table S11 by applying the following formula: 

ΔSmix = − nRΣxi lnxi (1) 

where R is the gas constant, n is the total number of moles, and xi is the 
mole fraction of component i [29].

We note that the enthalpy of EDF-181NFP is negative and its mixing 
entropy is positive, indicating that 0.1 M LiNO3 can thermodynamically 
exist in carbonate ester-based electrolytes. This raises the question of 
why the solubility of lithium nitrate in carbonate electrolytes is so low 
experimentally. As displayed in Figure S1 and Fig. 1c-d, in Route 1 (This 
method is similar to previously reported dissolution approaches when 
0.1 M LiNO3 is directly added to 1 M LiPF6- 0.1 M LiFSI in EC/DMC (1:1 

by weight) containing 5 % FEC, LiNO3 remains insoluble [29]), the 
enthalpies of 1.0 mL EDF-181NFP (298 K), 1.0 mL EDF-81FP (298 K), 
and 0.1 mmol LiNO3 crystal are − 35.7 kcal, − 41.5 kcal, and − 4.2 kcal, 
respectively (Table S3). Accordingly, ΔHRoute mixing for the interaction of 
0.1 M LiNO3 crystals with EDF-81FP is approximately 10 kcal (Fig. 1c), 
indicating that the process is enthalpically unfavorable for dissolution. 
This is because, on the one hand, EDF-81FP’s solvation structure is 
Li+OEC(2.51)ODMC(1.01)OFEC(0.46)OFSI

- (1.56) F PF6
- (0.10) F FSI

- (0.01) 
(Figure S6c-d), meaning that 30 % (2.51 × 54/460) of EC molecules are 
already coordinated to Li⁺ ions, so fewer free EC molecules are available 
to coordinate with the Li⁺ in solid LiNO3. On the other hand, the free EC 
mixes with the uncoordinated DMC and FEC, which significantly re
duces the electrolyte’s dielectric constant, thereby suppressing the 
further dissolution of LiNO3 (Fig. 1f). From the entropy perspective, 
compared with EDF-81FP, if LiNO3 were to dissolve, the higher Li⁺ 
concentration in EDF-181NFP leads to more ester solvents being coor
dinated (as shown in Table S9, EDF-181NFP contains fewer free solvent 
molecules than EDF-81FP (Table S10)), thereby reducing entropy 

Fig. 2. Clusters in a) ED-181NFP and c) EDF-181NFP. Radial distribution function of Li+ and anion/solvents in b) ED-181NFP and d) EDF-181NFP at 298 K. e) 7Li 
NMR data of four electrolytes; f) Raman and g) SAXS/WAXS spectra of various electrolytes and h) representative Li+ cation solvate species (SSIP, CIP, and AGGs) in 
these electrolytes.
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(− 10.2 J) in Route 1 and making the process entropically unfavorable 
(Fig. 1d). Finally, the Δ G1 of the route mixing is positive, suggesting that 
this Route 1 is not feasible (ΔG greater than zero, indicating a 
non-spontaneous process). This behavior is not only reflected in the 
Failed-EDF-181NFP electrolyte, which shows a significant amount of 
undissolved LiNO3 at the bottom, as displayed in Fig. 1a, but also in
dicates that in the ternary-salt system, the role of entropy in promoting 
the solubility of lithium nitrate is limited. Conversely, in the other 
approach (Route 2, Fig. 1e), 0.2 M LiNO3 is first dissolved in EC 
(Formulation 1), and the corresponding solvation structure is 
Li+OEC(5.0) ONO3

- (0.5) as shown in Figure S4. While other salts, such as 
LiFSI and LiPF6, are dissolved in DMC and FEC solvents (Formulation 3), 
and the corresponding solvation structure is Li+ODMC(2.11)OFEC(0.90) 
OFSI

- (2.11)FPF6
- (0.29), as displayed in Figure S4e-f. Besides, shown in the 

Figure S5b, the solvation structure of EDF-181NFP is Li+OEC(2.70) 
ODMC(0.98)OFEC(0.40)OFSI

- (1.21)ONO3
- (0.2)FPF6

- (0.06). As for the solva
tion structure, during the mixing process (Fig. 1g), in Formulation 1, 6 
Li+OEC(5.0)ONO3

- (0.5) are transformed into Li+OEC(2.70)ODMC(0.98) 
OFEC(0.40)OFSI

- (1.21)ONO3
- (0.2)FPF6

- (0.06). For each solvation structure, 
2.7 EC molecules remain coordinated. According to Figure S7a, the 
binding energy between Li⁺ and various solvents or anions shows that 
2.7 EC molecules provide a total binding energy of − 19.31 kcal mol-1, 
which is much higher than that of 0.2 NO3⁻ (− 1.69 kcal mol-1). This 
ensures that Li⁺ and NO3⁻ do not remain associated, leading to the pre
cipitation of LiNO3. In Formulation 3, 54 Li+ODMC(2.11)OFEC(0.90) 
OFSI

- (2.11)FPF6
- (0.29) are converted into Li+OEC(2.70)ODMC(0.98) 

