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Anion-mediated approach to overcome
oxidation in ether electrolytes for
high-voltage sodium-ion batteries

Xingyu Wang1,3, Qi Fan1,3, Ziheng Liu1,3, Xinyue Zhu2, Mei Yang 1 ,
Zhiyuan Guo1, Yuting Chen1, Liuqi Wang1, Yu Jing 2 & Hui Xia 1

The ether-based electrolytes are acknowledged for their compatibility with a
diverse array of sodium-ion battery anodes, as well as their capability to enable
efficient and reversible electrochemical reactions. However, they encounter a
challenge of oxidation at high voltages. We find that a standard diglyme-based
electrolyte starts to oxidize and break down at voltages exceeding 3.9 V (vs.
Na+/Na). This deterioration is attributed to the nucleophilic nature of the
diglyme solvent and the presence of oxygen atoms that possess two unpaired
electrons. To address this issue, we incorporate foreign anions into the elec-
trolyte system topassivate the reactive sites of terminal H ondiglyme solvents,
inhibiting further dehydrogenation and oxidation during battery operation.
The constructed cathode electrolyte interphase, enriched with NaF and
NaNxOy, substantially boosts the oxidation resistance of electrolyte to over
4.8 V (vs. Na+/Na), expanding the stability window and rendering it feasible for
various high-voltage cathode materials. Our approach also ensures compat-
ibility with either hard carbon or commercial graphite anodes, guaranteeing
operation in pouch cells. This study elucidates the relationship between
interfacial chemistry and oxidation tolerance at high voltages, offering an
approach to the development of practical ether-based electrolytes for high-
energy-density battery technologies.

Sodium-ion batteries (SIBs) are emerging as a promising sustainable
energy solution, leveraging on the abundance and cost-effectiveness of
sodium ions1. Unlike lithium-ion batteries (LIBs), SIBs cannot use
commercial graphite negative materials due to thermodynamic
instability issues of its sodium intercalated compound2, prompting the
exploration of alternative negative electrode materials like hard car-
bon, transition metal sulfides, phosphides, and sodium metal3,4. A sig-
nificant hurdle in SIBs is the compatibility of these negative electrode
materials with electrolytes to ensure reversibility and cycle stability.

Unlike the poor Na+ ion storage in carbonate-based electrolyte
system that is prevalent in SIBs5, commercial graphite demonstrates

reversible charge storage in ether-based electrolytes through a solvent
co-intercalation reaction, as illustrated in Supplementary Fig. 16. Fur-
ther, ether electrolytes show good compatibility with various SIB
negative electrodes, mainly owing to its capability of forming a thin
and robust solid-electrolyte interphase (SEI) layer that promotes
sodium ion transport and enhances electrochemical properties
regarding specific capacity, rate capability, life span, and initial Cou-
lombic efficiency (CE), as detailed in Supplementary Table 17,8. Never-
theless, the use of conventional ether-based electrolytes still struggles
with high-voltage requirement of SIBs due to their ease of degradation
at oxidizing potentials of positive electrodes9. A common approach to
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extend the electrochemical stability window is through high-
concentration electrolytes, which reduce oxidative reactions by mini-
mizing excess solvents at the electrode surface10. Yet, this strategy
faces practical challenges due to increased viscosity and costs.
Therefore, there is a pressing demand for the development of an
economical and sustainable ether electrolyte with a normal salt con-
centration that can operate at high voltages11,12.

Our research is focused on the degradation mechanisms of a
typical ether-based electrolyte, 1.0M solution of sodium tri-
fluoromethanesulfonate (NaOTf) in diethylene glycol dimethyl ether
(diglyme) (denoted as G2), where we have identified the oxidation
threshold at 3.9 V (vs. Na+/Na) as a pivotal causeof irreversible capacity
loss. This issue stems from the C-Obonds of diglymemolecules, which
areprone tonucleophilic substitution reactions. To counteract this, we
added a trace amount of sodium nitrate (NaNO3, NNO) into the elec-
trolyte, which can not only passivate the reactive sites of diglyme but
also facilitate the formation of a durable cathode electrolyte interface
(CEI) that is essential for long cycle life of batteries. The working
mechanism of inhibiting anodic oxidation of ether electrolytes in our
study diverges from that reported in lithium metal batteries13, which
necessitates a significant concentration of lithium nitrate. In our
sodium-based battery system, however, a mere 0.04M concentration
of NNO is sufficient to establish a CEI layer enriched with NaF and

NaNxOy, which suppresses electrolyte oxidation. Validated by com-
prehensive theoretical and experimental research, our strategy has
proven effective across various positive electrode materials and ether
solvents. This highlights its potential in the advancement of high-
voltage battery electrolytes.