OFEC(0.40)OFSI
- (1.21)ONO3

- (0.2)FPF6
- (0.06). In each solvation structure, 

0.98 DMC, 0.40 FEC, 1.21 FSI⁻, and 0.06 PF6⁻ remain coordinated, 
providing a total binding energy of − 8.24 kcal mol-1, which is still much 
greater than that of 0.2 NO3⁻ (− 1.69 kcal mol-1). Therefore, Li⁺ and NO3⁻ 
do not remain bound, resulting in the precipitation of LiNO3 as well. 
More importantly, from the standpoint of entropy, the mixing process 
leads to the release of additional solvent/anions from the solvation 
structures, which increases the system’s entropy and promotes the re
action. Overall, as presented in the Fig. 1c-d, the ΔHroute mixing of Route 2 
is around − 83.3 kcal, with TΔSroute mixing is 20.9 J. Together, these 
values result in an overall Gibbs free energy change (ΔG2) of − 83.3 kcal 
for the formation of EDF-181NFP, confirming the thermodynamic 
feasibility of this route. The stable solvation structure of Li⁺ (where Li⁺ 
does not associate with NO3⁻ to form a precipitate), along with a 
decrease in Gibbs free energy during the above mixing process, ensures 
that LiNO3 can ultimately dissolve successfully in EDF-181NFP. Simi
larly, ED-181NFP (0.1 M LiNO3, 0.8 M LiFSI, and 0.1 M LiPF6 in an 
EC/DMC mixture with a 5:5 vol ratio at 25 ◦C) can also be prepared 
using the same method, by mixing Formulation 1 and Formulation 2. In 
contrast, only Failed ED-181NFP with LiNO3 precipitation can be ob
tained when 0.1 M LiNO3 crystals are added to ED-81FP (0.8 M LiFSI and 
0.1 M LiPF6 in an EC/DMC mixture with a 5:5 vol ratio). For a detailed 
mechanistic discussion, see the Supporting Information, pages S18–S19.

b) Structure of the electrolytes
MD simulations are further applied to reveal the structure of the 

electrolytes and interpret the roles of FEC and LiNO3. The formed Li 
clusters in ED-181NFP and EDF-181NFP are shown in Fig. 2a and 2c. In 
ED-181NFP, the Li⁺-O(NO3⁻) distance is in the range of 1.6–1.7 Å, which 
is significantly shorter than the Li⁺-O(FSI⁻) distance (1.9–2.0 Å). In EDF- 
181NFP, when FEC is added to the cluster, the Li⁺-O(NO3⁻) distance is 
further shortened to below 1.6 Å (1.520 Å in Fig. 2c). To enhance the 
statistical analysis of lithium-ion coordination, the solvation structures 
and coordination properties of four electrolytes (ED-81FP, ED-181NFP, 
EDF-181NFP, and EDF-81FP) are further evaluated using radial distri
bution functions (RDF), as shown in Fig. 2b, 2d, and Figure S6a, S6c. 
With the addition of LiNO3 (Fig. 2b, 2d), NO3⁻ preferentially enters the 
solvation shell compared to PF6⁻ and FSI⁻. Remarkably, when FEC is 
introduced into the solvent, the probability of nitrate ions being closer to 
lithium ions increases. These results are consistent with the Li clusters 
displayed in Fig. 2a, 2c.

As displayed in Figures S5-S6. The first solvation shells (2–4 Å) for 
ED-81FP, ED-181NFP, EDF-181NFP, and EDF-81FP are as follows: (The 
oxygen in the solvent is carbonyl oxygen, and the number in brackets is 
the corresponding coordination number)

ED-81FP: Li+OEC(3.31)ODMC(1.28)OFSI
- (1.50)FPF6

- (0.10)FFSI
- (0.03) 

(FFSI
- (0.03) can be neglected.);
ED-181NFP: Li+OEC(3.04)ODMC(1.15)OFSI

- (1.21)ONO3
- (0.2)FPF6

- (0.13) 
FFSI

- (0.03) (FFSI
- (0.03) can be neglected.);

EDF-181NFP: Li+OEC(2.70)ODMC(0.98)OFEC(0.40)OFSI
- (1.21) ONO3

- (0 
.2)F PF6

- (0.06) F FSI
- (0.01), (FFSI

- (0.01) can be neglected.);
EDF-81FP: Li+OEC(2.51)ODMC(1.01)OFEC(0.46)OFSI

- (1.56) F PF6
- (0.10) 

F FSI
- (0.01), (FFSI

- (0.01) can be neglected.).
Compared to EC, the fluorine in FEC causes C=O(FEC) to have fewer 

electrons than C=O(EC), reducing its binding effect with Li⁺. Hence, the 
binding energy between FEC and Li⁺ is lowered, indicating that FEC is a 
poorer solvent for Li⁺. This finding is supported by the observation that 
the probability of FSI⁻ entering the solvation shell is higher in EDF-81FP 
than in ED-81FP (1.56 vs. 1.50). Furthermore, as shown in Tables S3, 
S11, compared to the corresponding FEC-free samples, the samples with 
added FEC show an increase in enthalpy and also an increase in entropy. 
However, the increase in entropy is significantly smaller than the change 
in enthalpy, which leads to an increase in Gibbs free energy. A higher 
Gibbs free energy indicates a more unstable system, further confirming 
that FEC is a poorer solvent compared with EC [27].

Replacing a part of EC with FEC in EDF-181NFP reduces the binding 
force of solvent molecules to Li⁺, thereby strengthening the interaction 
between Li⁺ and NO3⁻. Besides, in the solvation structure of EDF- 
181NFP, FEC provides a sufficient fluorine source, while LiNO3 con
tributes inorganic nitrogen and oxygen sources. Decomposition of this 
solvation structure on lithium metal anodes or cathodes will produce a 
SEI/CEI layer rich in inorganic components (e.g., LiF, Li3N, and Li2O), 
stabilizing the electrodes/electrolytes interface.

Fig. 2e shows the 7Li NMR results that validate the solvation struc
tures of the electrolytes. In EDF-81FP, on the one hand, FEC reduces its 
binding effect with Li⁺; on the other hand, according to the decrease in 
the number of EC molecules in the solvation structure and the increase in 
free EC molecules (around 715 cm-1) observed in the Raman spectra 
(Fig. 2f (inset)), more EC molecules are excluded from the solvation 
structure. Thus, the shielding effect is reduced, leading to a downfield 
shift of the 7Li signal in the spectrum [15]. Conversely, in ED-181NFP, 
NO3⁻ binds strongly to Li⁺, causing a high-field shift. Regarding the 
EDF-181NFP, when FEC partially replaces EC (weaker Li⁺ coordination), 
and due to the presence of NO3⁻ (stronger Li⁺ coordination), the chem
ical shift is intermediate, which is similar to that of ED-81FP. More 
importantly, the NMR results also confirm that 0.1 M LiNO3 can be 
dissolved in pure ester-based carbonate solvents.

Small- and wide-angle X-ray scattering (SAXS/WAXS) unveils the 
solvation structures in different electrolytes. In Fig. 2g, the SAXS-WAXS 
profiles show a peak at the scattering vector q position of 1 Å-1, which 
corresponds to the presence of contact ion pairs (CIPs) and aggregates 
(AGGs) in the electrolyte. Upon the addition of LiNO3 or FEC, this peak 
shifts toward higher q values and its intensity increases, indicating that 
both FEC and LiNO3 promote the formation of CIPs and AGGs. Among all 
samples, the EDF-181NFP shows the highest content of CIP/AGG 
structures. In this case, the effect of FEC is larger than that of LiNO3 [33]. 
In addition, a prominent peak around 1.47–1.60 Å-1 corresponds to the 
distance between neighboring atoms of the same anion or adjacent an
ions [34]. Here, a higher q value means a shorter interatomic distance. 
When FEC is introduced, as in the EDF-81FP sample, the distance be
tween cations decreases, which is consistent with the solvation structure 
of EDF-81FP where more FSI⁻ anions are present. In EDF-181NFP, on the 
one hand, the presence of fewer solvent molecules in the solvation shell 
and the weaker solvation ability of FEC allow FSI⁻ anions to approach 
each other more easily. On the other hand, the presence of FEC facili
tates the aggregation of nitrate anions into the inner solvation shell, 
leading to a closer packing of nitrate anions.
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To better analyze the solvation structure composition of the four 
samples, Raman spectra are collected in the range of 680–760 cm-1, as 
shown in Fig. 2f. The band at ~717 cm⁻¹ corresponds to the δC=O and 
OO–C–O vibrations of free EC and DMC, while the peak at 718 cm-1 arises 
from the νs, S-N-S mode of free FSI⁻, typically assigned to solvent- 
separated ion pairs (SSIP), i.e., solvation structures without anion 
participation [35]. The feature at 729 cm-1 corresponds to δC=O–Li⁺ (EC 
or DMC) and νs, S-N-S of FSI⁻ coordinated with Li⁺, which is attributed to 
contact ion pairs (CIP), i.e., solvation structures involving a single FSI⁻ 
anion. The band at 740 cm-1 is associated with the νs, S-N-S vibration of 
FSI⁻ bound to multiple Li⁺ ions, characteristic of aggregates (AGGs) [3,
36]. In addition, the OO–C–O vibration of FEC is observed at ~730 cm-1 

[37]. To quantitatively determine the relative populations of these sol
vation structures, normalization and deconvolution analyses were per
formed, as shown in Fig. S9.

As presented in Fig. 2h, when LiNO3 or FEC is added to ED-181NFP 
or EDF-81FP, the SSIP content decreases and the CIP content increases. 
The synergy of FEC and LiNO3 in EDF-181NFP further weakens the SSIP 
structures and enhances the CIP formation, reaching 62.47 %. These 
results are consistent with the conclusion from SAXS. Compared with 
free FSI-, solvated FSI- is more likely to generate a robust SEI/CEI layer 
containing more content of inorganic components during cycling, 
thereby stabilizing the electrodes/electrolytes interface [38].

c) Electrochemical properties and coin-cells performance
The reduction and oxidation behaviors of the five studied electro

lytes are examined using cyclic voltammetry (CV). Fig. 3a shows the 
initial CV curves of ref.ele, ED-81FP, ED-181NFP, EDF-181NFP, and 
EDF-81FP, recorded over a voltage range of 0.0–2.5 V at a scan rate of 1 
mV s⁻¹. Fig. 3b shows density functional theory (DFT) calculations 
indicating that NO3⁻ coordinates with Li⁺, resulting in a higher electron 
affinity of 2.36 eV compared to FSI⁻, which exhibits an electron affinity 
of approximately 0.98 eV. This difference explains why NO3⁻ more 
readily accepts electrons than FSI⁻, as evidenced by the NO3⁻ reduction 
peak at 1.22 V in Fig. 3a, whereas the peak at 1.12 V corresponds to the 

reduction of FSI⁻ [39]. Additionally, compared to the ref.ele without 
FEC, the peak at around 1.6 V in EDF-81FP is attributed to the reduction 
of FEC. When LiNO3 is not added, LiFSI undergoes significant reductive 
decompositions, as evidenced in the case of ED-81FP. However, the 
addition of FEC or LiNO3 can reduce the consumption of LiFSI at the 
expense of a large amount of LiNO3 or FEC, as seen in the cases of 
ED-181NFP and EDF-81FP. If only FEC is used as an additive, the SEI 
components primarily originate from FEC, and it can be reasonably 
inferred that the SEI is mainly composed of organic substances. In the 
EDF-181NFP, when FEC and LiNO3 work synergistically, all LiNO3, 
LiFSI, and a tiny amount of FEC are decomposed together. This kind of 
reduction not only minimizes the consumption of lithium salt but also 
forms an inorganic SEI layer that suppresses the further decomposition 
of the solvent.