Results
In a proof-of-concept study, we selected extensively studied G2 elec-
trolytes to serve as the typical mode for our analysis. To evaluate high-
voltage stability, we employed a P3-phase Na2/3Ni1/2Mn1/2O2 (NNM)
electrode material with a particulate morphology, as shown in Sup-
plementary Fig. 2. The Na||NNM half cell showed reversible plateau
behavior with traditional carbonate electrolyte, but the cell with G2
electrolyte had a large irreversible charge capacity and a low initial CE
of only 50%when charged to 4.0V vs. Na+/Na (Fig. 1a). In contrast, a cell
with a conventional carbonate electrolyte exhibited normal reversible
charging and nearly 100% CE. The low CE persisted throughout the
cycling process and eventually led to the premature failure of the
batteries (Fig. 1b). Even at a reduced cut-off of 3.5 V, abnormal charging
was seen by the 30th cycle, as depicted in Supplementary Fig. 3. We
suspect that the high irreversible charge capacity is the result of severe
electrolyte decomposition at the electrode-electrolyte interface,which
impedes the intercalation of Na+ ions. Scanning electron microscopy

Fig. 1 | Comprehensive analysis of half cells cycled with G2 electrolyte. a GCD
profiles of Na||NNM cells using conventional carbonate and standard G2 electro-
lytes at a current density of 100mAg−1. b Cycling performance of NNM positive
electrodes in G2 electrolyte, within a voltage range of 2.0–4.0 V. The inset

illustrates the overcharging curves during the 21st cycle. SEM images of (c) pristine
andd five-cycled electrodematerials. e Scanning transmission electronmicroscopy
(STEM) images and elemental mapping of both pristine and cycled NNM particles,
complemented by the elemental ratios.
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(SEM) analysis of NNM particles both prior to cycling and after five
cycles, as depicted in Fig. 1c, d, revealed the formation of a thick layer
of byproducts on the NNM electrode surface. Notably, the presence of
substantial C-containing species in Fig. 1e suggests uncontrollable
parasitic reactions at the electrode-electrolyte interface, leading to
uneven deterioration of the CEI layer.

Noticing the susceptibility of the G2 electrolyte with standard salt
concentration to oxidation, we try to gain a more profound under-
standing of this phenomenon at the molecular level. The prevailing
theory posits that if the Fermi level of electrode materials exceeds the
highest occupied molecular orbital (HOMO) of ether during charging,
the ether oxidizes preferentially14, leading to battery failure at high
voltages (Fig. 2a). Density functional theory (DFT) calculations given in
Fig. 2b show G2 has a higher HOMOenergy than OTf−, making it prone
to oxidation. However, NO3

−, with much higher HOMO energy and
donor number, can act as a sacrificial agent to stabilize the
electrolyte15.

Dominated by ion-dipole interactions between Na+, DEGDME
solvent and OTf− anions, the coordinated states present as free ion
(FI-OTf), contact ion pair (CIP-OTf) and aggregated ion pair (AIP-
OTf), in which OTf− served as fully dissociated anion, monodentate
ligand and bridged ions, respectively (Supplementary Fig. 4). The G2
electrolyte contains two characteristic peaks at 1034 and 1039 cm−1 in
the Raman spectra (Supplementary Fig. 5)16,17. The former corre-
sponds to the FI-OTf species and the latter implies the formation of
the CIP-OTf. The downshift of Raman peaks signifies a transition in
solvation structures to more tightly packed ion pairs18. Upon the
addition of a very small amount of NNO (c.a. 0.04M) to G2 (R-G2,
reformulated G2), a noticeable decrease in the intensity of the CIP-

OTf peak was observed, coinciding with the disappearance of the
peak corresponding to coordinated OTf− (the bending mode of -CF3
at 760 cm−1, Fig. 2c). This indicates the dissociation of OTf− anions
from the coordination structures into free ions, as illustrated by a
downshift in the major solvation peak. Further analysis using nuclear
magnetic resonance (NMR) spectroscopy revealed a downfield shift
and broadening of the 23Na peak (Fig. 2d), indicating a de-shielding
effect caused by the integrated solvation structures17. A molecular
dynamics (MD) study reveals that NO3

− ions are integrated into the
primary solvation shell, featuring a Na+-O(NO3

−) coordination dis-
tance of around 2.1 Å, as shown in Supplementary Fig. 6. Simulta-
neously, there is an observed reduction in the total coordination
number of OTf−, indicating the release of some OTf− ions from the
solvation shell. These findings are consistent with the outcomes of
Raman spectroscopy and the NMR data. Overall, the electron-
donating ability of NO3

− weakens Na+-solvent interactions, enhan-
cing ionic conductivity (Supplementary Fig. 7)19.

Given that the resonanceof terminal H inG2 goes upfield (Fig. 2e),
this feature could be the result of the shielding effect of NO3

− on the
nucleophilic reaction area in G2, which refers to the active hydrogen
atoms20,21. Further disclosed by the DFT calculation, the electron-
donating NO3

− pushes the solvation structures beyond CIP, even
forming the aggregated form, AIP (Fig. 2f). Furthermore, the dehy-
drogenation procedure serves as an associated process along with
electrolyte oxidation. The active parts (H on G2, red parts) are
obviously passivated in the formed CIP (CIP-NO3) and AIP (AIP-NO3)
because of the participation of NO3

− ions, which indicates the inhibi-
tion of the dehydrogenation and oxidation of G2 solvents during
battery operation22,23.

Fig. 2 | Electrolyte oxidation mechanism and spectroscopic insights.
a Schematic representationof the cathode-driven electrolyte oxidationprocess in a
charged state. The term LUMO refers to the lowest unoccupied molecular orbital.
bGraphical depiction of theHOMOenergy level andDNnumbers for theG2 solvent
molecule, OTf-, and NO3

-. c Raman, (d) 23Na NMR, and (e) 1H NMR spectra of the G2

and R-G2 electrolytes. The insets in (c–e) display the solvation structure of CIP-OTf,
CIP-NO3, and the molecular structure of the free G2 solvent, respectively.
f Comparative electrostatic potential mapping and structural formulas of the pre-
dominant solvation structures. Structures dominated by NNO are highlighted
within an orange dotted box.
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We integrated the ether electrolyte into electrochemical cells to
test its oxidation resistance. Linear sweep voltammetry (LSV) showed
that the on-set anodic current of both Na||NNM and Na||stainless
steel half-cells with G2 electrolyte starts from around 3.9 V vs. Na+/Na
(Fig. 3a). The current of Na||NNM cells increased more rapidly, sug-
gesting that the positive electrode surface may catalyze oxidation
reactions of G2 molecules, thereby worsening electrolyte decom-
position in full cells24. The enlarged detail from the LSV curves shown
in Supplementary Fig. 9 displays the current peak associatedwith Na+

intercalation in Na||NNM cells. This finding is further supported by
the galvanostatic charge-discharge (GCD) profiles of initial three
cycles (Fig. 3b) and the cyclic voltammetry (CV, Supplementary
Fig. 8), which showed large irreversible capacities and an average CE
of 51.72% for the Na||NNM cell with G2 electrolyte. In contrast, the
Na||stainless steel cell with R-G2 electrolyte demonstrated the high-
voltage tolerance with an extended stable window up to 4.8 V.
Meanwhile, the Na||NNM cell with R-G2 electrolyte with normal
charging capacity achieved an average CE of 99.34%, indicating
suppressed parasitic reactions and improved reversibility. Over the
cycling process, it maintained a capacity retention of 80.5% after 100
cycles, whereas the cell with G2-electrolyte failed after 21 cycles
because of the low CE triggered by severe parasitic reactions (Sup-
plementary Fig. 10a)25.

We further conducted XRD analysis on the positive electrode
materials after cycling. As displayed in Supplementary Fig. 11, the NNM

electrode cycled with R-G2 electrolyte exhibited minimal crystallinity
loss and structural degradation, suggesting that the NO3

−-derived CEI
layer protected both the electrolyte and the positive electrode from
side reactions. The R-G2 electrolyte was also effective with other
positive electrode materials like tunnel Na0.44MnO2 (NMO) and
Na3V2(PO4)3 (NVP), achieving similarly improved CE (Supplementary
Fig. 10b, c). For instance, Na||NNM cells with G2-electrolyte showed
abnormal charge process extensions in GCD curves (Supplementary
Fig. 12), indicating significant electrolyte decomposition. The dete-
rioration was evident through the dQ/dV contour map during cycling
(Supplementary Fig. 13), where redox platforms above 3.5 V fadedwith
cycling. In contrast, half-cells with R-G2 electrolyte maintained these
platforms upon long cycling period, confirming enhanced interfacial
protection under high voltages.