Tafel curves of Li||Li symmetric cells with various electrolytes are 
analyzed to determine the exchange current density (i0) as shown in 
Fig. 3c. The i0 values of ref.ele, ED-81FP, ED-181NFP, EDF-181NFP, and 
EDF-81FP are 1.51 mA cm-2, 2.63 mA cm-2, 2.04 mA cm-2, 8.12 mA cm-2 

and 4.79 mA cm-2, respectively. The transference numbers of the four 
studied electrolytes are determined by the classical Bruce-Vincent 
method [40]. As presented in Fig. 3d, Figure S10, and Table S12, the 
transference numbers (tLi

+) of ref.ele, ED-81FP, ED-181NFP, 
EDF-181NFP, and EDF-81FP are 0.44, 0.73, 0.78, 0.75, and 0.69, 
respectively. Comparing ED-81FP and ED-181NFP, the addition of 
LiNO3 decreases the exchange current density, likely due to the higher 
dissociation energy between Li⁺ and NO3⁻. It indicates a higher energy 
barrier for bulk transport and sluggish interfacial oxidation, resulting in 
continuous decomposition between electrolytes and electrodes [30,41]. 
Correspondingly, as LiNO3 is added, the lithium-ion transference num
ber (tLi

+) rises, which is attributed to the strong interaction between Li⁺ 
and NO3⁻. A higher transference number helps to reduce the concen
tration polarization, thereby preventing the formation of lithium den
drites. Conversely, in the case of EDF-81FP, when only FEC is added, its 
tLi
+ number is decreased, which originates from the higher viscosity of 

Fig. 3. a) Initial cyclic voltammetry (CV) curves for Li||Cu cells with five different electrolytes. b) Electron affinity of optimized Li⁺-anion complexes obtained from 
DFT calculations. c) Tafel curves of Li||Li symmetric cells with various electrolytes used to determine the exchange current density (i0). d) Current curves of Li||Li 
symmetric cells for EDF-181NFP, used to calculate the transference number (inset: corresponding electrochemical impedance spectroscopy (EIS) measurements 
before and after polarization). e–f) Linear sweep voltammetry (LSV) tests of Li||Al cells with different electrolytes, including a magnified view of selected regions.

Z. Xu et al.                                                                                                                                                                                                                                       Energy Storage Materials 84 (2026) 104779 

6 



FEC [42]. For EDF-181NPF, previous RDF and NMR analyses revealed 
that FEC participates in the solvation structure. However, FEC is a poor 
solvent for lithium nitrate, which destabilizes lithium nitrate within the 
solvation structure and accelerates its decomposition. This finding ex
plains the rapid increase in i0 observed in EDF-181NFP. Additionally, 
the increased viscosity caused by FEC slightly hinders ion mobility, 
leading to a tiny decrease in the transference number of EDF-181NFP to 
0.75. In EDF-181NFP, LiNO3 and FEC synergistically regulate the elec
trolyte transference number and exchange current density, facilitating 
the uniform and stable growth of lithium.

Additionally, as presented in Figs. 3e-f and S11, for ED-81FP, due to 
the corrosion of stainless steel and Al foil by LiFSI, the oxidation po
tential is around 4.3 V, which is consistent with the literature [43,44]. 
Upon the addition of FEC, however, LiFSI and trace water generate HF, 
which can attack Al foil or stainless steel to form Al3+ and Fe3+ [45]. 
Additionally, LiPF6 and trace water produce HF and PF5. These Lewis 
acids (PF5, Al3+) can further attack the F atoms in FEC, producing more 
HF and accelerating Al corrosion, as clearly evidenced by the SEM im
ages in Figure S12 [46]. Consequently, the oxidation potential of 
EDF-81FP decreases to ~4.10 – 4.15 V. In contrast, the introduction of 
LiNO3 enables the formation of a passivating layer on Al foil or stainless 
steel surfaces and scavenges trace water, thereby mitigating the corro
sion of lithium salts toward the current collector and the battery casing 
[11]. Importantly, LiNO3 also scavenges Lewis acids (e.g., PF₅ and Al3+), 
protecting FEC and allowing the electrolyte to operate stably at high 
voltages [11]. As a result, both ED-181NFP and EDF-181NFP exhibit 
significantly enhanced oxidation potentials on stainless steel and Al foil, 
exceeding 4.5 V [9]. Although the oxidation stability of ED-181NFP and 
EDF-181NFP remains slightly lower than that of the ref.ele, they are 

nevertheless adequate to sustain the operation of ~4.5 V high-voltage 
lithium metal batteries, underscoring the practicality and stability of 
our formulated electrolytes. In particular, when considering factors such 
as oxidative potential, tLi

+, and i0, EDF-181NFP demonstrates overall 
superior performance compared to the reference electrolyte, ED-81FP, 
ED-181NFP, and EDF-81FP.

The EIS spectrum of the Li||Li symmetric cells based on the five 
electrolytes before cycling is displayed in Fig. 4a, which is the same as 
the EIS tests for determining the transference number. The first semi
circle at high frequency represents the interface impedance of the 
passivating layer (Rpl), and the second semicircle corresponds to the 
charge transfer impedance (Rct). Rpl corresponds to R0 in Table S12. 
Among the four samples, Li||Li symmetric cells with EDF-181NFP have 
the lowest Rpl and Rct values, comparable to those of the ref.ele, indi
cating excellent wettability toward lithium metal. As shown in Fig. 4b, 
thanks to its superior wettability, high tLi

+ and i0, Li||Li symmetric cells 
with EDF-181NFP display the lowest voltage polarization among all 
tested electrolytes. Additionally, the cells with EDF-181NFP demon
strate a cycling stability of approximately 380 cycles, whereas the cells 
with ref.ele, ED-81FP, ED-181NFP, and EDF-81FP short-circuit after 
150–250 cycles due to the formation of unstable lithium dendrites. 
Subsequently, the Li||Cu coin cells are further used to evaluate lithium 
plating/stripping behaviors within the five electrolytes. As shown in 
Fig. 4c-d, the initial coulombic efficiency of Li||Cu coin cells with EDF- 
181NFP is 95.91 %, outperforming ref.ele, ED-81FP, ED-181NFP, and 
EDF-81FP, which only achieve 83.15 %, 80.51 %, 89.16 %, and 94.06 %, 
respectively. Moreover, EDF-181NFP exhibits the lowest absolute 
lithium deposition overpotential among the five electrolytes (Fig. 4e), 
suggesting that the largest lithium grain size is an important factor for 