To further assess the electrolyte stability, we analyzed cycled
electrolytes from Na||NNM cells. 1H NMR showed short-chain carbon-
oxide compounds corresponding to G2 solvent decomposition26, with
significantly reduced intensity for the peak around 1.8 ppm with NNO
additive (Fig. 3c), consistent with inhibited solvent oxidation. The
separator subjected to cycling in the G2 electrolyte exhibited a dar-
kened appearance, as shown in the inset of Fig. 3c,which isperhaps the
detached CEI components or other byproducts resulting from elec-
trolyte decomposition. In marked contrast, the R-G2 separator
retained its pristine cleanliness. Raman spectra confirmed the con-
sistent composition of R-G2 before and after cycling, with

Fig. 3 | Cell performance improvement and electrolyte environment variations.
a LSV curves comparingNa||NNMcells andNa||stainless steel cellswith G2 andR-G2
electrolytes. b Charge and discharge profiles of the initial three cycles for Na||NNM

cells. c 1H NMR spectra and (d) Raman spectra of cycled G2 and R-G2 electrolytes
extracted from Na||NNM cells. The insets in (c) provide optical images of the
separators disassembled from cells after five cycles.
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characteristic peaks attributed to C-O-C vibration of G2 molecule
(850 cm−1) and -CF3 bending (756 cm−1) of OTf− anion remaining
unchanged (Fig. 3d). In contrast, these peaks were nearly absent in the
G2 electrolyte after only 20 cycles.

Inspired by these findings, we examined the electronic structures
of specific solvation structures to explain the high-voltage endurance
of R-G2 electrolytes. DFT simulations indicated that the NO3

−-involved
solvates, CIP-NO3 and AIP-NO3, have higher HOMO levels than the CIP-
OTf of G2 electrolyte, suggesting they are more prone to decom-
position (Fig. 4a). Specifically, the oxidation sites aremostly located on
theNO3

−of solvation clusterswhile theC-Obonds of theG2 solvent are
thus protected. We hypothesize that NO3

− decomposition promotes a
protectiveCEI layer, therebyprotecting the positive electrodematerial
from interfacial side reactions (Supplementary Fig. 11)27. This was
confirmed by the presence of N-containing species in the N 1s XPS
spectra of the R-G2-derived CEI compared to the G2-derived CEI
(Fig. 4b). The NaNxOy species, a good Na+ conductor28,29, likely arises
from the preferential decomposition of NO3

− ions. A control experi-
ment confirmed the crucial role of CEI in protecting against oxidation
of G2 solvent, as an NNM electrode pre-cycled in R-G2 with a pre-
formed CEI could withstand a high potential of 4.75 V vs. Na+/Na
(Fig. 4c). High-resolution transmission electron microscopy (HRTEM)
revealed that the NNO-derived CEI is uniform and conformal at about
6 nm thick, while the G2-derived CEI is uneven and much thicker
(~25 nm) (Fig. 4d, e)30. This thin CEI layer, further corroborated by the
Mn XPS signal observed on the electrode surface (Supplementary
Fig. 14), not only ensures stability but also facilitates interfacial charge
transfer, as evidenced by electrochemical impedance spectroscopy
(EIS) (Supplementary Fig. 15).

To elucidate the CEI formation chemistry, we analyzed its com-
ponents using XPS with Ar+ ion sputtering (Fig. 4f). The O 1s spectra of
the G2-induced CEI showed high levels of Na2CO3/Na2CO2R, a result of
uncontrolled G2 oxidation30,31. With NNO electrolyte addition, the
inner layer of CEI displayed significantly reduced Na2CO3/Na2CO2R
content and introduced oxidative products such as NaNxOy and
RSO3Na/RSO2Na, which is also confirmed by the S 2p spectra displayed
in Supplementary Fig. 1632. Free anions and solvents are absorbed into
the Inner Helmholtz Plane (IHP) before cycling, decomposing to form
the initial CEI. Here, NNO addition removes free solvents and releases
OTf− from solvation structures, enabling OTf− decomposition in the
IHP layer. This also leads to a NaF-rich composition, evident from the
peak at 684.7 eV in F 1sXPS spectra33. The shift from solvent-derived to
anion-derived CEI, triggered by the rearrangement of dominant sol-
vation structures, provides an electron-insulating yet ion-conducting
CEI layer between the electrolyte and electrode.

Taken together, NNO plays a dual role in CEI formation chemistry.
As depicted in Fig. 5a, NO3

− ions occupy in the first solvation shell,
releasing someOTf− anions into free ions. These anions, occupying the
IHP, decompose and form a CEI rich in NaF and RSO3Na/RSO2Na
components that serve as effective electron insulators, curbing further
solvent oxidation (Fig. 5b). Simultaneously, the preferential decom-
position of NO3

− ions acts sacrificially, integrating into the CEI as
NaNxOy, and shields oxidation of the C-O bonds in G2 molecules. This
synergistic action results in a thin and dense CEI layer that selectively
permits Na+ transport and blocks electron transfer. In contrast,
uncontrolled G2 decomposition in the absence of NNO results in a
porous CEI that is prone to continuous expansion and offers minimal
protection at high voltages34,35.

Fig. 4 | Analysis of solvation clusters and CEI properties. a LUMO and HOMO of
the solvation clusters, as seen in Fig. 2f, with orbital wavefunctions in red and green.
b N 1s XPS spectra of the NNM electrode cycled with R-G2-electrolyte, with Ar+ ion
sputtering. c LSV measurements evaluating the stability of the CEI layer within
NNM, with preconditioning in R-G2 electrolyte indicated by the blue trace and

without such preconditioning by the red trace. The inset provides an enlarged view
of the plot in the potential range of 2.5–4.25 V. d, e HRTEM images depicting CEI
regions and (f) in-depthXPSspectraofNNMelectrodes after 5 cycles in bothG2and
R-G2 electrolytes.
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In our study, we selected the commonly used positive electrode
materials like NNM, NMO, NVP, and sodium nickel iron manganese
oxide (Na1.0Ni0.33Fe0.33Mn0.33O2, abbreviated as NFM), as well as gra-
phite and HC negative electrode materials, as the representative
samples. As illustrated in Fig. 6a–c and Supplementary Figs. 17 and 18,
our strategy proved effective across a variety of positive and negative
materials. Specifically, a battery equipped with an NNM positive elec-
trode and a graphite negative electrode, when paired with the R-G2
electrolyte, exhibited improved cycling performance. It achieved an
averageCE exceeding 99%, a substantial improvement over the 50%CE
observed with the G2 electrolyte alone. This enhanced cycling stability
was corroboratedby symmetricGCDprofiles and a contour plot of dQ/
dV at a 3.5 V cutoff, indicative of improved reversibility as shown in
Supplementary Fig. 19.

Our strategywas also successfully applied to the same category of
TEGDME electrolyte (tetraethylene glycol dimethyl ether, denoted as
G4). The graphite||NNM full battery using the reformulated R-G4
electrolyte retained 74% of its capacity after 200 cycles, as shown in
Fig. 6b. This is in stark contrast to the rapid capacity decline observed
with the standard G4 electrolyte. Furthermore, when using an NVP
positive electrode, it maintained an impressive 83% capacity retention
over 1000 cycles (Supplementary Fig. 17), coupled with a nearly per-
fect CE of 99.89%. This was supported by 1HNMRdata (Supplementary

Fig. 20), which indicated a reorganization of the solvation sheath, as
evidenced by the downfield shift of integral peaks and the appearance
of an additional peak in the terminal methyl groups in the G4 chains.

The incorporation of nitrate ionswas found to effectivelymitigate
oxidation issues of ether electrolytes, thus preserving the redox sta-
bility of the electrode. The beneficial role of NO3

− ions was further
validated by the similar performance improvements observed with
both lithiumnitrate (LiNO3) and potassiumnitrate (KNO3) additives, as
depicted in Supplementary Fig. 21. Calculated based on the total mass
of the whole battery, the HC||R-G2||NFM pouch cell shown in Fig. 6c
was capable of delivering energy density of 137Wh kg−1, while main-
taining a remarkable 90% capacity retention after 100 cycles.

Discussion
Our research has made strides in addressing the issue of oxidation in
ether-based electrolytes for SIBs. Through the strategic introduction
of a small amount of nitrate anions (~0.04M) into the electrolyte sys-
tem, we have successfully mitigated the susceptibility of C-O
bond breaking, a common cause of electrolyte degradation at high
voltages. This strategic modification has catalyzed a profound change
in interfacial chemistry, empowering the decomposition of OTf−

and NO3
− anions to form a robust cathode electrolyte interphase (CEI).