Fig. 4. a) EIS measurements of Li||Li symmetric cells with various electrolytes (ref.ele, ED-81FP, ED-181NFP, EDF-181NFP, EDF-81FP) before galvanostatic cycling. 
b) Galvanostatic cycling of Li||Li symmetric cells with a capacity of 1 mAh cm-2 and a current density of 1 mA cm-2 in the five electrolytes: ref.ele, ED-81FP, ED- 
181NFP, EDF-181NFP, and EDF-81FP, with the inset showing localized charge/discharge curves of five different samples. c) Coulombic efficiencies of Li||Cu cells 
(capacity of 1 mAh cm-2) during discharge at a current density of 1.0 mA cm-2 and charge at 0.5 mA cm-2. d–f) Initial plating/stripping profiles for Li metal on a Cu 
foil substrate in the five electrolytes, along with corresponding magnified views (e, f). g) Charge capacity and Coulombic efficiencies of Li||Ni83 cells cycled between 
2.8 V and 4.3 V at 1.0 C (1.0 C = 200 mAh g-1). h) Charge/discharge curves of Li||Ni83 cells over various cycles using EDF-181NFP. i) Rate performance of Li||Ni83 
cells at different current densities with a voltage range of 2.8 V to 4.3 V. j) Charge capacity and Coulombic efficiencies of Li||Ni83 cells cycled in EDF-181NFP with a 
voltage range of 2.8 V to 4.5 V at 1.0 C (1.0 C = 200 mAh g-1), with the inset showing charge/discharge curves during different cycles.
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achieving uniform and stable lithium deposition [47]. Notably, during 
the charge/discharge process, Li||Cu cells with EDF-181NFP show the 
smallest voltage polarization, measured as just 45 mV (Fig. 4f), 
compared to 156, 53, 108, and 113 mV for ref.ele, ED-81FP, ED-181NFP, 
and EDF-81FP, respectively. This reduced polarization is attributed to a 
superior wettability, high tLi

+ and i0. The morphology of the lithium 
deposits after the first plating, shown in Figure S13, further supports this 
finding. In EDF-181NFP, the lithium deposits are the largest and exhibit 
the lowest porosity, resulting in reduced interfacial resistance and 
aligning with the observed low overpotential and polarization during 
cycling. Therefore, after 50 cycles, the Li||Cu cells with EDF-181NFP 
maintain a high average coulombic efficiency of 97.40 %, surpassing 
the efficiencies of 85.02 %, 91.78 %, 93.24 %, and 95.33 % for ref.ele, 
ED-81FP, ED-181NFP, and EDF-81FP, respectively. The superior per
formance of EDF-181NFP reflects a lower consumption rate of lithium 
metal and contributes to an extended lifespan for lithium metal 
batteries.

Fig. 4g-h and Figure S14 present the evaluation of five electrolytes 
ED-81FP, ED-181NFP, EDF-181NFP, EDF-81FP and ref.ele in Li||Ni83 
coin cells. The Ni83 electrode bears a mass loading of 9 mg cm-2, cor
responding to a theoretical area capacity of 1.8 mAh cm-2. The thickness 
and radius of the lithium metal used here are 250 μm, and 16 mm, 
respectively. The initial specific capacities of the cells with all five 
electrolytes are approximately 180 mAh g-1. The Li||Ni83 coin cells 
using the ED-81FP exhibit a rapid overcharging, primarily due to the 
limited stability of LiFSI at high voltages, as reported in previous studies 
[48]. This is also evident in Figure S15a, where a large leakage current is 
observed when the voltage is maintained at 4.3 V in Li||Ni83 cell with 
ED-81FP [49]. This issue is effectively mitigated by the addition of FEC. 
As shown in Figure S15a, the initial current for EDF-81FP is relatively 
high, indicating that CEI formation is consuming a huge lithium source 
from the cathode or electrolytes. In Fig. 4g, this is reflected by the rapid 
capacity drop during the first few cycles. Once a stable CEI layer forms, 
the leakage current decreases to 19 μA (Figure S15b). In subsequent 
cycles, within the EDF-81FP electrolyte, the Li||Ni83 coin cells achieve 
143 cycles before the capacity drops to 80 % of its initial value, followed 
by rapid capacity degradation. By introducing electrolytes containing 
LiNO3, such as ED-181NFP and EDF-181NFP, a significantly improved 
battery performance is achieved. LiNO3 forms a passivating double layer 
on the cathode particle surfaces, consuming a smaller amount of the 
lithium source during the initial CEI formation. This stable CEI layer 
maintains a low leakage current, thereby minimizing solvent and 
lithium salt consumption and prolonging the electrolyte and cell 
lifespan.

When both FEC and LiNO3 are present in EDF-181NFP, the Li||Ni83 
coin cells retain a capacity of 149 mAh g-1 after 300 cycles, with a ca
pacity retention of 82.5 %. Additionally, the average coulombic effi
ciency over 300 cycles reaches 99.62 %, outperforming the values of 
99.01 %, 98.57 % and 96.57 % achieved by ref.ele, ED-181NFP and EDF- 
81FP, respectively. The coin cells using ED-81FP electrolytes only last 30 
cycles, rendering their coulombic efficiency negligible. Compared with 
LiNO3-containing electrolytes reported in the literature (either ether- 
based electrolytes or those employing high-polarity carriers to assist 
LiNO3 dissolution) (Table S13), the Li||Ni83 coin cell also exhibits 
outstanding performance.