The resulting CEI, enriched with NaF and NaNxOy species, has

Fig. 5 | NNO-induced CEI and electrolyte decomposition routes. a Schematic illustration of electrolyte environments and CEI transformations induced by the NNO
additive. b Delineation of the possible decomposition pathways for electrolyte constituents.
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demonstrated improved high-voltage tolerance, extending the
operational voltage threshold to 4.8 V vs. Na+/Na. The reformulated G2
electrolyte (R-G2) has emerged as a versatile solution, exhibiting
compatibility with a wide array of high-voltage positive electrode
materials. It has delivered improved Coulombic efficiency and exten-
ded cycle life, marking the advancement in the realm of SIB electro-
lytes. Moreover, the applicability of our approach extends beyond the
G2 electrolyte, as evidenced by the enhanced cycling performance of
other ether-based electrolytes, with nearly 83% capacity retention
observed over 1000 cycles. Our research has not only deepened the
understanding of the intricate relationship between interfacial chem-
istry and oxidation tolerance at high voltages but also provided a
foundational blueprint for the design of high-voltage-tolerant ether
electrolytes.

Methods
Materials synthesis
The P3-Na2/3Ni1/2Mn1/2O2 was prepared via a facile sol-gel method.
Typically, a homogeneous acetate precursor was obtained from a
0.5M acetate solution containing Na, Ni, and Mn ions with the pro-
portion of 7:5:5 (Na excess), which was heated at 75 °C with vigorous
stirring until a bright green sol formed and was aged at 100 °C over-
night. The acetate precursor was decomposed at 500 °C in the air for
3 h, followed by the homogenized, pelletized, and annealed at 700 °C
in the air for 12 h to obtain Na2/3Ni1/2Mn1/2O2 powder.

The tunnel Na0.44MnO2 was synthesized through a solid-state
sinteringmethod. NaHCO3 (99.8%, Aladdin) andMn2O3 (99%, Aladdin)
powder with the proportion of 1:1 was mixed by ball milling with
rotation speed up to 500 rpm for 12 h. The mixture underwent a two-
step annealing at 600 °C for 8 h and 900 °C for 10 h, respectively, to
achieve Na0.44MnO2.

Cell fabrication
All the electrolyte preparation and coin cell assembly were carried out
in an argon-filled glovebox with H2O and O2 levels <0.5 ppm. The
modified electrolytes were prepared via direct dissolution. In electro-
lyte solutions, EC refers to ethylene carbonate, DECabbreviates diethyl
carbonate, and FEC stands for fluoroethylene carbonate. Typically,
excessive NaNO3 (99.99%, Aladdin) was dissolved in the G2 electrolyte
(99.8%, DoDoChem) in a sealed glass bottle, along with vigorous stir-
ring at 60 °C overnight. The turbid solution was stood still for another
12 h to ensure total precipitation of undissolved NaNO3. The super-
natant electrolyte was collected carefully and denoted as R-G2. R-G4
electrolytewas formulated by a similar procedure to theG4electrolyte
(99.8%, DoDoChem).

Materials characterization
The microstructure and interfacial morphology of electrodes were
characterized by X-ray diffraction (XRD, Bruker-AXS D8 Advance),
scanning electron microscope (SEM, Quant 250FEG), and high-

Fig. 6 | Cycling performance comparison of different full cells. Cycling com-
parison of graphite||NNM full cells at a current density of 100mAg−1, utilizing
the G2 and R-G2 electrolytes a, and G4 and R-G4 electrolytes (b), within a cut-off

voltage of 4.0 V. c Cycling stability test of the HC||R-G2||NFM pouch cell at a
current density of 20mAg−1.
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resolution transmission electron microscopy (HRTEM, Tecnai G2 F30
S-TWIN). In order to obtain detailed compositions of the interfacial
compound, in-depth X-ray photoelectron spectroscopy (XPS, mono-
chromatic AlKα source)wascarriedoutwithAr+ ion sputtering. During
our XPS etching study, the electrode was meticulously extracted from
the cycled coin cell, rinsed and washed with the G2 solvent each three
times to eliminate residual electrolytes, and then fully dried. This
procedure was conducted in a glove box with water and oxygen levels
below 0.1 ppm. The electrodes were sealed and vacuum-transferred to
the XPS instrument for further analysis.

Various characterization methods were carried out to further
investigate electrolyte properties during electrochemical reactions,
including Raman spectroscopy (Jobin-Yvon T6400, 532 nm laser
source) and nuclear magnetic resonance spectroscopy (NMR, 1H and
23Na, JEOL 600MHzNMR spectrometer). The internal standard used in
NMR experiments is tetramethylsilane and the deuterated reagents is
deuterated dimethyl sulfoxide (DMSO).

Electrochemical measurement
2025-type coin cells were fabricated to test the electrochemical
properties of different electrolytes. A slurry containing active materi-
als, super P (Canrud), andpoly (vinylidene fluoride) (PVDF) (Canrud) in
a mass ratio of 8:1:1 was coated on Al foils and dried in a vacuum at
80 °C for 12 h, then pouched as Φ12mm pieces. The mass loading of
electrodes was controlled between 2.5 ~ 2.8mg cm−2. The whole
assembly procedure was operated in a glove box filled with high-pure
Argon. The Whatman GF/F glass microfiber filters, model 1825-047
(420μmthickness, 16mmclateral dimension, 19 s/100mL/in2 porosity,
0.7μm average pore size) were used as separators in all battery sys-
tems. In half-cells, the Na foil (99.97%) was prepared directly prior to
cell assembly as Φ14mm pieces with thickness around 0.4mm,
workedas a counter electrode. Around60μL electrolytewere added in
all cells assembling.

For full cell fabrication, the graphite and HC negative electrodes
were cycled for presodiation, and the proportion of negative/positive
(N/P) was set as 1.2:1. Galvanostatic charge/discharge was tested on
Neware BTS-610, with constant temperature chamber of 25 °C. Pouch
batteries are assembled by filling 7.0mL R-G2 electrolyte into pur-
chased, unfilled pouch cells. The anode consists of 9 pieces of HC
weighing 6.18 g, while the cathode comprises 8 pieces of NFM with a
mass of 10.679 g. The polypropylene separator has a mass of 1.02 g.
Energy density is calculated based on the total mass of the unfilled
pouch cell including the packaging (24.318 g). CE is calculated by
dividing the discharge capacity by the charge capacity in the previous
cycle. The LSV, EIS, and ionic conductivity profiles of different elec-
trolyteswereachievedusing aCorrtestworkstation. LSVwasmeasured
between 2 ~ 5 V, with a scanning rate of 0.5mV s−1. EIS was conducted
using galvanostatic perturbation at 10mV amplitude in the frequency
range from 105 Hz to 10−2Hz, with 80 data points. Measurements were
taken at the quasi-stationary potential after an 8-h open-circuit
potential stabilization period. The ionic conductivity was measured in
a 2025-type half-cell in 25 °C, in which two pieces of stainless steel
worked as blocking electrodes. The ionic conductivity of standard
1.0M LiPF6 in EC: DEC (1:1 in volume) electrolyte (8.0mS cm−1) was
tested as the control group.

Theoretical calculation
The oxidative tendency of different solvation structures was carried
out using Gaussian 09 package based on density functional theory
(DFT). Solvation structures were constructed through classical solva-
tion theory and optimized via G16 to find the optimal conformation.
The HOMO/LUMO calculation was carried out with a def2-TZVP basis
set. According to frontier molecular orbital theory, a solvation cluster
with higher HOMO may attribute to preferential oxidation compared
to other components. The M06-2X was used in all calculations.

MD simulations: Two models were constructed: one comprising
25 NaOTf molecules and 175 G2 molecules with a total of 4250 atoms;
the other comprising 25 NaOTf molecules, 175 G2 molecules, and one
NaNO3moleculewith a total of 4255 atoms. All electrolytemodelswere
initially equilibrated in the NPT ensemble (isobaric-isothermal
ensemble) for a duration of 20 ns tomaintain a pressure of 1 atm and a
temperature of 298K, utilizing time constants of 1 ps for pressure
coupling and 0.1 ps for temperature coupling. Subsequently, a pro-
duction run lasting for 1000ns was performed in the NVT ensemble.
Only the final segment of this run, encompassing the last 500ns, was
utilized to analyze the radial distribution function, solvation struc-
tures, and coordination numbers.

Data availability
The data that support the findings detailed in this study are available in
the Article and its Supplementary Information or from the corre-
sponding authors upon request. Source data are provided with
this paper.
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