The rate performance of the five electrolytes ref.ele, ED-81FP, ED- 
181NFP, EDF-181NFP, and EDF-81FP is evaluated, as shown in Fig. 4i. 
The addition of LiNO3 negatively affects the rate performance in the ED- 
181NFP, likely due to a thicker passivation electric double layer, which 
hinders Li⁺ migration at high current densities. When FEC is present in 
EDF-181NFP, it drives NO3⁻ more into the inner solvation shell, thereby 
reducing the thickness of the EDL and alleviating this issue. The for
mation of a CEI layer containing LiF and LiNxOy helps to compensate for 
the reduced rate performance. As a result, Li||Ni83 coin cells with EDF- 
181NFP still achieve an acceptable capacity of 109 mAh g⁻¹ at a current 
density of 5.0 C. Remarkably, as shown in Fig. 4j, the Li||Ni83 cell with 

EDF-181NFP can operate at a cutoff voltage of 4.5 V, maintaining a 
capacity retention of 85.7 % after 100 cycles, which provides the pos
sibility of higher energy density lithium metal batteries.

d) Interfacial analysis- SEI & CEI Layers
Firstly, the surface morphology of lithium metal in Li||Li symmetric 

cells after 50 cycles at a capacity of 1 mAh cm-2 and a current density of 
1 mA cm-2 is analyzed using SEM, as shown in Fig. 5a-5d These cells are 
cycled in the four electrolytes ED-81FP, ED-181NFP, EDF-181NFP, and 
EDF-81FP. Like the morphology observed in Li||Cu cells after the first 
charging process, after 50 cycles, the lithium metal in ED-81FP cells 
exhibits the presence of prominent lithium dendrites and numerous 
voids on the surface (Fig. 5a). However, with the presence of LiNO3 (ED- 
181NFP) or FEC (EDF-81FP), as depicted in Figs. 5b and 5d, lithium 
dendrites are nearly absent, and replaced by a moss-like lithium struc
ture consisting of small particles (0.5–1.0 µm) with fewer voids. Notably, 
when both FEC and LiNO3 are combined (EDF-181NFP), large, dense 
lithium blocks form with minimal voids (Fig. 5c), indicating a signifi
cantly improved surface morphology.

X-ray photoelectron spectroscopy (XPS) combined with etching 
technology is used to further reveal the SEI composition of Li||Li sym
metric cells and the CEI composition of Ni83||Li cells after 50 cycles for 
the four electrolytes (ED-81FP, ED-181NFP, EDF-181NFP, and EDF- 
81FP). No distinct peaks are seen in the P 2p spectrum (see 
Figure S16), indicating that LiPF6 is not negligibly consumed on the 
surface of the anodes. Furthermore, the absence of components such as 
LiPxFy and LiPxOyFz in the fluorine spectrum is essential for accurately 
analyzing fluorine-containing species.

In the O 1 s spectrum as presented in Figs. 5e and S17, the peaks of 
C=O, SOx/NSOxFy, C-O, and Li2O are observed at 528.0 eV, 531.4 eV, 
532.4 eV, and 534.0 eV, respectively [50,51]. As for the SEI layers, in 
Fig. 5i, the Li2O exhibits a gradient distribution with depth across all 
samples, and in the EDF-181NFP sample, the content reaches its highest 
level due to the shorter distance between Li-O (NO3

- ) in the lithium-ions 
clusters under the influence of FEC. It means that FEC promotes the 
rapid conversion of LiNO3 into Li2O, and subsequently, the dense 
Li2O-containing SEI layer not only facilitates a rapid lithium-ion trans
port but also slows down the consumption of LiNO3, EC, DMC, FEC, 
LiFSI, and LiPF6 on both the anode and cathode-

The F 1 s spectrum is displayed in Figs. 5f, S18 and S24. The peaks 
situated at 685.0 eV, 685.6 eV, 687.6 eV, 688.3 eV originate from LiF, 
semi ionic C-F, NSOxFy, and S-F/covalent C-F, respectively [52,53]. With 
the addition of LiNO3 in the ED-181NFP sample, as shown in 
Figures S18b and S19a, the LiF is more likely to be generated in SEI 
layer. A small amount of C-F comes from the reaction of F separated 
from LiFSI with solvents such as EC and DMC [54]. Although the addi
tion of FEC provides more fluoride sources in EDF-81FP, the incomplete 
reduction of FEC also leads to the formation of a significant amount of 
organic C-F compounds alongside the large production of LiF 
(Figures S18d and S19). A synergistic effect exists between LiNO3 and 
FEC in EDF-181NFP, forming a dense Li2O-containing SEI layer. This 
layer also protects FEC, minimizing its reduction at the anode with less 
organic C-F (Figure S19b), which aligns with the results shown in 
Fig. 3a. Regarding the CEI layers, in the EDF-181NFP sample, the peaks 
of NSOxFy (main components) and LiF with strong intensity are observed 
in Figs. 5f and 5m Besides, LiNO2 is also detected (see Figure S28) under 
the dual passivation effect of FEC and LiNO3 on Ni83 cathodes. LiFSI and 
LiNO3 undergo a partial decomposition, leading to intermediate prod
ucts, including NSOxFy, LiNO2, LiF inorganic components alongside with 
less organic C-F (see Figure S25), which contributes to a robust CEI 
formation [55,56].

The less consumption of solvents (EC, DMC, FEC) and lithium salts 
(LiFSI, LiPF6) on the anodes and cathodes in the samples with the ad
ditives is further proven by the S 2p, N 1 s and C 1 s spectra. Regarding 
the S 2p spectrum (Figs. 5g, S20 and S27), the peaks located at around 
170.0 eV, 169.3 eV, 167.3 eV, 163.0 eV and 161.0 eV belong to NSOxFy, 
NSOx, SO3

2-, polysulfide and Li2S, respectively [57–59]. Concerning the 
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N 1 s spectrum, (Figures S21 and S28), the peaks located at 398.7 eV, 
and 400.3 eV, are corresponding to the Li3N, NSOx/NSOxFy/LiNxOy, 
respectively. Herein, sulfur-containing compounds are solely derived 
from the decomposition of LiFSI, while nitrogen-containing compounds 
are partially attributed to LiFSI decomposition. For the electrolytes 
containing LiNO3, nitrogen-containing compounds also originate from 
the decomposition of LiNO3. Notably, as depicted in Fig. 5j, when ad
ditives (FEC, LiNO3, or FEC & LiNO3) are present, the content of NSOx 
and SO3

2- is reduced in the SEI layer (compared to the ED-81FP elec
trolyte). In the corresponding nitrogen spectrum (Figures S21 and S22), 
Li3N is also weakened, while NSOx increases. This finding suggests that 
the addition of LiNO3 or FEC mitigates the consumption of LiFSI and 
inhibits the complete decomposition of LiFSI. Besides, as shown in 
Figs. 5n, S26, and S27, as for the cathode in ED-181NFP, the surface 

contents of LiPxOyFz, NSOx, and SO3
2- are relatively high but decrease as 

the etching depth increases. This finding indicates that once LiNO3 is 
extensively consumed on the anodes, it can no longer serve as a 
passivation layer on the cathodes, and LiFSI and LiPF6 will be signifi
cantly depleted. Therefore, when LiNO3 is protected by FEC, as in the 
case of EDF-181NFP, the consumption of lithium salts on both electrodes 
is significantly reduced, thereby enhancing the battery lifespan. More 
importantly, the addition of LiNO3 or FEC reduces the content of Li2S on 
both SEI and CEI layers (Figs. 5k and 5o). In EDF-181NFP, their contents 
are minimized. As a result, the shuttling effect of lithium sulfide is 
significantly suppressed, thereby stabilizing the SEI and CEI layers.

As for the C 1 s spectrum, shown in the Figs. 5h, S23, and S29, the 
peaks located at 282.6 eV, 284.0 eV, 284.8 eV, 286.0 eV, 286.6 eV, 
288.1 eV, 289.5 eV and 290.2 eV, are attributed to the LixC, -C=C-, 

Fig. 5. SEM images of the lithium deposition morphology after 50 cycles in Li||Li symmetric cells with a capacity of 1 mAh cm-2 and a current density of 1 mA cm-2 in 
the four electrolytes: a) ED-81FP, b) ED-181NFP, c) EDF-181NFP, and d) EDF-81FP. XPS measurements: (e, g) O 1s, S 2p spectra of SEI layers in Li||Li symmetric cells 
after 50 cycles with a capacity of 1 mAh cm-2 and a current density of 1 mA cm-2 using EDF-181NFP; (f, h) F 1s, C 1s, spectra of CEI layers in Ni83||Li cells after 50 
cycles with voltage cut-off of 4.3 V and 1 C (1C=200 mA g-1) current density using EDF-181NFP (The etching time is 0, 1, 2, 3 minutes, respectively, and the etching 
rate is 8 nm/min); (i-l) peak area of the corresponding substances of the SEI layers in different etching depths with different electrolytes; (m-p) peak area of the 
corresponding substances of the CEI layers in different etching depths with different electrolytes. (The peak area of Li2S is based on the Li2S 2p3/2 peak, while the 
peak areas of NSOx/NSOxFy and SO3

2- are based on the NSOx/NSOxFy and SO3
2- 2p3/2 peaks, respectively.) q) Schematic illustration of the SEI and CEI layers in LMBs in 

the four electrolytes.
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-CH2-/-C-C-, -C-O-C-, -C*-CO2Li, and R-C*O3Li, Li2CO3 and poly(CO3)/ 
C-F, respectively [51,53,54,59,60]. As for the SEI layers, in ED-181NFP 
and EDF-81FP electrolytes, as shown in Figure S23, the addition of 
LiNO3 or FEC leads to an increase in the lithium-philic compound-LixC 
content with etching depth, while FEC has a more pronounced effect 
[60]. Among the four samples, EDF-181NFP exhibits the highest LixC 
content. With the assistance of LiNO3 in ED-181NFP and EDF-181NFP, 
as shown in Fig. 5l, the total peak areas of organic carbide including 
-C=C-, -CH2-/-C–C-, -C-O–C-, -C*-CO2Li, and R-C*O3Li, Li2CO3 and 
poly(CO3)/C-F is the lower, which indicates that LiNO3 (or dense 
Li2O-containing SEI layer formed by LiNO3) helps to mitigate the 
degradation of organic solvents such as EC, DMC, and FEC. However, 
FEC has a negative effect, increasing the content of organic carbide due 
to its tendency to be easily reduced at the anode, which is consistent 
with the huge amount of organic C-F in the F 1 s spectrum. In the CEI 
layers, originating from the antioxidative properties of FEC and 
passivation effect of LiNO3, the total peak areas of organic carbide 
including -C=C-, -CH2-/-C-C-, -C-O-C-, -C*-CO2Li, and R-C*O3Li, Li2CO3 
and poly(CO3)/C-F in the EDF-181NFP is also lowest (Fig. 5p), which 
reduces interfacial resistance and enhances battery performance.

Originating from less consumption of solvents (EC, DMC, FEC) and 
lithium salts (LiFSI, LiPF6) on cathodes, the lattice-oxygen peak located 
at 529.3 eV is detectable at an etching depth of just 8 nm in the EDF- 
181NFP sample (Figure S30). In contrast, in the other three samples, it 
only appears at depths of 16 nm or greater. This observation indicates 
that the CEI layer in EDF-181NFP is the thinnest among the four 
samples.

Overall, as shown in Fig. 5q, the incorporation of FEC and LiNO3 in 
the EDF-181NFP promotes the formation of a distinctive SEI and CEI 
layers. In the SEI layers, FEC promotes the rapid decomposition of 

LiNO3. Subsequently, the dense Li2O-containing SEI layer formed by 
LiNO3 prevents FEC from being extensively reduced. Thus, a robust SEI 
layer with a gradient distribution of lithium-philic LixC, inorganic 
components Li2O, as well as a proportion of LiF with fewer organic 
components, is constructed. Under the dual passivation effect of LiNO3 
and FEC on the cathode side, a thin and durable CEI comprising NSOxFy 
(main components), LiNO2, and LiF inorganic components with fewer 
organic components stabilizes the cathode and the cathode-electrolyte 
interface. The unique SEI and CEI layers, on the one hand, reduce the 
interfacial resistance and accelerate the lithium-ion transport. On the 
other hand, they effectively minimize the consumption of lithium salts 
and solvents, thereby reducing the formation of by-products (Li2S), 
which slows down the degradation rate of SEI/CEI layers.

e) Pouch-cell performance
Finally, as shown in Figs. 6a and 6b, an experimental 6 Ah pouch cell 

(78.0 mm × 58.0 mm × 4.5 mm) with EDF-181NFP is fabricated and 
evaluated for its electrochemical performance. A 70 µm Li–Mg alloy was 
used as the anode and current collector, whose solid-solution structure 
restricts lithium diffusion, enables uniform deposition, suppresses den
drites and side reactions, and accommodates volume changes without 
compromising energy density [61,62]. The pouch cell is tested with a 
voltage range from 2.8 V to 4.35 V and a C-rate of 0.5 C (1.0 C = 6 A) at 
room temperature. As depicted in Figs. 6c and 6d, At an ultralow N/P 
ratio (≈1.27), the pouch cell exhibits an energy density of 474 Wh/kg 
during the first cycle of charging, maintained a gravimetric energy 
density of around 450 Wh/kg and a volumetric energy density of 710 
Wh L-1 in the subsequent cycles, and is able to retain 405 Wh/kg after 20 
cycles. Although the capacity can be slightly restored after adding 
another 4 g electrolyte in the subsequent process, the pouch cell fails 
after 35 cycles. Nonetheless, this method has validated the feasibility of 

Fig. 6. a) Digital photograph of a 6 Ah pouch cell. b) Composition and corresponding mass of the 6 Ah pouch cell (Electrolytes: EDF-181NFP) and the N/P 
ratio≈1.27. c) Charge capacity and corresponding energy densities of the pouch cell cycled between 2.8 V and 4.35 V at 0.5 C (1.0 C = 6 A). d) Charge/discharge 
curves of the pouch cell over various cycles.
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using LiNO3 additives in pure ester-based carbonate electrolytes for 
fabricating high-energy-density lithium metal batteries, with further 
optimization possible in the future.

3. Conclusion

In summary, we report a simple, scalable, co-solvent–free two-step 
method that dissolves 0.1 M LiNO3 in carbonate ester electrolytes, 
achieving ~10 × higher solubility than conventional systems. In the first 
step, EC at elevated temperatures disrupts Li⁺–NO₃⁻ interactions, form
ing Li⁺OEC(5.0)ONO3⁻(0.5). Simultaneously, in the preformed LiFSI/ 
LiPF6–DMC/FEC electrolyte, Li⁺ ions are initially coordinated with FEC, 
DMC, FSI⁻, and PF6⁻. During the subsequent mixing process, the solva
tion structure releases part of the solvents/anions, increasing the reac
tion entropy, while the remaining FEC, DMC, and FSI⁻, PF6⁻in the 
solvation shell stabilize Li⁺ and prevent Li⁺–NO3⁻ aggregation. The 
mixing process is both enthalpically and entropically favorable. MD 
simulations, ⁷Li NMR, and Raman spectroscopy confirm that NO3⁻ enters 
the Li⁺ solvation sheath. Upon the addition of FEC, interactions between 
NO3⁻ and Li⁺ are enhanced, leading to an improved CIP/AGG solvation 
structure, lithium-ion mobility, and exchange current density. This sol
vation structure also contributes to the stability of LiNO3-containing 
electrolytes on lithium metal anodes, Al foils, stainless steel 316, and 
Ni83 cathodes. A unique SEI layer is formed, which has a gradient dis
tribution of lithium-philic LixC, inorganic components such as Li2O, and 
a proportion of LiF, along with fewer organic components. Furthermore, 
with the dual passivation effect of LiNO3 and FEC on the cathode side, a 
thin and robust CEI comprising a substantial number of inorganic 
components (NSOxFy, LiNO2, and LiF) with fewer organic components is 
constructed on the surface of cathodes.

The unique SEI and CEI layers, on the one hand, reduce the inter
facial resistance and accelerate the lithium-ion transport. On the other 
hand, they effectively minimize the consumption of lithium salts and 
solvents, reduce the formation of by-products (Li2S), and slow down the 
degradation rate of SEI/CEI. As a result, the Li||Ni83 cells exhibit 82.5 % 
capacity retention after 300 cycles at 1C (1C = 200 mA g⁻¹) with a 4.3 V 
cut-off voltage, and 85.5 % retention after 100 cycles at 1C with a 4.5 V 
cut-off voltage, far surpassing traditional carbonate ester-based elec
trolytes. More importantly, a pouch cell with an energy density of 450 
Wh/kg is manufactured, and a reasonable cycling stability is demon
strated. This study demonstrates a simple, scalable, and cost-effective 
approach for developing ester-based electrolytes with LiNO3 and FEC 
by regulating solvation structures to stabilize the CEI and SEI layers in 
high-voltage lithium metal batteries.
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